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Editorial

We are now publishing the third issue of 2018 of the IBRACON Structures and Materials Journal (Volume 11 Num-
ber 3, June 2018) with eleven articles on materials and concrete structures. The first article brings a comparison
between load contour diagrams generated for rectangular RC cross-sections under combined axial compression
and biaxial bending obtained according to the two options allowed by NBR 6118:2014: the first using the parabolic-
rectangular stress-strain diagram and the second using the rectangular diagram. Evaluation of the influence of the
corrosion degree on mechanical properties of reinforcements buried for 60 years is the objective of the second
article. The third article reports a study on the influence of the placement rate on the lateral pressure of fresh
concrete using theoretical models from the literature and international codes. The objective is the evaluation of
the lateral pressure of fresh concrete at high rates according to actual data from current practice. The fourth article
presents a nonlinear analysis of concrete structures using GFEM enrichment strategy with a microplane constitutive
model. The fifth article describes an experimental evaluation of the mechanical behavior of a geopolymer concrete
beam with a comparison with a Finite Element nonlinear numerical model. The sixth article reports an evaluation of
chloride penetration and life cycle of self-healing concretes activated by crystalline admixture. The objective of the
seventh article is the effect of creep and shrinkage of the concrete in soil-structure interaction, analyzing a 17-story
building on shallow foundation, in the central part of the construction, and steel piles, on the boundary. A computa-
tional tool for preliminary tunnel design using Bernaud & Rousset's New Implicit Method is described in the eighth
article, and validated with a finite element analysis. The ninth article presents experimental results from confined
pullout tests, comparing the performance of cast steel reinforcement bars with that of bars bonded to concrete with
epoxy resin. The tenth article presents an evaluation of the influence of transverse rebars on bond between steel
reinforcement and cellular concrete with very low compressive strength. The subject of the eleventh article is the
analysis of creep strains on reinforced concrete thin-walled columns, emphasizing the fresh concrete consistency
effect. We acknowledge the contributions of authors and reviewers to this issue.

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

The IBRACON Structures and Materials Journal is a technical and sci-
entifical divulgation vehicle of IBRACON (Brazilian Concrete Institute).
Each issue of the periodical has 5 to 8 papers and, possibly, a techni-
cal 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 for-
mats, 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, in-
formation 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 re-
view in Portuguese, Spanish or English. The abstracts are presented
in Portuguese or Spanish, and in English, independently of the lan-
guage 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 tem-
plate (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 Con-
crete Structures and Materials, and Civil Construction. This is an oppor-
tunity 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 WebSite. 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 re-
plies 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 pub-
lished material, but are able to purchase isolated issues through the In-
ternet. 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 cred-
ibility 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 un-
less 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, photo-
copying, 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.
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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
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Abstract
E——

The aim of this study is to compare the load contour diagrams generated for rectangular RC cross-sections under combined axial compression and
biaxial bending obtained by the two forms of analysis allowed by NBR 6118:2014 [1]: the first using the parabolic-rectangular stress-strain diagram
(DPR) and the second using the rectangular (constant stress) diagram (DR). In order to compare the load contours generated, a reference cross-
section was adopted for which the concrete strength class (from C20 to C90) and the deformation domains (4, 4a and 5) were varied for the study.
It was studied whether the use of the different diagrams (DPR or DR) would provide greater (or smaller) resistant efforts for the same section. The
results show that the use of the DR is only acceptable when the section is working up to the 4th domain. Above this domain, it was observed that
the use of this diagram shows resistant efforts inferior to those calculated by the DPR. In addition, it was found that, for concretes with resistance
class above C50, in oblique loading directions, the use of the DR presents higher resistant efforts than those calculated using the DPR.

Keywords: combined compression and biaxial bending, load contours, resistance assessment, reinforced concrete.

Resumo
E——

Esse trabalho tem o objetivo de comparar as envoltérias de resisténcia geradas para segbes transversais retangulares de concreto armado
solicitadas a flexo-compresséo obliqua a partir das duas formas de analise permitidas pela NBR 6118:2014 [1]: a primeira utilizando o diagrama
tensdo-deformagéao parabola-retangulo do concreto (DPR) e a segunda utilizando o diagrama retangular (simplificado) de tensdes no concreto
(DR). Para comparar as envoltérias geradas, adotou-se uma segéo transversal de referéncia, onde variou-se a classe de resisténcia do concreto
(de C20 a C90) e o dominio de deformagéo da pecga (entre os dominios 4, 4a e 5) para o estudo. Foi aferido sobre qual diagrama (DPR ou DR)
apresenta esforgos resistentes maiores (ou menores) para uma mesma segao. Os resultados encontrados mostram que o uso do DR s6 se
justifica quando a peca tiver trabalhando até o dominio 4. Acima desse dominio, foi observado que o uso desse diagrama apresenta esforgos re-
sistentes inferiores aos calculados pelo DPR. Além disso, verificou-se que, para concretos com classe de resisténcia acima de C50, em diregdes
obliquas de solicitacdo, o uso do DR apresenta maiores esforgos resistentes do que os calculados utilizando o DPR.

Palavras-chave: flexo-compresséo obliqua, envoltorias resistentes, verificagéo de resisténcia, concreto armadono.
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Comparison between resistant load contours generated considering the parabolic-rectangular (DPR)
and the rectangular (DR) stress-strain diagrams for rectangular sections under combined axial...

1. Introduction

EE

In order to ensure the safety of a reinforced concrete element, while
respecting its ultimate limit state (ELU), this element must resist any
possible loads that may occur during its service life. Particularly for a
compressed section, when bending loads can be neglected or when
it is possible to ensure that bending is about one of the main inertia
directions, verification can be done in a simpler way, either from sim-
ple axial compression analysis or combined axial compression and
uniaxial bending, respectively. However, in general, the structural el-
ements are subjected to loading combinations that might have their
maximum effects ocurring obliquely to the main directions of inertia.
In such cases, it is necessary that the analysis is performed consid-
ering combined axial compression and biaxial bending.

The combined axial compression and biaxial bending analysis is
performed with the generation of a capacity surface for the element
cross-section (Figure 1), in which, for each axial compression load,
the resisting moments are obtained about the different load direc-
tions (from 0° to 360°). To assure section security, any combination
of applied loads (axial compression and bending moments) must
be contained within the capacity surface obtained.

To simplify the comparison between section capacity and applied
loads, it can be presumed that the design axial load strength (N.,)
must be equal to the factored applied axial load (N_,) obtained for
the structure. Thus, the analysis is limited to the curve representing
the load contour of the section for the given axial load (see Figure 2).
The total cross-section strength is composed by the contribution
portion of each rebar added to the contribution portion of the com-
pressed concrete area. NBR 6118:2014 [1] allows the concrete
contribution to be defined in two ways. The first, using the parabol-
ic-rectangular stress-strain diagram, as described in item 8.2.19.1
of [1], and the second using the rectangular (simplified) diagram,
according to item 17.2.2 of [1].

it S

Figure 1
Capacity surface between axial and moment
strengths

My

LOAD CONTOUR

Figure 2

Load confour example for N, = N,

According to the Fib MC2010 [2] standard, the parabolic-rectangular
diagram is the one that best describes the stress distribution in the
compressed zone of the concrete for sections subjected to com-
bined axial compression and biaxial bending, in fact, many other
normative standards allow the use of this diagram such as the NBR
6118: 2014 [1] and the EN 1992-1-1: 2004 [3]. Hence, the use of
the rectangular diagram is a process of analytical approximation
allowed by NBR 6118: 2014 [1] (also allowed by other standards)
that is justified by the mathematical simplification that it offers in the
evaluation of the strength capacity of reinforced concrete sections.
The aim of this study is to compare the load contours obtained
for rectangular reinforced concrete sections subjected to combined
axial compression and biaxial bending generated from the two
forms of analysis mentioned above and to verify in which situations
the use of the simplified diagram can contribute to uneconomical
or unsafe design. In this comparison, the influences of the strain
domain variation (domains 3, 4, 4a and 5) and of the concrete
strength class variation (C20 to C90) were observed.

2. Load contour generation
——

2.1 Equilibrium equations

For combined axial compression andbendingabout oblique direc-
tions, the neutral axis (N.A.) slope is not necessarily perpendicular
to the plane of action of the bending moment (M), unlike what
happens for uniaxial bending (Santos [4]). Thus, both the slope (a)
of the N.A. and its depth (X) relative to the most compressed con-
crete fiber represent unknowns for design, which makes it consid-
erably more complex (Figure 3). According to (Campos [5]), these
two parameters (o and X) define the strain state of the section.

Each load contour can then be generated from the calculation of
the moment strength about the two main inertia directions (x,y) for
a values varying from 0° to 360°. For each value of o considered,
the depth of the N.A must be calculated such that the resulting
axial strength load equals the applied axial load. For calculation

456 IEE——

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



Y. F. FONSECA | A.S. C. SILVA

Figure 3
Strain state defined for a given depth and slope
of N.A.

purposes, it is convenient to define a new cartesian plane that fol-
lows the strain orientation in the section (Campos [5]). Hence, the
initial cartesian plane of the section (x,y) is rotated by the angle
ato establish the new plane (§,1), in which the abscissa axis (§) is
located parallel to the N.A. and the ordinate axis (1) points towards
the most compressed fiber. The vertices and bars coordinates that
define the section must be transformed from the initial cartesian
plane (x,y) to the rotated plane (&,m), through the equations (1) and

(2) bellow:
M

2

In this work, the sign convention adopted is positive for axial com-
pression load and bending moments should be considered positive
as indicated in Figure 4.

For a known strain state (o and X) and from the concrete and steel
stresses, three equilibrium equations can be obtained, as expressed
in equations (3), (4) and (5). These equations are used to establish
the design moment strengths for each angle of N.A. slope.

NRd:f
A

n
MRn, = fA o.(e.).EdA + ZAbj. os(g))- §;
cc j=1

& = x.cos(a) + y.sen(a)

n = —x.sen(a) + y.cos(a)

cc

n
o.(e.)dA + Z Apj.os(ep)
=

n
MR, = —L ac(sc).ndA—ZAbj.Js(sj).n].
cc j=1

where:

NR, = design axial load strength

MR, = design moment strength about n axis
MRE, = design moment strength about § axis
n = total number of rebars;

o, = stress on concrete;

G, = stress on steel;
Abj = steel area of rebar j;
A, = concrete compressed area;
g = strain in rebar j;
g, = strain in concrete.
The axial load is independent of the reference cartesian plane.
However, the moment strengths (about & and n axis) must be
transformed back into the initial cartesian plane (x,y) so that they
can be compared with the applied moments. This can be done
from equations (6) e (7) bellow:

(6)

MRxy = MR§ .cosa — MRn.sina
)

From the set of moment strengths obtained for the various val-
ues of a, the load contour that represents the section capacity
can be generated. For economical design, the difference be-
tween applied bending moments and the lload contour limits
must not be significant.

MRy, = MR .sina +MRn ,.cosa

2.2 Strain calculation

After defining the strain domain of the section, it is possible to calcu-
late the strain at the ends of the section (¢, and ¢) and to establish a
relation between them that allows the calculation of the strain for ev-
ery section point. Thereby, it is possible to define the strain of each
rebar present in the analyzed reinforced concrete section.
Following the procedure adopted by (Campos [5]), from the maxi-
mum (n,.) and minimum (n, . ) vertices ordinates and the mini-
mum rebar ordinate (Mg min)s that is, the ordinate of the most ten-
sioned rebar, both the height (h =n . -n ) and the effective
depth of the section (d = n can beydefined, as shown in
Figure 5.

The relation between strains, expressed by the equation (8), can
be used to calculate the strain at a generic point in the section with

ordinate n;
(8)

v,max - T‘ls,min)

= &5 = ——— . (ax = 1)

to simplify this equation, it can be rewritten as:

g=bn+c (9)
1
My
h —t>
Mx X
Figure 4

Convention for positive moments
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Figure 5
Height and effective depth

Where b is the section curvature, given by equation (10), and ¢ is
the strain of the fiber located at the center of gravity of the section,
calculated by equation (11).

es— ¢l

b= (10)
(17)

Cc=¢&S—b. NV

2.3 Calculation of steel strength

To define compression and bending steel strength, each rebar
is considered to contribute independently to the section total
strength. In this way, the total strength calculation is taken as the
sum of the strength offered by each rebar. The strain in each rebar
is defined as a function of its ordinate and depends on the strain
domain of the section. With that, the respective steel stresses (o)
are calculated considering the stress-strain diagram of the material
(item 8.3.6 of NBR 6118:2014 [1]). Finally, the total strength offered

by steel is calculated as expressed in equations (3), (4) and (5).
2.4 Calculation of concrete strength

For concrete strength calculation, NBR 6118:2014 [1] defines the
parabolic-rectangular stress-strain diagram for classes C20 to C90
as shown in Figure 6.

Overall, these diagrams present a curved initial part, which extends
until the strain equals ¢, (specific shortening strain of concrete at
reaching the maximum strength) and is followed by a constant part
until it reaches the strain ¢_, (specific shortening strain of concrete
at ultimate strength), as shown in Figure 7.

The equation that defines stress in the curved part of the diagram

is given by:
e \"

oe=085f,,[1- (1) | (12)
where,
f,=f/14
f, = characteristic compressive strength of concrete specimens
tested at 28 days
f,= design compressive strength of concrete
As defined in item 8.2.10.1 of NBR 6118:2014 [1], the index value
n depends on the f, and is given as n = 2, for f, < 50MPa, and as
n=14+234[(90-f,)/100]*, for 50MPa < f, < 90MPa.
In order to ease the calculation of concrete strength for f, > 50MPa,
it is proposed by (Campos [5]) that the first part of the diagram is
approximated to a parabola of the second degree passing through
the origin. This author defines this parabola equation as:

(13)

where a, and a, are the coefficients that correlate the real curve
and the approximated parabola.

o, =085f . (ay. €2 + ay. &)

Stress x Strain

50

f.,=90MPa
f..=80MPa
f.,=70MPa

= f,=60MPa
E f,=50MPa
:é f,=40MPa
“ f,=30MPa
10 f..=20MPa
0
0 0,5 1 1,5 2 2,5 3 3.5 4

Figure 6

Strain %e.

Stress-strain diagram for concrete strength classes C20 to C90
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(=l ¥

n‘*
o

085f,

—

as functions of the compressive strength of the concrete, accord-
ing to item 17.2.2 of NBR 6118:2014 [1], as 0,8 and 0,85, respec-
tively, for f, < 50MPa and through equations (14) and (15) for
50MPa < f, < 90MPa.

A=08~ (f, — 50)/400

a. = 0,85.[1 - (f,, — 50)/200]

(14)
(19)

£c2 Ecy £c

Figure 7
Stress-strain diagram for concrete (source: [1])

By adjusting parabolas to stress-strain curves performed with Mi-
crosoft Excel software, the values for a, and a, shown in Table 1
are obtained.

It was observed that the correlation coefficients (R?) between the
actual curves and the parabolic approximations had values very
close to 1 (around 0,998), which confirms that the adoption of
parabolic curves to represent the material behavior is satisfactory.
As stated in item 17.2.2 of NBR 6118:2014 [1], in addition to the
parabolic-rectangular diagram of stresses for concrete, a simplified
rectangular diagram with height y = AX can be used (see Figure 8).
In this diagram, acting stress is considered constant up to the depth
y and is equal to o .f ; when the section width (measured parallel
to the N.A.) does not decrease therefrom to the compressed edge.
For combined axial compression and biaxial bending, this occurs
for N.A. with slopes o = (0°,90°,180°,270°,360°). For other slopes,
the section width decreases towards the most compressed fiber
and, in such cases, the constant stress of the diagram must be
considered equal to 0,9.a.f .. As recommended by (Santos [4]),
it is convenient that this reduced stress is used regardless of the
slope of the neutral axis. The parameters A and o are defined

The concrete contribution to strength is obtained from integrations
over the compressed concrete area of the section as described in
equilibrium equations (3), (4) e (5), where the stress in concrete is
obtained through the strain calculated for each ordinate. To solve
these integrals, different procedures can be adopted. Works like
the ones of (Campos [5]) and (Muniz [6]) use the Green Theorem
to transform surface integrals into contour integrals that are solved
along the vertices of the compressed section area. Other works
such as those of (Cardoso Junior [7]) and (Suaznabar e Silva [8])
use the cross-section discretization to solve the same problem
analytically. This work has adopted the methodology detailed in
(Campos [5]) for load contour generation.

3. Comparative analysis of load contours
EE

In order to evaluate the differences between the load contours gen-
erated using the parabolic-rectangular or the rectangular diagrams,
a case study was carried out for a reference cross-section (Figure
9). For this, a program was implemented in Microsoft Excel software
based on the concepts presented previously. The program enables
the generation of load contours by both methods. The program pre-
sentation is better defined in the work of (Fonseca [9]).

Figure 10 presents an example of load contour overlapping gener-
ated by the program considering the C30 strength concrete class

20 .
e o |7
Gc (8) ] ® Eo
X % ™ ™ ;—-—
)
N.A 0,9.01c fed *
— =]
® ® 11_‘:_
+4+ 12 +4+.
10 ©16,0
Figure 8 Figure 9
Rectangular concrete stresses diagram (simplified) ~ Geometry of reference cross-section for case study
Table 1
a, and a, correlation coefficients between actual stress-strain curve and the approximated parabola
f. (MPa) <50 60 70 80 90
qQ, 0,72055 0,62031 0,58129 0,56158
a, -0,25 -0,12564 -0,08679 -0,07422 -0,06927
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Nd (KN) = 950
C30
Mx (KN.m)
-2500  -2000 -1500 -1000  -50,0 00 50,0 1000 1500 2000 2500
100,0
t 500
£
=
b
+ 0‘0 S
==
=
L 500
-100,0

——Load contour - Parabolic-Rectangular Diagram

——Load contour - Rectangular Diagram

Figure 10
Example of load contour overlapping

and the 950 KN axial load strength. In addition to graphic result,
the program also provides the moment strength of the section for
each slope of the assumed neutral axis (from 0° to 360°), every 5°,
in a table.

Initially, as a means to investigate the differences between axial
strengths obtained by the parabolic-rectangular and rectangular
diagrams for sections under pure axial compression, the value of
the maximum axial load design strength of the model section in
domain 5 was verified. For this, it was considered N.A. tending
to infinity and fully compressed section with constant strain ¢,
Table 2 lists the values obtained for the maximum axial load design
strength considering the parabolic-rectangular and rectangular
diagrams for concrete strength classes C20 to C90.

It can be observed that for concretes with f, < 50MPa the dif-
ference between the axial load strengths is not very expressive,
reaching the maximum of 8%. However, for higher strength
classes, the difference increases as the f, becomes higher,
reaching 24% for C90 concretes. In building structures, it is
usual to adopt concretes with f, < 50MPa, nevertheless, for

cases where the f, used is superior, the design done using the
rectangular diagram can become uneconomical, since there
could be considered a higher axial load strength calculated by
the parabolic-rectangular diagram.

In addition, this work also sought to evaluate how the differences
between load contours are influenced by the increase in the strain
domain and by the variation on the concrete strength class. Table
3 presents the results found for moment strengths corresponding
to N.A. slopes of 0°, 45° and 90°, using concretes with strength
classes C20 to C90 and increasing values for the factored applied
axial load.

For all strength classes, the depth of the N.A grows with the in-
crease of the axial load, as there must be a larger compressed
concrete area for section equilibrium. Consequently, the strain do-
main also increases. Evaluating the results of Table 3, it can be ob-
served that the higher the strain domain becomes, the greater are
the differences between moment strengths (independently of the
N.A. slope). In domain 4, these differences are moderate, reaching
the maximum of 15%, whereas in domain 4a, and especially in do-

Table 2
Comparison between maximum axial load design strengths
£ (MPa) NRB S;N) calculated through the u;c;,; of: vzﬁli-gﬁg:‘
20 2058,7 1937.3 6%
30 2665,9 2483,7 7%
40 3273.0 3030.2 7%
50 3880,2 3576,6 8%
60 4490,8 3988.8 11%
70 5093,3 4316,7 15%
80 5696,5 4589,9 19%
90 6294,5 4808,5 24%
DPR = parabolic-rectangular diagram; DR = rectangular diagram

4.6() 1
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main 5, these differences can reach up to 99%. Figure 11 shows an
example of load contour overlapping in domain 5 in which a large
discrepancy between load contours can be observed.

Furthermore, it is also observed that for f, < 50MPa the oblique
moment strength (M., = 45°) obtained for the rectangular dia-
gram is always smaller than that obtained for the parabolic-rect-
angular diagram, so that the design done with the rectangular
diagram is always in safety favor for such cases. Nonetheless, for
f, > 50MPa and strain domains 3 and 4, it can be noticed that
the obligue moment strength obtained by the rectangular diagram
becomes larger than that obtained by the parabolic-rectangular
diagram, as exemplified in Figure 12. This situation presents the
possibility of realizing an unsafe design when adopting the rect-
angular diagram. It is observed that for strength classes C70 and

C80 the difference between oblique moment strengths (about 7%)
was more pronounced than that obtained for the classes C60 and
C90 (maximum of 3%).

4. Discussion

EE

As shown in Table 2, the percent variation between the axial load
strengths obtained increased with the increase in f, especially for
concretes above C50 class. This is justified because, for a fully
compressed section, all concrete area is resisting under a stress
of 0,85f , when using the parabolic-rectangular diagram, which is
greater than the assumed 0,9a,_ f_, stress when using the rectangu-

lar diagram. For values of f, < 50MPa, the o, value is equal to 0,85,
but, according to equation (15), this value decreases with increasing

C50
Mx (KN.m)
-100,0 -50,0 0,0 50,0 100,0
' 50,0
=
=
x
00
==
=
L -50,0
——Load contour - Parabolic-Rectangular Diagram
——Load contour - Rectangular Diagram
Figure 11
Load contour overlapping for an example section on domain 5
Nd (KN) = 270
c70
Mx (KN.m)
-3000 -2500 -2000 -1500 -1000 -500 00 500 1000 1500 2000 2500 3000
i . - - + 1500
- 100,0
500 E
b=
=
00 T
=
-50,0
t -100,0
-150,0

——Load contour - Parabolic-Rectangular Diagram

——Load contour - Rectangular Diagram

Figure 12

Example of rectangular diagram load contour superior to the one of the parabolic-rectangular diagram

on oblique directions
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f, 80 that the stress calculated with the simplified diagram becomes
more conservative with increasing concrete strength classes.

Similarly, as presented in Table 3, for sections between the do-
mains 4a and 5, the percent variation between moment strengths
obtained is very expressive and becomes larger with the increase
in the strain domain. For these predominantly compressed sec-

Table 3
Comparison between moment strengths

tions, the stress acting over the entire cross-section according
to the parabolic-rectangular diagram becomes close to its peak
stress (0,85f ) and, for this reason, the consideration of an in-
ferior constant compressive stress for the rectangular diagram
(0,9a_f_) impacts on the decrease of moment strengths calculated

c cd

using this diagram.

ol | N |pomein| cSicilsieay: | Fere. | 'chiciibiedty | Pere. | 'cllciieteaty: | Fere
DPR DR DPR DR DPR DR

70 4 168,9 159,1 6% 143,7 137.6 4% 73.5 68,9 6%

20 110 4 140 128,6 8% 123,6 116,1 6% 58,0 53 9%
150 4a 95,2 81,9 14% 84,6 74,0 13% 38,1 32,3 15%

190 5 29.8 9.6 68% 28,1 8.6 69% 11,9 4 66%

95 4 206,8 193.9 6% 178,3 170,0 5% 89,2 82,8 7%

145 4 176,1 159.8 9% 156,4 145,8 7% 72,5 65,5 10%

%0 195 4a 1221 101.8 17% 108,7 92,4 15% 48,9 40,3 18%
245 5 39.7 9 77% 37,6 8.1 78% 15.8 3.8 76%

120 4 243,7 228,6 6% 212,6 2024 5% 104,6 96,6 8%

180 4 212 191 10% 189.3 175,6 7% 86,9 78 10%

40 240 4a 148,9 121,6 18% 132,7 110,8 17% 59,6 48,2 19%
300 5 49,8 8.5 83% 47,2 7.5 84% 19.7 3.6 82%

145 4 280,5 263,1 6% 246,8 234,7 5% 119.8 110,4 8%

215 4 247,9 2224 10% 222,1 205,4 8% 101,3 90,5 11%

50 285 4a 175,7 141,5 19% 156,8 129,2 18% 70,4 56,2 20%
355 5 59,9 7.9 87% 56,8 7,0 88% 23,7 3.4 86%

170 4 286,5 273 5% 238,6 2449 -3% 118,7 113,5 4%

245 4 253.8 233.3 8% 211,2 213.9 -1% 105,2 96,8 8%

€0 320 4a 177.8 145,6 18% 149,2 130,0 13% 72,4 59,4 18%
395 5 74,2 6.8 91% 62,0 6.1 90% 29,9 2,3 92%

190 4 298,8 286,9 4% 242,3 258,8 -7% 122,1 117.4 4%

270 4 265,3 245,5 7% 209.4 224.8 -7% 109,7 102 7%

70 350 4a 184.,6 148,7 19% 144,5 131.1 9% 76,2 62,1 18%
430 5 91,4 3.2 97% 71,3 3.1 96% 36,9 1 97%

200 4 321.,3 302 6% 258,6 272,8 -6% 130.7 1231 6%

285 4 291.4 262,1 10% 227.3 240,8 -6% 119,6 108,2 10%

80 370 4a 212,6 162,7 23% 162,8 143.8 12% 87.8 67.8 23%
455 5 118,9 3.8 97% 91.0 3.7 96% 48,0 1.2 98%

210 4 346,5 313.4 10% 278.,8 283.,8 -2% 140,6 127.6 9%

300 4 320,5 273.4 15% 250,5 252,0 -1% 131.1 112,7 14%

70 390 4a 243,3 168.6 31% 185.4 149,5 19% 100.3 69.8 30%
480 5 150,3 1.8 99% 114,6 1,7 99% 60,7 0.5 99%

DPR = Parabolic-rectangular diagram; DR = Rectangular diagram; Perc. Var. = Percent Variation ((DPR-DR)/DPR)
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PARABOLIC-

Figure 13

RECTANGULAR RECTANGULAR

Comparison between stresses diagrams on oblique directions

In the comparison between load contours, it is necessary that, re-
gardless of the stress diagram of concrete used, the axial load design
strength is equal to the factored applied axial load. Based on this prin-
ciple, for the axial load strength obtained using the rectangular diagram
to match the one calculated using the parabolic-rectangular diagram, it
must have a larger compressed concrete area, once it's admitted resist-
ing stress is smaller. With this, the depth of the neutral axis of the rect-
angular diagram increases, so that its moment strength become even
smaller than those calculated by the parabolic-rectangular diagram.

It was also observed that for values of f, > 50MPa and domain 4, the
load contour obtained using the rectangular diagram was superior to
that obtained by the parabolic-rectangular diagram in oblique load
directions (Figure 12). This is due to the fact that the greater the con-
crete class is, the smaller becomes its constant stress part and the
larger is its curved stress part of the parabolic-rectangular diagram
(Figure 6), which makes it even harder to represent the DPR as a
constant stress diagram (rectangular). For oblique directions, in par-
ticular, there are stress distribution configurations (Figure 13) where
the area of the uniformly compressed section by the parabolic-rect-
angular diagram is expressively smaller than that considered by the
rectangular diagram, so that the resistance moments obtained by
the former become smaller than those obtained by the latter.

5. Conclusions

EE

According to the results and discussions presented in this paper,
it can be concluded that despite the mathematical simplification
implied by the use of the rectangular diagram for section strength
calculation and its appropriate representation of the parabolic-rect-
angular diagram for many practical applications of section verifica-
tion, some caveats to its use must be made.

First, for sections designed in strain domains 4a and 5 (that are common-
ly used for column design), the use of the rectangular diagram presents
very conservative results which, therefore, are uneconomical when com-
pared with the results obtained using the parabolic-rectangular diagram.
It is also observed that for classes C60 to C90 of concrete strength
and oblique load directions, there are cases in which the resistance
moments calculated using the rectangular diagram are against safety.
However, the difference between these and those calculated by the
parabolic-rectangular diagram is not significant, being at most 7%.
Section 17.2.2-e of NBR 6118:2014 [1] states that the differences
between the results obtained using the parabolic-rectangular and

the rectangular diagrams are small and acceptable and that there is
no need for correction by an additional coefficient. It is understood,
therefore, that this standard values design security because, as was
verified, for most cases, the use of the rectangular stress diagram
provides section strengths inferior to those calculated using the para-
bolic-rectangular diagram. Thus, the rectangular diagram can be used
when there are no sophisticated calculation tools available. However,
particularly to ensure the economical design of the analyzed sections
under combined axial compression and biaxial bending, the use of the
parabolic-rectangular stress-strain diagram becomes more appropri-
ate as it allows for a greater sectional strength.
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Abstract
E——

The aim of this study is to compare the load contour diagrams generated for rectangular RC cross-sections under combined axial compression and
biaxial bending obtained by the two forms of analysis allowed by NBR 6118:2014 [1]: the first using the parabolic-rectangular stress-strain diagram
(DPR) and the second using the rectangular (constant stress) diagram (DR). In order to compare the load contours generated, a reference cross-
section was adopted for which the concrete strength class (from C20 to C90) and the deformation domains (4, 4a and 5) were varied for the study.
It was studied whether the use of the different diagrams (DPR or DR) would provide greater (or smaller) resistant efforts for the same section. The
results show that the use of the DR is only acceptable when the section is working up to the 4th domain. Above this domain, it was observed that
the use of this diagram shows resistant efforts inferior to those calculated by the DPR. In addition, it was found that, for concretes with resistance
class above C50, in oblique loading directions, the use of the DR presents higher resistant efforts than those calculated using the DPR.

Keywords: combined compression and biaxial bending, load contours, resistance assessment, reinforced concrete.

Resumo
E——

Esse trabalho tem o objetivo de comparar as envoltérias de resisténcia geradas para segbes transversais retangulares de concreto armado
solicitadas a flexo-compresséo obliqua a partir das duas formas de analise permitidas pela NBR 6118:2014 [1]: a primeira utilizando o diagrama
tensdo-deformagéao parabola-retangulo do concreto (DPR) e a segunda utilizando o diagrama retangular (simplificado) de tensdes no concreto
(DR). Para comparar as envoltérias geradas, adotou-se uma segéo transversal de referéncia, onde variou-se a classe de resisténcia do concreto
(de C20 a C90) e o dominio de deformagéo da peca (entre os dominios 4, 4a e 5) para o estudo. Foi aferido sobre qual diagrama (DPR ou DR)
apresenta esforgos resistentes maiores (ou menores) para uma mesma segao. Os resultados encontrados mostram que o uso do DR s6 se
justifica quando a peca tiver trabalhando até o dominio 4. Acima desse dominio, foi observado que o uso desse diagrama apresenta esforgos re-
sistentes inferiores aos calculados pelo DPR. Além disso, verificou-se que, para concretos com classe de resisténcia acima de C50, em diregdes
obliquas de solicitacdo, o uso do DR apresenta maiores esforgos resistentes do que os calculados utilizando o DPR.

Palavras-chave: flexo-compresséo obliqua, envoltorias resistentes, verificagéo de resistencia, concreto armadono.
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1. Introducgao

EE

Para garantir a seguranga de uma pega de concreto armado, res-
peitando o seu estado limite ultimo (ELU), é necessario que este
elemento resista a qualquer solicitagdo que porventura ocorra du-
rante a sua vida util. Particularmente para uma se¢dao comprimi-
da, quando os esforgos de flexdo puderem ser desprezados ou
quando for possivel garantir que estes ocorram segundo as suas
diregdes principais de inércia, a verificagdo pode ser feita de uma
maneira mais simplificada, a partir da analise em compressao
simples ou em flexo-compresséo reta, respectivamente. Contudo,
de maneira geral, os elementos estruturais estdo submetidos a
combinagbes de carregamento cujas maximas solicitagbes po-
dem ocorrer obliquamente as diregdes principais. Nesses casos,
€ necessario que a analise seja realizada considerando a flexo-
-compressao obliqua.

A andlise da segao em flexo-compresséo obliqua é feita a partir da
geracao de um diagrama de envoltorias resistentes da sec¢ao trans-
versal (Figura 1), onde, para cada esfor¢go normal, séo obtidos os
momentos fletores resistentes nas diversas dire¢gdes de solicitagao
(de 0° a 360°). Para que a seguranga da se¢ao seja garantida, qual-
quer combinagado de solicitagdes (Normal e Momento Fletor) deve
estar contida no diagrama de envoltérias resistentes obtido.

Para simplificar a comparagao entre os esforgos resistentes e soli-
citantes, pode-se pré-estabelecer que o esforgo normal resistente
de calculo (N.,) deve ser igual ao esforco normal solicitante de
calculo (N_,) obtido para estrutura. Com isso, a analise passa a ser
limitada a curva que representa a envoltéria de esforgos resisten-
tes da segéo para o dado esforgo normal (ver Figura 2).

A resisténcia total da segao transversal € composta pelas parce-
las referentes a contribuicdo de cada armadura somadas com a
parcela de contribuicdo da segao de concreto comprimida. A NBR
6118:2014 [1] permite que a contribuigdo do concreto seja defini-

Figura 1
Superficie de interacdo entre esforco normal
e momentos fletores

ENVOLTORIA

{

Figura 2
Exemplo de envoltdria de esforgcos resistentes para
Neg = Ngg

da de duas formas. A primeira através da utilizacdo do digrama
parabola-retangulo de tensdes no concreto, conforme descrito no
item 8.2.10.1 de [1], e a segunda através da utilizagéo do diagra-
ma retangular (simplificado), conforme item 17.2.2 de [1].

De acordo com a norma Fib MC2010 [2], o diagrama parabola-
-retangulo é aquele que descreve melhor a distribuicdo de ten-
sbes na zona comprimida do concreto para segdes solicitadas
a flexo-compresséo, sendo esse diagrama permitido por muitas
referéncias normativas a exemplo da NBR 6118:2014 [1] e EN
1992-1-1:2004 [3]. Dessa forma, o uso do diagrama retangular de
tensdes € um processo de aproximagao analitica permitido pela
NBR 6118:2014 [1] (também permitido por outras normas) que se
justifica pela simplificagdo matematica que oferece na avaliagao
da capacidade resistente desse material.

O objetivo desse estudo é comparar as envoltorias de resisténcia
das secgdes retangulares de concreto armado solicitadas a flexo-
-compressao obliqua geradas a partir das duas formas de anadlise
citadas anteriormente e verificar em quais situagdes a utilizagao
da diagrama simplificado pode tornar o dimensionamento antie-
condmico ou contra a seguranca. Nessa comparacéo, foram ob-
servadas as influéncias da variagao do dominio de deformagéo
(dominios 3, 4, 4a e 5) da secéo transversal e da variagdo da
classe de resisténcia do concreto (C20 a C90).

2. Geracao das envoltorias
de esforgos resistentes
EE

2.1 Equacoées de equilibrio

Na flexo-compresséo obliqua, a diregao da linha neutra (L.N.) ndo
€, necessariamente, perpendicular ao plano de agdo do momento
fletor (Mg,), ao contrario do que acontece para flexdo reta (San-
tos [4]). Desta forma, tanto a inclinacdo (o) da L.N. como a sua
profundidade (X) em relagdo a fibra mais comprimida do concre-
to representam incognitas para o dimensionamento, tornando-o
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Figura 3
Estado de deformacdo definido para uma dada
profundidade e inclina¢do da L.N

consideravelmente mais complexo (Figura 3). De acordo com
(Campos [5]), esses dois parametros (a e X) definem o estado de
deformacéo da pega.
Cada envoltéria de resisténcia pode entdo ser gerada a partir do
calculo dos momentos resistentes nas duas dire¢des principais de
inércia (x,y) para valores de a variando desde 0° a 360°. Para cada
valor de a considerado, deve-se calcular a profundidade da L.N.
tal que o esforgo normal resistente resultante se iguale ao esforgo
normal solicitante. Para efeito de calculo, é conveniente que seja
definido um novo plano cartesiano que acompanhe a orientagéo
das deformagdes na peca (Campos [5]). Assim, o plano cartesia-
no inicial da segéo (x,y) é rotacionado do angulo a para que seja
estabelecido o novo plano (&,n), onde eixo das abscissas (&) esta
localizado paralelamente a L.N. e o eixo das ordenadas (n) aponta
no sentido da fibra mais comprimida. As coordenadas dos vértices
e barras que definem a segao devem ser transformadas do plano
cartesiano inicial (x,y) para o plano rotacionado (&,n), através das
equagdes (1) e (2) a seguir:

(M

2

Nesse trabalho é adotada a convengado de que esforgos normais
de compressao sdo positivos e momentos fletores sdo positivos
conforme indicado na Figura 4.
Para um estado de deformacgdo (o e X) conhecidos e a partir das
tensdes presentes no concreto e no ago, pode-se obter as trés
equacgdes de equilibrio expressas nas equagdes (3), (4) e (5). Es-
sas equacgdes sao utilizadas para se obter os momentos resisten-
tes de calculo para cada angulo de inclinagéo da L.N.

3)

NRy = L
(4)

n
MRn, =fA oc(e.)-§dA +ZAb1" “s(fi)"fj
cc j=1

& = x.cos(a) + y.sen(a)

n = —x.sen(a) + y.cos(a)

cc

n
o.(e.)dA + Z Apj.05(g))
=1

n
MR§, = —J- o.(e).ndA — ZAbj' as(sj).r)j (5)
Ace =
onde:
NR, = esforgo normal resistente de calculo;
MRn, = momento resistente de calculo em torno do eixo n;
MR, = momento resistente de calculo em torno do eixo &;
n = numero total de barras;
G, = tensdo no concreto;
6, = tensdo no acgo;
A, = érea de aco da barra j;
A, = area de concreto comprimida;
g = deformacéo do ago da barra j;
g, = deformagé&o do concreto.
O esforgo normal independe do plano cartesiano de referéncia.
Entretanto, os momentos resistentes (em relacao aos eixos ¢ e
n) devem ser novamente transformados para o plano cartesia-
no inicial (x,y) para que possam ser comparados com 0s mo-
mentos solicitantes. Isso pode ser feito a partir das equagdes

(6) e (7) a seguir:
MRx,; = MRfd. cosa — MRnd. sina (6)
)

A partir do conjunto de momentos resistentes para os diversos
valores de o, é gerada a curva que representa a envoltoria de es-
forcos resistentes da segao transversal. Para o dimensionamento
econdmico de uma secgdo, a diferenga entre a maxima combina-
cao de solicitagao e a capacidade resistente da peca nao deve ser
muito expressiva.

MRy, = MR§ ;. sina +MRn,.cosa

2.2 Calculo das deformagdes

Definido o dominio de dimensionamento da segao, é possivel cal-
cular as deformagGes nos extremos da secéo (g, e ¢) e estabele-
cer uma relagao entre elas que possibilite o calculo da deformagao
pontual. Assim, é possivel definir as deformacgdes de cada arma-
dura presente na seg¢éo de concreto armado analisada.

Seguindo o procedimento adotado por (Campos [5]), a partir das
ordenadas maximas (n, .)€ minimas (n, ) dos vértices e da
ordenada minima das barras (n_, ) ,0ou seja, a ordenada da bar-
ra mais tracionada, podem ser definidas a altura total da segao

1

My
h >
Mx X

Figura 4
Convencdo para momentos fletores positivos

406 E—
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Figura 5
Altura fotal e altura Util da secdo

(h =M, ) = Nymin) € @ altura dtil da segé@o (d =mn, ,.)-N
me ilustrado na Figura 5.
Desse modo, a relagéo entre deformagdes, expressa pela equa-
cao (8), pode ser utilizada para o calculo da deformagao em um
ponto genérico da secéo de ordenada n,

(8)

), confor-

s,min

&s — &l

g =es - (mix = 1))

para simplificar essa equacgao, pode-se reescrevé-la como:

g=bn+c (9)
Onde b é a curvatura da secgéo, dada pela equagéo (10), ec é a
deformagéo correspondente a fibra localizada no centro de gravi-
dade da segéo, calculada pela equagéo (11).

es— ¢l

b= (10)
(17)

Cc=¢&S—b. NV

2.3 Calculo dos esforgos resistentes relativos
ao ago

Para definir os esforgcos resistentes relativos ao ago, consi-
dera-se que cada armadura oferece a sua contribuigdo para
a resisténcia final da peca independentemente das outras.
Dessa forma, o calculo dos esforgos consiste no somatoério
da resisténcia oferecida por cada barra. Assim, em funcdo da
ordenada de cada barra ao longo da segéo, sao definidas as
suas deformacgdes, as quais dependem do dominio de defor-
macao da pega. Em seguida, sdo calculadas as respectivas
tensdes resistentes (c,) considerando o diagrama tensé&o-
-deformagédo do material (item 8.3.6 da NBR 6118:2014 [1]).
Finalmente, os esforgos resistentes oferecidos pelas arma-
duras podem ser calculados através das equacgdes (3), (4)
e (5).

2.4 Calculo dos esforgos resistentes relativos
ao concreto

Para o calculo dos esforgos resistentes relativos ao concreto, a
NBR 6118:2014 [1] define o diagrama parabola retangulo de ten-
sbes no concreto para as classes C20 a C90 conforme apresen-
tado na Figura 6.
De maneira geral, esses diagramas apresentam um trecho inicial
curvo, que vai até a deformacéo ¢, (deformagéo especifica de en-
curtamento do concreto no inicio do patamar plastico) e é seguido
por um trecho reto até atingir a deformagéo ¢_, (deformagéo espe-
cifica de encurtamento do concreto na ruptura), conforme ilustrado
na Figura 7.
A equagao que define a tensdo no trecho curvo deste diagrama é
definida como:

(12)

& "
0e = 085f,|1-(1- =

Tens3o x Deformacgao

60
f,=90MPa
* f.,=80MPa
o f,=70MPa
5 f_=60MPa
g ., f.,=50MPa
W3 f.,=40MPa
» f,=30MPa
10 f,=20MPa
0 T 1
0 0,5 1 15 2 2,5 3 3,5 4
Deformacdo %o

Figura 6

Diagrama tensdo-deformacdo para concretos de C20 a C90
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o

—

085f,

£c2 Ecy £c

Figura 7
Diagrama tensdo-deformag¢do do concreto
(fonte: [1])

onde,

f,=1/14

f, = resisténcia caracteristica a compressé&o do concreto

f, = resisténcia de calculo a compresséao do concreto

Conforme definido no item 8.2.10.1 da NBR 6118:2014 [1],
o valor do indice n depende do f, e € dado como n = 2, para
f, < 50MPa, e como n = 1,4 + 23,4[(90 - f, )/100]%, para
50MPa < f, < 90MPa.

Afim de facilitar o calculo dos esforgos resistentes para concretos de f,
> 50MPa, é proposto por (Campos [5]) que o primeiro trecho do diagra-
ma seja aproximado para uma parabola do segundo grau passando
pela origem. A equagéao dessa parabola é definida por este autor como:

0c = 0,85f . (az. €2 + a1. &) (13)

sendo a, e a, os coeficientes que relacionam a curva real e a curva
parabdlica aproximada.

Através do ajuste de parabolas as curvas tensdo-deformagéo rea-
lizado com o software Microsoft Excel, sdo obtidos os valores para
a, e a, apresentados na Tabela 1.

Observou-se que os coeficientes de correlagdo (R?) entre as cur-
vas reais e as aproximagdes parabdlicas realizadas tiveram valo-
res bem préximos a 1 (em torno de 0,998), o que confirma que a
adocao das curvas parabdlicas para representar o comportamento
do material é satisfatéria.

De acordo com o item 17.2.2 da NBR 6118:2014 [1], além do
diagrama parabola-retangulo de tensdes para o concreto, pode-
-se utilizar um diagrama retangular simplificado de altura y = AX
(ver Figura 8). Nesse diagrama, a tensdo atuante é considerada
constante até a profundidade y e igual a o .f , no caso da largu-
ra da secdo (medida paralelamente a L.N.) ndo diminuir a partir
desta para a borda comprimida. Para a flexo-compressao obliqua
em secdes retangulares, isso ocorre para a L.N. com inclinagao
o =(0°,90°,180°,270°,360°). Para outras inclinagbes, a largura
da secgdo diminui no sentido da fibra mais comprimida e, nesses
casos, a tensdo constante do diagrama deve ser considerada
0,9.a,.f ,, conforme recomendado por (Santos [4]) & conveniente
que essa tensdo reduzida seja utilizada independentemente da
inclinagéo da linha neutra. Os parametros A e o, s&o definidos
em funcdo da resisténcia a compressao do concreto, conforme
item 17.2.2 de [1], como sendo respectivamente 0,8 e 0,85 para
f,. < 50MPa e através das equagdes (14) e (15) para f, > 50MPa.

(14)
(1%)

A contribuigao do concreto para os esforgos resistentes € obtida
a partir de integragdes em relagédo a area de concreto comprimida
da segao conforme descrito nas equagdes de equilibrio (3), (4) e
(5), onde a tensdo no concreto é obtida através da deformagao
calculada para cada ordenada. Para resolver essas integrais, po-
dem ser adotados diferentes procedimentos. Trabalhos como os

A=08~—(f,, —50)/400

&, = 0,85.[1— (f,, — 50)/200]

20
e o |7
Gc (8) ] ® Eo
X % o o ;—-—
)
N.A 0,9.01c fed *
— =]
e ® 1_‘|-_:_
phy 12 4y
10 ©16,0
Figura 8 Figura 9
Diagrama de tensdes retangular (simplificado) Geometria da se¢do modelo para estudo de caso
Tabela 1
ParGdmetros a, e a, de ajuste das curvas tensdo-deformagdo a pardbolas
f. (MPa) <50 60 70 80 90
qQ, 0,72055 0,62031 0,58129 0,56158
a, 0,25 -0,12564 -0,08679 -0,07422 -0,06927

408 IE——
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Nd (KN) = 950
C30
Mx (KN.m)
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I t t i i i t $ 4 4 + 100,0
t 50,0
=
=
p-*4
F 00 -
=
=
L -50,0
L -1000

—— Envoltéria de esforgos resistentes - Diagrama de tensBes Pardbola-Retdngulo

——Envoltéria de esforgoes resistentes - Diagrama de tensdes Retangular

Figura 10
Exemplo de sobreposicdo de envoltdrias resistentes

de (Campos [5]) e (Muniz [6]) utilizam o Teorema de Green para
transformar as integrais de superficie em integrais de contorno
que sdo resolvidas ao longo dos vértices da area comprimida da
sec¢ado. Outros trabalhos como os de (Cardoso Junior [7]) e (Sua-
znabar e Silva [8]) utilizam a discretizagdo da segéo transversal
para resolver de maneira analitica 0 mesmo problema. Nesse tra-
balho foi adotada a metodologia que esta detalhada em (Campos
[5]) para geragao de envoltérias resistentes.

3. Analise comparativa entre as
envoltérias de esforgos resistentes

EE

Afim de avaliar as diferengas entre envoltérias de esforgos re-
sistentes geradas a partir da utilizagédo do diagrama parabola-re-
tangulo ou do diagrama retangular do concreto, foi realizado um
estudo de caso para uma segao modelo (Figura 9). Para tanto, foi
implementado um programa no software Microsoft Excel embasa-
do nos conceitos apresentados anteriormente. O programa possi-
bilita a geragao de envoltdrias resistentes por ambos os métodos.

Tabela 2

A apresentagéo do programa esta melhor definida no trabalho de
(Fonseca [9]).

Na Figura 10 esta ilustrado um exemplo de sobreposigéo de envol-
torias gerada pelo programa considerando a classe C30 de resis-
téncia para o concreto e a forga normal resistente de 950KN. Além
do resultado grafico, também é possivel obter através do programa
os momentos resistentes da secgdo para cada inclinagéo da linha
neutra assumida (de 0° a 360°), a cada 5°, em forma de tabela.
Inicialmente, a fim de investigar as diferengas entre os esforgos
obtidos pelos diagramas parabola-retangulo e retangular para si-
tuagdo de compressao pura, foi verificado o valor da forga nor-
mal resistente de calculo maxima da segdo modelo no dominio
5. Para tal, considerou-se a L.N. tendendo ao infinito e a segao
inteiramente comprimida com deformac&o constante ¢_,. A Tabela
2 relaciona os valores obtidos para o esforgo normal maximo de
calculo considerando os diagramas parabola-retangulo e retangu-
lar do concreto e classes de resisténcia C20 a C90.

Observa-se que para concretos de f, < 50MPa a diferenga en-
tre as forgas normais resistentes maximas nao é tao expressiva,

Comparacdo entre forcas normais méximas resistentes da secdo

N, (KN) calculado através da utilizagdo do: L
f.. (MPa) Variagcdo percentual
DPR DR
20 2058,7 1937.3 6%
30 2665,9 2483,7 7%
40 3273.0 3030,2 7%
50 3880,2 3576,6 8%
60 4490,8 3988,8 11%
70 5093,3 4316,7 15%
80 5696.5 4589,9 19%
90 62945 4808,5 24%
DPR = Diagrama Parébola Retéingulo; DR = Diagrama Retangular
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chegando ao maximo de 8%. Contudo, para classes de resistén-
cia superiores, a diferenca aumenta conforme o aumento do f_,
chegando a 24% para concretos de C90. Em estruturas de edi-
ficagOes, € usual a adog&o de concretos com f, <50MPa, no en-
tanto, para os casos onde o f, utilizado seja superior, o dimensio-
namento feito utilizando o diagrama retangular do concreto pode
se tornar antiecondmico, na medida em que poderia ser conside-
rado um maior esforco normal resistente calculado pelo diagrama
parabola-retangulo.

Além disso, buscou-se avaliar como as diferengas entre envolto-
rias resistentes sao influenciadas pelo aumento do dominio de de-
formagéo e pela variagdo da classe de resisténcia do concreto. A
Tabela 3 apresenta os resultados encontrados para os momentos
resistentes correspondentes a inclinagédo da L.N. de 0°, 45° e 90°,

utilizando concretos com classes de resisténcia de C20 a C90 e
valores crescentes para o esforgo normal solicitante de calculo.
Para todas as classes de resisténcia, na medida em que o esforgo
normal aumenta, a profundidade da L.N. também aumenta, ja que
deve existir uma maior area de concreto comprimido para equili-
brar a segdo. Consequentemente, o dominio de flexdo passa a ser
maior. Avaliando os resultados da Tabela 3, percebe-se que quanto
maior o dominio de flexao, maiores séo as diferencgas entre momen-
tos resistentes (independente da inclinagdo da L.N.). No dominio 4,
essas diferencas sdo mais razoaveis, chegando a um maximo de
15%, enquanto que no dominio 4a e, principalmente no dominio 5,
essas diferencas podem chegar a 99%. A Figura 11 apresenta um
exemplo de comparagéao de envoltdrias no dominio 5 onde observa-
-se uma grande discrepancia entre as envoltérias geradas.

C50
Mx (KN.m)
-100,0 -50,0 0,0 50,0 100,0
+ 50,0

-
=
b4
00 ™
8
=

- -50,0

—— Envoltdria de esforgos resistentes - Diagrama de tens6es Parabola-Retdngulo
——Envoltéria de esforgoes resistentes - Diagrama de tens6es Retangular
Figura 11
Sobreposicdo de envoltérias resistentes para secdo de exemplo no dominio 5
C70
Mx (KN.m)
-300,0 -250,0 -200,0 -150,0 -100,0 -50,0 0,0 50,0 100,0 150,0 200,0 250,0 3000

1 } } } 150,0

100,0
00 E
=4
-4
- 0,0 -
=

- -50,0

-100,0

-150,0

—— Envoltdria de esforgos resistentes - Diagrama de tensbes Parabola-Retingulo

——Envoltéria de esforcoes resistentes - Diagrama de tens6es Retangular

Figura 12

Exemplo de envoltdria do diagrama retangular externa & do diagrama pardbola-retangulo em

direcdes obliquas
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Ademais, percebe-se também que para f, < 50MPa o momento
resistente obliquo (M, = 45°) obtido para o diagrama retangular &
sempre inferior aquele obtido para o diagrama parabola-retangulo,
de modo que o dimensionamento feito com o diagrama retangu-
lar € sempre a favor da seguranga para esses casos. Entretanto,
para f, > 50MPa e dominios de flex&o 3 e 4, pode-se constatar

Tabela 3
Compara¢cdo entre momentos resistentes da secdo

que o momento resistente obliquo obtido pelo diagrama retangular
torna-se maior do que o obtido pelo diagrama parabola-retangulo,
conforme exemplificado na Figura 12. Essa situagdo apresenta
a possibilidade de realizagdo de um dimensionamento contra a
seguranga no caso da adogdo do diagrama retangular. Observa-
-se que para as classes C70 e C80 a diferenga entre momentos

olfey | N | Domino |_cdbiitdopeio: | Yor | cdiSidopai: | Ver | cdiidopeo | Vo
DPR DR DPR DR DPR DR

70 4 168,9 159,1 6% 143,7 137,6 4% 73.5 68,9 6%

20 110 4 140 128,6 8% 123,6 116,1 6% 58,0 53 9%
150 4a 95,2 81,9 14% 84,6 74,0 13% 38,1 32,3 15%

190 5 29,8 9.6 68% 28,1 8.6 69% 11,9 4 66%

95 4 206,8 193,9 6% 178,3 170,0 5% 89.2 82,8 7%

145 4 176,1 159,8 9% 156,4 145,8 7% 72,5 65,5 10%

%0 195 4a 1221 101.8 17% 108,7 92,4 15% 48,9 40,3 18%
245 5 39,7 9 77% 37.6 8.1 78% 15.8 3.8 76%

120 4 243,7 228,6 6% 212,6 2024 5% 104,6 96,6 8%

180 4 212 191 10% 189.3 175,6 7% 86,9 78 10%

40 240 4a 148,9 121,6 18% 132,7 110,8 17% 59,6 48,2 19%
300 5 49,8 8.5 83% 47,2 7.5 84% 19.7 3,6 82%

145 4 280,5 263,1 6% 246,8 234,7 5% 119,8 1104 8%

215 4 247.9 222,4 10% 222,1 2054 8% 101,3 90,5 11%

50 285 4a 175,7 141,5 19% 156,8 129,2 18% 70.4 56,2 20%
355 5 59,9 7.9 87% 56,8 7.0 88% 23,7 3.4 86%

170 4 286.5 273 5% 238,6 244,9 -3% 118,7 113,5 4%

245 4 253.8 233.3 8% 211,2 213.9 -1% 105,2 96,8 8%

&0 320 4a 177.8 145,6 18% 149,2 130,0 13% 72,4 59,4 18%
395 5 74,2 6.8 91% 62,0 6.1 90% 29,9 2,3 92%

190 4 298,8 286,9 4% 242,3 258,8 -7% 122,1 117.4 4%

270 4 265,3 245,5 7% 209.4 224.8 -7% 109,7 102 7%

70 350 4a 184.,6 148,7 19% 144.5 131.1 9% 76,2 62,1 18%
430 5 91.4 3.2 97% 71,3 3.1 96% 36,9 1 97%

200 4 321.,3 302 6% 258,6 272,8 -6% 130.7 1231 6%

285 4 291.4 262,1 10% 227.3 240.,8 -6% 119,6 108,2 10%

80 370 4a 212,6 162,7 23% 162,8 143.8 12% 87.8 67.8 23%
455 5 118,9 3.8 97% 91,0 3.7 96% 48,0 1.2 98%

210 4 346,5 3134 10% 278.,8 283,8 -2% 140,6 127.6 9%

300 4 320,5 273.4 15% 250,5 252,0 -1% 131,1 112,7 14%

70 390 4a 243,3 168.6 31% 185.4 149.5 19% 100.3 69.8 30%
480 5 150,3 1.8 99% 114,6 1.7 99% 60,7 0.5 99%

DPR = Diagrama Pardbola Retéingulo; DR = Diagrama Retangular; Var. Perc. = Variagdo percentual ((DPR-DR)/DPR)
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Figura 13

PARABOLA-
RETANGULO RETANGULAR
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Comparagdo entre diagramas de tensdo para dire¢des obliquas

resistentes obliquos (cerca de 7%) foi mais acentuada que para as
classes C60 e C90 (méaxima de 3%).

4. Discussao
E——

Confome apresentado na Tabela 2, a variagao percentual entre
os esforgos normais maximos resistentes obtidos cresceu com o
acréscimo do f, principalmente para concretos acima da classe
C50. Isso se justifica pois, para segéo inteiramente comprimida,
considera-se que toda segéo transversal do concreto esta re-
sistindo sob uma tens&o de 0,85f ; quando utilizado o diagrama
parabola retangulo, que € maior do que a tens&o de 0,9a, f , as-
sumida quando utilizado o diagrama retangular. Para valores de
f, < 50MPa, o valor de o € igual a 0,85, mas, de acordo com a
equacgéo (15), este valor diminui com o aumento do f,, de modo
que a tensao calculada com o diagrama simplificado se torna mais
conservadora quanto maior a classe de resisténcia do concreto.
Analogamente, conforme apresentado na Tabela 3, para segbes
entre os dominios 4a e 5, a variagao percentual entre os momen-
tos resistentes obtidos é bastante expressiva e se torna maior na
medida em que o dominio aumenta. Para essas se¢des predo-
minantemente comprimidas, a tensao atuando em toda a segao
transversal de acordo com o diagrama parabola-retangulo torna-
-se proxima da sua tensé&o de pico (0,85f ), sendo assim, tem-se
que a consideragao de uma tensédo de compressao constante no
diagrama retangular (0,9¢,, f_,) inferior & tens&o de pico do dia-
grama parabola-retangulo impacta na diminuigdo dos momentos
resistentes calculados a partir do diagrama retangular.

Na comparagao entre envoltorias, € necessario que, independente
do diagrama de resisténcia do concreto utilizado, o esforgo nor-
mal resistente de calculo seja igual ao solicitante. Partindo desse
principio, para que o esfor¢go normal resistente da peca calculado
considerando o diagrama retangular se iguale aquele calculado
utilizando o diagrama parabola-retangulo, ele deve ter uma maior
area de concreto comprimida, uma vez que a sua tensao resis-
tente € menor. Com isso, a altura da linha neutra do diagrama
retangular € maior, de modo que os seus momentos resistente
se tornam ainda menores do que os calculados pelo diagrama
parabola-retéangulo.

Observou-se também que para valores de f, > 50MPa e dominio 4,
a envoltdria resistente obtida pelo diagrama retangular foi superior
a obtida pelo diagrama parabola-retangulo em diregbes obliquas

de solicitagdo (Figura 12). Isso se deve ao fato de que quanto
maior a classe do concreto, menor o seu trecho com tens&o cons-
tante e maior o seu trecho curvo do diagrama parabola-retangulo
(Figura 6), o que torna ainda mais dificil de representa-lo como um
diagrama de tensdes constantes (retangular). Para diregdes obli-
quas, em particular, existem configuragdes de distribuicdes de ten-
sOes (Figura 13) onde a area da segdo comprimida uniformemente
pelo diagrama parabola-retangulo é expressivamente menor do
que aquela considerada pelo diagrama retangular, de modo que
os esforgos resistentes obtidos pelo primeiro se tornam menores
do que os obtidos pelo segundo.

5. Conclusodes

EE

De acordo com os resultados e discussoes apresentados nesse
trabalho, pode-se concluir que apesar do uso do diagrama retan-
gular simplificar matematicamente o calculo dos esforcos resisten-
tes e representar bem o diagrama parabola-retangulo para muitas
aplicacdes praticas de verificacdo de segdes, algumas ressalvas
ao seu uso devem ser feitas.

Primeiramente, para pegas dimensionadas nos dominios de flexao
4a e 5 (que sao usualmente empregados para o calculo de pilares)
o uso do diagrama retangular apresenta resultados muito conser-
vadores e, portanto, sdo antiecondémicos, quando comparados com
resultados obtidos pelo uso do diagrama parabola-retangulo.
Observa-se também que, para as classes C60 a C90 de resistén-
cia do concreto e diregdes obliquas de solicitagao, existem casos
em que os momentos resistentes calculados pelo diagrama retan-
gular de tensdes no concreto s&o contra a seguranga. Contudo,
a diferenga entre estes e os calculados pelo diagrama parabola-
-retdngulo ndo é muito expressiva, sendo de no maximo 7%.

O item 17.2.2-e da NBR 6118:2014 [1] estabelece que as dife-
rengas entre os resultados obtidos através do uso dos diagramas
parabola-retangulo e retangular sdo pequenas e aceitaveis e que
ndo existe a necessidade de corregdo através de um coeficien-
te adicional. Entende-se, portanto, que essa norma preza pela
seguranga nos dimensionamentos pois, como verificado, para
maioria dos casos, o diagrama retangular de tensdes apresen-
ta esforgos resistentes inferiores aos calculados pelo diagrama
parabola-retangulo. Sendo assim, o diagrama retangular pode
ser empregado quando ndo houverem ferramentas sofisticadas
de calculo. Contudo, particularmente para garantir a economia
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no dimensionamento das pecgas solicitadas a flexo-compressao
obliqua, o uso do diagrama parabola-retangulo de tensées do
concretos se torna mais adequado na medida em que possibilita
um maior esforgo resistente para peca.
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Abstract
[

This paper studies the influence of the corrosion degree calculated by the mass loss and by the smaller diameters on the yield strength, ultimate
strength and final elongation. Reinforcements buried and naturally corroded for 60 years were studied. The mechanical properties of the protrud-
ing reinforcing steel were compared to reference bars, which also remained buried for 60 years, but without going through the corrosion process.
Micrographs, besides the chemical composition and the characterization of the aggressiveness of the soil were realized. The micrographs and
the chemical composition show the presence of pits in the reinforcements and sulfur contents for steel above the prescriptions of the time when
the foundations were initially implement, respectively. The results also show that the effects of pitting corrosion on the mechanical properties of
the naturally corroded bars may not be adequately expressed by the mass loss. This type of corrosion (pits) produces geometric variations in the
cross sections along the length of the test specimens, generating stress gradients between successive sections. This has a noticeable impact on
the mechanical properties of the reinforcements. In general, the effects of corrosion are more pronounced on the ductility of the reinforcement.
Regarding the aggressiveness of the soil, high corrosion rates were identified in the reinforcement, even with the soil being classified as essentially
non-corrosive.

Keywords: reinforcement corrosion, durability, mass loss, smallest diameter, corrosion degree, mechanical properties.

Resumo
[

Este artigo estuda a influéncia do grau de corroséo, calculado pela perda de massa e pelos menores didmetros, sobre a resisténcia ao escoamen-
to, limite de resisténcia e alongamento final em armaduras corroidas naturalmente. Essas armaduras permaneceram enterradas por 60 anos. As
propriedades mecanicas das armaduras de espera foram comparadas as de barras de referéncia, que também permaneceram enterradas por 60
anos, mas sem sofrer o processo de corrosdo. Foram realizadas micrografias, além da determinacdo da composigao quimica e da caracterizagéo
da agressividade do solo onde as armaduras estavam enterradas. As micrografias e a composi¢cdo quimica mostram a presenca de pites nas
armaduras e teores de enxofre acima das prescrigdes recomendadas para o ago na época de execugdo das fundagdes, respectivamente. Os
resultados também mostram que os efeitos da corroséo por pites sobre as propriedades mecanicas das barras corroidas naturalmente podem
néo ser adequadamente expressos pela perda de massa. Esse tipo de corroséo (pites) produz variagdes geométricas nas secdes transversais
ao longo do comprimento dos corpos de prova, gerando gradientes de esforgcos entre segdes sucessivas, que impactam de forma notéria sobre
suas propriedades mecanicas. De uma maneira geral, os efeitos da corrosdo sdo mais pronunciaveis sobre a ductilidade das barras. Com re-
lagédo a agressividade do solo, altas velocidades de corrosdo foram identificadas nas armaduras, mesmo com o solo sendo classificado como
essencialmente n&o corrosivo.

Palavras-chave: corrosdo de armaduras, durabilidade, perda de massa, menor didmetro, grau de corrosdo, propriedades mecanicas.
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1. Introduction

EE

The limitation of tensile strength presented by concrete is sup-
plied by means of the reinforcing steel, allowing the building of
slender structures with greater spans. However, the introduction
of reinforcement in concrete may result in degradation problems in
reinforced concrete structures due to corrosion that, in advanced
states, may lead the structure to ruin. In this sense, studies high-
light that the maintenance and rehabilitation of structures degrad-
ed by corrosion involve significant financial amounts [1-4].

The effects of corrosion in reinforced concrete structures involve
consequences to the mechanical properties of the bars, mainly
due to a decrease of their transversal section and of the adherence
between concrete and protruding reinforcing steel [5,6]. Besides,
the corrosion products generate tensions in the radial direction to
the axis of the bars that are not supported by the limited plastic de-
formation of concrete, leading to cracking and posterior displace-
ment of the concrete cover [7-9].

The mechanism of corrosion leading to the degradation of the rein-
forcement has been an object of research in the whole world, how-
ever, the influence of natural corrosion on the mechanical proper-
ties of the reinforcement represent a smaller part of those studies
[6,10,11]. It has been observed that most of the works regarding
the evaluation of the mechanical properties of corroded rebars
is about accelerated corrosion tests in laboratory environment. It
must be highlighted that, depending on the methodology used to
promote the reinforcement corrosion — salt chambers for instance
— those works may not generate the formation of the passivating
layer that cover the reinforcement inside the concrete due to the al-
kaline pH of the mean; this results in an uniform attack, and, in con-
sequence, differences regarding the corrosion mechanism [6,8,10,
12-16]. In this context, the reinforcement corrosion by the action
of chlorides is characterized as being by pits, since the chlorides
have the capacity of breaking locally the existing passivating layer.
In consequence, the corrosion is propagated in the pit, according
to the stack active-passive in non polarized conditions [1, 10, 11].
Studies of Aimussallan [12], Apostolopoulos et al. [10] and Frangois
et al. [8] may be mentioned among the researches contemplating
the reinforcement corrosion made in laboratory. In the perspective
of reinforcement corroded obtained from real structures, it is pos-
sible to mention studied from Palssom e Mirza [5], Papadopoulos
et al. [17], Zhang et al. [16] and Balestra et al. [11].

The methodology used by Almussallan [12] consists in applying a
current in steel bars embedded in concrete in order to accelerate
the corrosion process. The author points to sudden fractures with
corrosion degree over 12%. Apostolopoulos et al. [10] submitted
bars directly exposed to salt fog and also bars embedded in con-
crete exposed to the same mist. The authors highlight that com-
paring bars with the same corrosion degree, the bars immersed in
concrete show a greater reduction regarding the yield strength and
ductility and greater depth of pits than the ones directly exposed to
salt fog. In the study of Frangois et al. [8] were used bars extracted
from reinforced concrete beams exposed to an environment with
chlorides. Results show a decrease of mechanical properties due
to corrosion and lack of indication of necking in the corroded bars.
Palssom and Mirza [5] used 103 samples of reinforcement from a
Canadian bridge deck slab, demolished due to corrosion problems

of the reinforcement due to the use of deicing salts. Papadopoulos
et al. [17] carried out tests of tensile strength in 96 test specimens
extracted from hundreds of years’ old edifications in Greece. Re-
cently, study of Zhang et al. [16] compared the behavior to tensile
strength and the fatigue or protruding reinforcing steel in edification
with more than 30 years in China and Balestra et al. [11] evaluated
the effect of the corrosion degree in the effective and nominal re-
sistance of protruding reinforcing steel naturally corroded.
Generally, independently if the corrosion method of bars is acceler-
ated in laboratory or under natural conditions, the mentioned stud-
ies point for a decrease in values regarding yield strength, ultimate
strength, final stretching and ductility, as the loss of mass of the
corroded rebar increases.

The influence of the transversal section over the mechanical prop-
erties of the reinforcing steel is presented in studies from Apos-
tolopoulos [18] and Zhu and Francois [19]. In the first study, bars
were corroded in a salt fog chamber until 120 days. Results show
a progressive variation of the mechanical properties of the bars
as the diameter of bars is reduced due to corrosion. In the sec-
ond study different patterns of corrosion where analyzed. Results
show that asymmetric forms of the corroded sections, with greater
eccentricity values, had the lower values of final stretching when
compared to sections symmetrically corroded. Besides, in those
asymmetric sections, the eccentricity increased the concentration
of tensions in the transversal sections, drastically decreasing the
final elongation of bars.

In face of what was exposed, to provide mechanisms allowing for
evaluating the relationship of corrosion with the mechanical prop-
erties decrease of the reinforcement, in order to verify the remain-
ing carrying capacity of a degraded reinforced concrete structure is
necessary, with the objective of determining security levels. Thus,
given the existence of few studies using naturally corroded rein-
forcement, this paper has the objective of presenting results re-
garding the effects of the corrosion degree, expressed by the loss
of mass and by the smaller diameters, over the mechanical prop-
erties of protruding reinforcing steel naturally corroded in the soil
during decades, coming from an old set of foundations executed in
reinforced concrete. For that, tensile tests in specimens removed
from those protruding reinforcing steel were made.

This set of foundations was composed by (i) piles; (ii) foundation
blocks in reinforced concrete, with protruding reinforcing steel with
original nominal diameters of 5/8” (15.88 mm) and concrete with
compressive strength of 12 MPa; and (iii) protruding reinforcing
steel destined to the link between the foundation blocks and the
pillars of the building, with original nominal diameters of 5/8” (15.88
mm) and 3/4” (19.8 mm). The set of foundations belongs to the
“Technological Institute of Aeronautics (ITA)”, located in Sdo José
dos Campos, Brazil, and remained buried during a period of 60
years, because there was no possibility of building a part of the
edifications during the decade of 1950.

When works resumed, problems such as detachments between
blocks and piles and the corrosion of protruding reinforcing steel were
verified “in loco”, which made impossible to use those old foundations.
Thus, the old foundations were discarded, and the protruding reinforc-
ing steel and a block of foundation being collected to researches.

It is important to highlight that the protruding reinforcing steel
remained buried in the soil during decades, being its corrosion
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process natural, in other words, without the influence of procedures
accelerated in laboratory that may not properly reflect the strength
expected from naturally corroded bars [11, 16]. This fact allows a re-
alistic quantitative analysis of the effects of corrosion determined by
means of gravimetric loss and decrease of the diameter of the bars
over the mechanical properties of the protruding reinforcing steel.

A characterization analysis of the soil, as a corrosive medium was
executed. Besides, also part of the scope of this work is the deter-
mination of the chemical characteristics of the protruding reinforc-
ing steel and an analysis by microscopy, in order to observe the
type of corrosion (morphology).

2. Charactgrizatior_l of the soi_l as an ]
aggressive medium regarding corrosion

The soil is presented as one of the more important and complex ag-
gressive mediums to structures, due to the joint actuation of several
factors, such as, the variation of soil composition, the moisture pres-
ent and the activity of microorganisms [20]. The interaction of the fac-
tors interfering in the corrosion of metals in soil makes its performance
to have characteristics of distinct durability in different regions [21].
The main factors influencing the corrosiveness of the soil are: aer-
ation, resistivity, presence of ions (chlorides and sulfates), mois-
ture, pH and microorganism activity [22-25].

Among those factors, Balestra et al. [11] state that resistivity is a pa-
rameter indicating the corrosiveness of the soil, obtained by means of
field tests. In this sense, the standard ASTM G57-06 [26] establishes
methodological criteria for determining the soil aggressiveness resis-
tivity according to the method of four electrodes by Wenner.
Regarding the criterion used to evaluate the soil aggressiveness
in field, NACE [27] establishes ranges of values for characterizing
the soil aggressiveness, according to its resistivity. According to
this classification, presented in Table 1, soils with resistivity over
20000 Q.cm are characterized as essentially non corrosive, while
soils with resistivity below 700 Q.cm are extremely corrosive.

Building

$R4

Building

Table 1
Classification of soil aggressiveness according
to NACE [27]

Soil resistivity (Q.cm) Evaluation of corrosivity
> 2000 Essentially non-corrosive
1500 - 2000 Averagely corrosive
1200 - 1500 Moderately corrosive
1000 - 1200 Corrosive
700 - 1000 Highly corrosive
<700 Extremelly corrosive

3. Experimental program

3.1 Characterization of local and soil

The materials used for obtaining the specimens for the tensile test
are from protruding reinforcing steel, not corroded, removed from
the lower face of a foundation block (reference) and of protruding
reinforcing steel in process of natural corrosion. It must be high-
lighted that this protruding reinforcing steel had 60 years. The pro-
truding reinforcing steel remained buried in process of natural cor-
rosion in the soil during this period, while the protruding reinforcing
steel of the foundation block (lower region of the block) remained
protected by the concrete and did not have corrosion. Figure 1
shows a scheme of the location of the old foundations.

The soil where the foundations were present is characterized by
the presence of silt and clay, with a predominant reddish color,
indicating the presence of iron oxides. The chemical characteris-
tics of the soil are presented in Table 2. Two samples were col-
lected for characterization of the soil, being possible to observe
a pH near neutral for sample 1 and a basic pH in sample 2. Table

Building

S O U O O B

Sidewalk

Street

Figure 1

‘Subtitles ;ﬂ Foundation Blocks

R1-R5 Resistivity - points

Scheme of the location of old foundations and points of determination of soil resistivity (R1-R5)
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Table 2
Chemical characteristics of sail
Parameter Sample 1 Sample 2
pH 7.10 8,97
Sulfides (%) 0.004 0,004
Calcium oxides (%) 0.31 0,92
Magnesium oxides (%) 0.06 0,07

2 also reveals a greater presence of calcium oxide in sample 2.
The amounts of sulfides and magnesium oxide found were similar
between the samples.

The presence of chlorides was evaluated by means of tests in con-
crete samples taken near the upper face of the concrete block col-
lected for studies, since the evaluation of chlorides straight in soil

is a complex activity, because the water from rain penetrates the
soil and may carry and unequally distribute the chlorides present
in it. Thus, samples of concrete powder were collected in seven
points of the block by making holes with diameter equal to 19 mm,
until a depth of 20 mm in the proximities of the concrete surface.
The powder material was collected and analyzed by titration using
a solution of ammonium thiocyanate (0.05M), as described in the
procedure of RILEM TC 178-TMC [28]. The titration is conducted
until the solution of thiocyanate produces a brownish color that
does not disappear with shaking, thus indicating the presence of
chlorides (Figure 2).

Besides that, an analogical terrometer was used to determine
the soil resistivity in five points (R1-R5) in the place where the
foundations were present (Figure 1). In each point two measure-
ments were made, varying the distance between piles (5 and 10
meters). The values of soil resistivity are presented in Figure 3.

Color showing presence of chlorides

Figure 2

Analysis for verification of the presence of chlorides in foundations
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60000 A
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Figure 3
Sail resistivity at the study site
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Figure 4

Full exposition of the foundation block protruding reinforcing steel

The results of resistivity presented, with values over 20000 Q.cm,
classify the soil as essentially non aggressive for both distances
between piles (5 and 10 meters). Besides, it is possible to observe
that the distance between piles did not cause great variations in
resistivity values obtained by a single point.

3.2 Analysis of the reinforcement
E—

3.2.1 Reinforcement of the foundation block

(reference — non corroded)

A concrete breaker was used for extracting the reinforcement

Figure 5
Geometry of reference cross-section for case study

present in the foundation block, and a grinder for cutting the bars.
A set of eight bars with original diameters of 5/8” (15.88 mm) was
obtained, as observed in Figure 4. It must be highlighted that in
this procedure, the integrity of the bars was preserved, taking care
to avoid the tip of the equipment making contact with the bars,
causing deformation, fissures or eventual ruptures, damaging
the samples.

The alkalinity of the medium where the bars were inserted inside
the foundation block was verified by means of pulverization of a
phenolphthalein solution over the surface of the concrete of the
recently fractured block, as recommended by EN14630 [29]. This
way, the alkalinity of the medium was verified by the pink carmine
color, as observed in Figure 5. The pink carmine color of the indica-
tor means that concrete has pH over 10. This way, considering that
the protruding reinforcing steel remained protected by the concrete
against corrosion, a fact that can be verified both visually as by
means of pulverization of the solution of phenolphthalein, the mean
values of the mechanical properties of those test specimens were
taken as reference values for comparing the mechanical properties
of the test specimens coming from protruding reinforcing steel. It is
also highlighted that the reinforcement of the blocks used as refer-
ence were extracted from the lower part of the foundation block,
thus, protected against the action of chlorides when compared with
the protruding reinforcing steel of the upper part of the block.
Brazilian standards NBR 6892 [30] and NBR 7480 [31] prescribe
that the minimal length where the stretching of the test specimens
is determined must be 10 times its nominal diameter. This way,
with the diameter of the bars used in this study equal to 15.88mm,
the minimum dimension of test specimens used in this study was
defined as 330mm, with 160 mm destined to the measurement of
stretching.

Thus, having defined the minimum dimensions of the test speci-
mens, the most rectilinear parts of the reinforcement taken
from foundation blocks were marked and cut. Following this
procedure, five test specimens were obtained (BL1-BL5).
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Table 3
Chemical composition obtained in spectrometry test
Element
Face
Carbon (%) Silicon (%) Manganese (%) Phosphorus (%) Sulfur (%)
1 0,103 0,023 0,385 0.034 0.030
2 0,106 0,025 0,385 0,034 0,031

The choice of test specimens from the most rectilinear parts of
the reinforcement is needed in order to avoid detours along
the axial axis of them, which may influence in the tensile test.
In parallel, a spectrometry test of optical emission was made in
order to determine the main chemical species present in the bars.
A bar segment was cut and its two faces were analyzed regarding
the percentage of carbon, silicon, manganese, phosphorous and
sulfur. The results of spectrometry are displayed in Table 3. The
content of iron identified in both samples was 99.3%

Mills et al. [32] state that for the steels of that time, with 0.10%
of carbon in their composition, manganese should be placed in a
range between 0.30 to 0.40%. Clark [33] states that the proportion
of silicon found in steel, generally, was in a range from 0.10 to
0.30% and, besides that, the proportion of sulfur and phosphorous
should be limited to 0.015% and 0.05%, respectively. However,
results from Table 3 show that the content of sulfur and silicon is
not according to limits described at the time, providing an indicator
regarding a deficient quality control in the production of the bars. In
this context, Souza [34] highlights that the presence of excess of
sulfur negatively impacts the mechanical properties of the steel, re-
ducing it ductility. Sulfur, when combined with iron, creates the iron
sulphide (FeS) that has a lower fusion point regarding the steel,

besides being located in the contour of grains. This fact may cause
the fragility of the steel during stages of mechanical conformation,
resulting in fissures. This behavior was observed in bars studied
in this paper. Figure 6 shows a fissure identified in a discharged
segment of bar, obtained from protruding reinforcing steel of the
foundation block.

3.3.2 Protruding reinforcing steel (corroded)

Regarding the protruding reinforcing steel, bars with original nomi-
nal diameter of 5/8” (15.88 mm) where collected from the upper
faces of the foundation blocks. For that, a grinder was used for cut-
ting and collecting the bars. This procedure was executed as much
closer to the upper surface of the blocks as possible, in order to
get greater possible lengths of the bars. It is worth to highlight that
in most of the cases, the protruding reinforcing steel was directly
recovered by local soil; however in some cases, masonry boxes
without caps or bottoms were built for mew the protruding reinforc-
ing steel. In this case, the masonry boxes were built around the
protruding reinforcing steel and filled with sand for mew the bars.
Figure 7 shows a detail with the exposition of protruding reinforcing
steel after opening one of those boxes.

The protruding reinforcing steel was originally folded before being

Figure 6
Fissure observed on the surface of one of the
foundation block protruding reinforcing steel

Figure 7
Exposure of some protruding reinforcing steel after
opening the masonry box
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Diagram loading versus stretching - illustrative
example of a test body

buried, having deviations along the length. With that, were se-
lected the rectilinear lengths of the bars for extraction of the test
specimens for the tensile test, observing prescriptions from NBR
6892 [30] and NBR 7480 [31] and the minimum adopted dimen-
sions, as previously described. This measure aims to ensure that
the effects from tortuosity of the bars have no influence on the
results of the tensile test.

Thus, bars able to extraction of test specimens were marked, cut
and submitted to a procedure of chemical cleaning using hexa-
methylenetetratramine, according to standard ASTM G1 [35]. A
solution of hydrochloric acid (1:1) was prepared, adding 3.5 g of
Hexamethylenetetramine. The test specimens coming from the
protruding reinforcing steel were immersed in this solution dur-
ing a period of 10 minutes (temperature = 23°C) for removing
corrosion products adhered to the surface of the test specimens.
Those 20 minutes characterize 1 cycle. Thus, at each cycle, the
test specimens were removed from the solution, washed in run-
ning water, dried with a cloth, and had their mass determined.
The pickling process continued until it was not possible to ob-
serve variations over 0.1 g or mass between consecutive pickling
cycles, which happened in approximately 5 cycles.

Then, the extremities of the test specimens were analyzed, dis-
charging the test specimens that had deformations or accentu-
ated corrosion in places destined to fix them in the claws of the
universal machine. This measure aims to warrant that the rupture
of the test specimens does not happen in these places, harming
the tensile test. After this screening, twenty test specimens (PB1-
PB20) were obtained. A visual inspection over the surface of the
test specimens, besides microphotographs, using an optical mi-
croscope of 10x, were made aiming to identify the existence of
pits in the surface of the protruding reinforcing steel.

The determination of the smaller transversal section of the test
specimens was made using a micrometer that has conical tips
with precision of 0.004 mm. In this procedure at least 35 mea-
surements along the test specimens were made, being the small-

er measured value corresponding to the smaller diameter of the
analyzed test specimens. This determination aims the calculation
of the corrosion speed in soil of the protruding reinforcing steel,
according to Equation 1 [36], the number of years that the bars
were buried being equal to 60 years. The corrosion speeds of soil
were compared with the value proposed by CEMCO [37], where
greater corrosion levels are observed when corrosion speed is
over 0.010 mm/year.

M

Where: vcorr = corrosion speed (mm/year); ¢px = the greater loss
of section measured in the bar (mm); and n = number of years
that the bar remained buried (years).

Besides the method for determining the corrosion speed by
means of smaller diameters, the corrosion degree (G) was also
determined by means of the mass loss, expressed according
to the percentage difference between original mass (Mo) of the
protruding reinforcing steel, considering the original diameter
(15.88mm) and the specific mass of steel (7.85 g/cm?), and
the mass determined after the procedure of chemical cleaning
(Mc) [11].

Veorr = [(@,/2)/n]

3.2.3 Tensile test

The test specimens were submitted to tensile tests in a univer-
sal machine of 20,000 kgf of capacity, according to prescriptions
from NBR 6892 [30], with tension values expressed according to
the original cross-section area of the test specimens. Results of
the mean of values obtained regarding yield strength, ultimate
strength and final stretching of the test specimens BL1 to BL5
were used as reference parameters for comparing with results
obtained from test specimens PB1 to PB20. Figure 8 shows a dia-
gram of loading versus elongation of a typical test specimen used
in this study. In this case, as determination of the flow baseline
was not graphically clear, yield strength was calculated consid-
ering the plastic deformation of 0.2% [30]. Resistance limit was
calculated according to the maximum load supported by the test
specimens.

4. Results and discussion

EE

4.1 Mechanical properties of the reinforcement
of the foundation block (BL1-BLY5)

The values of mechanical properties of the reference test speci-
mens BL1-BL5 are presented in Figure 9, their mean values equal
to: 267 MPa (+ 6 MPa), 361 MPa (+ 6 MPa) and 30% (£ 0.7%),
corresponding to the yield strength, ultimate strength and final
elongation, respectively. Those values will be used as reference
to be compared with the corroded protruding reinforcing steel in
this paper. It was not possible to determine the elongation of test
specimen BL1 due to a problem in the used extensometer, this
being replace for the continuity of the tests. It is possible to ob-
serve that test specimens BL1-BL5 had closer values regarding
the measured mechanical properties, with standard deviations
relatively small compared with absolute values.
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Yield strength, ultimate strength and final elongation of test specimens BL1-BLS

4.2 Protruding reinforcing steel

4.21 Corrosion speed in test specimens PB1-PB20

The corrosion speeds of test specimens PB1 to PB20, calculated
from the smaller diameters (Eq. 1) are shown in Figure 10, where
points above the straight line of the graph have high corrosion
speeds according to methodology proposed by CEMCO [37].

First of all, it is possible to observe in Figure 10 that all test speci-
mens had high corrosion speed, according to criterion described
by CEMCO [37]. Some test specimens had values dissonant from
the average behavior, such as, bars PB 16 and PB 20. In this case,
the protruding reinforcing steel from where those test specimens
were taken remained closed in masonry boxes, built to mew them.
Thus, a part of the bars remained in contact with the sand of the
box and another part in contact with the clay from the local soil.
This fact triggered the emergence of differential aeration stacks,
favoring the corrosion process and, in consequence, contributing
to raise the corrosion speeds. This behavior is in according to lit-
erature [38].

The analysis of Figures 3 and 10 result in an interesting observa-
tion. Even if the soil of the place was classified as essentially non
corrosive (Figure 3), high corrosion speeds were obtained (Figure
10), demonstrating that expressing the corrosiveness of the soll
only using the criterion of measuring its resistivity may not prop-
erly represent its aggressiveness with buried protruding reinforcing
steel. Thus, other facts must also be taken into consideration in
order to better describe the aggressiveness of soil, such as aera-
tion, moisture, pH, presence of microorganism activity, and others.
Even if all values lead to high corrosion speeds, results presented
in Figure 10 by corroded protruding reinforcing steel where very
diversified. The mean corrosion speed measured was 0.0246 mm/
year, however with a standard deviation of 0.0089 mm/year, rep-
resenting a coefficient of variation of 36%. This is a reflex of the
characteristics of heterogeneity of the soil, as also discussed by
Norhazilan et al. [20].

4.2.2 Analysis of pits presence in test specimens PB1-PB20
Figure 11(a) shows the image of a pit with depth of 4 mm obtained
by means of visual analysis in a test specimen, while Figure 11 (b)
shows a microphotography obtained from one of the test speci-
mens from the protruding reinforcing steel, where it is possible to
observe the presence of pits, by means of dark dots indicated in
the image. The pits were verified in all test specimens of protruding
reinforcing steel. There were no pits identified in the test specimens
of the lower region of the foundation block (BL1-BL5, reference).

The protruding reinforcing steel was collected near the edifica-
tions already existing in ITA since the decade of 1950. Thus, it
was verified in local that the lack of draining systems of surface
water, together with the use of cleaning products based in chlorine
for maintenance and cleaning of those existing buildings, denot-
ed an external source of chlorides in soil that contributed for the
emergence of pits in protruding reinforcing steel. This affirmation
is supported by analysis made to verify the presence of chlorides
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Corrosion velocity of specimens PB1-PB20
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Figure 11

(o) Pit image obtained by visual inspection; (b) Micrographs showing the presence of pits in a certain

region of a fest specimen. Magnification of 10x

from power samples removed from the upper part of the foundation
block, as presented in Figure 2.

4.2.3 Mechanical properties, mass loss and smaller
diameter of test specimens PB1-PB20

Figure 12 and 13 shows the relationship between mechanical
properties with mass loss and with the smaller diameters of test
specimens PB1-PB20, respectively.

According to Figure 12 and 13, 25% of the test specimens (PB1,
PB4, PB13, PB14 and PB15) had yield strength over the aver-
age value of the reference test specimens BL1-BL5 (dashed). The
same percentage was observed regarding the ultimate strength,

however not necessarily the same bars (PB4, PB5, PB14, PB15
and PB17).

It must also be highlighted that all test specimens PB1-PB20 frac-
tured right after reaching their ultimate strength, without signals of
necking. This behavior is in consonance with studies available in
literature [6, 10]. In this aspect, the presence of pits raised the con-
centration of tension in the sections of the protruding reinforcing
steel. Thus, the tension generated in a given section corroded by
pits increases expressively as there is an increase of loading during
the test, rapidly reaching its ultimate strength, not being observed
signals of necking. Besides, under a chemical perspective, the high
concentration of sulfur found in the bars contributes to the decrease
of ductility, since the iron sulphide leads to a fragility of the iron.
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Figure 12

Ratio between degree of corrosion and yield strength, ultimate strength and final elongation of test

specimens PB1-PB20
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Ratio between the smallest diameter with yield strength, ultimate strength and final elongation of the

specimens PB1-PB20

A trend of decreasing yield strength and ultimate strength is ob-
served in Figure 12 from a loss of mass of 12%, according to study
from Almussallan [12]. For values below the cited one, a progres-
sive trend of decreasing strength is not observed, where even test
specimens with loss of mass of 5% had lower strength values than
test specimens with two times the loss of mass. This is clearly ob-
served comparing bars PB4 and PB14, for instance. The justifica-
tion for this occurrence is related with effects of corrosion by pits
to the transversal section of the reinforcement. This means that,
in the case of corrosion by pits, expressing the corrosion degree
by means of the gravimetric variation of bars may not be enough
to represent the variations in strengths, at least until a corrosion
degree of 12%.

In Figure 13 it is possible to see an irregular behavior between the
smaller diameter with yield and ultimate strengths. However, it is
possible to observe a decreasing trend of strength regarding the
diameter reduction for values less than 12mm, representing a loss
of transversal section over 20% regarding the original transversal
section. This means that for losses of transversal section over 20%
there is a trend of a progressive decrease of strengths (yield and
ultimate) of the corroded reinforcement.

In this sense, the damage made by pits to the transversal section
of the corroded reinforcement promotes variations in the position
of the axis of the bars along their length, generating eccentricities
between the axis position of successive sections of the bars, pro-
ducing gradients of efforts between those sections when submitted
to tension, as also found in Zhu and Francois [19]. Thus, the ef-
fects of corrosion by pits may manifest not only by the loss of the
transversal section of protruding reinforcing steel, but also in the
geometric change of the axis of their transversal sections, con-
tributing for an irregular behavior and making difficult the framing
of a decreasing trend of those mechanical properties for values of
section loss under 20%.

Figures 12 and 13 also reveal that the final stretch has an irregular

behavior in both cases (loss of mass and smaller diameters), mak-
ing difficult to express a behavior trend. However, it is possible to
state the effects of corrosion are more evident in the decrease of
the final stretch of the bars when compared with reference values
(dashed lines), agreeing with studies in literature [8, 10]. In this
sense, all test specimens, even having a small loss of mass, dem-
onstrated values under the mean stretching of the reference bars
(BL1-BL5). This demonstrates that the corrosion effects were more
pronounced over the ductility of the corroded reinforcement.

Figure 14 shows the relation between loss of mass and the smaller
diameters of test specimens PB1-PB20. Figure 14 shows a trend
to decreasing diameters as the loss of mass increases. Besides,
it is also possible to observe the presence of two distinct zones.
In is interesting to see that zone 2 indicates the occurrence of test
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Figure 14
Ratio between smallest diameters and the loss of
mass of the test specimens PB1-PB20
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specimens with smaller diameter and greater loss of mass. This
fact is associated with corrosion by pits, as verified in Figure 11.
Under this strand the pits have as characteristics being able to
generate decreases in the transversal section as they go deeper,
however without noticeable loss of mass.

5. Conclusions

EE

In this paper, an analysis regarding the influence of the corrosion

degree by loss of mass and smaller diameters on the mechanical

properties of naturally corroded reinforcement in soil was made.

Thus, the following conclusions may be highlighted:

B The presence of chlorides in the medium where the protrud-
ing reinforcing steel were buried during 60 years was found,
its origin being from an external source. This fact justifies the
appearance of pits with until 4 mm of depth in protruding rein-
forcing steel, impacting, notoriously, the mechanical properties
of the protruding reinforcing steel. Besides, the characteriza-
tion of the soil aggressiveness only by means of its resistance
demonstrated to be ineffective.

B The effects of corrosion by pits show that analysis made from
the corrosion degree and smaller diameters do not represent a
trend of progressive decrease of the mechanical properties of
the corroded reinforcement, demonstrating that those param-
eters are not the more appropriate for analyzing the mechani-
cal properties of corroded reinforcement submitted to tension,
since the eccentricities of the section generated by pits are
not expressed by the parameters previously mentioned. Thus,
concomitantly to this fact, the tension gradients that appear be-
tween those successive sections, contributing for the decrease
of the mechanical properties of the corroded reinforcement,
are not expressed by the corrosion degree and by smaller di-
ameters, justifying the irregularity of behavior observed.

B Corrosion effects are more noticeable regarding the decrease
of ductility of bars, considering that no corroded test speci-
men reached the final stretching value of reference; besides,
no necking were observed in bars with corrosion degree over
12%. This demonstrated that structural elements whose de-
gree of corrosion is over 12% may have sudden collapses.

B Two distinct zones were identified, representing that even
test specimens with more loss of mass, not necessarily have
smaller diameters. This behavior is characteristic for corrosion
by pits, because reduction in the transversal section may be
identified as the pits are deeper, however, without necessarily
a significant loss of mass.
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Abstract
[

This paper studies the influence of the corrosion degree calculated by the mass loss and by the smaller diameters on the yield strength, ultimate
strength and final elongation. Reinforcements buried and naturally corroded for 60 years were studied. The mechanical properties of the protruding
reinforcing steel were compared to reference bars, which also remained buried for 60 years, but without going through the process of corrosion.
Micrographs, besides the chemical composition and the characterization of the aggressiveness of the soil were realized. The micrographs and
the chemical composition show the presence of pits in the reinforcements and sulfur contents for steel above the prescriptions of the time when
the foundations were initially implement, respectively. The results also show that the effects of pitting corrosion on the mechanical properties of
the naturally corroded bars may not be adequately expressed by the mass loss. This type of corrosion (pits) produces geometric variations in the
cross sections along the length of the test specimens, generating stress gradients between successive sections. This has a noticeable impact on
the mechanical properties of the reinforcements. In general, the effects of corrosion are more pronounced on the ductility of the reinforcement.
Regarding the aggressiveness of the soil, high corrosion rates were identified in the reinforcement, even with the soil being classified as essentially
non-corrosive.

Keywords: reinforcement corrosion, durability, mass loss, smallest diameter, corrosion degree, mechanical properties.

Resumo
[

Este artigo estuda a influéncia do grau de corroséo, calculado pela perda de massa e pelos menores didmetros, sobre a resisténcia ao escoamen-
to, limite de resisténcia e alongamento final em armaduras corroidas naturalmente. Essas armaduras permaneceram enterradas por 60 anos. As
propriedades mecanicas das armaduras de espera foram comparadas as de barras de referéncia, que também permaneceram enterradas por 60
anos, mas sem sofrer o processo de corrosdo. Foram realizadas micrografias, além da determinacdo da composigao quimica e da caracterizagéo
da agressividade do solo onde as armaduras estavam enterradas. As micrografias e a composi¢cdo quimica mostram a presenca de pites nas
armaduras e teores de enxofre acima das prescrigdes recomendadas para o ago na época de execugdo das fundagdes, respectivamente. Os
resultados também mostram que os efeitos da corroséo por pites sobre as propriedades mecanicas das barras corroidas naturalmente podem
néo ser adequadamente expressos pela perda de massa. Esse tipo de corroséo (pites) produz variagdes geométricas nas secdes transversais
ao longo do comprimento dos corpos de prova, gerando gradientes de esforgcos entre segdes sucessivas, que impactam de forma notéria sobre
suas propriedades mecanicas. De uma maneira geral, os efeitos da corrosdo sdo mais pronunciaveis sobre a ductilidade das barras. Com re-
lagédo a agressividade do solo, altas velocidades de corrosdo foram identificadas nas armaduras, mesmo com o solo sendo classificado como
essencialmente n&o corrosivo.

Palavras-chave: corrosdo de armaduras, durabilidade, perda de massa, menor didmetro, grau de corrosdo, propriedades mecanicas.
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1. Introducgao

EE

A limitagao da baixa resisténcia a tragao apresentada pelo concre-
to é suprida pelo uso das armaduras, permitindo a construgéo de
estruturas esbeltas e com maiores véos. Todavia, a introdugao das
armaduras no concreto pode resultar em problemas de degrada-
¢ao nas estruturas de concreto armado devido a corroséo, que em
estagios avangados pode levar a estrutura a ruina. Neste sentido,
estudos ressaltam que a manutencgéo e a reabilitagdo de estru-
turas degradadas pela corrosdo envolvem montantes financeiros
significativos [1-4].

Os efeitos da corrosdo sobre as estruturas de concreto armado
envolvem consequéncias as propriedades mecanicas das barras
devido principalmente a uma redugao de sua segao transversal e
da aderéncia entre o concreto e as armaduras [5,6]. Além disso, os
produtos de corrosao geram tensdes na direcao radial ao eixo das
barras que ndo sao suportadas pela limitada deformacgéo plastica
do concreto, levando assim a fissuragao e posterior destacamento
da camada de cobrimento [7-9].

O mecanismo da corroséo que leva a degradacao das armaduras
tém sido objeto de pesquisa no mundo, entretanto, a influéncia da
corrosao natural sobre as propriedades mecanicas das armaduras
representam uma menor parcela desses estudos [6,10,11]. Tem-
-se observado que a maioria dos trabalhos referentes a avaliagao
das propriedades mecénicas de armaduras corroidas trata de en-
saios de corrosao acelerada em ambiente de laboratério. Ressal-
ta-se que, dependendo da metodologia aplicada para promover a
corrosao das armaduras - cAmaras salinas, por exemplo - esses
trabalhos podem ndo promover a formagado da camada de passi-
vagao que reveste a armadura no interior do concreto devido o pH
alcalino do meio; isso resulta em um ataque uniforme, e, conse-
quentemente, diferengas em relagdo ao mecanismo de corrosao
[6,8,10,12-16]. Dentro deste contexto, a corrosdo das armaduras
por acgao dos cloretos é caracterizada como sendo por pites, uma
vez que os cloretos tem a capacidade de romper localmente a
camada passiva existente. Como consequéncia, a corrosao é pro-
pagada no pite, de acordo com a pilha ativa-passiva em condi¢des
nao polarizadas [1,10,11].

Os estudos de Almussallan [12], Apostolopoulos et al. [10] e Fran-
gois et al. [8] podem ser citados dentre as pesquisas que con-
templam a corrosdo de armaduras conduzidas em laboratério. Na
perspectiva de armaduras corroidas obtidas de estruturas reais,
podem ser citados os estudos de Palssom e Mirza [5], Papado-
poulos et al. [17], Zhang et al. [16] e Balestra et al. [11].

A metodologia utilizada por Almussallan [12] consiste em aplicar
uma corrente em barras de ago embebidas no concreto para ace-
lerar o processo de corrosdo. O autor pontua a ocorréncia de fra-
turas repentinas em barras com grau de corrosado superior a 12%.
Ja Apostolopoulos et al. [10] submeteram barras expostas direta-
mente a névoa salina e também barras embebidas no concreto
exposta a mesma névoa. Os autores ressaltam que comparando
barras com o mesmo grau de corroséo, as barras imersas no con-
creto mostram maior redugao quanto a resisténcia ao escoamento
e ductilidade e maior profundidade de pites do que as expostas
diretamente a névoa salina. No estudo de Frangois et al. [8] foram
utilizadas barras extraidas de vigas de concreto armado expostas
a um ambiente com cloretos. Os resultados mostraram uma redu-

¢ao das propriedades mecanicas devido a corrosao e a auséncia
de indicagao de estriccdo nas barras corroidas.

Palssom e Mirza [5] utilizaram 103 amostras de armaduras pro-
venientes do tabuleiro de uma ponte canadense, demolida devido
aos problemas de corrosao das armaduras pelo uso de sais de de-
gelo. Papadopoulos et al. [17] realizaram ensaios de tragdo em 96
corpos de prova extraidos de edificagdes centenarias na Grécia.
Recentemente, o estudo de Zhang et al. [16] comparou o compor-
tamento a tragdo e fadiga de armaduras de uma edificagdo com
mais de 30 anos na China e Balestra et al. [11] avaliaram o efeito
do grau de corrosao na resisténcia efetiva e nominal de armaduras
naturalmente corroidas.

De uma forma geral, independentemente se o método de corroséo
das barras é acelerado em laboratério ou em condigdes naturais,
os estudos citados apontam para um decréscimo nos valores refe-
rentes a resisténcia ao escoamento, limite de resisténcia, alonga-
mento final medido e ductilidade, conforme a perda de massa das
armaduras aumenta.

A influéncia da secao transversal sobre as propriedades mecani-
cas das armaduras é apresentada nos estudos de Apostolopou-
los [18] e Zhu e Frangois [19]. No primeiro estudo, barras foram
corroidas em uma camara de névoa salina por até 120 dias. Os
resultados demonstraram uma variagao progressiva das proprie-
dades mecanicas das barras a medida que o didametro das barras
é diminuido pela corrosdo. No segundo estudo foram analisados
diferentes padroes de corrosado. Os resultados mostraram que for-
mas assimétricas das segdes corroidas, com maiores valores de
excentricidade, apresentaram os menores valores de alongamen-
to final comparadas as segdes simetricamente corroidas. Além
disso, nestas sec¢des assimétricas, a excentricidade aumentou a
concentragao de tensbes nas segdes transversais, decrescendo
drasticamente o alongamento final das barras.

Mediante o exposto, prover mecanismos que permitam avaliar a
relagéo da corrosdo com o decréscimo das propriedades meca-
nicas das armaduras, a fim de verificar a capacidade portante re-
manescente de uma estrutura de concreto armado degradada se
faz necessario, com o objetivo de determinar niveis de seguran-
¢a. Desta forma, dada a existéncia de poucos estudos utilizando
armaduras corroidas naturalmente, o presente artigo tem como
objetivo apresentar resultados referentes aos efeitos do grau de
corrosao, expresso pela perda de massa e pelos menores dia-
metros, sobre as propriedades mecanicas de armaduras corroi-
das naturalmente no solo por décadas, provenientes de um antigo
conjunto de fundagdes executadas em concreto armado. Para tal,
ensaios de tragdo em corpos de prova retirados destas armaduras
foram realizados.

Este conjunto de fundagdes era composto por: (i) estacas; (ii) blo-
cos de fundagdo em concreto armado, com armaduras com di-
ametros nominais originais de 5/8” (15,88 mm) e concreto com
resisténcia a compressao de 12 MPa; e (iii) armaduras de espera
destinadas a ligagao entre os blocos de fundagao e os pilares da
edificagdo, com didametros nominais originais de 5/8” (15,88 mm)
e 3/4” (19,08 mm). O conjunto de fundagdes pertence ao Institu-
to Tecnoldgico de Aeronautica (ITA), localizado em Sao José dos
Campos, Brasil, e permaneceu enterrado por um periodo de 60
anos, pois nado houve a possibilidade de construgao de uma parte
das edificagcdes na década de 50.
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Quando as obras foram retomadas, problemas como destacamen-
tos entre blocos e estacas e a corrosao das armaduras de espera
foram verificados i /sco, 0 que impossibilitou o uso destas antigas
fundagdes. Desta forma, estas antigas fundagbes foram descar-
tadas, sendo suas armaduras de espera e um bloco de fundagao
coletados para pesquisas.

Deve ser ressaltado que as armaduras de espera permaneceram
enterradas no solo por décadas, sendo natural o seu processo de
corrosdo, ou seja, sem a influéncia de procedimentos acelerados
em laboratério que podem nao refletir adequadamente a resisténcia
esperada de barras corroidas naturalmente [11,16]. Tal fato permite
uma analise quantitativa realista dos efeitos da corrosao determina-
dos através da perda gravimétrica e da redugéo dos didametros das
barras sobre as propriedades mecanicas das armaduras.

Uma analise da caracterizagédo do solo como meio corrosivo foi exe-
cutada. Além disso, fazem parte do escopo deste trabalho a deter-
minagao das caracteristicas quimicas das armaduras e uma andlise
por microscopia, a fim de observar o tipo de corrosédo (morfologia).

2. Caracterizagao do solo como meio
agressivo quanto a corrosao

O solo apresenta-se como um dos mais importantes e complexos
meios agressivos as estruturas devido a atuagao conjunta de mul-
tiplos fatores, como por exemplo, a variagdo da composigdo do
solo, a umidade presente e a atividade de microrganismos [20].
A interagdo dos fatores que interferem na corrosdo dos metais no
solo faz com que seu desempenho apresente caracteristicas de
durabilidade distintas em diferentes regides [21].

Os principais fatores que influenciam na corrosividade do solo
sdo: a aeragado, a resistividade, a presencga de ions (cloretos e sul-
fatos), a umidade, o pH e a atividade de microrganismos [22-25].
Dentre esses fatores, Balestra ¢z 2/ [11] afirmam que a resistividade
€ um parametro indicativo da corrosividade do solo, obtida por meio

I,

Tabela 1
Classificacdo de agressividade do solo segundo
NACE [27]

Resistividade do solo Avaliagdo de
(Q.cm) corrosividade
- 2000 Ess_en0|o|m§n1e
ndo corrosivo
1500 - 2000 Medianamente corrosivo
1200 - 1500 Moderadamente
COrrosivo
1000 - 1200 Corrosivo
700 - 1000 Altamente corrosivo
<700 Extremamente corrosivo

de ensaios em campo. Neste sentido, a norma ASTM G57-06 [26]
estabelece critérios metodolodgicos para a determinagéo da resisti-
vidade do solo segundo o método dos quatro eletrodos de Wenner.
Com relagao ao critério utilizado para avaliagéo da agressividade
do solo em campo, NACE [27] estabelece faixas de valores para
a caracterizagéo da agressividade do solo segundo sua resistivi-
dade. De acordo com esta classificagao, apresentada na Tabela 1,
solos com resistividade superior a 20000 Q.cm séo caracterizados
como essencialmente ndo corrosivos, ao passo que solos com re-
sistividade inferior a 700 Q.cm s&o extremamente corrosivos.

3. Programa experimental

[

3.1 Caracterizagao do local e do solo

Os materiais utilizados para obtencdo dos corpos de prova para
o ensaio de tragdo s&do provenientes de armaduras ndo corroidas

removidas da face inferior de um bloco de fundagéo (referéncia) e

Constru¢io

- Ré

Construgio

A I e R R I

8

Construcdo

Il
¥ |

| Calcada
Rua
‘y& Ay~ Legendas SN Blocos de fundacdo

Figura 1

R1-R5 Resistividade - pontos

Esquema de localizacdo das antigas fundagdes e pontos de determinagdo da resistividade do solo (R1-R5)
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Tabela 2
Caracteristicas quimicas do solo
Parametro Amostra 1 Amostra 2
PH 7.10 8,97
Sulfetos (%) 0.004 0,004
Oxidos de cdlcio (%) 0,31 0,92
Oxidos de magnésio (%) 0.06 0,07

de armaduras de espera em processo de corrosao natural. Deve
ser ressaltado que estas armaduras apresentavam 60 anos. As
armaduras de espera permaneceram enterradas em processo de
corrosao natural no solo por este periodo, ao passo que, as arma-
duras do bloco de fundagéo (regido inferior do bloco) permanece-

<

4

Figura 2

Coloragio evidenciando presenca de cloretos

ram protegidas pelo concreto e ndo apresentavam corrosao. A Fi-
gura 1 mostra um esquema de localizagdo das antigas fundagdes.
O solo do local onde as fundagdes estavam presentes caracteriza-
-se pela presenca de silte e argila, com uma cor predominante
avermelhada, indicando a presenca de oxidos de ferro. As carac-
teristicas quimicas do solo do local sdo apresentadas na Tabela
2. Duas amostras foram coletadas para caracterizagéo do solo,
sendo possivel observar um pH proximo ao neutro para a amostra
1 e um pH basico na amostra 2. A Tabela 2 também revela uma
maior presenca de 6xido de calcio na amostra 2. Os teores de sul-
fetos e 6xido de magnésio encontrados foram semelhantes entre
as amostras.

A presenca de cloretos foi avaliada através de ensaios em amos-
tras de concreto tomadas nas proximidades da face superior do
bloco de concreto coletado para estudos, uma vez que a avaliagao

Solugdes

Andlise para verificacdo da presenca de cloretos nas fundacdes

120000

100000 -

80000 -

60000 -

40000 -

Resistividade do solo (22.cm)

20000 -

0 4

B Distancia entre estacas: Sm

O Distancia entre estacas: 10m

---- Valor limite

Figura 3
Resistividade do solo no local de estudo

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3



Effect of degree of corrosion on mechanical properties of reinforcements buried for 60 years

Figura 4

Exposicdo completa das armaduras do bloco de fundac¢do

de cloretos diretamente no solo é uma atividade complexa, pois
a agua das chuvas penetra através do solo podendo carregar e
distribuir desigualmente os cloretos presentes no mesmo. Desta
forma, amostras de concreto em p6 foram coletadas em sete pon-
tos do bloco através da execugao de furos com didmetro igual a 19
mm, até a profundidade de 20 mm nas proximidades da superficie
do concreto. O material em pé foi coletado e analisado por titula-
¢ao com uso de uma solugdo de tiocianato de aménia (0,05M),
conforme descreve o procedimento da RILEM TC 178-TMC [28].
A titulagcdo é conduzida até que a solugao de tiocianato produza
uma coloragdo marrom que nao desaparece com a agitagao, indi-
cando, assim, a presenca de cloretos (Figura 2).

Figura 5
Alcalinidade do concreto avaliada pela
aplicacdo de fenolftaleina

Além disso, um terrdbmetro analdgico foi utilizado para determinar
a resistividade do solo em cinco pontos (R1-R5) no local onde as
fundacgdes estavam presentes (Figura 1). Em cada ponto foram re-
alizadas duas medidas, variando a distancia entre as estacas (5 e
10 metros). Os valores da resistividade do solo sdo apresentados
na Figura 3. Os resultados de resistividade apresentados, com
valores acima de 20000 Q.cm, classificam o solo como essencial-
mente ndo agressivo para ambas as distancias entre estacas (5 e
10 metros). Além disso, é possivel observar que a distancia entre
as estacas ndo ocasionou grandes variagoes nos valores de resis-
tividade obtidos para um mesmo ponto.

3.2 Analise das armaduras
3.2.1

Armaduras do bloco de fundagéao
referéncia — ndo corroida)

Um rompedor de concreto foi utilizado para a extragdo das arma-
duras presentes no bloco de fundagédo, e uma esmerilhadeira foi
utilizada para o corte das barras. Um conjunto de oito barras com
diametro original de 5/8” (15,88 mm) foi obtido, conforme obser-
vado na Figura 4. Deve ser ressaltado que neste procedimento, a
integridade das barras foi preservada, tomando-se cuidados para
que a ponteira do equipamento nao entrasse em contato com as
barras, podendo gerar deformacgdes, fissuras ou rupturas eventu-
ais, danificando as amostras.

A alcalinidade do meio onde as barras estavam inseridas no interior
do bloco de fundacgéao foi verificada por meio da pulverizagdo de
uma solugéo de fenolftaleina sobre a superficie do concreto do blo-
co recém-fraturado, conforme recomendo por EN14630 [29]. Des-
se modo, a alcalinidade do meio foi verificada pela coloragao rosa
carmim, conforme observado na Figura 5. A cor rosa carmim do
indicador significa que o concreto tem um pH acima de 10. Sendo
assim, tendo em vista que as armaduras permaneceram protegidas
pelo concreto frente a corrosao, fato constatado tanto visualmente,
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Tabela 3
Composicdo quimica obtida no ensaio de espectrometria
Elemento
Face P ~ Py
Carbono (%) Silicio (%) Manganés (%) Foésforo (%) Enxofre (%)
1 0,103 0,023 0,385 0,034 0,030
2 0,106 0,025 0,385 0,034 0,031

quanto através da pulverizagéo da solugéo de fenolftaleina, os va-
lores médios das propriedades mecanicas destes corpos de prova
foram tomados como valores de referéncia para fins comparativos
das propriedades mecanicas dos corpos de prova advindos das ar-
maduras de espera. Ressalta-se ainda que as armaduras do bloco
utilizadas como referéncia foram extraidas na parte inferior do bloco
de fundagao, portanto, protegidas da agao dos cloretos em compa-
ragdo com as armaduras de espera e da parte superior do bloco.
As normas brasileiras NBR 6892 [30] e NBR 7480 [31] prescre-
vem que o comprimento minimo onde o alongamento do corpo
de prova é determinado deve ser 10 vezes seu didametro nominal.
Desta forma, sendo o didmetro das armaduras utilizadas neste
estudo igual a 15,88 mm, a dimens&o minima dos corpos de prova
utilizados neste estudo foi definida como 330 mm, sendo 160 mm
destinado a medida dos alongamentos.

Assim, definidas as dimensdes minimas dos corpos de prova, os
trechos mais retilineos das armaduras obtidas do bloco de funda-
¢éo foram demarcados e cortados. Seguindo esse procedimento,
foram obtidos cinco corpos de prova (BL1-BL5). A escolha de cor-
pos de prova a partir dos trechos mais retilineos das armaduras se
faz necessaria a fim de evitar desvios ao longo do eixo axial dos
mesmos, podendo influenciar no ensaio de tracéo.

AT :
Fissura .

Figura 6
Fissura observada na superficie de uma
das armaduras do bloco de fundacdo

Em paralelo, um ensaio de espectrometria de emissao o6ptica foi
realizado para determinar as principais espécies quimicas presen-
tes nas barras. Um segmento de barra foi cortado e suas duas
faces foram analisadas quanto ao percentual de carbono, silicio,
manganés, fésforo e enxofre. Os resultados de espectrometria
sdo apresentados na Tabela 3. O teor de ferro observado em am-
bas as amostras foi de 99,3%.

Mills et al. [32] afirmam que para agos da época, com 0,10% de
carbono em sua composigao, 0 manganés deveria estar em uma
faixa situada entre 0,30 a 0,40%. Clark [33] afirma que a proporgéo
de silicio encontrada nos agos, em geral, apresentava-se em uma
faixa de 0,10 a 0,30% e que, além disso, a proporgédo de enxofre e
fésforo deveria estar limitada a 0,015% e 0,05%, respectivamente.
Entretanto, os resultados da Tabela 3 mostram que a quantidade de
enxofre e silicio ndo estd em conformidade com os limites descri-
tos na época, fornecendo um indicativo a respeito de um controle
de qualidade deficiente na fabricagdo das barras. Neste contexto,
Souza [34] ressalta que a presenga do enxofre em excesso impacta
negativamente sobre as propriedades mecénicas do ago, reduzin-
do sua ductilidade. O enxofre, ao se combinar com o ferro, forma
sulfeto de ferro (FeS), que possui ponto de fusdo menor em relagéo
ao ago, além de se localizar no contorno dos gréos. Tal fato pode
ocasionar a fragilidade do ago durante as etapas de conformagao

Figura 7
Exposicdo de algumas armaduras de espera
apbds abertura da caixa de alvenaria
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mecanica, resultando em fissuras. Esse comportamento foi obser-
vado nas barras estudadas neste artigo. A Figura 6 apresenta uma
fissura identificada em um segmento de barra descartado, obtida a
partir das armaduras do bloco de fundagao.

3.2.2 Armaduras de espera (corroidas)

Com relagdo as armaduras de espera, barras com diametros no-
minais originais de 5/8” (15,88 mm) foram coletadas a partir das
faces superiores dos blocos de fundagéao. Para tanto, uma esme-
rilhadeira foi utilizada para o corte e coleta das barras. Esse pro-
cedimento foi executado o mais préximo possivel da face superior
dos blocos, a fim de obter maiores comprimentos possiveis das
barras. Cabe salientar que, na maioria dos casos, as armaduras
de espera foram diretamente recobertas pelo solo do local; con-
tudo, em alguns casos, caixas em alvenaria sem tampas ou fun-
dos foram construidas para acondicionamento das armaduras de
espera. Neste caso, as caixas de alvenaria foram construidas ao
redor das armaduras e preenchidas com areia para acondiciona-
mento das barras. A Figura 7 apresenta um detalhe com a exposi-
¢ao das armaduras apos a abertura de uma dessas caixas.

As armaduras de espera originalmente foram dobradas antes de
serem enterradas, apresentando desvios ao longo de seu compri-
mento. Com isso, foram selecionados os comprimentos retilineos
das barras para a extragao de corpos de prova para o ensaio de
tracdo, observando as prescrigbes da NBR 6892 [30] e da NBR
7480 [31] e dimensdes minimas adotadas, conforme descrito an-
teriormente. Tal medida visa assegurar que efeitos decorrentes
de tortuosidades das barras nado influenciem nos resultados do
ensaio de tragao.

Assim, as barras aptas a extragcdo de corpos de prova foram de-
marcadas, cortadas e submetidas a um procedimento de deca-
pagem quimica utilizando hexametilenotetratramina, segundo a
norma ASTM G1 [35]. Uma solugéo de acido cloridrico (1:1) foi
preparada, sendo adicionados 3,5 g de Hexametilenotetramina.
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Diagrama carregamento versus alongamento -
exemplo ilustrativo de um corpo de prova

Os corpos de prova provenientes das armaduras de espera foram
imersos nesta solugdo por um periodo de 10 minutos (tempera-
tura = 23°C) para a remogao de produtos de corrosdo aderidos a
superficie dos corpos de prova. Esses 10 minutos caracterizaram
1 ciclo. Dessa forma, a cada ciclo, os corpos de prova foram reti-
rados da solugéo, lavados em agua corrente, secos com um pano,
e tiveram sua massa determinada. O processo de decapagem se-
guiu até que nao fossem observadas variagbes superiores a 0,1 g
de massa entre ciclos de decapagem consecutivos, o que ocorreu
em aproximadamente 5 ciclos.
Em seguida, as extremidades dos corpos de prova foram anali-
sadas, sendo descartados os corpos de prova que apresentavam
deformagdes ou corrosdo acentuada nos locais destinados a fixa-
¢ao dos mesmos nas garras do equipamento de tragdo. Tal me-
dida visa garantir que a ruptura dos corpos de prova nao ocorra
nestes locais, prejudicando o ensaio de tragao. Apds esta triagem,
vinte corpos de prova (PB1-PB20) foram obtidos. Uma inspegéo
visual sobre a superficie dos corpos de prova, além de microgra-
fias, com utilizagdo de um microscopio 6ptico com aumento de até
10x, foi realizada com o objetivo de identificar a existéncia de pites
na superficie das armaduras de espera.
A determinagao da menor secao transversal dos corpos de pro-
va foi feita utilizando um micrémetro dotado de ponteiras conicas
com precisdo de 0,004 mm. Neste procedimento, foram realiza-
das no minimo 35 medidas ao longo do comprimento dos corpos
de prova, sendo o menor valor medido correspondente ao menor
diametro do corpo de prova analisado. Esta determinagéo visa o
calculo da velocidade de corrosdo no solo das armaduras de es-
pera, segundo a Equacéo 1 [36], sendo o numero de anos que as
barras permaneceram enterradas igual a 60 anos. As velocidades
de corroséo no solo foram comparadas com os valores propostos
pelo CEMCO [37], onde altos niveis de corrosdo sao observados
quando a velocidade de corrosao é superior a 0,010 mm/ano.
(M
Onde: v

. = velocidade de corrosdo (mm/ano); ¢, = maior perda

de secao medida na barra (mm); e n = nimero de anos que a barra
permaneceu enterrada (anos).
Além da metodologia de determinacéo da velocidade de corroséo
através dos menores didametros, o grau de corrosdo (G) também
foi determinado por meio da perda de massa, expresso segundo a
diferenga percentual entre a massa original (Mo) das armaduras,
considerando o didmetro original (15,88 mm) e a massa especifica
do acgo (7,85 g/cm?), e a massa determinada apds o procedimento
de decapagem quimica (Mc) [11].

Veorr = [(&/2)/n]

3.2.3 Ensaio de tragao

Os corpos de prova foram submetidos ao ensaio de tragédo em
uma maquina universal de 20.000 kgf de capacidade, conforme
as prescrigdes da NBR 6892 [30], sendo os valores de tensdo ex-
pressos segundo a area de secao transversal original dos corpos
de prova. Os resultados da média dos valores obtidos quanto a re-
sisténcia ao escoamento, limite de resisténcia e alongamento final
dos corpos de prova BL1 a BL5 foram utilizados como parametros
de referéncia para comparagdo com os resultados obtidos a partir

402
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Figura 9

Resisténcia ao escoamento, limite de resisténcia e alongamento final dos corpos de prova BL1-BLS

dos corpos de prova PB1 a PB20. A Figura 8 apresenta um dia-
grama de carregamento versus alongamento de um corpo de prova
tipico utilizado neste estudo. Neste caso, como a determinagao do
patamar de escoamento néo foi nitida graficamente, a resisténcia
ao escoamento foi calculada considerando a deformacgao plastica
de 0,2% [30]. O limite de resisténcia foi calculado segundo a maxi-
ma carga suportada pelo corpo de prova.

4. Resultados e discussoes

EE—

4.1 Propriedades mecéanicas das armaduras
do bloco de fundagao (BL1-BL5)

Os valores das propriedades mecanicas dos corpos de prova de
referéncia BL1-BL5 sdo apresentados na Figura 9, sendo seus
valores médios iguais a: 267 MPa (+ 6 MPa), 361 MPa (+ 6 MPa)
e 30% (x 0,7%), correspondentes a tenséo de escoamento, limite
de resisténcia e alongamento final, respectivamente. Estes valo-
res serao utilizados como referéncia para fins comparativos com
as armaduras corroidas neste artigo. Nao foi possivel determinar
o alongamento do corpo de prova BL1 devido a um problema no
extensdmetro utilizado, sendo este substituido para a continui-
dade dos ensaios. E possivel observar que os corpos de prova
BL1-BL5 apresentaram valores proximos quanto as propriedades
mecanicas medidas, com desvios padrao relativamente pequenos
comparados com os valores absolutos.

4.2 Armaduras de espera

421 Velocidade de corrosdo nos corpos de prova PB1-PB20
As velocidades de corroséo dos corpos de prova PB1 a PB20, cal-
culadas a partir dos menores didmetros (Eq. 1), sdo apresentadas
na Figura 10, sendo que os pontos acima da linha reta do grafico
apresentam altas velocidades de corroséo, segundo a metodolo-
gia proposta por CEMCO [37].

Em primeiro lugar, € possivel observar na Figura 10 que todos

os corpos de prova apresentaram altas velocidades de corroséo,
segundo o critério descrito pelo CEMCO [37]. Alguns corpos de
prova apresentaram valores destoantes do comportamento mé-
dio, como por exemplo, as barras PB 16 e PB 20. Neste caso,
as armaduras de espera de onde foram tomados estes corpos
de prova permaneceram enclausuradas em caixas de alvenaria,
construidas para acomoda-las. Dessa forma, uma parcela das
barras permaneceu em contato com a areia da caixa e outra par-
cela em contato com a argila do solo local. Tal fato provocou o
surgimento de pilhas de aeragdo diferencial, o que favorece o
processo de corrosao, e, consequentemente, contribui para ele-
var as velocidades de corrosdo. Esse comportamento esta em
concordancia com a literatura [38].

A analise conjunta das Figuras 3 e 10 resulta em uma observa-
¢ao interessante. Embora o solo do local tenha sido classificado
como essencialmente n&o corrosivo (Figura 3), altas velocidades
de corrosao foram obtidas (Figura 10), demonstrando que ex-
pressar a corrosividade do solo somente pelo critério da medida
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Figura 10
Velocidade de corrosdo dos corpos de prova
PB1-PB20
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Figura 11

(0) Imagem de pite obtida por inspec¢do visual; (b) Micrografias mostrando a presenca de pites em
determinada regido de um corpo de prova. Aumento de 10x

de sua resistividade pode nao representar adequadamente sua
agressividade para com as armaduras enterradas. Dessa forma,
outros fatores devem também ser levados em consideragao para
melhor descrever a agressividade do solo, como a aeragéao, a
umidade, o pH, a presenca de atividade de microrganismos, en-
tre outros. Embora todos os valores conduzam a altas velocida-
des de corrosao, os resultados apresentados na Figura 10 pelas
armaduras corroidas foram bastante diversificados. A velocidade
de corrosdo média obtida foi de 0,0246 mm/ano, porém com um
desvio padréo de 0,0089 mm/ano, o que representa um coefi-
ciente de variacdo de 36%. Isso € um reflexo das caracteristicas
de heterogeneidade do préprio solo, conforme também discutido
por Norhazilan et al. [20].

4.2.2 Andlise da presenca de pites nos corpos de prova

PB1-PB20

A Figura 11(a) apresenta a imagem de um pite com profundidade
de 4 mm obtido por meio da analise visual em um corpo de prova,
ao passo que a Figura 11(b) apresenta uma micrografia obtida de
um dos corpos de prova provenientes das armaduras de espera,
onde é possivel observar a presenga de pites, por meio de pon-
tos escuros indicados na imagem. Os pites foram verificados em
todos os corpos de prova das armaduras de espera. Nao foram
identificados pites nos corpos de prova da regido inferior do bloco
de fundacao (BL1-BL5, referéncia).

As armaduras de espera foram coletadas proximo as edificagdes

400 60
350 - 50 =
—~ 300 1 £
= —
B ---B--- 40 g
E 250 =
§ JIEY = = B 30 %
< 2
& 100 - 3
50 10
0 0
TR TS NS S VU U S - VN S T T T S T T TS
\c-? ;;J’ hr-.\’ b:? bf-? b\c'b c.)?' 'OP A r\(-.s I-.\ q§ q?‘ \\‘9 \q:? \,-»9 \a;}‘ \ﬂ;:' q}} '},b:?

PBl PB2 PB3 PB4 PB5 PB6 PB7 PB8S PB9 PBI0 PBIl PBI2 PB13 PB14 PB15 PBI6 PB17 PB18 PBI9 PB20

B Resisténcia ao Escoamento @ Limite de Resisténcia B Alongamento Final
===+ Valor dereferéncia

===- Valor de referéncia === Valor de referéncia

Figura 12

Grau de corrosiio (%)

Relacdo entre a perda de massa com a resisténcia ao escoamento, o limite de resisténcia e o

alongamento final dos corpos de prova PB1-PB20
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ja existentes do ITA desde a década de 50. Desta forma, foi verifi-
cado no local que a auséncia de sistemas de drenagem de aguas
superficiais, aliada ao uso de produtos de limpeza a base de cloro
para manutengao e limpeza destas edificagdes existentes, deno-
tou uma fonte externa de cloretos no solo que contribuiu para o
surgimento de pites nas armaduras de espera. Esta afirmativa &
suportada pelas andlises realizadas para verificar a presenga de
cloretos a partir de amostras em po retiradas da regido superior do
bloco de fundagéo, conforme apresentado na Figura 2.

4.2.3 Propriedades mecanicas, perdas de massa e menores
diametros dos corpos de prova PB1-PB20

As Figuras 12 e 13 apresentam a relagéo entre as propriedades
mecanicas com a perda de massa e com os menores diametros
dos corpos de prova PB1-PB20, respectivamente.

De acordo com as Figuras 12 e 13, 25% dos corpos de prova (PB1,
PB4, PB13, PB14 e PB15) apresentaram resisténcia ao escoamen-
to superior ao valor médio dos corpos de prova de referéncia BL1-
-BL5 (em tracejado). O mesmo percentual foi observado quanto ao
limite de resisténcia, contudo, ndo necessariamente as mesmas
barras (PB4, PB5, PB14, PB15 e PB17). Deve-se salientar ainda
que todos os corpos de prova PB1-PB20 romperam logo apés atin-
gir seu limite de resisténcia, ndo apresentando sinais de estric¢ao.
Este comportamento apresenta-se em consonancia com estudos
disponiveis na literatura [6, 10]. Neste aspecto, a presenca de pites
eleva a concentragao de tensao nas se¢des das armaduras. Desta
forma, a tensdo gerada em uma dada segao corroida por pites au-
menta expressivamente a medida que ha um incremento de carre-
gamento durante o ensaio, atingindo de forma rapida seu limite de
resisténcia, ndo sendo observados sinais de estricgdo. Além disso,
sob uma perspectiva quimica, a elevada concentragao de enxofre
constatada nas barras contribui para o decréscimo na ductilidade,

uma vez que o sulfeto de ferro leva a uma fragilidade do ago.

Uma tendéncia de decréscimo da resisténcia ao escoamento e limite
de resisténcia é observada na Figura 12 a partir de uma perda de
massa da ordem de 12%, em concordancia com o estudo de Almus-
sallan [12]. Para valores mais baixos ao citado, uma tendéncia pro-
gressiva de reducéo da resisténcia ndo é observada, onde mesmo
corpos de prova com perda de massa da ordem de 5% apresentaram
valores de resisténcias inferiores a corpos de prova com o dobro de
perda de massa. Isso é claramente observado ao comparar as bar-
ras PB4 e PB14, por exemplo. A justificativa para tal ocorréncia esta
relacionada aos efeitos da corros&o por pites a se¢éo transversal das
armaduras. Isso significa que, para o caso de corrosao por pites, ex-
pressar o grau de corrosao por meio da variagao gravimétrica das
barras pode nao ser suficiente para representar as variagbes nas
resisténcias, pelo menos até um valor de grau de corrosdo de 12%.
Na Figura 13 é possivel notar um comportamento irregular entre o
menor didmetro com a resisténcia ao escoamento e o limite de re-
sisténcia. Contudo, é possivel observar uma tendéncia de decrés-
cimo da resisténcia com a diminuigdo do diametro para valores
inferiores a 12 mm, representando uma perda de secéo transver-
sal superior a 20% em relagdo a segao transversal original. Isso
significa que para perdas de secéo transversal superiores a 20%,
ha uma tendéncia de redugéo progressiva das resisténcias (esco-
amento e ultima) das armaduras.

Neste sentido, o dano produzido por pites as segdes transversais
das armaduras promove variagdes na posi¢ao do eixo das barras
ao longo de seu comprimento, gerando excentricidades entre a
posicao de eixo de segdes sucessivas das barras, produzindo
gradientes de esforgcos entre estas seg¢des quando sdo subme-
tidas a tragéo, conforme também encontrado em Zhu and Fran-
cois [19]. Desta forma, os efeitos da corrosdo por pites podem
se manifestar ndo apenas pela perda de segao transversal das
armaduras, mas também na mudanga geométrica do eixo de suas
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Rela¢cdo entre o menor di@metro com a resisténcia ao escoamento, o limite de resisténcia e o

alongamento final dos corpos de prova PB1-PB20
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segOes transversais ao longo de seu comprimento, contribuindo
para um comportamento irregular e dificultando o enquadramento
de uma tendéncia de decréscimo destas propriedades mecanicas
para valores de perda de secao inferiores a 20%.

As Figuras 12 e 13 também revelam que o alongamento final tem
um comportamento irregular em ambos os casos (perda de mas-
sa e menores diametros), dificultando expressar uma tendéncia
de comportamento. Entretanto, pode-se afirmar que os efeitos da
corrosao sao mais evidentes na redugéo do alongamento final das
barras quando comparados com os valores de referéncia (linhas
tracejadas), concordando com estudos da literatura [8,10]. Neste
sentido, todos os corpos de prova, mesmo apresentando pequena
perda de massa, demonstraram valores inferiores ao alongamento
médio das barras de referéncia (BL1-BL5). Isto demonstra que os
efeitos da corrosdo se mostrou mais pronunciavel sobre a ductili-
dade das armaduras.

A Figura 14 apresenta a relagcao entre a perda de massa e os
menores didmetros dos corpos de prova PB1-PB20. A Figura 14
mostra uma tendéncia de decréscimo dos diametros a medida que
a perda de massa aumenta. Além disso, também é possivel obser-
var a presenca de duas zonas distintas. E interessante perceber
que a zona 2 indica a ocorréncia de corpos de prova com maior
diametro e maior perda de massa. Tal fato esta associado a corro-
séo por pites, conforme verificado na Figura 11. Sob esta vertente,
os pites tém como caracteristica poder gerar redugdes na segcao
transversal a medida que vao aprofundando-se, porém sem apre-
ciavel perda de massa.

5. Conclusoes

EE

Neste artigo, uma analise a respeito da influéncia do grau de cor-

rosao pela perda de massa e pelos menores didmetros sobre as

propriedades mecanicas de armaduras naturalmente corroidas no

solo foi realizada. Dessa forma, as seguintes conclusdes podem

ser destacadas:

B A presencga de cloretos no meio onde as armaduras perma-
neceram enterradas por 60 anos foi constatada, sendo sua
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Figura 14

Relacdo entre os menores di@metros e a perda
de massa dos corpos de prova PB1-PB20

origem dada a partir de uma fonte externa. Tal fato justifica o
aparecimento de pites com profundidade de até 4 mm nas ar-
maduras de espera, impactando de forma notdria nas proprie-
dades mecéanicas das armaduras. Além disso, a caracteriza-
¢ao da agressividade do solo unicamente através da medida
de sua resistividade se mostrou ineficaz.

B Os efeitos da corrosao por pites mostraram que as analises re-
alizadas a partir do grau de corroséo e dos menores didmetros
ndo apresentaram uma tendéncia de decréscimo progressivo
das propriedades mecénicas das armaduras, demonstrando
que estes parametros ndao sdo os mais adequados para ana-
lisar as propriedades mecanicas de armaduras corroidas sub-
metidas a tragdo, uma vez que as excentricidades de segéo
geradas por pites ndo séo expressas pelos parametros supra-
citados. Assim, concomitantemente a este fato, os gradientes
de tensdo que surgem entre estas segdes sucessivas, que
contribuem para o decréscimo das propriedades mecanicas
das armaduras corroidas, ndo sdo expressos pelo grau de cor-
rosado e pelos menores diametros, justificando a irregularidade
de comportamento observada.

B Os efeitos da corrosao sdo mais pronunciaveis no que tange a
reducao da ductilidade das barras, tendo em vista que nenhum
corpo de prova corroido alcangou o valor de alongamento final
de referéncia; além disso, ndo foram observadas estriccdes
das barras com grau de corrosdo superior a 12%. Isto de-
monstra que elementos estruturais com armaduras cujo grau
de corrosao seja superior a 12% podem apresentar colapsos
repentinos.

m Duas zonas distintas foram identificadas, representando que
mesmo corpos de prova com maior perda de massa, nao ne-
cessariamente apresentaram menores didmetros. Esse com-
portamento €& caracteristico da corrosado por pites, pois redu-
¢bes na segdo transversal podem ser identificadas a medida
que os pites se aprofundam, porém, sem necessariamente
apreciavel perda de massa.
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Abstract
E——

The fresh concrete lateral pressure generates a load that has great influence in the design of the formworks of columns, walls and lateral faces
of the beams.lts prediction must be performed in such a way in order to approach precisely well over the rate values supported by the formworks,
avoiding, therefore, the oversizing or undersizing of these temporary structures which represent up to 12% of the total cost of the construction.
The calculation of the lateral pressure that fresh concrete exerts on the formworks involves several variables; one of them is the placement rate.
The main objective of this work was to study the influence of the placement rate, in situ, on the lateral pressure of fresh concrete calculated from
theoretical models presented by norms and international references. For this purpose, measurements of the placement rate were conducted on
columns of five building work places at Goiania city, Goias, Brazil and it was calculated the maximum pressure supported by their respective
formworks from the dimensions and spans between the supports of the components that constituted them. The obtained results indicate that the
placement rate in the field observations reach 249 m/h, exceeding the values limited by the theoretical methods of calculation, and that the lateral
pressure estimation produced from the placement rate measured in situ exceed the maximum values supported by the formworks up to 604 times.
Thus, it was concluded that it is necessary to adjust equations to estimate the lateral pressure of fresh concrete at high rate of concrete placement,
according to the current practices in the construction market.

Keywords: lateral pressure, formworks, columns, placement rate.

Resumo
e

A pressao lateral do concreto fresco gera uma carga que possui grande influéncia no dimensionamento das férmas de pilares, paredes e faces
laterais das vigas. Sua previsdo deve ser realizada de modo que se aproxime bem dos valores suportados pelas formas, evitando-se, assim, o
superdimensionamento ou subdimensionamento dessas estruturas provisérias que representam até 12% do custo total da obra. O célculo da
presséo lateral que o concreto fresco exerce sobre as formas envolve diversas variaveis, sendo uma delas a velocidade de concretagem. O prin-
cipal objetivo deste trabalho foi estudar a influéncia da velocidade de concretagem sobre a pressao lateral do concreto fresco calculada a partir
de modelos tedricos apresentados por normas e referéncias internacionais. Para isso, foram realizadas medi¢des da velocidade de concretagem
em pilares de cinco obras de Goiania e calculadas as pressdes maximas suportadas por suas respectivas férmas, a partir das dimensdes e dos
vaos entre os apoios dos elementos que as constituiam. Os resultados obtidos apontam que as velocidades de concretagem em campo chegam
a 248,57 m/h, superando os valores limitados pelos métodos tedricos de calculo, e que as estimativas da presséao realizadas a partir das veloci-
dades medidas in loco ultrapassam os valores maximos suportados pelas férmas em até 603,75 vezes. Assim, concluiu-se que € necessaria a
formulacdo de equacdes para estimar a presséo lateral do concreto fresco a altas velocidades de concretagem, conforme as atuais praticas no
mercado da construgéo civil.

Palavras-chave: pressao lateral, formas para concreto, pilar, velocidade de concretagem.
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Influence of the placement rate on the fresh concrete lateral pressure in the design of formworks

1. Introduction

EE

The reinforced concrete is one of the most consumed materials
in civil construction, and currently it is one of the most substantial
materiel in this area of engineering. For its application it is nec-
essary to use formworks and shoring, which, in accordance with
Freitas [1], have the function of guaranteeing the geometry, the
level and the alignment of the structural element to be executed.
Despite the importance of the formworks and shoring, there is, in accor-
dance with Rezende [2], a misguided neglect with this interim structural
system, occurring, in particular situations, the lack of specific design
and even the absence of engineer in the execution of this design.

For Nazar [3], a detailed study, the design as well as the correct
choice of the materials of the formworks and shoring are justified
by their importance in the conception, of the building during their
execution and the costs of the building structure. For residential
and commercial buildings with multiple pavements, the time for the
execution of the formworks and the shoring can alternate between
50% and 60% of the total time for the execution of the work. Ma-
ranhao [4] alleges that the cost of the formworks contributes about
40% to 60% of the total cost of the reinforced concrete structure,
which is, in approximate numbers, an item that answers between
8% and 12% of the cost of a building work.

In accordance with Barnes and Johnston [5] and Maranhao [4], the
prediction of the fresh concrete lateral pressure must be made for
the design of vertical formworks (columns, walls and beams with
vertically straighten faces), to ensure safety and minimize costs.
Maranhao [4] asserts that there are plenty of variables that in-
fluence on the magnitude of the fresh concrete lateral pressure.
Therefore, studies and tests conducted to determine a suitable
equation to solve the problem differ greatly over the results.

The placement rate is one of the variables that exert greatest effect
on fresh concrete lateral pressure. Zahng ¢z </ [6], in their empirical
research with conventional concretes (compacted by vibration), ob-
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Figure 1
Fresh concrete lateral pressure envelopes
Source: Adapted from Barnes and Johnston [5]

tained results that confirmed what is proposed by several calculation
methods: placement rate directly affects the lateral pressure and the
higher the values of this variable, the greater is the pressure exerted
by the concrete. Santilli ¢z 4/ [7] observed in their study that place-
ment rate and temperature are significant for estimating the fresh
concrete lateral pressure, since these variables appear implicitly or
explicitly in all the equations of the eight theories they studied.

For Leemann ¢ 4. [8], increasingly higher placement rate values
are used to reduce construction periods and are commonly ex-
pected to exceed 10 m/h. Notwithstanding, the current standards
for the pressure prediction of conventional concrete were designed
mainly for lower placement rate values, becoming necessary to de-
termine an appropriate equation to estimate the maximum lateral
pressure of the fresh concrete placed at high rates.

Amongst the calculation methods of fresh concrete lateral pres-
sure it can be verified the models proposed by the American Con-
crete Institute (ACI), Construction Industry Research and Informa-
tion Association (CIRIA) and the Associacio Brasileira de Normas Técnicas
(ABNT - Brazilian Association of Technical Norms - BATN), which
will be methods studied in this report.

This research had as main ambition to study the placement rate as
a factor that influences the fresh concrete lateral pressure on the
formworks. It was verified if the placement rate values performed
in constructions from Goiania are representative of the values lim-
ited by the methods of calculation ACI 347 R-04, CIRIAR 108 e
ABNT NBR 15696:2009 and if the pressure calculated by the meth-
ods ACI 347 R-04, CIRIAR 108 e ABNT NBR 15696:2009, from the
placement rate values documented in situ approximate the maxi-
mum pressure values supported by the columns formworks.

1.1 Justification

The calculation of the fresh concrete lateral pressure is of great
seriousness for the formworks and shoring design, insofar as,
for vertical formworks, mainly columns and walls, the load which
is resulted from this tension has considerable influence on their
design, which interferes directly with the quantitative of material
and, consequently, over the cost of the concrete structure. The lit-
erature presents the placement rate as one of the variables that
more impacts over the result of the fresh concrete lateral pres-
sure calculation, and it should be limited to a determined value,
as specified by some methods, not often being agreeable with the
reality of the contemporary constructions. Furthermore, until the
ABNT NBR 15696:2009, there was not, in Brazil, another norma-
tive guideline for the formworks and shoring design, being, there-
fore, not widely analyzed by the national engineering sciences.

2. Fresh concrete lateral pressure
EE

The NBR 15696 [9] defines the fresh concrete lateral pressure as
the horizontal pressure that the concrete exerts on the face of the
formwork which is in contact with it.

Barnes and Johnston [5] assure that the concrete lateral pres-
sure exerted on the formworks is often lower than the hydrostatic
pressure, which considers the concrete an unit weight close to
24 kN/m?, and a calculated pressure for the design of its form-
works, as showed in Figure 1.

500 T

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



M. O. SOUSA | N. S. SANTOS | R. L. PEREIRA | P. C. R. MARTINS

In accordance with Barnes and Johnston [5], there are several fac-
tor that affect the magnitude of the fresh concrete lateral pressure,
including concrete induration, placing procedure and internal friction
between granular components of the concrete with the internal faces
of the formworks, which makes it arduous to establish an equation
that represents the typical envelope of the fresh concrete pressure,
ie., the actual lateral pressure distribution curve, represented in Fig-
ure 1. In order to streamline this problem, most of the formworks
design methods characterize the pressure as hydrostatic up to a
certain distance below the free surface of concrete and these meth-
ods admit that, from this point, it remains constant until the base
of the formwork with maximum value predicted by the calculation
standard, as presented in Figure 1.

The placement rate (m/h) is one of the variables used in the deter-
mination of the fresh concrete lateral pressure, being this factor, in
accordance with NBR 15696 [9], “o incremento vertical do nivel su-
perior do concreto medido linearmente em relagéo ao tempo decor-
rido de concretagem” (‘the vertical increment of the concrete upper
level measured linearly in relation with the elapsed time of placing”).
Cauberg ¢z 4/ [10], to present the values obtained in their empirical
study of fresh concrete lateral pressure, exemplify: a placement
rate of 10 m/h implies a filling of a 4 meters column formwork in 24
minutes and a rate of 5 m/h requires, for the same column form-
work, twice as long.

Maranhao [4] presented, in his report, the results of the studies car-
ried out by the Laboratério de Madeiras e Estruturas de Madeiras
(LaMEM — Wood and Wood Structures Laboratory), from the Struc-
tural Engineering Department from the School of Engineering of Sao
Carlos — USP (University of Sao Paulo, Brazil), which indicate the
placement rate and concrete consistency as the parameters that
have most influenced the fresh concrete lateral pressure value.
Differently, Billberg ez /. [11], based on the fresh concrete lateral
pressure gauged through field research, concluded that in the
case of the self-consolidating concrete, other causes may be more
relevant than the placement rate, due to the low correlation be-
tween this parameter and the maximum relative lateral pressure
(predicted rate between the measured pressure and hydrostatic
pressure). The lack of correlation between the pressure and the
placement rate displays that the self-consolidating concrete struc-
tural behavior at rest must be considered in the prediction of the
lateral pressure on the formworks.

2.1 Theoretical models for fresh concrete lateral
pressure calculation

211 ACI 347 R-04
The equations from ACI 347 R-04 [12] for the determination of
maximum fresh concrete lateral pressure (P __ ) are credible for
slump concrete with a 175 mm maximum, compacted with normal
internal vibration to a depth of 1.2 meter or less.
For all types of columns and for walls with placement rate lower
than 2.1 m/h and placing height (h) that would not exceed 4.2 m,
P.... (kPa) it is disposed the equation (1).

785R ] (-I)

Ppax = CuCe [7.2 tr 178

Where C, is the unit weight coefficient, C_is the concrete chemistry
coefficient, R is the placement rate in m /h and T is the temperature
of the concrete in °C.

For walls with R<2.1 m/h and h>4.2 m and all walls with
2.1m/h <R<4.5m/h, P__ (kPa)itis recommended the equation (2).

1156 224R <2>

Pmax = CwCc|7-2 + e Y 71178

For the equations (1) and (2), 30 C, < P__ < pgh.

21.2 CIRIAR108

The CIRIA R 108 report provides guidance for fresh concrete lat-
eral pressures calculation on the formworks. In accordance with
Waarde [13], the maximum pressure (P, ), in kPa, that the fresh
concrete exerts on the formworks, determined from the CIRIA R
108 method, it is calculated from equations (3) e (4), being recom-
mended to be taken, for the design, the smaller value obtained.

Prax =7, [cuﬁ Ok [H - c1ﬁ] (3)
I (4)

where v, is the unit weight of the concrete (kN/m?%), C1 is the coef-
ficient that depends on the size and shape of the formworks (1 for
walls e 1.5 for columns), C, is the coefficient that depends on the
constitutive materials of the concrete, v is the placement rate in
m/h, K is the temperature coefficient, H is the height of the form-
works in meters and h, the placing height in meters. The coefficient
K is calculated by the equation (5).

()

36\’
k= <T + 16>
Where T is equal the concrete temperature in °C.
It is emphasized that the CIRIA R 108 does not appoint a limited
value for placement rate, when C1yv>H, the equation (4) must
be maintained as pressure of the design, in accordance with the
description Waarde [13].

2.1.3 NBR 15696 (ABNT, 2009)

The maximum fresh concrete lateral pressure calculus proposed
by NBR 15696 [9] is used for different classes of concrete consis-
tency, the consistency classes are determined in accordance with
Table 1.

Table 1
Concrete consistency classes

Consistency class Slump (mm)
Cl slump < 20
Cc2 20 < slump < 80
C3 80 < slump < 140
C4 slump > 140

Source: NBR 15696 [9]
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L \ 140 ———
Density of the concrete 25 kN/m?
Maximum time concrete cure S h
Maximum placement rate 7 m/h
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Diagram for fresh concrete lateral pressure and the corresponding hydrostatic height determination, from

the placement rate and its consistency
Source: Adapted from NBR 15696 [9]

In accordance with NBR 15696 [9] the hydrostatic height, repre-
sented by P__ /v, in Figure 1, “is the difference between the upper
surface of the fluid concrete and the height where the pressure of
the fluid concrete reaches the maximum value”.

The maximum fresh concrete lateral pressure (P, ), in KN/m?, and the
corresponding hydrostatic height (h,), in meters, are predicted in ac-
cordance with the placement rate (v,), in m/h, and with the concrete
consistency class, through the diagram presented in Figure 2.
When retardant additives are used, the values of the concrete
pressure and the hydrostatic height, extracted from de diagram,
must be multiplied by the increasing factors, which rely on the con-
sistence class of the concrete and the time delay of the initial set-
ting time in hours.

In the circumstance of self-consolidate concrete, due to its high
fluidity, the pressure of the concrete must be considered as being

150 -
&
=
$ 100 -
2
$
< 50 -
g
3
8
= 0 T T 1
0 50 100 150
Predicted pressures {kPa)
Figure 3

Lateral pressures predicted with the ACI 347 R-04
method versus measured lateral pressures for
placement rate between 0.45 and 6.38 m/h
Source: created by the authors

hydrostatic, during the time of its induration or initial settings, de-
pending on the method of placing.

If the unit weight of the concrete (y ) alter from 25 kN/m?, the
concrete pressure value ought to be multiplied by the factor
a, which differs according to the value of y_. The hydrostatic
height remains the same regardless the specific weight chang-
es.Supposing that there are no thermal isolation measures,
the influence of temperature should be contemplated. It is not
granted to contemplate temperatures above 25 °C. On the situ-
ations where the concrete temperature, during the placing, is
less than 25 °C, P, and h_ it should be increased by 3% for ev-
ery 1 °C below 25 °C. The influence of temperatures above 25
°C is not allowed.The influence of temperatures above 25 °C
is not allowed.

2.2 Analysis of theoretical methods of calculating
the fresh concrete lateral pressure

The analysis of the prediction methods ACI 347 R-04, CIRIA R 108
and ABNT NBR 15696:2009 were conducted by comparing the fresh
concrete lateral pressure estimated by these standards to empirical
values presented by the authors: Arslan [14], Arslan et al. [15], Mara-
nhao [4], O’Janpa Il [16] and Zhang et al. [6]. In addition to the fresh
concrete lateral pressure data measured experimentally, all variables
of calculation, also measured by the authors, were collected.
Graphics on the pressure data versus the experimental measure-
ments for the three studied methods were, likewise, produced.
The empirical data arranged by Maranhao [4] and O’Janpa lll [16]
were not used on the graphics because the placement rate values
verified by these authors exceeded the restrictions determined by
the ACI 347 R-04 (4.5 m/h for walls) and ABNT NBR 15696:2009
(7 m/h), resulting in a situation where the predicted pressure were
higher than the measured ones, making it impossible to graphically
analyze the methods.
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The predicted pressure graphics versus the experimentally mea-
sured pressures are presented, for each method, on Figure 3, 4
and 5. All of them present an inclination line of 1:1, which repre-
sents the position where the measured pressure are equal to the
predicted pressure. The pressure data empirically collected were
obtained by the placement rate which differ from 0.45 to 6.38 m/h,
where these results were conducted on the calculation process.
Itis seen on the Figure 3 graphic that for the methods ACI 347 R-04
the dots, given by the ordered pairs of the predicted pressure and
measured pressures, remained, mostly, sited on or below the line
1:1. This means that the presented standard conducted the pre-
dicted pressure values approximately equal to or higher than the
actual concrete pressures exerted on the formworks. For two spe-
cific dots, exceptionally, the pressure were underestimated: in the
first case the measured pressure was equal to 32.00 kPa as for the
predicted, the result was 30.00 kPa; in the second case, the mea-
sured pressure was equal to 39.00 kPa and the predicted pressure
was 35.80 kPa. On the dot located on the right side area of the
graphic, the placement rate was 6.38 m/h, the measured pressure
was 33.00 kPa and the predicted one was 139.69 kPa, where the
difference is around 223.32%. As for the lower and distant dot on
the line, the placement rate was equal to 5.17 m/h, the measured
pressure was 17.10 kPa and the predicted one 114.57 kPa, con-
cluding that the overestimated pressure values (dots under the line
1:1) have exceeded by 469.98% the measured values.

On the graphic from Figure 4, it is highlighted that all dots are sit-
ed below the line 1:1, thus the CIRIA R 108 method conducted
to predicted pressure results, overall, superior to the measured
pressure results. For the most distant dot sited below the line 1:1
the measured value was 24.80 kPa and the predicted one was
61.98 kPa, pointing to the conclusions that the overestimated pres-
sure values exceeded up to 49.92% over the measured values,
where the placement rate was equal to 1.97 m/h. About the two
specific dots over the right side of the graphic, the calculated pres-
sure was 72.00 kPa while the measured ones were 33.00 kPa and
47.70 kPa, where the placement rate was 6.38 e 2.36 m/h with a
difference from 18.18% to 49.06%, respectively. It is notorious that
for different placement rate values, the predicted pressure resulted
in a single value. This situation has occurred because in the first
case the pressure was calculated from equation (3), in which the
placement rate is a variable criterion, and in the second case from
the usage of the equation (4), which depends exclusively on the
specific weight and the height of the concrete release.

It is verified on the graphic from Figure 5, that the ABNT NBR
15696:2009 method has engendered pressure results approxi-
mately equal (the dos precisely placed on the line 1:1) or superiors
than (the dots sited below the line 1:1) the measured pressure.
Nevertheless it also conducted to pressure values nether than the
experimental data (the dots placed above the line 1:1). For the
dot which is positioned further down the line, the measured value
was 17.10 kPa and the predicted value was 82.18 kPa, leading to
conclude that the overestimated pressure values exceeded around
280.61% the measured values, with a placement rate equal to
5.17 m/h. In cases where the pressure was underestimated, the
upper dot above the line is about the measured pressure which
is equivalent 27.50 kPa and the predicted pressure is equal to
18.79 kPa. On the rightmost dot of the graphic, the placement rate

a3 80 - A
> 60 -
g
§ 40 - .
a o ’o
¢ 20 1 0.. ¢
g 0 T T T 1
0 20 40 60 80
Predicted pressures(kPa)
Figure 4

Lateral pressures predicted with the CIRIA R 108
method versus measured lateral pressures for
placement rate between 0.45 and 6.38 m/h
Source: created by the authors

was 6.38 m/h, and the measured pressure was 33.00 kPa with
a predicted pressure values around 98.30 kPa, occasioning in a
97.88% difference.

It can be evidenced that, for the three different methods of predic-
tion of the fresh concrete lateral pressure, the highest placement
rate generated the highest calculated pressure value, notwith-
standing it did not generated the greatest difference between the
measured and the predicted pressure, indicating that, in addition
to this perspective, other calculation variables, such as slump, unit
weight, chemical composition as well as the concrete temperature
must be important in the prediction of the pressure.

Comparing the ACI 347 R-04 to the other methods used in this
report, it is acknowledged that, even though some of the results
far exceeded the factual values of the pressure exerted on the
formworks, this method can be considered a relevant standard
for the prediction of the concrete lateral pressure, since, it pre-
sented, overall, a satisfying resemblance over the experimen-
tal data, for the rate values from 0.45 to 2.36 m/h. Analyzing the
dots located below the line in the graphic of Figure 4, it is noticed

100 - D

N BR Y 0
o o o o
1 ] 1 ]
*
*

Measured pressures (kPa)
L

o

0 20 40 60 80

Predicted pressures (kPa)

100

Figure 5

Lateral pressures predicted with the ABNT NBR
15696:2009 method versus measured laferal pressures
for placement rate between 0.45 and 6.38 m/h

Source: created by the authors
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Table 2
Measured and predicted concrete lateral pressures
Cross Bl . Placement | Measured Predicted pressures (kPa)
. Imensions
Author section (cm) rate pressures ACI 347 CIRIA ABNT NBR
formwork (m/h) (kPa) R-04 R 108 15696:2009
Maranhdo [4] Column 20x100 32.00 26.38 565.06 57.60 419.58
O'Janpa Il [16] Wall - 27.40 2.40 366.52 68.22 468.96
O'Janpa lll [16] Wall e=24.13 13.00 274 174.73 75.04 244.27
O'Janpa lll [16] Wall e=24.14 12.20 2.45 163.15 68.22 225.56
O'Janpa lll [16] Wall e=22.86 36.60 1.91 393.80 68.22 551.07
Source: created by the authors
1) eis the wall thickness;
2) The placement rate values were measured by the authors;
3) The placing performed in Maranhdo (2000) studies was executed manually, using manual concrete placeing, and the remaining ones used
concrete pumping.

that the CIRIA R 108 method, despite of overestimating the pres-
sure for all cases, has conducted toward results more similar to
the measured pressure values than the ACI 347 R-04 and the
ABNT NBR 15696:2009 methods. Amongst all the three methods,
the ABNT NBR 15696:2009 standard has developed the results
with less accuracy.

The experimental data obtained by Maranh&o [4] and O’Janpa llI
[16], as well as the predicted pressure results gathered by the ACI
347 R-04, CIRIA R 108 and the ABNT NBR 15696:2009 methods
for the formworks used in the research, are documented on Table 2.
It is evidenced on Table 2 that the pressure predicted from
the placement rate values that exceed the limits estab-
lished by the ACI 347 R-04 (up to 4.5 m/h for walls) and the
ABNT NBR 15696:2009 (up to 7.0 m/h) were extremely high.

In another perspective, the CIRIA R 108 method, despite of being

5388

120

2

80
60

ChLimit CIRIA R108 (C1Wv >H)
: Limit ACI 347 R-04 (walls)

Xummsﬁgs,zm |

A: Limit CIRIA R 108 (Pmax=yc.h)
\oLB: Limit ACI 347 R-04 (walls)

the most conservative method, has conducted, as showed in the
Table 2 data, to the lowest pressure values amongst the calculation
of all three standards. It is relevant to emphasize that on the Table
2, all the results obtained through this method were established
by the relation P__ =y, . h, because, as for the four situations,
C1y/v was superior than H. It is also observed, that even though
it was not determined a maximum value for the placement rate,
the CIRIA R 108 method limits this variation implicitly due to the
formworks height (H) and due to the coefficient C1.

2.21 Analysis of the placement rate influence in the fresh
concrete lateral pressure predicted through the
theoretical methods

The Figure 6 represents the graphic of the predicted pressure
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Figure 6
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Placement rate influence in the fresh concrete lateral pressure predicted from different methods of calculation

Source: creafed by the authors
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versus the placement rate, which demonstrates the influence of this
variable over the fresh concrete lateral pressure calculated from
the ACI 347 R-04, CIRIA R 108 and the ABNT NBR 15696:2009
methods. The vertical lines drawn (A, B, C, and D) represent the
placement rate limits for each one of these methods.

On the Figure 6, the effects of different placement rate values on
the fresh concrete lateral pressure can be analyzed for a column
with the presenting specified data: the height equal to 2.90 m, con-
crete slump of 120 mm, concrete temperature of 25 °C, unit weight
equal to 24 kN/m?, ASTM Type | cement or CEM | (for the ascer-
tainment of the concrete chemistry coefficient C_ e C2), which, in
accordance with Mehta e Monteiro [17] and Waarde [13], respec-
tively, corresponds approximately to the CP Il cements, do not
possess retardant additives for the setting period and the height
of placing is around 2.00 m. The placement rate diverged from
0.5 a 10.0 m/h, for each 0.5 m/h.

From the Figure 6 graphic, it was observed that the relation
between the placement rate and the fresh concrete lateral
pressure for the ABNT NBR 15696:2009 method is linear and
directly proportional. On contrary, the ACI 347 R-04 method,
presented a linear relation between the placement rate and
the fresh concrete lateral pressure from up 2.0 m/h. Despite
the fact that this method does not limit the placement rate for
columns, it is evidenced that 2.1 m/h (line B) is the maximum
limit for walls with concrete releasing height superior than
4.2 m and the minimum rate for the additional cases. For the
placement rate values over than 4.5 m/h (line D) and 7.0 m/h
(line E), which are the maximum values for the placement rate
established by the ACI 347 R-04 method, for walls, and the
ABNT NBR 15696:2009 method, does not possesses a single
variation on the envelope comportment.

For the CIRIAR 108 method, it was verified, from the Figure 6, that
the placement rate was directly proportional to the concrete lateral
pressure over 1.5 m/h (line A), maintaining its constancy from up
to 2.0 m/h. This situation occurred because from up to 2.0 m/h the
pressure was obtained by v, . h, which was the lowest value be-
tween this equation and the value obtained from the equation (3).
Therefore, the placement rate was limited to 1.5 m/h in function of
the height of placing (h). Notwithstanding, the limit of the place-
ment rate established by the equation (3) was equal to 3.5 m/h
(line C), obtained due to the coefficient C1 equal to 1.5 (the cross-
transverse form section of the column) and the column height (H)
equal to 2.90 m. Therefore, in this method, the placement rate does
not influence in the results of the pressure exerted by the concrete
from its limited value, which corresponds to the placement rate in
which v, . h becomes equal to the maximum pressure value or the
point where C1y/v>H.

Comparing the three theoretical prediction methods from informa-
tion presented on the Figure 6 graphic, it is perceived that for the
CIRIA R 108 method the concrete placement rate presented a
greater impact on the pressure values up to 2.0 m/h, where from
this exactly point the placement rate had developed intensively
a greater influence on the values of pressure calculated by the
ACI 347 R-04 method. From up to 4.0 m/h, the placement rate
exerted greater influence on the pressure values predicted by the
ABNT NBR 15696:2009 method, rather than the results obtained
by the CIRIA R 108 standard.

2.3 The design of columns formworks

The designing of columns formworks, recommended by the SH
Manual for Concrete Formworks, SH [18], is performed by analyz-
ing each one of all component elements from the columns form-
works: the mould (made of wood or plywood), the support (wooden
or metal profile) and the mould (made of wood or metal profile with
shoring bolts fixed with nuts).

The Figure 7 presents a column formwork with its respective el-
ements: plywood plasticized with an 18 mm thick, 6x6 support
wooden profile and yoke with metal profiles C-75.

In accordance with the SH [18], the design of columns form-
works must be accomplished considering that the support pan-
el pieces and the locks are elements simply supported, where
the spans must be limited by the prediction of its deflection
(L/300 mm) and also from the allowable bending moments of
each piece.

From another perspective, the NBR 15696 [9] method establish-
es that the prediction of the formworks design and the shoring
must be executed from the limit state design method. The meth-
od of allowable strength design can be performed, however, on
ephemeral character, where the security factor utilized must as-
sure the satisfaction of the same limit state design conditions.
Albeit the formworks and the shoring are temporary structures,
the combined actions to be considered in its execution ought to
be the ones related to the normal building works, with all loads
presumed as variables.

Figure 7
Constitutive elements of a column formwork
Source: created by the authors
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Table 3
Characteristics of the buildings and the columns studied
oo _— Concrete placement Column cross Cross section .
Building Type of building method section (cm) shape Formwork design
A Institutional Isolated column 30 x 50 Column No
B Residential Monolithic method 20x 130 Column No
C Commercial Isolated column 35x 80 Column No
D Residential Monolithic method 35x 15 Column Yes
E Residential Isolated column 19 x 6950 Wall Yes
Source: created by the authors
1) Column in section "U” with dimensions of 256 x 19+183 x 19+256 x 19 cm;
2) All supervised concrete placement were performed using concrete pumping;
3) In all buildings the concrete was made using the CP Il cement.

3. Materials and experimental program
EE

The research consisted in measuring the placement rate of col-
umns in situ in order to determine the maximum pressure support-
ed by the respective formworks.

3.1 Measurements of the placement rate on the field

It was collected measurements of placement rate in five building work
places on Goiania City, Goias, Brazil, where for each one of the re-
spective building work places, it was measured the placement rate
from a column, which characteristics are described on the Table 3.

In two of the building work places it was performed the monolith-
ic placing of slab, beam and column, method in which consists
in the placing of the slab, beams and columns simultaneously.
On the other building work places it was adopted the isolated
column system, which consists in the execution of the columns
separately, and sequentially, the slab and beams. Only two of
the building work places had a design of formworks and shoring.
To measure the placement rate values it was adopted three meth-
ods: one from the Associacao Brasileira de Férmas, Escoramentos
e Acesso (ABRASFE — Brazilian Association for Formworks, Shor-
ing and Access) [19] and the measurements through the direct
methodology, as well as the one through layers.

In addition to the measurements of the placement rate, it was per-
formed the prediction of the maximum pressured supported by the
columns formworks studied, from the estimated particularities and
from the configurations of elements constitutive of the structuration
panes, in accordance with the SH [18] and NBR 15696 [9] methods.
For the measurements of the placement rate through the ABRAS-
FE method, it was determined, initially, the volumetric flow rate of
the pump. In order to execute this, it was measured with the as-
sistance of a timer, the necessary time for the entire deflation of
the concrete truck, discounting, accordingly, the pauses performed
during the pumping. From the volumetric flow rate of the pump and
from the column volume, it was established the time of the column
filling. With the time of filling associated with the height of the col-
umn it was calculated the placement rate.

On the measurement of the layers, it was performed the methodol-
ogy established by Billberg ¢z 4/ [11], where it was used a measur-
ing tape and a timer. Thus, it was verified, for each concrete layer
placing inside the columns formworks, the depth of the surface
with no concrete and the elapsed time until the concrete reached
that specific level. The number of layers varied according to the
amount of concrete that was necessary to the total filling of the
column, differing, thus, for each building work places. For each one
of the layers it was obtained a placement rate value. As final result,
it was endorsed the highest of all values.

To measure the placement rate directly, it was obtained the

Table 4
Measurement results of the placement rate values collected in sifu
Column Placement rate (m/h)
- . Cross
Cross . Filling time - Volume .
section (cm) Height (m) (in minutes) seczg::;rea (m?) ABRASFE Layers Direct
30 x50 3.48 0.84 1,500 0.52 243.97 235.33 248.57
20x 130 2.89 2.67 2,600 0.75 121.96 125.10 64.94
35x80 2.90 2.16 2,800 0.81 98.21 92.18 80.56
35x175 2.90 2.08 6,125 1.78 87.72 103.15 83.65
19 x 695 3.90 14.45 13,699 5.34 24.25 21.05 16.19
Source: created by the authors
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required time by the total filling of the column, through the usage
of a timer.

3.2 Maximum pressure supported by formworks

The maximum pressure supported by the column formworks studied
in this research was calculated using the SH [18] and the NBR 15696
[9] methods from the arrangement of the formworks in situ. In or-
der to achieve this, it was collected, at the building work places, the
presenting data: the thickness of the plywood; the spans amongst
supports of wood battens or of metal profiles; the dimensions of
supports of wood battens or metal profiles; the spans amongst the
yokes; as well as the dimensions of these yokes.

The data related to the mechanical properties of the plywood,
the wooden battens and the yokes were obtained from the SH
[18] tables.

It was embraced, for both methods that the pressure tolerated by
the formworks is equal to the lowest values obtained for each col-
umn, i.e., the pressure supported by the less resistant element.

It was also predicted, for each column, the concrete lateral pres-
sure, in accordance with the ACI347 R-04, CIRIA R 108 and the
ABNT NBR 15696:2009 methods, where the placement rates were
measured in situ.

4. Results and discussions
—

4.1 Measurements of the placement rate

The measurement results of the concrete placement rate are pre-
sented on the Table 4.

It is evidenced on the Table 4 that through the three methods of
measurement it was obtained placement rate values superior than
the values established as limits for the studied methods. The low-
est value obtained was 16.10 m/h, which has exceeded in 137.57%
the maximum value determined by ABNT NBR 15696:2009 (7 m/h)
and it also has exceeded in 157.78% the placement rate value
limit established for walls in accordance with the orientations of
ACI 347 R-04 (4.5 m/h). The highest placement rate value mea-
sured (249.66 m/h) is 35.67 and 55.48 times higher than the es-
tablished limits orientated by ABNT NBR 15696:2009 as well as for
ACI 347 R-04, respectively.

The placement rates obtained by the layers method for column
35 x 175 cm (103.15 m/h) and for the direct method for column 20
x 130 cm (64.94 m/h) and for walls 19 x 695 cm (16.19 m/h), were
not alike the others correspondent values. As it can be seen on
the Table 4, there was a discontinuity in the placement rate values
obtained by these two methods, as these had not flowed sequen-
tially as expected to be inversely proportional to the cross section
area and to the column volume. These mistakes may be justified
by the fact that the placement rate was measured regardless any
variation in the building methodologies applied at the building work
places, which may cause the lack of accuracy in the procedures.
The Figure 8 and 9 present, respectively, the correlation of the
cross section area and the column volume with the placement rate
measured in situ.

The placement rate utilized in the graphics were obtained through
the ABRASFE [19] method, due to the fact that they have present-
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Figure 8

Relationship between the placement rates measured
in sifu and the cross section area of the columns
Source: created by the authors

ed a sequence of decreasing values for the respective cross sec-
tion and volumetric increases.

It can be observed on the graphics from Figure 8 and 9 that there
is a logical correlation between the placement rate and the cross
section area and also between the placement rate and the col-
umns volume.

To assure the accuracy of the equations found, it was used the
following example from the ABRASFE [19] method: for a wall with
cross section of 20.00 x 0.50 m and height of 6.00 m, the placement
rate was 2.10 m/h, for the concrete releasing with the volumetric
flow rate of the pump equal to 21 m3h. The cross section area of
the wall is equal to 100,000 cm? and the volume is 60 m?, resulting,
respectively, on the placement rates of 4.51 and 3.24 m/h. It is also
noticed that when the column volume is used as an input datum,
the predicted placement rate approaches to the best measurement
in situ if it is compared to the results obtained through the cross
section area. It is also perceived that for the presenting example,
the placement rate values established by the correlations with the
cross section area and the column volume are, in this sequence,
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Figure 9

Relationship between the placement rates measured
in siftu and the columns volume
Source: created by the authors
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2.15 e 1.53 times higher than the results measured. It means that
the values predicted by the correlations evidenced in the graphs
of Figures 8 and 9 are in favor of safety since all the relations be-
tween fresh concrete lateral pressure and placement rate studied
in this work are directly proportional, as shown in Figure 6.
Another observation performed through the Figures 8 and 9 is that
the columns which height is equal or approximated to (2.89 and
2.90 m), as showed in Table 4, the dots are sited close to each
other in both graphics. This leads to conclude that the more col-
umns with the same resemblance are monitored, the better it will
be the obtained correlation between the columns characteristics
and the placement rate. It was as well observed that if a greater
amount of columns, with the most different dimensions, but with
modest variations from one to another was studied, the distance
between these dots will be smaller, as it occurred for the columns
with same height. Besides, the dots have the same position distri-
bution on both graphics, :.., the relations found have a similar be-
havior, where both can be expressed by a power. Therefore, from a
more detailed study, it may be possible to determine the placement
rate by its volume or by the cross section area of the column, so
that the prediction pressure and, consequently, the design of the
formworks, are carried out in a more coherent execution with the
reality of the building work places.

4.2 Maximum pressure supported by the formworks

The Table 5 presents the maximum pressures tolerance predicted,
for each column, from the SH [18] and from the NBR 15696 [9]
design methods as well as from the fresh concrete lateral pressure
calculation standards studied by this report. The placement rate
values used were obtained from the ABRASFE [19] method. The
concrete temperature used for the study was established on 25 °C
(it was not measured in situ), presuming that on the experimen-
tal data presented by Arslan [14], Arslan ¢ /. [15], Maranhao [4],
O'Janpa lll [16] and Zhang ¢ 4/. [6], the concrete temperature did
not surpassed 24 °C and on the prediction of fresh concrete lateral
pressure, in accordance with NBR 15696 [9] methods it is not al-
lowed to permit the temperature influence that exceeded 25 °C.
Likewise, in accordance with the research executed by Gambale e
Bittencourt [20], the temperature of the concrete made with CP II

Table 5

cements, does not exceed 25° C before 18 hours of concrete age.
It is also noticed on Table 5 that, generally, the maximum pressure
supported by the formworks predicted using the SH [18] method is
superior to the result obtained from the recommended design cri-
terions established by the NBR 15696 [9] method. It is emphasized
that in the limit state method presented by the previous standard,
the loads are increased and the resistance are reduced, which jus-
tifies, initially, the difference between the obtained values from the
two prediction methods.

Equally on the Table 5, it is observed that in most cases, the ply-
wood came to be the less resistant element when the dimension-
ing of the formwork was made through the SH [18] method, and the
profile came to be the less resistant element when the dimension
of the formworks were made using the NBR 15696 [9] method.
In the situation of this wall, with measurements of 19 x 695 cm,
the less resistant elements were the metal profile support, which
supported up to 3.82 kPa, for the SH [18], and 0.45 kPa, and the
NBR 15696 [9] methods. These are certainly quite small values
for concrete lateral pressure, however, it is emphasized that on
the empirical results of fresh concrete lateral pressures on walls
obtained by O’Janpa Il [16], and presented on Table 2, the values
alternate from 1.91 to 2.74 kPa, with the placement rates approx-
imated from 12.20 to 36.60 m/h, where these values measured
from the placement rate values verified in situ for walls that are
19 x 695 cm (from 16.19 to 24.25 m/h), as showed on Table 4,
which it demonstrates coherence of the obtained results.

It is noticed that on Table 5, the maximum pressure supported by
the formworks from the SH [18] and the NBR 15696 [9] predic-
tion methods, are the smaller than those established through the
prediction methods of the fresh concrete lateral. The greatest dif-
ference was registered for the columns of 30 x 50 cm, with fresh
concrete lateral pressure settled by the ABNT NBR 15696:2009
which exceeded 603.75 times the maximum pressure supported
by the formworks predicted by the SH [18] simplified method. It
can be interpreted by the fact the placement rates measured in
situ, are far superior to the limits established by the standard cal-
culation method.

The pressure predicted by the CIRIAR 108 method, for columns of
35 x 80 and 35 x 175 cm, had more approached to the maximum
pressure tolerance established by the SH [18] method, coming up

Maximum pressure supported by the column formworks

Predicted Predicted Predicted pressure (kPa)
Cross pressure by | Less resistant ppr‘t;s':.lt_l rﬁB%y Less resistant ABNT NBR
section (cm SH method elements elements ¥
ion (cm) tkpa 15696:2009 ACI 347 R04 | CIRIAR108 | = o0 o000
(kPa)
30 x 50 3.90 Yoke 13.93 Support 819.33 83.52 2,354.63
20x 130 20.31 Plywood 19.19 Yoke 680.42 69.36 1,176.57
35x 80 41.83 Plywood 4.42 Yoke 682.78 69.60 1,142.94
35x 175 34.93 Plywood 2.12 Support 682.78 69.60 854.56
19 x 695 3.82 Support 0.45 Support 862.24 93.60 253.97
Source: created by the authors
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Table 6

Placement ratfe values correspondent o the maximum pressure supported by the formworks predicted
by the SH [18] simplified method

i Predicted placement rate (m/h
Crosscsni;: fion pr:;seliff;jSH pldl\gzgs:r:??dfe . o :BNT NBR
method (kPa) (m/h) ACI 347 R-04 CIRIAR 108 15696:2009
30 x 50 3.90 243.97 -0.18 0.00 -0.91
20x 130 20.31 121.96 0.71 0.11 0.73
35 x 80 41.83 98.21 1.89 0.96 2.49
35x 175 34.93 87.72 1.51 0.59 219
19 x 695 3.82 24.25 -5.81 0.00 -0.92
Source: created by the authors

with difference of 33.61% and 20.60%, respectively, as presented
on the Table 5.

With the maximum pressure supported by the formworks estab-
lished by the SH [18] and NBR 15696 [9] methods it was calculated
the respective placement rates from three fresh concrete lateral
pressure calculus standards. The results are presented on the
Tables 6 and 7.

On the Tables 6 and 7 it is possible to notice that, for the maximum
pressure values tolerated by the formworks, the placement rates
are rather inferior than the measurements executed on the re-
search in situ, where the data even had a negative values, in which
most of the collected rates were smaller than the lowest limit es-
tablished by the ACI 347 R-04 standards for wall, which is 2.1 m/h.
It is possible, likewise, to emphasize that some of the placement
rates from the Tables 6 and 7 satisfies the placement rate values to
which were measured and predicted the concrete lateral pressure
from the graphics of Figures 3, 4 and 5, which the values were from
0.45 t0 6.38 m/h.

5. Conclusions
E—

From the obtained results it was concluded that, for columns

Table 7

placed by concrete pumping, the placement rates measured at the
five building work places from Goiania City exceeded the values
established by the ACI 347 R-04 and the ABNT NBR 15696:2009
methods, on this report, the placement rates measured were, re-
spectively, 35.67 and 55.48 times superior to the established limits
for placement rate values.

The placement rate values that were superior to the limits established
by the prediction methods ACI 347 R-04 and ABNT NBR 15696:2009
engendered pressure values far superior to the results that possi-
bly occurred over the formworks, being 603.75 times superior, as
showed by the presenting research. Furthermore, the placement
rate values relative to the maximum pressure values tolerated by the
formworks established by the methods ACI 347 R-04, CIRIAR 108
and ABNT NBR 15696:2009 are rather inferior to the measurements
collected in the experimental research performed in situ, where they
could even reach negative values.

Since the maximum pressure values supported by the formworks
estimated by the SH [18] and ABNT NBR 15696:2009 formwork
design methods, are far inferior to the concrete lateral pressure
values predicted with the placement rate measured in situ, it is
possible to assure that the placement rate value from 16.19 m/h,
the smallest placement rate value verified by the presenting report,

Placement rate values correspondent o the maximum pressure supported by the formworks predicted
by the limit state design in accordance with ABNT NBR 15696:2009

Pressure value Predicted placement rate (m/h)
Cross section established Measured ABNT NER
(cm) by ABNT NBR placing (m/h) ACI 347 R-04 CIRIA R 108
15696:2009 (kPa) 15696:2009
30 x50 13.93 243.97 0.37 0.01 0.09
20x 130 19.19 121.96 0.65 0.09 0.62
35x 80 4.42 98.21 -0.15 0.00 -0.63
35x175 212 87.72 -0.28 0.00 -1.09
19 x 695 0.45 24.25 -6.45 0.00 -1.26
Source: created by the authors
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does not present a well-established correlation between the place-
ment rate and fresh concrete lateral pressure value in the theoreti-
cal standards of prediction ACI347 R-04, CIRIA R 108 and ABNT
NBR 15696:2009. This situation was also noticed on the performed
analysis from the experimental data obtained by O’Janpa IlI [16],
in which the lowest placement rate value was 12.20 m/h, with the
corresponding measured fresh concrete lateral pressure equal to
2.45 kPa and the values calculated, for this repport, were equal
to 163.15 kPa for the ACI 347 R-04 method, 68.22 kPa for the
CIRIA R 108 method and finally 225.56 kPa for the ABNT NBR
15696:2009 method. Therefore, it is assured that the equations
from all of these prediction methods are valid only for the place-
ment rate limit values established by each one of them, leading to
affirm that, it is essential the formulation of equation for the predic-
tion of the fresh concrete lateral pressure at high levels of placing,
in accordance with the current practices of the construction market.
Likewise, it is possible to determine, for design purposes, the place-
ment rate from its volume or from the column cross section area,
obtaining, and more representative values than the ones that might
occur on the building. The established equations used in this report,
which represents such correlations, present determination coeffi-
cient equal to 0.91, leading to a well-established approach between
the placement rate values predicted and the ones measured in situ,
where it was obtained by the column volume the best results if com-
pared with the ones predicted from the cross section area. However,
it is essential to be performed more research on this subject in order
to obtain more data and, consequentially, establish a relation that is
more representative of the many dimensions of columns and walls.
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Abstract
E——

The fresh concrete lateral pressure generates a load that has great influence in the design of the formworks of columns, walls and lateral faces
of the beams.lts prediction must be performed in such a way in order to approach precisely well over the rate values supported by the formworks,
avoiding, therefore, the oversizing or undersizing of these temporary structures which represent up to 12% of the total cost of the construction.
The calculation of the lateral pressure that fresh concrete exerts on the formworks involves several variables; one of them is the placement rate.
The main objective of this work was to study the influence of the placement rate, in situ, on the lateral pressure of fresh concrete calculated from
theoretical models presented by norms and international references. For this purpose, measurements of the placement rate were conducted on
columns of five building work places at Goiania city, Goias, Brazil and it was calculated the maximum pressure supported by their respective
formworks from the dimensions and spans between the supports of the components that constituted them. The obtained results indicate that the
placement rate in the field observations reach 249 m/h, exceeding the values limited by the theoretical methods of calculation, and that the lateral
pressure estimation produced from the placement rate measured in situ exceed the maximum values supported by the formworks up to 604 times.
Thus, it was concluded that it is necessary to adjust equations to estimate the lateral pressure of fresh concrete at high rate of concrete placement,
according to the current practices in the construction market.

Keywords: lateral pressure, formworks, columns, placement rate.

Resumo
e

A pressao lateral do concreto fresco gera uma carga que possui grande influéncia no dimensionamento das férmas de pilares, paredes e faces
laterais das vigas. Sua previsdo deve ser realizada de modo que se aproxime bem dos valores suportados pelas formas, evitando-se, assim, o
superdimensionamento ou subdimensionamento dessas estruturas provisérias que representam até 12% do custo total da obra. O célculo da
presséo lateral que o concreto fresco exerce sobre as formas envolve diversas variaveis, sendo uma delas a velocidade de concretagem. O prin-
cipal objetivo deste trabalho foi estudar a influéncia da velocidade de concretagem sobre a pressao lateral do concreto fresco calculada a partir
de modelos tedricos apresentados por normas e referéncias internacionais. Para isso, foram realizadas medi¢des da velocidade de concretagem
em pilares de cinco obras de Goiania e calculadas as pressdes maximas suportadas por suas respectivas férmas, a partir das dimensdes e dos
vaos entre os apoios dos elementos que as constituiam. Os resultados obtidos apontam que as velocidades de concretagem em campo chegam
a 248,57 m/h, superando os valores limitados pelos métodos tedricos de calculo, e que as estimativas da presséao realizadas a partir das veloci-
dades medidas in loco ultrapassam os valores maximos suportados pelas férmas em até 603,75 vezes. Assim, concluiu-se que € necessaria a
formulacdo de equacdes para estimar a presséo lateral do concreto fresco a altas velocidades de concretagem, conforme as atuais praticas no
mercado da construgéo civil.

Palavras-chave: pressao lateral, formas para concreto, pilar, velocidade de concretagem.
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Influence of the placement rate on the fresh concrete lateral pressure in the design of formworks

1. Introducgao

EE

O concreto armado € um dos materiais mais utilizados na constru-
¢ao civil, sendo, atualmente, um dos mais importantes deste ramo
da engenharia. Para sua aplicagido faz-se necessaria a utilizagéo
das férmas e escoramentos, que, segundo Freitas [1], tém a fun-
¢ao de garantir a geometria, o prumo, o nivel e o alinhamento do
elemento estrutural a ser executado.

Apesar da importancia das férmas e escoramentos, ha, segundo Re-
zende [2], um equivocado descaso com este sistema estrutural pro-
visorio, ocorrendo, em determinadas situagoes, falta de projeto espe-
cifico e até mesmo auséncia de engenheiro na execugéo do projeto.
Para Nazar [3], o estudo detalhado, o dimensionamento e a es-
colha correta dos materiais das férmas e escoramentos sao jus-
tificados por sua importancia na concepgao, na execugao € nos
custos da estrutura de um edificio. Para edificios habitacionais e
comerciais com multiplos pavimentos, o prazo para a execugao
das férmas e escoramentos pode variar entre 50% e 60% do prazo
total da obra. Maranhao [4] afirma que o custo das férmas contri-
bui com cerca de 40% a 60% do custo total da estrutura de con-
creto armado, sendo este, em nimeros aproximados, um item que
responde entre 8% e 12% do custo de uma edificagao.

De acordo com Barnes e Johnston [5] e Maranhao [4], a previ-
sao da pressao lateral do concreto fresco deve ser feita para o
dimensionamento das férmas verticais (pilares, paredes e vigas
com faces alinhadas verticalmente), de modo a garantir a segu-
ranga e minimizar os custos.

Maranhao [4] afirma que sdo muitas as variaveis que exercem in-
fluéncia sobre a magnitude da presséo lateral do concreto fresco,
em fungado disso, estudos e ensaios realizados para a determi-
nacdo de uma expressado adequada para o problema diferem-se
bastante quanto aos resultados.

A velocidade de concretagem é uma das variaveis que exercem
maior efeito sobre a pressao lateral do concreto fresco. Zahng et
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Figura 1

Envoltérias de pressdo lateral do concreto fresco
Fonte: Adaptado de Barnes e Johnston [5]

al. [6], em seu estudo experimental com concretos convencionais
(adensados por vibragéo), obtiveram resultados que confirmam
0 que é proposto por diversos métodos de calculo: a velocidade
de concretagem afeta significativamente a pressao lateral e que
quanto maior for o valor dessa variavel, maior sera a pressao exer-
cida pelo concreto. Santilli et al. [7] observaram, em seu estudo,
que a velocidade de concretagem e a temperatura sdo fundamen-
tais para estimar a pressao lateral do concreto fresco, visto que,
estas variaveis aparecem de forma implicita ou explicita em todas
as equagoes, das oito teorias que estudaram.

Para Leemann et al. [8], velocidades de concretagem cada vez
mais altas séo utilizadas para reduzir os periodos de construgao,
esperando-se, comumente, que superem 10 m/h. Porém, os atu-
ais modelos de calculo da pressédo dos concretos convencionais
foram desenvolvidos principalmente para menores velocidades de
concretagem, sendo necessario determinar uma equagao ade-
quada para estimar a maxima pressao lateral do concreto fresco
langado a altas velocidades.

Dentre os métodos de calculo da pressao lateral do concreto fres-
co encontram-se 0os modelos propostos pelo American Concrete
Institute (ACI), Construction Industry Research and Information
Association (CIRIA) e Associagao Brasileira de Normas Técnicas
(ABNT), que serdo estudados neste trabalho.

Este trabalho teve como principal objetivo o estudo da velocidade
de concretagem como um fator que influencia a pressao lateral do
concreto fresco nas formas. Foi verificado se as velocidades de
concretagem praticadas em obras de Goiania sdo representati-
vas dos valores limitados pelos métodos de calculo ACI 347 R-04,
CIRIA R 108 e ABNT NBR 15696:2009 e se as pressdes cal-
culadas por meio dos métodos ACI 347 R-04, CIRIA R 108 e
ABNT NBR 15696:2009, a partir das velocidades de concretagem
aferidas in loco, aproximam-se das maximas pressoes suportadas
pelas férmas dos pilares.

1.1 Justificativa

O caélculo da pressao lateral de concreto fresco é de grande im-
portancia para o projeto de férmas e escoramentos, visto que,
para férmas verticais, principalmente pilares e paredes, a carga
que resulta dessa tenséo tem grande influéncia no dimensiona-
mento, que interfere diretamente sobre o quantitativo de mate-
rial e, consequentemente, nos custo da estrutura de concreto.
A literatura apresenta a velocidade de concretagem como umas
das variaveis que mais impactam no resultado do calculo da
pressao lateral do concreto fresco, devendo ser limitada a um
determinado valor, conforme indicado por alguns métodos, nao
condizendo, muitas vezes com a realidade das obras na atuali-
dade. Além disso, antes da ABNT NBR 15696:2009 ndo havia,
no Brasil, outra diretriz normativa para projetos de formas e esco-
ramentos, sendo esta, portanto, ainda, pouco analisada no meio
da Engenharia.

2. Presséao lateral do concreto fresco
EE

ANBR 15696 [9] define pressao lateral do concreto fresco como a
pressao horizontal que o concreto exerce na face da forma que se
encontra em contato com o mesmo.
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Barnes e Johnston [5] afirmam que a pressdo do concreto fresco
exercida sobre as formas € muitas vezes inferior a pressao hidros-
tatica, que considera o concreto como um fluido de peso especi-
fico de aproximadamente 24 kN/m?, e a presséo calculada para o
dimensionamento de férmas, como mostrado na Figura 1.

De acordo com Barnes e Johnston [5], sdo varios fatores que afe-
tam a magnitude da presséo lateral do conreto fresco, incluindo o
endurecimento do concreto, procedimento de concretagem e atrito
interno entre componentes granulares do concreto e destes com
as faces internas das férmas, o que torna dificil a determinagao
de uma expressao que represente a envoltoria tipica de pressao
do concreto freco, ou seja, a curva da real distribuicdo da pressao
lateral, representada na Figura 1. Para simplificacdo deste pro-
blema, a maioria dos métodos de projeto de férmas caracteriza a
pressdo como hidrostatica até certa distancia abaixo da superficie
livre de concreto e admitem que, a partir deste ponto, permanece
constante, até a base da férma, no valor maximo estimado por
meio do modelo de calculo, conforme apresentado na Figura 1.

A velocidade de concretagem ou de enchimento (m/h) é uma das
variaveis na determinagao da presséo lateral do concreto fresco,
sendo este fator, conforme a NBR 15696 [9], “o incremento vertical
do nivel superior do concreto medido linearmente em relagéo ao
tempo decorrido de concretagem”.

Cauberg et al. [10], para apresentar os valores obtidos em seu
estudo experimental de pressao lateral do concreto fresco, exem-
plificam: uma velocidade de concretagem de 10 m/h implica no
enchimento da férma de um pilar de 4 m em 24 minutos e uma
taxa de 5 m/h requer, para o mesmo pilar, o dobro do tempo.
Maranhao [4] apresentou, em seu trabalho, os resultados dos
estudos realizados pelo Laboratério de Madeiras e Estruturas de
Madeira (LaMEM), do Departamento de Engenharia de Estruturas
da Escola de Engenharia de Sdo Carlos — USP, que apontam a
velocidade de concretagem e a consisténcia do concreto como os
parametros que tém influenciado mais sensivelmente o valor da
presséo lateral do concreto fresco.

Ja Billberg et al. [11], a partir da afericao da pressao lateral do
concreto fresco em campo, chegaram a conclusado de que, para o
caso de concreto autoadensavel, outros fatores podem ser mais
relevantes do que a velocidade de concretagem, devido a pouca
correlagao entre este parametro e a maxima presséao lateral re-
lativa (razdo entre pressdo medida e a presséo hidrostatica). A
falta de correlagéo entre a pressao e a velocidade de concretagem
evidencia que o comportamento estrutural do concreto autoaden-
savel em repouso deve ser considerado na previsdo da pressao
lateral sobre as formas.

2.1 Modelos tedricos para calculo da pressao
lateral do concreto fresco

211 ACI 347 R-04

As equacgdes do ACI 347 R-04 [12] para determinagao da maxima

presséo lateral do concreto fresco (P, ) s&o validas para concre-

tos com slump de no maximo 175 mm, adensados com vibragéo

interna normal a uma profundidade de 1,2 m ou menos.

Para todos os tipos de pilares e para paredes com velocidade
de concretagem menor do que 2,1 m/h e altura de langamento

do concreto (h) que ndo exceda 4,2 m, P
equacao (1).

(kPa) é dada pela

M

onde C é o coeficiente de corregdo de peso especifico, C_, o co-
eficiente de composigdo quimica e aditivos do concreto, R, a ve-
locidade de concretagem em m/h e T, a temperatura do concreto
em °C.

Para paredes com R <2,1 m/h e h>4,2 m e todas as paredes com
2,1m/h<R<45m/h,P__ (kPa)é prevista a partir da equagéo (2).

1156 224R
T+ 17,8+T+ 17,8 (2)

max

785R
Prax = CwCc |7,2 +

T+17,8

Pmax = CwCc |7.2 +
Para as equagdes (1) e (2), 30 C, <P__ < pgh.

21.2 CIRIAR108
O relatério CIRIA R 108, fornece orientagdo para o calculo das
pressoOes laterais do concreto fresco exercidas sobre as formas.
De acordo com Waarde [13], a maxima press&o (P, ), em kPa,
que o concreto fresco exerce sobre as formas, determinada a par-
tir do método CIRIA R 108, é calculada a partir das equacdes (3)
e (4), devendo ser tomado, para o projeto, o0 menor entre os dois
valores obtidos.

3)

Puax =7V, [Clﬁ +CoK /H - Clﬁ]
4)

Prax = Y h

onde y, é o peso especifico do concreto (kN/m®), C1 & o coeficiente
que depende do tamanho e da forma da férma (1 para paredes e
1,5 para pilares), C, é o coeficiente que depende dos materiais
constituintes do concreto, v € a velocidade de concretagem em
m/h, K é o coeficiente de temperatura, H é a altura da férma em m
e h, a altura de langamento do concreto em m.

O coeficiente K é calculado através da equagéo (5).

co (35
“\T+16

(3)
com T igual a temperatura do concreto em °C.
Ressalta-se que o método CIRIA R 108 nao impde um valor limite
para velocidade de concretagem, sendo que quando C1yv>H, a
equagao (4) deve ser adotada como pressao de projeto, conforme
descrito por Waarde [13].

Tabela 1
Classes de consisténcia do concreto

Classe de consisténcia Abatimento (mm)
Cl abatimento < 20
Cc2 20 < abatimento < 80
C3 80 < abatimento < 140
C4 abatimento > 140

Fonte: NBR 15696 [9]
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Figura 2

Diagrama para determinacdo da pressdo lateral do concreto fresco e altura hidrostatica
correspondente, em funcdo da velocidade da concretagem e da consisténcia

Fonte: NBR 15696 [9]

2.1.3 NBR 15696 (ABNT, 2009)

O calculo da maxima pressao lateral do concreto fresco proposto
pela NBR 15696 [9] é feito para diferentes classes de consisténcia
do concreto, determinadas conforme a Tabela 1.

De acordo com a NBR 15696 [9] a altura hidrostatica, represen-
tada por P__ /vy, na Figura 1, “é a diferenca entre a superficie
superior do concreto fluido e a altura, onde a pressao do concreto
fluido atinge o valor maximo”.

A maxima pressao lateral do concreto fresco (P,), em kN/m?, e a
altura hidrostatica correspondente (h.), em metros, s&o calculadas
em fung&o da velocidade de concretagem (v,), em m/h, e da clas-
se de consisténcia do concreto, através do diagrama apresentado
na Figura 2.

Quando forem utilizados aditivos retardadores, os valores da pres-

_ 150 -~

g

£ 100 -

3

1S3

§ 50

& >
0 T T )
0,00 50,00 100,00 150,00

Pressdes calculadas (kPa)
Figura 3

Pressdes calculadas com ACI 347 R-04 versus
pressdes medidas para velocidades de
concretagem entre 0,45 e 6,38 m/h

Fonte: elaborada pelos autores

sao do concreto e a altura hidrostatica, extraidos do diagrama,
devem ser multiplicados por fatores de majoragéo, que dependem
da classe de consisténcia do concreto e do tempo de retardamen-
to da pega, em horas.

No caso de concretos autoadensaveis, devido a sua alta fluidez,
deve-se considerar a pressdo do concreto como sendo hidrostati-
ca, durante o tempo de endurecimento ou inicio de pega, depen-
dendo do método de concretagem.

Se o peso especifico do concreto (y,) diferir de 25 kN/m?, o valor
da pressédo de concreto deve ser multiplicado pelo fator a, que
varia conforme o valor de y_. A altura hidrostatica permanece igual,
independentemente das alteragdes do peso especifico.

Se nao houver medidas de isolamento térmico, a influéncia da
temperatura deve ser considerada. Nos casos em que a tempe-
ratura do concreto, durante a concretagem, for menor que 25°C,
P, e h, devem ser aumentados em 3% para cada 1°C abaixo de
25°C. Nao é permitido considerar a influéncia de temperaturas aci-
ma de 25 °C.

2.2 Analise dos métodos tedricos de calculo
da pressao lateral do concreto fresco

As analises dos métodos de calculo ACI 347 R-04, CIRIAR 108 e
ABNT NBR 15696:2009 foram realizadas comparando-se a pres-
sao lateral do concreto fresco estimada por meio destes modelos
aos valores experimentais apresentados pelos seguintes auto-
res: Arslan [14], Arslan et al. [15], Maranhao [4], O’Janpa Il [16]
e Zhang et al. [6]. Além das pressoes laterais do concreto fresco
medidas experimentalmente, foram coletadas todas as variaveis
de calculo, também aferidas pelos autores.

Foram gerados graficos das pressodes calculadas versus as medi-
das experimentalmente para os trés métodos estudados.

Os dados experimentais fornecidos por Maranhao [4] e O’Janpa lll
[16] ndo foram langados nos graficos porque as velocidades de
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concretagem verificadas por esses autores ultrapassaram os limi-
tes determinados pelas normas ACI 347 R-04 (4,5 m/h para pa-
redes) e ABNT NBR 15696:2009 (7 m/h), fazendo com que as
pressdes calculadas fossem superiores as medidas, de modo a
impossibilitar a analise grafica dos métodos.

Os graficos das pressoes calculadas versus pressdes medidas
experimentalmente, sdo apresentados, para cada método, nas Fi-
guras 3, 4 e 5. Todos apresentam uma reta de inclinagdo 1:1, que
representa a posicao onde as pressdes medidas sdo iguais as
pressdes calculadas. Os dados experimentais de pressdo foram
obtidos com velocidades de concretagem que variaram de 0,45 a
6,38 m/h, sendo estas utilizadas nos calculos.

Observa-se pelo grafico da Figura 3 que para o método
ACI 347 R-04 os pontos, dados pelos pares ordenados de pres-
sdes calculadas e pressdes medidas, ficaram, em sua maioria, po-
sicionados sobre ou abaixo da reta 1:1. Isto significa que este mo-
delo conduziu a valores de pressdes calculadas aproximadamente
iguais ou superiores as reais pressdes do concreto exercidas so-
bre as férmas. Para dois pontos, excepcionalmente, as pressdes
foram subestimadas: no primeiro caso a pressao medida foi igual
a 32,00 kPa e a calculada 30,00 kPa e no segundo, a pressao
medida foi de 39,00 kPa e a calculada 35,80 kPa. No ponto mais
a direita do grafico, a velocidade de concretagem foi de 6,38 m/h,
a pressao medida foi 33,00 kPa e a calculada 139,69 kPa, sendo
esta diferenga de 223,32%. Para o ponto abaixo e mais afastado
da reta, a velocidade de concretagem foi igual a 5,17 m/h, a pres-
sao medida foi de 17,10 kPa e a calculado 114,57 kPa, significan-
do que os valores de pressao superestimados (pontos sob a reta
1:1) superaram em até 469,98% os valores medidos.

No grafico da Figura 4, nota-se que todos os pontos situam-se
abaixo da reta 1:1, logo o método CIRIA R 108 conduziu a resulta-
dos de pressoes calculadas, em sua totalidade, superiores aos de
pressdes medidas. Para o ponto mais afastado e abaixo da reta
1:1 o valor medido foi de 24,80 kPa e o calculado 61,98 kPa, signi-
ficando que os valores de pressao superestimados superaram em
até 49,92% os valores medidos, com a velocidade de concreta-
gem igual a 1,97 m/h. Nos dois pontos mais a direita do grafico, a
presséao calculada foi 72,00 kPa e as medidas foram 33,00 kPa e
47,70 kPa, com velocidades de concretagem de 6,38 e 2,36 m/h
e diferencas de 18,18% e 49,06%, respectivamente. Nota-se que
para diferentes velocidades de concretagem, a pressdo calcula-
da resultou em um mesmo valor. Isso ocorreu porque no primeiro
caso a pressao foi calculada a partir da equacéo (3), na qual a
velocidade de concretagem € uma variavel, e no segundo caso
com a equacao (4), que depende somente do peso especifico e da
altura de langamento do concreto.

Verifica-se pelo grafico da Figura 5, que o método ABNT NBR
15696:2009 gerou resultados de pressao aproximadamente iguais
(pontos em cima da reta 1:1) ou superiores (pontos situados abai-
xo da reta 1:1) as pressdes medidas, mas também conduziu a
valores de pressdo inferiores aos dados experimentais (pontos
acima da reta 1:1). Para o ponto que esta posicionado mais abai-
xo da reta o valor medido foi de 17,10 kPa e o calculado 82,18
kPa, significando que os valores de pressao superestimados su-
peraram em até 280,61% os valores medidos, com a velocidade
de concretagem igual a 5,17 m/h. Nos casos em que a pressao
foi subestimada, o ponto mais acima da reta foi pressdo medida
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Pressoes calculadas (kPa)

Figura 4

Pressdes calculadas com CIRIA R 108 versus
pressdes medidas para velocidade de
concretagem entre 0,45 e 6,38 m/h

Fonte: elaborada pelos aufores

igual 27,50 kPa e calculada igual a 18,79 kPa. No ponto mais a
direita do grafico, a velocidade de concretagem foi de 6,38 m/h, a
pressdo medida foi 33,00 kPa e a calculada 98,30 kPa, sendo esta
diferenca de 97,88%.

Nota-se que, para os trés métodos de calculo da presséao lateral
do concreto fresco, a maior velocidade de concretagem gerou o
maior valor de pressdo calculada, mas nao a maior diferenga entre
pressdo medida e calculada, indicando que, além desta, outras
variaveis de calculo, tais como slump, peso especifico, composi-
¢ao quimica e temperatura do concreto, também sao importantes
na estimativa da presséo.

Comparando-se o ACI 347 R-04 aos demais métodos, nota-se
que, apesar de alguns resultados superarem em muito os reais
valores de presséao exercidos sobre as formas, este pode ser con-
siderado um bom método de estimativa da pressao lateral do con-
creto fresco, ja que, de maneira geral, apresentou uma boa apro-
ximagdo dos dados experimentais, para uma faixa de velocidade
de concretagem de 0,45 a 2,36 m/h. Analisando-se os pontos si-
tuados mais abaixo da reta no grafico da Figura 4, nota-se que
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Figura 5

Pressdes calculadas com ABNT NBR 15696:2009
versus pressoes medidas para velocidade de
concretagem entre 0,45 e 6,38 m/h

Fonte: elaborada pelos autores
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Tabela 2
Pressdes laterais de concreto fresco medidas e calculadas
Forma | . - __ | Velocidade de | Pressdes PressGes calculadas (kPa)
~ imensoes ;
Autor da secdo (cm) concretagem medidas ACI 347 CIRIA ABNT NBR
transversal (m/h) (kPa) R-04 R 108 15696:2009
Maranhdo [4] Pilar 20x100 32,00 26,38 565,06 57.60 419,58
O'Janpa Il [16] Parede - 27,40 2,40 366,52 68,22 468,96
O'Janpa lll [16] Parede e=24,13 13.00 2,74 174,73 75,04 244,27
O'Janpa lll [16] Parede e=24,14 12,20 2,45 163,15 68,22 225,56
O'Janpa lll [16] Parede e=22,86 36,60 1,91 393,80 68,22 551,07
Fonte: elaborada pelos autores
1) e & a espessura da parede;
2) As velocidades de concretagem foram medidas pelos autores;
3) A concretagem realizada no estudo de Maranh&o (2000) foi feita manualmente, utilizando-se gerica, e as demais foram feitas por bombeamento.

o método CIRIA R 108, apesar de ter superestimado a pressao
para todos os casos, conduziu, a resultados mais proximos das
pressdes medidas do que os métodos ACI 347 R-04 e ABNT NBR
15696:2009. Dentre os trés métodos analisados, o da ABNT NBR
15696:2009 gerou resultados de menor acuracia.

Os dados experimentais obtidos por Maranhéo [4] e O’Janpa llI
[16], bem como os resultados dos calculos da pressao pelos mé-
todos ACI 347 R-04, CIRIAR 108 e ABNT NBR 15696:2009 para
as formas destas pesquisas, constam na Tabela 2.

Nota-se na Tabela 2, que as pressdes calculadas a partir dos va-
lores de velocidade de concretagem que ultrapassaram os limites
determinados pelos métodos ACI 347 R-04 (até 4,5 m/h para pare-
des) e ABNT NBR 15696:2009 (até 7,0 m/h) foram muito elevadas.
Ja o método CIRIA R 108, apesar de ter se apresentado como o
mais conservador, conduziu, para os dados apresentados na Ta-

200,00 -
180,00 -
160,00 -
140,00 -
120,00 -
100,00 -
80,00 -
60,00 -
40,00 -
20,00 -

A: Limite CIRIA R 108 (Pmax=yc.h)
ChLimite CIRIA R 108 (C1vv >H)

\ B: Limite ACI 347 R-04 (paredes)

\

n: Limite ACI 347 R-04 (paredes)

bela 2, a menores valores de pressao em relagéo aos calculados
a partir dos demais modelos. E importante ressaltar que, na Tabela
2, todos os resultados obtidos a partir deste método foram dados
pela relagdo P__ =1y, . h, porque, para os quatro casos, C1Vv foi
maior do que H. Observa-se ainda que, apesar de nao determinar
um valor maximo para a velocidade de concretagem, o método
CIRIAR 108 limita esta variavel de maneira implicita em fungao da
altura da férma (H) e do coeficiente C1.

2.21 Analise da influéncia da velocidade de concretagem
sobre a pressao lateral do concreto fresco calculada
através dos métodos teodricos

A Figura 6 representa o grafico da pressédo calculada versus velo-
cidade de concretagem, que demonstra a influéncia desta variavel

o
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Figura 6
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Influéncia da velocidade de concretagem sobre a pressdo lateral do concretfo fresco calculada a partir de

diferentes métodos de cdiculo
Fonte: elaborada pelos aufores

510

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



M. O. SOUSA | N. S. SANTOS | R. L. PEREIRA | P. C. R. MARTINS

sobre a pressédo lateral do concreto fresco calculada a partir dos
métodos ACI 347 R-04, CIRIAR 108 e ABNT NBR 15696:2009. As
retas verticais tracejadas (A, B, C, D e E) representam os limites
de velocidade de concretagem para cada um destes modelos.

No grafico da Figura 6, os efeitos de diferentes velocidades de
concretagem sobre a presséao lateral do concreto fresco podem ser
analisados para um pilar com os seguintes dados estipulados: altu-
ra igual a 2,90 m, slump do concreto de 120 mm, temperatura do
concreto de 25° C, peso especifico igual 24 kN/m?, cimento ASTM
Tipo | ou CEM | (para determinacéo dos coeficientes de composi-
¢&o quimica do concreto C_e C2), que, respectivamente, segundo
Mehta e Monteiro [17] e Waarde [13], correspondem aproximada-
mente aos cimentos CP Il, ndo possui aditivos retardadores de pega
e a altura de langamento do concreto é de 2,00 m. A velocidade de
concretagem variou de 0,5 a 10,0 m/h, a cada 0,5 m/h.

Pelo grafico da Figura 6, observou-se que a relagéo entre veloci-
dade de concretagem e pressao lateral do concreto fresco para
o método ABNT NBR 15696:2009 é linear e diretamente propor-
cional. J4 o método ACI 347 R-04, apresentou uma relagao linear
entre velocidade de concretagem e pressdo somente a partir de
2,0 m/h. Apesar do fato de este método ndo limitar a velocidade
de concretagem para pilares, nota-se que 2,1 m/h (reta B) é o
limite maximo para paredes com altura de langcamento do concre-
to maior do que 4,2 m e minimo para os demais casos. Para as
velocidades de concretagem acima de 4,5 m/h (reta D) e 7,0 m/h
(reta E), que sdo os maximos valores de velocidade de concreta-
gem determinados pelo ACI 347 R-04, para paredes, e ABNT NBR
15696:2009, ndo ha mudanga no comportamento das curvas.
Para o método CIRIA R 108, verificou-se, a partir da Figura 6, que
a velocidade de concretagem apresentou-se como diretamente
proporcional a presséo lateral de concreto até 1,5 m/h (reta A),
mantendo-se constante a partir de 2,0 m/h. Isto ocorreu porque
a partir de 2,0 m/h a press&o passou a ser obtida por y_ . h, que
foi o menor valor entre este e o obtido pela equagao (3). Desse
modo, a velocidade de concretagem foi limitada a 1,5 m/h em fun-
¢ao da altura de langamento do concreto (h). Porém, o limite de
velocidade de concretagem pela equagédo (3) foi igual a 3,5 m/h
(reta C), obtido em fungéo do coeficiente C1 igual a 1,5 (a forma
da secgéo transversal € um pilar) e da altura do pilar (H) igual a
2,90 m. Portanto, para este método, a velocidade de concretagem
nao influencia no resultado da pressdo exercida pelo concreto a
partir do seu valor limite, que corresponde a velocidade de concre-
tagem em que y, . h passa a ser igual ao maximo valor de pressao
ou ao ponto em que C14/v>H.

Comparando-se os trés modelos tedricos de célculo a partir do gra-
fico da Figura 6, nota-se que para método CIRIA R 108 a veloci-
dade de concretagem apresentou maior impacto sobre o valor da
pressao até 2,0 m/h, sendo que, a partir desse ponto a velocidade
passou a ter maior influéncia sobre o valor de pressao calculado por
meio do ACI 347 R-04. A partir de 4,0 m/h, a velocidade de concre-
tagem exerceu maior influencia sobre presséo calculada a partir do
método ABNT NBR 15696:2009, do que a obtida pelo CIRIAR 108.

2.3 Dimensionamento de féormas de pilares

O dimensionamento das férmas de pilares, recomendado no Ma-
nual SH de férmas para concreto, SH [18], é feito analisando-se

cada um dos elementos componentes das férmas de pilares: o
molde (madeira ou compensado), a estruturagao (sarrafos de ma-
deira ou perfis metalicos) e o travamento (madeira ou perfis meta-
licos com barras de ancoragem fixadas com porcas).

AFigura 7 apresenta uma férma de pilar com seus respectivos ele-
mentos: molde de compensado plastificado com 18 mm de espes-
sura, sarrafos de estruturagdo de madeira 6x6 cm e travamento
com perfil metalico C-75.

De acordo com a SH [18], o dimensionamento das formas de pila-
res deve ser realizado considerando-se que as pegas de estrutu-
ragao do painel e os travamentos sao elementos biapoiados, de-
vendo-se limitar os vaos a partir do calculo da flecha (L/300 mm) e
do momento admissivel de cada peca.

Ja a NBR 15696 [9] determina que os calculos de dimensionamento
de formas e escoramentos devem ser feitos pelo método dos estados-
-limites. O método de tensdes admissiveis pode ser aplicado, porém,
em carater transitorio, sendo que o fator de seguranca utilizado deve
assegurar o atendimento das mesmas condigdes dos estados-limites.
Embora as férmas e escoramentos sejam estruturas de carater provi-
sorio, as combinagdes de agdes a serem consideradas devem ser de
construgdes normais, com todas as cargas tomadas como variaveis.

3. Metodologia

EE

A pesquisa consistiu em medir as velocidades de concretagem
de pilares in loco e determinar a pressdo maxima suportada pelas
féormas dos mesmos.

Figura 7
Elementos constituintes de uma férma de pilar
Fonte: elaborada pelos autores
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Tabela 3
Caracteristicas das obras e dos pilares estudados
Tipo de Método de Secdo transversal | Forma da se¢do - .
Obra empreendimento concretagem do pilar (cm) transversal Projeto de formas
A Institucional Pilar solteiro 30 x 50 Pilar N&o
B Residenciall Pavimento infegrado 20x 130 Pilar N&o
C Comercial Pilar solteiro 35x 80 Pilar N&o
D Residencial Pavimento integrado 35x 15 Pilar Sim
E Residencial Pilar solteiro 19 x 6950 Parede Sim
Fonte: elaborada pelos autores
1) Pilar em secdo "U” com dimensdes de 256 x 19+183 x 19+256 x 19 cm;
2) Todas as concretagens acompanhadas foram realizadas por meio do uso de bomba para langamento do concreto;
3) Em todas as obras o concreto foi produzido com cimento CP II.

3.1 Medicao da velocidade de concretagem
em campo

Foram realizadas medigbes das velocidades de concretagem em
cinco obras de Goiania, sendo que, para cada uma, aferiu-se a ve-
locidade de concretagem em um Unico pilar, cujas caracteristicas
sdo descritas na Tabela 3.

Em duas das obras foi adotada a concretagem de pavimento in-
tegrado, método no qual as lajes, as vigas e os pilares que as
suportam sao concretados simultaneamente. As demais adotaram
o sistema de pilares solteiros, que consiste na execugao somente
dos pilares e posteriormente das lajes e vigas. Somente duas das
obras possuiam projetos de férmas e escoramentos.

Para medir as velocidades de concretagem foram adotados trés
meétodos: o da Associagao Brasileira de Férmas, Escoramentos
e Acesso (ABRASFE) [19] e as medi¢gdes em camadas e direta.
Além da medigéo da velocidade de concretagem, foi realizado o
calculo da pressdo maxima suportada pelas formas dos pilares
estudados, a partir das propriedades estimadas e da configuragéo
dos elementos constituintes da estruturagao dos painéis, segundo
os métodos SH [18] e NBR 15696 [9].

Para medicdo da velocidade de concretagem pelo método da
ABRASFE, determinou-se, inicialmente, a vazdo da bomba. Para
isso mediu-se, com auxilio de um cronébmetro, o tempo necessario

ao total esvaziamento do caminhao de concreto, descontando-se,
portanto, as pausas do bombeamento. A partir da vazdo da bomba
e do volume do pilar, determinou-se o tempo de enchimento do
pilar. Com o tempo de enchimento e a altura do pilar, calculou-se
a velocidade de concretagem.

Na medicdo em camadas, seguindo a metodologia de Billberg
et al. [11], foram utilizados trena e crondmetro. Mediu-se, para
cada camada de concreto langada nas férmas dos pilares, a
profundidade da superficie livre de concreto e o tempo decor-
rido até que o concreto atingisse esse nivel. O numero de ca-
madas foi igual ao necessario ao total enchimento do pilar, va-
riando, portanto, para cada obra. Para cada camada obteve-se
um valor de velocidade de concretagem. Como resultado final,
adotou-se, o maior valor.

Para medir a velocidade de concretagem diretamente, obteve-
-se 0 tempo necessario ao total do enchimento do pilar, através
de crondmetro.

3.2 Pressao maxima suportada pelas formas

A maxima pressao suportada pelas férmas dos pilares estudados
foi calculada pelos métodos da SH [18] e da NBR 15696 [9] a partir
da configuragao das férmas in loco. Para isso, coletaram-se, nas
obras, os seguintes dados: espessura do compensado; vaos entre
os sarrafos ou perfis de estruturagéo; dimensdes dos sarrafos ou

Tabela 4

Resultados das medicdes das velocidades de concretagem in loco
Pilar Velocidade de concretagem (m/h)
trasnes?/::’sal Altura e.:-'\ec?f::eiﬁo Arﬁgnc;?leslzgfo Volume ABRASFE Camadas Direto

(cm) (m) (minutos) (cm?) (m?)
30 x 50 3.48 0.84 1.500 0.52 243,97 235,33 248,57
20x 130 2,89 2,67 2.600 0.75 121,96 125,10 64,94
35 x 80 2,90 2,16 2.800 0,81 98,21 92,18 80,56
35x 175 2,90 2,08 6.125 1,78 87,72 103,15 83,65
19 x 695 3.90 14,45 13.699 5,34 24,25 21,05 16,19
Fonte: elaborada pelos autores
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perfis de estruturagéo; vaos entre os perfis de travamento; dimen-
sdes dos perfis de travamento.

Os dados das propriedades mecanicas do compensado, dos sar-
rafos de madeira e dos travamentos foram obtidos das tabelas da
SH [18].

Para ambos os métodos, considerou-se que a pressao suportada
pelas férmas é igual ao menor dos valores obtidos para cada pilar,
ou seja, a pressao suportada pelo elemento menos resistente.
Também foram calculadas, para cada pilar, as pressodes laterais de
concreto, segundo os métodos ACI347 R-04, CIRIAR 108 e ABNT
NBR 15696:2009, com as velocidades de concretagem medidas
in loco.

4. Resultados e discussoes
E——

4.1 Medicao da velocidade de concretagem

Os resultados das medigdes das velocidades de concretagem sao
apresentados na Tabela 4.

Observa-se na Tabela 4, que pelos trés métodos de medigéo ob-
tiveram-se valores de velocidade de concretagem superiores aos
determinados como limite pelos métodos em estudo. O menor va-
lor obtido foi 16,10 m/h, que superou em 137,57% o valor maximo
determinado pela ABNT NBR 15696:2009 (7 m/h) e em 157,78%
a velocidade de concretagem limite para paredes dada pelo ACI
347 R-04 (4,5 m/h). A maior velocidade medida (249,66 m/h) é
35,67 e 55,48 vezes maior do que os limites determinados na
ABNT NBR 15696:2009 e pelo ACI 347 R-04, respectivamente.
As velocidades de concretagem obtidas pelo método em cama-
das para o pilar 35 x 175 cm (103,15 m/h) e pelo método direto
para o pilar 20 x 130 cm (64,94 m/h) e para a parede 19 x 695 cm
(16,19 m/h), ndo foram aproximadamente iguais aos demais valo-
res correspondentes. Como pode ser notado na Tabela 4, ocorreu
uma descontinuidade nos valores de velocidade obtidos por estes
dois métodos, pois estes ndo seguiram sequencialmente como
sendo inversamente proporcionais a area da segao transversal e
ao volume do pilar. Estes erros podem ser justificados pelo fato de
que a velocidade de concretagem foi medida sem nenhuma alte-
ragao das metodologias construtivas adotadas nas obras, o que
pode levar a falta de precisdo dos procedimentos.

As Figuras 8 e 9 apresentam, respectivamente, as correlagdes da
area da segao transversal e do volume do pilar com a velocidade
de concretagem medida in loco.

As velocidades de concretagem utilizadas nos graficos foram as
obtidas através do método da ABRASFE [19], pelo fato de que
apresentaram uma sequéncia de valores decrescentes para os
respectivos aumentos de segao transversal e volume.
Observa-se pelos graficos das Figuras 8 e 9, que ha uma boa cor-
relagédo da velocidade de concretagem com a area da secao trans-
versal e da velocidade de concretagem com o volume dos pilares.
Para verificar a precisdo das expressoes encontradas, foi utilizado
o seguinte exemplo da ABRASFE [19]: parede com segao trans-
versal de 20,00 x 0,50 m e altura de 6,00 m, cuja velocidade de
concretagem foi 2,10 m/h, para o langamento do concreto com
bomba de vazéo igual a 21 m%h. A area da secéo transversal da
parede é igual a 100.000 cm? e o volume é 60 m?3, resultando,
respectivamente, nas velocidades de concretagem de 4,51 e
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Relacdo entre velocidade de concretagem medida
in loco e érea da secdo transversal dos pilares
Fonte: elaborada pelos aufores

3,24 m/h. Percebe-se que utilizando o volume do pilar como dado
de entrada, a velocidade de concretagem calculada aproxima-se
melhor da medida in loco se comparada a obtida pela area da
secgao transversal. Nota-se também que, para o exemplo em ques-
téo, as velocidades de concretagem determinadas pelas correla-
¢bes com area da segao transversal e volume do pilar sdo, nesta
ordem, 2,15 e 1,53 vezes maiores do que a medida. Isto significa
que os valores calculados por meio das correlagdes encontradas
nos graficos das Figuras 8 e 9 estdo a favor da seguranga, visto
que, todas as relagdes entre pressao lateral do concreto fresco e
velocidade de concretagem estudadas neste trabalho séo direta-
mente proporcionais, como mostrado na Figura 6.

Outra observacgéao realizada a partir das Figuras 8 e 9 é que para
os pilares de alturas iguais ou proximas (2,89 e 2,90 m), apresen-
tados na Tabela 4, os pontos posicionam-se proximos uns dos ou-
tros em ambos os graficos. Isto significa que quanto mais pilares
com caracteristicas semelhantes forem monitorados, melhor sera
a correlagao obtida entre estas e a velocidade de concretagem.
Percebeu-se também que se um maior numero de pilares, com
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Fonte: elaborada pelos aufores
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as mais diferentes dimensdes, porém com pequenas variagdes
de um para outro, forem estudados a distancia entre os pontos
sera menor, como ocorreu para os pilares de mesma altura. Além
disso, os pontos tém a mesma distribuicdo de posigdo nos dois
graficos, ou seja, as relagdes encontradas possuem um compor-
tamento semelhante, sendo ambas expressas por uma poténcia.
Logo, partindo-se de um estudo mais detalhado, pode ser possivel
determinar a velocidade de concretagem pelo volume ou pela area
da secao transversal do pilar, fazendo com que o calculo da pres-
séo e, consequentemente o dimensionamento das formas, sejam
realizados de forma mais coerente com a realidade das obras.

4.2 Pressao maxima suportada pelas férmas

A Tabela 5 apresenta as maximas pressdes suportadas estima-
das, para cada pilar, a partir dos métodos de dimensionamento da
SH [18] e da NBR 15696 [9] e dos modelos de célculo da pressao
lateral do concreto fresco estudados. Os valores de velocidade
de concretagem utilizados foram os obtidos através do método
da ABRASFE [19]. A temperatura do concreto foi adotada como
25° C (n&o foi aferida in loco), considerando-se que nos dados
experimentais apresentados por Arslan [14], Arslan et al. [15], Ma-
ranhdo [4], O’Janpa lll [16] e Zhang et al. [6], a temperatura do
concreto ndo ultrapassou 24° C e que o calculo da presséo lateral
do concreto fresco segundo a NBR 15696 [9] ndo permite consi-
derar a influéncia de temperaturas acima de 25 °C. Além disso, de
acordo com a pesquisa realizada por Gambale e Bittencourt [20],
a temperatura dos concretos produzidos com cimento CP Il, néo
ultrapassa os 25° C antes de 18 horas de idade.

Observa-se na Tabela 5, que, de maneira geral, a maxima pressao
suportada pelas férmas calculada pelo método SH [18] € maior do
que a obtida pelos critérios de dimensionamento de férmas reco-
mendado pela NBR 15696 [9]. Ressalta-se que no método dos
estados-limites, apresentado pela norma em questdo, as agdes
sdo majoradas e as resisténcias minoradas, o que justifica, ini-
cialmente, a diferenga entre os valores obtidos por meio dos dois
métodos de calculo.

Também na Tabela 5, percebe-se que na maioria dos casos, o
elemento menos resistente das formas foi o compensado para o
método SH [18] e a estruturagdo para a NBR 15696 [9]. No caso

Tabela 5

Pressdo mdéxima suportada pelas férmas dos pilares

da parede de 19x695 cm, os elementos menos resistente foram
os perfis de estruturagéo, que suportam até 3,82 kPa, para o mé-
todo da SH [18], e 0,45 kPa, para a NBR 15696 [9]. Tratam-se
de valores de pressdo muito pequenos, porém, ressalta-se que
os resultados experimentais de pressao lateral do concreto fresco
em paredes obtidos por O'Janpa Il [16], apresentados na Tabela
2, variaram de 1,91 a 2,74 kPa, com velocidades de concretagem
que foram de 12,20 a 36,60 m/h, sendo estes valores proximos a
velocidade medida in loco para a parede de 19 x 695 cm (16,19 a
24,25 m/h), apresentadas na Tabela 4, o que demonstra a coerén-
cia dos resultados obtidos.

Nota-se, pela Tabela 5, que as pressdes maximas suportadas
pelas formas calculadas a partir dos métodos da SH [18] e
da NBR 15696 [9] sao menores do que as estimadas através
dos métodos de célculo da pressao lateral do concreto fresco.
A maior diferenga se deu para o pilar 30 x 50 cm, com pressao
lateral do concreto fresco estimada pela ABNT NBR 15696:2009
que superou 603,75 vezes a maxima pressao suportada pela for-
ma calculada pelo método simplificado da SH [18]. Isto pode ser
explicado pelo fato de que as velocidades de concretagem medi-
das in loco, sdo muito superiores aos limites estabelecidos pelos
métodos de célculo das normas.

As pressodes calculadas pelo método CIRIA R 108, para os pilares
35 x 80 e 35 x 175 cm, se aproximaram mais das maximas pres-
sbes suportadas estimadas pelo método SH [18], apresentando
diferencas de 33,61% e 20,60%, respectivamente, conforme apre-
sentado na Tabela 5.

Com as pressbes maximas suportadas pelas formas estimadas
pelo método SH [18] e NBR 15696 [9] calcularam-se as velocida-
des de concretagem correspondentes a partir dos trés modelos de
célculo da pressao lateral do concreto fresco. Os resultados sao
apresentados nas Tabelas 6 e 7.

Nas Tabelas 6 e 7 € possivel observar que, para os valores das
pressdes maximas suportadas pelas formas as velocidades de con-
cretagem sdo muito inferiores as medidas in loco, chegando a valo-
res negativos, sendo a maioria deles menores do que o limite infe-
rior determinado pelo ACI 347 R-04 para paredes, que é de 2,1 m/h.
Também é possivel observar que alguns dos valores de velocida-
de de concretagem das Tabelas 6 e 7 encontram-se na faixa de
valores de velocidade de concretagem para as quais foram medi-

Pressdo Pressdo Pressoes estimadas (kPa)
Secdo - Elemento estimada pela Elemento
estimada
transversal elo método menos ABNT NBR menos ABNT NBR
(cm) |P SH (kPa) resistente 15696:2009 resistente | AC1 347 R-04 | CIRIAR108 | [z 0¢ 5000
(kPa)
30 x 50 3,90 Travamento 13.93 Estruturacdo 819,33 83,52 2.354,63
20x 130 20,31 Compensado 19,19 Travamento 680,42 69,36 1.176,57
35x 80 41,83 Compensado 4,42 Travamento 682,78 69,60 1.142,94
35x 175 34,93 Compensado 2,12 Estruturacdo 682,78 69,60 854,56
19 x 695 3,82 Estruturacdo 0,45 Estruturacdo 862,24 93,60 253,97
Fonte: elaborada pelos autores
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Tabela 6

Velocidades correspondentes d pressdo mdaxima suportada pelas férmas dos pilares calculada pelo

método simplificado da SH [18]

Segdo(té?‘:\)sversal P,:,fiia,?, éetsofggcs?-la \ée;ﬁzirz?:gee?ne Velocidade de concretagem culculod:B('\r;l':\l)aR
(kPa) medida (m/h) ACI 347 R-04 CIRIAR 108 15696:2009
30 x 50 3,90 243,97 -0.18 0.00 -0,91
20x 130 20,31 121,96 0.71 0.11 0.73
35x 80 41,83 98,21 1,89 0,96 2,49
35x175 34,93 87.72 1,51 0.59 2,19
19 x 695 3.82 24,25 -5,81 0.00 -0,92
Fonte: elaborada pelos aufores

das e calculadas as pressoes laterais do concreto dos graficos das
Figuras 3, 4 e 5, que foram de 0,45 a 6,38 m/h.

5. Conclusoes
E—

A partir dos resultados obtidos chegou-se a conclusdo de que,
para pilares concretados por bombeamento, as velocidades de
concretagem medidas nas cinco obras de Goiénia ultrapassam os
valores limitados pelo ACI 347 R-04 e ABNT NBR 15696:2009,
pois, neste estudo, as velocidades medidas foram, respectiva-
mente, 35,67 e 55,48 vezes maiores do que as velocidades limite.
As velocidades de concretagem que s&o superiores aos limi-
tes determinados pelos métodos de calculo ACI 347 R-04 e
ABNT NBR 15696:2009 geram resultados de pressao muito supe-
riores aos que possivelmente ocorrem nas férmas, chegando a ser
603,75 vezes maiores, neste estudo. Além disso, as velocidades
de concretagem relativas as maximas pressdes suportadas pelas
férmas, determinadas pelos métodos ACI 347 R-04, CIRIAR 108
e ABNT NBR 15696:2009 sao muito inferiores as medidas in loco,
podendo chegar a valores negativos.

Tendo em vista que as pressGes maximas suportadas pelas for-
mas, estimadas pelos métodos de dimensionamento de férmas SH
[18] e ABNT NBR 15696:2009, sdo muito inferiores as pressdes
laterais do concreto calculadas com a velocidade de concretagem

Tabela 7

medida in loco, pode-se afirmar que para velocidades a partir de
16,19 m/h, menor valor medido nesta pesquisa, ndo ha uma boa
correlagdo entre velocidade de concretagem e pressao lateral do
concreto fresco nos modelos tedricos de calculo ACI347 R-04, Cl-
RIAR 108 e ABNT NBR 15696:2009. Isto também foi observado
na analise realizada a partir dos dados experimentais obtidos por
O’Janpa Il [16], para os quais a menor velocidade de concreta-
gem foi de 12,20 m/h, com a correspondente pressao lateral do
concreto fresco medida igual a 2,45 kPa e calculadas, neste tra-
balho, iguais a 163,15 kPa para o ACI 347 R-04, 68,22 kPa para o
CIRIAR 108 e 225,56 kPa para a ABNT NBR 15696:2009. Assim,
confirma-se que as equacdes destes métodos de calculo séo va-
lidas somente para as velocidades de concretagem limitadas por
cada um, sendo, portanto, necessaria a formulagdo de equagdes
para estimar a pressao lateral do concreto fresco a altas velocida-
des de concretagem, conforme as atuais praticas no mercado da
construcéao civil.

E possivel determinar, para fins de projeto, a velocidade de con-
cretagem em fungéo do volume ou da area da segao transversal
do pilar, obtendo-se, valores mais representativos dos que ocor-
rerdo nas obras. As equagdes determinadas neste estudo, que
representam tais correlagdes, apresentaram coeficiente de deter-
minagao igual a 0,91, apontando uma boa aproximagao entre os
valores de velocidade calculados e os medidos in loco, sendo que

Velocidades correspondentes d pressdo mdaxima suportada pelas férmas dos pilares calculada pelo
método dos estados-imites segundo a ABNT NBR 15696:2009

Secio ansversal Pressdo estimada | Velocidade de Velocidade de concretagem calculada (m/h)
(cm) e 00 3(?,';) ;ggfézt?ﬂir) ACI 347 R-04 CIRIAR 108 ABNT NBR
: 15696:2009
30 x 50 13,93 243,97 0,37 0.01 0.09
20 x 130 19,19 121,96 0.65 0.09 0.62
35x 80 4,42 98,21 -0,15 0.00 -0,63
35x175 2,12 87.72 -0.28 0.00 -1,09
19 x 695 0.45 24,25 -6,45 0.00 -1,26
Fonte: elaborada pelos autores
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pelo volume do pilar, tem-se resultados melhores se comparados
aos obtidos pela area da segao transversal. Porém, é necessario
que se realizem mais pesquisas para que se obtenha um maior
numero de dados e, assim, uma relagéo que seja mais represen-
tativa das diversas dimensodes de pilares e paredes.
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Abstract
E——

One of the most widespread methods to the nonlinear analysis of structures is the Finite Element Method (FEM). However, there are phenomena
whose behavior is not satisfactorily simulated by the standard FEM and this fact has quickened the development of new strategies such as the
Generalized Finite Element Method (GFEM), understood as a variation of the FEM. In parallel, nonlinear analysis of concrete structures requires
the use of constitutive models that represents the nucleation and propagation of cracks. In this paper it is used an anisotropic constitutive model,
based on the microplane theory, which is able to represent the behavior of concrete structures, together with the GFEM approach. These re-
sources are incorporated on the INSANE system (INteractive Structural ANalysis Environment), used in the numerical simulations presented here
to demonstrate the feasibility of using the GFEM enrichment strategy, in the nonlinear analysis of concrete structures, with validation made from
comparisons with experimental results available in the literature.

Keywords: INSANE system, physically nonlinear analysis, microplane theory.

Resumo

Um dos métodos numéricos mais difundidos para a analise ndo linear de estruturas € o Método dos Elementos Finitos (MEF). No entanto, ha
fendmenos cujo comportamento néo é satisfatoriamente representado pela forma convencional do MEF e isso tem estimulado o desenvolvimen-
to de novas estratégias, como o Método dos Elementos Finitos Generalizados (MEFG), entendido como uma variagdo no MEF. Em paralelo, a
analise ndo linear de estruturas de concreto exige o uso de modelos constitutivos que representem a nucleacéo e propagacgéo de trincas. Neste
trabalho, é usado um modelo constitutivo anisotrépico, baseado na teoria de microplanos, capaz de representar o comportamento de estruturas
de concreto, juntamente com a aproximagéo MEFG. Tais recursos est&o incorporados no sistema INSANE (INteractive Structural ANalysis Envi-
ronment), usado nas simulagdes numéricas aqui apresentadas com objetivo de demonstrar a viabilidade do uso da estratégia de enriquecimento
do MEFG, na andlise nao linear de estruturas de concreto, com validacédo realizada a partir de comparagdes com resultados experimentais
disponiveis na literatura.

Palavras-chave: sistema INSANE, analise fisicamente nao linear, teoria de microplanos.
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Nonlinear analysis of concrete structures using GFEM enrichment strategy with a microplane

constitutive model

1. Introduction

EE

Several engineering problems can be described using partial differ-
ential equations relating field variables inside a particular domain. To
obtain reasonable solutions it is used some numerical method since
such problems have complex geometry and boundary conditions.
In this context, it was developed the Finite Element Method (FEM),
which is an efficient numerical tool to solve boundary value problems.
Although the FEM is a quite consolidated numerical technique in
the study of several structural engineering problems, it presents
some limitations related specially to the description of phenomena
such as crack and damage propagation and large deformations.
The nature of these phenomena leads to the modification of the
mesh in a very costly process.

Nowadays it is impossible to design innovative structures without
FEM and the use of computational programs based on this method
became easier due to the development of pre-processor and post-
processor tools that provide interactive graphics resources.
Nonetheless, there are phenomena whose behavior cannot be
satisfactorily described by conventional FEM and this fact has mo-
tivated the development of new strategies. Problems subjected to
large deformations and to crack and damage propagation require
modifications in discretization of the structure (remeshing) and
methods such as the Generalized Finite Element Method (GFEM)
have been developed to solve these issues.

The GFEM (Melenk and Babuska [1]; Duarte et al. [2]) can be
considered as originated from the so-called meshless methods
proposed in the 1990s. In spite of its theoretical bases be well es-
tablished, there is an extensive area of research and of numerical
experimentation to be investigated. According to Barros et al. [3],
GFEM is formulated in a way that the numerical simulation guar-
antees certain independence of the mesh of finite elements. The
relative mesh independence can be observed by the possibility of
introducing special functions on the numerical approximation, with-
out modifying the mesh, and by the relative insensitivity to angular
distortion of the elements.

The objective of this paper is to evaluate the use of linear and
quadratic polynomial enrichment functions of the GFEM approach
in nonlinear problems of concrete structures. The obtained results
with GFEM and FEM strategies combined with an anisotropic
constitutive model, based on the microplane theory, will be com-
pared to each other. The validation of the results obtained with the
GFEM approach is made through comparisons with experimental
responses of concrete beams subjected to the three-point bending
(Petersson [4]) and of L-shaped panel by Winkler ez 4/ [5].

The outline of the paper is as follows. A brief explanation of GFEM
is presented in Section 2. The Microplane Theory for anisotropic
constitutive models, based in the formulation of Leukart [6] and
used in all simulations presented here, it is discussed in Section 3.
In the Section 4, numerical examples are presented, and Section 5
is devoted to concluding remarks and discussion.

2. A summary explanation of GFEM
EE

Initially proposed by Melenk [7], the GFEM has the important char-
acteristic of enriching the space of approximations originally con-
structed to the FEM with the introduction of special functions. Such
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Figure 1

Partition of Unity from finite elements
(Alves et al. [14])

functions are able to reproduce phenomena observed in specific
regions of the analyzed domain.

Results presented by Strouboulis ¢# 2/ [8] and Duarte and Oden [2]
showed that the enrichment strategy with functions that reflect the
local nature of the solution contributed to improve the quality of the
approximation, with the introduction of a relatively small number of
degrees of freedom.

In GFEM, the approximation functions are constructed as in the
hp-Cloud Method (Duarte and Oden [9]; [10]), where cloud points
are distributed arbitrarily and without links to each other, whereas
in the GFEM a finite element is adopted for nodal positioning and
structuring of the shape functions.

The use of the Partition of Unity (PU) functions (based on the
method of Melenk and Babuska [1]) over the mesh of finite ele-
ments and its enrichment carried out in a way analogous to the
hp-Cloud Method make GFEM an unconventional approach of the
FEM and allow it to be correlated with the Meshless Methods.
The strategy used in GFEM consists of enriching PU functions to
define alternative shape functions. The standard functions of FEM
(such as Lagrangian functions) facilitate the application of the
GFEM and, differently from the meshless methods, directly verify
the boundary conditions (Barros et al. [3]).

In the GFEM the PU functions are constructed in regions called
clouds ;. However, these clouds differ from those of the Meshless
Methods and they are constituted by sets of finite elements shar-
ing the nodal points X, according to Figure 1 (NJ. (x) represents the
PU functions).

For example, in R' the PU is obtained from linear functions associ-
ated with each cloud.

Z]\fi(x)zl (])

The enrichment functions are multiplied by the original PU, guaran-
teeing the improvement of the quality of the approximation. Aiming
to clarify this strategy, it is considered a conventional mesh of finite
element defined from a set of n nodal points {xj ,'-1:1, according to
Figure 2(a), in R2. It is defined a patch or cloud w, formed by all
elements that share the nodal point X.

The set of interpolative Lagrangian functions associated with the
node X defines the function Nj (x) whose support corresponds to
the region w;, according to Figure 2(b).

A set of enrichment functions, IJ, named local approximation func-
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Figure 2
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e Partition of unity function

Strategy of enrichment of the cloud o, (Barros ef al. [3])

tions, is composed by f linearly independent functions defined
to each node X, with  support on the cloud w;!

9j = {Lj1(20), Lz (@), ..., Lig ()} = .
{Lji(®) }:I=1' with Lj(x) =1 ( )

At the end of the process, the shape functions 9 (x) of GFEM,
shown on Figure 3(b), associated with the node X are built through
the enrichment of the PU functions by the components of the set L.
Thus, according to equation (3), o (x) (Figure 3(b)) can be ob-
tained by the product between the basic functions that form the PU
(Figure 2b) and the enrichment functions (Figure 3a).

3)

The functions in equation (2) can be polynomial or not depending on
the problem analyzed. The use of the functions of FEM as the PU
simplifies the implementation and avoids, according to Barros et al.

{q)ﬁ}::l =N (x) X { Lj,-(x)};Ll (no summation on j)

o Local approximation Li(x)

Figure 3

[3], problems related to the numerical integration and to the imposi-
tion of the boundary conditions. Thus, a generic approximation u is
obtained by the following linear combination of the shape functions:

N q
i(x) = Z Nj(x) {uj + Z Lji(x)bii} (4>
j=1 i=2

where u;, and b; are nodal parameters associated with standard
(Nj) and GFEM (NJ. (x) L, (x)) shape functions, respectively.
Furthermore, aiming to minimize round-off errors, Duarte et al. [2]
suggest that a transformation should be performed over the L, (x)
functions, if they are of polynomial type. In such case, the coordi-
nate x is replaced as follows:

X —Xj
X - ]

3 ()

in which hj is the diameter of the smallest circle that circumscribed
the cloud W,
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A Interface

(Plans-Aggregates)

A

Plans «

Cementitious Matrix «

Figure 4

Association between the plans of discontinuities and the solid concrete microstructure

It is obtained the product function that presents the characteristics of the
local approximation function while inherits the compact support of the PU.
Among some advantages of the GFEM when compared to the
standard FEM, it is possible to mention the enrichment of the ap-
proximations to treat specific problems with functions specially
defined to this purpose. Thus, the enrichment can be performed
in regions of interest in which the behavior is more pronounced
without elevating computationally the analysis.

3. Anisotropic constitutive models based
on the microplane theory

EE

The adaptation of Microplane Theory to concrete structures oc-

curred from the association between solid structure of the hetero-

geneous material (cementitious matrix with aggregates of different

particle sizes) and the existence of multiple plans of discontinui-

ties, positioned at the interfaces of its grains.

This association is quite pertinent because of the occurrence and

Strains at

Kinematic Constraints

propagation of microcracks in different directions that lead to an
inelastic response of the material. Such propagation generally oc-
curs at the existing interface between the cementitious matrix and
the aggregates, as shown in Figure 4.

The formulations of the Microplane Models generally follow three
main steps: the projection of the strains in the microplanes, the
definition of the constitutive laws and the homogenization process,
as can be seen in Figure 5.

The model proposed by Leukart [6], and used in all simulations of
this paper adopts: (step 1) a decomposition of the macroscopic
strain tensor into its volumetric (¢V) and deviatoric (¢°) components
(V-D split); (step 2) that the damage process is the main dissipation
mechanism which describes the degradation on the material and
that the degradation is evaluated through a single equivalent strain
combined with a single damage law; (step 3) that the free energy
on the microplanes exists and its integral over all microplanes is
equal to the macroscopic free energy of Helmholtz.

Wolenski [11] generalizes the computational implementation of

Strains on the

Material Point

Stress at

Energetic Principles

> Microplane

Stress-strain laws valid for

|

Stress on the

Material Point <

Macroscopic Level
Figure 5

Principle of Virtual Work or
Thermodynamics

I
I
I
I
Microplane I
I
I
I
I

Microplane

Microplane Level

Synthesis of the microplane models formulation (Leukart [6])
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Leukart [6] proposition, in order to allow any microplane equivalent
strain measure and any damage law. Such an improvement has
been implemented in the context of the Unified Computational En-
vironment, proposed by Penna [12] and Gori et al. [13], on the IN-
SANE. This system has been expanded by Alves et al. [14] with the
enclosing the standard version of GFEM formulation with minimum
impact in the code structure. Based on this expansion an object
oriented design of GFEM to physically nonlinear analysis has been
extended by Monteiro et al. [15], being used in all simulations of
this paper. Further details about the INSANE system can be found
in INSANE Project [16].

The numerical simulations presented in this paper use one of the
options of the unified environment for microplane models of the
INSANE system. Specifically, the simulations uses volumetric-
deviatoric strain split proposed by Leukart [6] and the equivalent
strain defined by de Vree et al. [17], according to:

()

where &' is volumetric part of the strain tensor, €_p is the p compo-
nent of the deviatoric strain tensor, k, and k, are material param-
eters that relate to tensile and compression strength of concrete
and n,,, is equivalent strain measure adopted on the different
damage laws such as the exponential, polynomial, and linear laws
defined by equations (7), (8) and (9), respectively:

)

3
Nyree = 3k18V + \/(3’(18‘/)2 + Ekzsgsg

d™¢=1- ﬂ{1 — a + aelflo—0l}
K

Sf.K
) 1 T
(8)
with s= 1 7
1- <E0 :co>
ame = (1-) 9)

where d™¢ is the damage measure, « is the current equivalent
strain (equation 6), k, and «, are material parameters that specifies
a limit for k referring, respectively, to the beginning and end of the
damage process, while E_ is the Young’s modulus.

The parameter o is the maximum material degradation, B is
the parameter governing the shape of the post-peak branch,
f, is the equivalent stress related to the material strength limit.
They are dimensionless numerical parameters of the constitu-
tive model.

Table 1

These formulations are detailed in Wolenski [11] and they were ad-
opted on the numerical simulations presented in Wolenski et al. [18].

4. Numerical simulations
EE
In this section some numerical simulations are presented aiming to
illustrate and to validate discussions about the use of the anisotro-
pic constitutive model, which is able to represent the behavior of
concrete structures together with GFEM approach.
These simulations also allow illustrating the use of the GFEM ac-
cording to the characteristics of the analyzed problem, providing
different ways of investigating the problem and performing the
relevant numerical simulations, with the choice of the enrichment
functions, the nodes to be enriched, the combination of different
functions in the same problem, among other possibilities.
For all simulations, the approximation functions of enrichment, with
monomials expressed in coordinates x and y, are defined by:
B P, (no enrichment):

(10)

1 0

¢j ) =N [y

M P, (linear enrichment):

(x - x]-)
10 \MN
01 (x - x,-)
0
h;

M P, (quadratic enrichment):

R e 02

)
AR
=

(1) = N;(®)

h;

90 =N

The solution procedure to nonlinear problems described here
is the Newton-Raphson Algorithm and other characteristics of
each simulation are detailed in the respective item. The geom-
etry and boundary conditions are illustrated throughout each
problem, since the aiming is to use distinct types of elements
combined with different enrichment strategies. The results ob-
tained in the simulations are compared with the experimental
ones presented in literature.

4.1 Three-point bending

Petersson [4] experimentally studied concrete beams subjected
to three-point bending. The experimental results obtained by the
author were used by Monteiro at al. [15] and extended here to
compare with the numerical results of the simulations performed
with GFEM and FEM approaches.

Material parameters based on the experimental results obtained by Petersson [4]

Young's modulus Poisson ratio

Uniaxial yield stress Fracture energy

E, = 30000 MPa v.=0,20

c,=3,0 MPa G,=0,130 N/mm
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Figure 6
Three-point bending: geometry and mesh

Table 2
Parameters adopted o the simulatfions
for different laws

Exponential damage law
«=0960 | PB=50000 | «,=00002
Polynomial damage law
£=595 | E,=3000000 | &«,=0,000385
Linear damage law
x, = 0,00460 | x, = 0,000190

The material parameters obtained experimentally by Petersson [4]
and adopted to the numerical simulations are shown in Table 1.
Figure 6 depicts the geometric data of the beam and the mesh of

115 four-node quadrilaterals elements (with 4x4 Gauss Quadra-
ture). The numerical simulations are performed with the convention-
al FEM (260 degrees of freedom and with no enrichment - P,) and
with GFEM applying linear (P,) and quadratic (P, enrichment func-
tions highlighted at the nodes of the figure (384 degrees of freedom).
Table 2 presents the numerical parameters to the different dam-
age laws and they are grouped according to the equivalent strain
defined by de Vree et al. [17].

In possession of such parameters, the nonlinear analyses have
been performed under plane stress conditions and with the adop-
tion of the generalized displacement control method (Yang and
Shieh [19]), with initial load factor equal to 0,020, tolerance to
convergence of 1 x 104(x100%) = 0,010% in relation to the norm
of the incremental displacements vector, a reference load of
P = 800N and a secant approximation to the constitutive tensor.
Figures 7, 8 and 9 show the equilibrium paths, describing the vertical dis-
placement of the node 10, together with the experimental results obtained
by Petersson [4], using different damage laws, according to equations

1,000 F——— .
Petersson [6]
—— GFEM-P1+P2
800 + ——  FEM-PO
<. 600 |-
%
g 400 |-
=
200 +
U | i ! ! : | i | | | : | ! : '
0 Bl 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vertical Displacement (mm)
Figure 7

Simulations using an exponential damage law (equation 7)
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1,000 ¢

800
<. 600
=
g 400
- |

200

Petersson [6]
—— GFEM-P1+P2
FEM-PO

e

0 0.1 0.2 0.3 0.4

0.5 0.6 i s 0.8 0.9 1

Vertical Displacement (mm)

Figure 8

Simulations using a polynomial damage law (equation 8)

(7), (8) and (9). The equilibrium path GFEM-P1+P2 refers to the trajectory
obtained using GFEM approach and the equilibrium path denominated
FEM-PO refers to the trajectory obtained by the FEM approach.

From Figures 7, 8 and 9 it is possible to observe that the GFEM
approach provided stability to the equilibrium paths and agreement
with those experimentally obtained by Petersson [4]. The enrich-
ment strategy improved the solution around the region where the
nonlinear phenomenon happens and it does not require modifica-
tion in the neighboring elements of that region, as it would be the
case to FEM if selective h or p refinements are applied.
Additionally, it is recognized that the standard FEM analysis pre-

sented a worse description of the equilibrium path due to the
poorer discretization adopted. A finer mesh around the notch could
provide a better solution. In such case, special attention would be
required to avoid problems related to the transition from the bigger
to the smaller elements. Another strategy could be using higher
order elements on that same region, but the inclusion of irregular
nodes lead to a constrained approximation.

Figure 10 shows the number of iterations to achieve equilibrium
for each load step. This figure allows inferring that the number of
iterations GFEM does not significantly vary, being smaller in some
situations and greater in others.

1.000
Petersson [6]
_ —— GFEM-P1+P2
800 - FEM-PO
<. 600
o
g 400
s
200
0

0 0.1 0.2 0.3 04

05 06 07 08 009 1

Vertical Displacement (mm)

Figure 9

Simulations using a linear damage law (equation 9)
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versus GFEM approach
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Figure 11

Enrichments GFEM — = P1 = P2

Refined mesh for FEM

L-shaped panel: (a) geometry and boundary conditions; (b) mesh for GFEM with enrichment functions;

(c) mesh for FEM with no enrichment

Table 3
Material parameters obtained by Winkler et al. [5]

Young's modulus Poisson ratio

Uniaxial yield stress Fracture energy

E, = 25850 MPa v.=0,18

6= 2,70MPa G, = 0,065 N/mm

Table 4
Parameters adopted for the simulation of the
L-Shaped panel

Exponential damage law

«=0960 | p=50000 x, = 0,000152

4.2 L-shaped panel

The numerical simulations of a L-shaped panel are presented to
discuss the influence of mesh refinement and enrichment functions

on the numerical response performed with GFEM and FEM ap-
proaches, as well as the use of the Microplane Constitutive Model
by Leukart [6].

Such simulations are compared with the result presented by
Winkler et al. [5] that performed experimental tests on concrete
panel, according to the geometry and boundary conditions pre-
sented in Figure 11(a).

The numerical simulations are performed with triangular finite ele-
ments (T3) in the following way: conventional FEM with 410 ele-
ments (Figure 11(c)) (476 degrees of freedom and with no enrich-
ment - P ) and GFEM with 278 elements applying enrichments P,
in 142 nodes and P, in 23 nodes from the center corner of the

Load (kN)

0 : | : | : |

L

] L T T I T I T I T I T T

s Winkler [7] ]
—— GFEM-P1+P2 - Mesh 1
FEM-PO - Mesh 2

-

|
0.3 04

2 2 L
0.5 0.6 07

Vertical Displacement (mm)

Figure 12

Simulations for L-shaped panel by Winkler ef al. [5] using the Microplane Model and an exponential

damage law (equation 7)
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Step 100

0 +0.258065
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+0.516129

N

Step 250

+0.774194 +1

Figure 13

Variation of damage to an exponential function - mesh 1 (GFEM)

panel, as illustrated in Figure 11(b) (1082 degrees of freedom).

It was adopted enrichment functions P, for an area with a higher
occurrence of damage, in order to achieve the same effect of
mesh refinement via FEM in this region. A conventional FEM
analysis (Figure 11(c)) was applied considering all nodes without
enrichment (P ).

The material parameters experimentally obtained by Winkler et al.
[5] and adopted to the numerical simulations are shown in Table 3.
From Table 3 it was possible to obtain the numerical parameters
used in the simulations, according to Table 4.

In possession of such parameters, the nonlinear analyses have
been performed under plane stress conditions and it is adopted
generalized displacement control method, with initial load factor
equal to 0,03, tolerance to convergence of 1 x 10 (x100%) = 0,010%
in relation to the norm of the incremental displacements vector,
reference load of q =32 N/mm and a secant approximation to the
constitutive tensor.

Figure 12 shows the numerical results of the displacement control
point shown in Figure 11(a), together with the experimental results
obtained by Winkler et al. [5].

Both results show good concordance with the experimental ones

Step 100

0 +0.258065

ot _

+0.516129

obtained by Winkler et al. [5]. However, it is noted better stabil-
ity along of the inelastic regime obtained with GFEM approach
and the equilibrium path was closer to the experimental result
than the equilibrium path obtained with standard FEM. Only the
insertion of enrichment functions into the coarser mesh, without
the need for refinement, was able to improve the result in rela-
tion to the FEM.

To illustrate the evolution of panel degradation throughout the anal-
ysis, the Figures 13 and 14 shows the damage for both meshes 1
(GFEM) and 2 (FEM), respectively.

These figures show that the propagation of damage represents
the expected behavior, since the degradation begins in a concen-
trated manner in the center of the panel and propagates horizon-
tally along of the panel. In this sense, the mesh with a greater
refinement presented a behavior slightly closer to that obtained
by Winkler et al. [5], for the experimental and numerical cases, as
illustrated in Figure 15.

The substitution of finite element mesh refinement by GFEM ap-
proach proved to be efficient for the problem in question, indicating
the flexibility and feasibility of this feature to the physically nonlin-
ear analysis.

Step 250

+0.774194 +1

Figure 14

Variation of damage to an exponential function - mesh 2 (FEM)
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Figure 15

Damage pattern observed by Winkler et al. [5]: (a) experimental and (b) numerical

5. Final remarks
E———

In this paper a summary of GFEM formulation and of the Anisotro-
pic Constitutive Models, based in Microplane Theory, were made.
It was analyzed a concrete beam subject a three-point bending
and a L-Shaped Panel, and a computational framework for non-
linear analysis by GFEM approach combined with the Microplane
Constitutive Model was used.

The obtained results were compared with the experimental ones
provided by Petersson [4] and Winkler et al. [5] and they showed
good agreement in all simulations performed to different damage
laws. It was possible to verify the versatility of the GFEM approach
in INSANE system because of the application of different polyno-
mial enrichment functions combined with different damage laws of
the Microplane Model by Leukart [6].

In both simulations (Sections 4.1 and 4.2) the enrichment strat-
egy under the GFEM approach provided stability to the equilibrium
paths. The polynomial enrichment strategy provided by GFEM al-
lows improving the quality of the approximation in a very simple
and straightforward way, without overloading the analysis with a
very refined mesh.

All the simulations demonstrated that GFEM are able to reproduce the
results of FEM and even improve the solutions just applying enrich-
ment functions in some nodes of the meshes, allowing varied analysis
in which the refinement of the mesh (that can lead to numerically in-
duced strain localization) is not necessary to achieve better solutions.
New investigations can be performed aiming to verify the numeri-
cal stability of GFEM to the nonlinear analysis, mainly when its ap-
plication requires enrichments of higher order or a large number of
finite elements. Additionally, it is possible to apply other constitutive
models and also to apply the GFEM global-local implementation to
nonlinear analysis, which is under development.

These aforementioned research themes are among the future
works of our research group, aiming to empower the INSANE
computational platform to solve wider range of the solid mechan-
ics problems. Finally, a data set along within put files of this work
can be found at https://doi.org/10.6084/m9.figshare.5505898 [20],
in order to reproduce the results here presented.
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Abstract
E——

The study of alternative binders to Portland cement, such as geopolymer cements, offers the chance to develop materials with different properties.
With this purpose, this study evaluated experimentally the mechanical behavior of a geopolymer concrete beam and compared to a Finite Element
(FE) nonlinear numerical model. Two concrete beams were fabricated, one of Portland cement and another of metakaolin-based geopolymer ce-
ment. The beams were instrumented with linear variable differential transformers and strain gauges to measure the deformation of the concrete
and steel. Values for the compressive strength of the geopolymer cement concrete was 8% higher than the Portland cement concrete (55 MPa
and 51 MPa, respectively) and the tensile rupture strength was also 8% higher (131 kN) for the geopolymer concrete beam in relation to Portland
cement concrete beam (121 kN). Distinct failure mechanisms were verified between the two samples, with an extended plastic deformation of
the geopolymer concrete, revealing post-fracture toughness. The geopolymer concrete showed higher tensile strength and better adhesion in
cement-steel interface.

Keywords: concrete, geopolymer, beam, finite element.

Resumo

O estudo de aglomerantes alternativos ao cimento Portland, como os cimentos geopoliméricos, contribui para o desenvolvimento de materiais
com diferentes propriedades. Com este objetivo, nesta pesquisa, foi avaliado experimentalmente o comportamento de vigas de concreto com-
parando com modelo numérico utilizando Elementos Finitos. Foram fabricadas duas vigas de concreto, uma utilizando cimento Portland e outra
utilizando cimento geopolimérico. As vigas foram instrumentadas com LVDT's e strain gauges para medir a deformagao do concreto e do ago. A
resisténcia a compressao do concreto geopolimérico foi 8% superior em relagdo ao concreto de cimento Portland (55 MPa e 51 MPa, respecti-
vamente) e a tenséo de ruptura a flexdo também foi 8% superior para a viga de concreto geopolimérico (131 kN) em relagao a viga de concreto
de cimento Portland (121 kN). Mecanismos distintos de ruptura foram observados, com maior deformacéo plastica para viga de concreto geopo-
limérico, mostrando sua tenacidade. O concreto geopolimérico apresentou maior resisténcia de aderéncia a tragdo e maior coesao na interface
com a armadura.

Palavras-chave: concreto, geopolimero, viga, elementos finitos.
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Structural analysis of composite metakaolin-based geopolymer concrete

1. Introduction

EE

The growing demand for concretes with higher performance, lower
cost and reduced environmental impact has promoted the devel-
opment of clinker-free alternative cementitious materials [1]. The
use of clinker-free materials, including alkali-activated cements
(AACs), also referred as ‘geopolymers’, can reduce the carbon
footprint of construction projects when compared to those using
conventional Portland cements [1, 2].

Geopolymer cements are increasingly being studied because they
present improvements in certain properties compared with Portland
cement, namely competitive costs and lower environmental impact
[3-6]. Among the main characteristics of this cement, the following
should be highlighted: excellent mechanical strength [3] and high
temperature (800°C) [7], long-term durability [4], low shrinkage [5],
fast setting [4] and acid resistance [8]. The material can be produced
using a wide variety of raw materials - do not require materials of
high purity and uniformity [9]. Considering these characteristics, the
development of geopolymer concretes and their application to ele-
ments with structural purpose is a promising field of research.
Numerous studies [3-9] have evaluated the compositions and ma-
terials used to produce geopolymers, their curing procedures, gen-
eral mechanical properties, durability and thermal properties. Geo-
polymers result from a three-dimensional aluminosilicate network,
composed by amorphous to semicrystalline structures [10]. Two
main alkali-activated binding systems were established: (i) one com-
posed by silica and blast furnace slag (Si+Ca), (ii) the other based
on metakaolin and fly ash (Si+Al) [11]. Blast furnace slag [12], fly
ash [13, 14] and metakaolin-based geopolymers [15-17] have been
widely studied in the last decade, and results revealed their potential
for the construction industry [1, 3]. High compressive strength val-
ues, around 60 MPa at 28 days [3, 18] and over 70 MPa at 90 days
[19], better cohesion and adhesion of the cement matrix to reinforce-
ment elements [3, 20], are some of its advantageous properties.
The majority of the research papers published focus on the analy-
sis of the micromechanical and mechanical properties of geopoly-
mer paste/mortar/concrete. However, for the employment of geo-
polymer materials in the construction industry, it is of paramount
importance the characterization of the structural behavior of rein-
forced concrete elements having them as bonding material. How-
ever, only a few studies involving the application of geopolymer
cements in structural elements had been reported.

Table 1

Recently, for example, Un, Sanjayan, Nicolas and Deventer [21]
tested a geopolymer concrete beam having as goal the study of its
cracking and deformation for the slow application of the load. These
authors showed that the geopolymer concrete beam strength results
are viable for the use as structural elements, however they detected
cracking in the curing stage and indicated that further analysis should
be pursued. Maranan et al. [22] investigated the structural perfor-
mance of five GFRP- reinforced beams and compared their results to
a steel-reinforced geopolymer concrete beam (the control specimen).
As a result, they showed that the bending-moment capacities at con-
crete crushing failure of the GFRP-reinforced geopolymer concrete
beams were 1.2—1.5 times greater than the one of the steel-reinforced
geopolymer concrete beam with similar reinforcement ratio.

In this context and in order to contribute to the state of the art of this
subject, this paper aims at evaluating the structural performance of
reinforced concrete beams whose bonding component is the geo-
polymer cement. Also, it gives a step forward in utilization of such
cement in elements with structural purpose, advancing the work de-
veloped by the authors on the characterization of the micromechani-
cal behavior of geopolymer cement pastes/mortars [23]. The main
idea here is to identify if the properties of geopolymer cement, such
as ductility and tensile strength, contribute to the structural perfor-
mance of beams. In order to accomplish this goal, first, the mechani-
cal behavior of the geopolymer concrete is evaluated by pursuing
compressive strength, steel-concrete bond and elastic modulus
experiments. Then, a 4 point bending test is developed in order to
measure the structural performance of the geopolymer reinforced
concrete beam. In both cases, mechanical characterization of the
concrete and of the beam, specimens are fabricated with Portland
cement to serve as reference results. Finally, a non-linear finite ele-
ment model of the geopolymer beam is built using the experimental
data (acquired in the geopolymer concrete experiments) and its re-
sults are compared to the experimental ones.

2. Materials and methods

EE

As it was mentioned in the introduction, we divide the experiments
in two steps: (i) characterization of the mechanical behavior of the
geopolymer concrete, and (ii) analysis of the structural behavior of
reinforced geopolymer concrete beam. For the first step, it is nec-
essary to evaluate the compressive strength, elastic modulus and
steel-concrete bond, while the second phase is accomplished with a

Composition of concretes used o produce RefBeam e GeoBeam beams

Materials GeoBeam (in mass) Materials RefBeam (in mass)
Geopolymer cement ! 1 Portland cement 1
H20/MK (9/9) 0.75 w/c ratio 0.40
Sand 3.8 Sand 2.3
Gravel 1.2 Gravel 2.7
Sand+Gravel 5 Sand+Gravel 5
Density (kg/m?) 2350 Density (kg/m?) 2360

'Composition of the geopolimeric cement (wt% - ratios): SiO,/Na,O = 6.94; SiO,/Al,O, = 3.20; Na,0/Al,0, = 0.46; Na,0SiO,/NaOH = 1.60 [23]

536 IEE——

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3




F. PELISSER | B. V. SILVA | M. H. MENGER | B. J. FRASSON | T. A. KELLER | A.J. TORII | R. H. LOPEZ

N1-2@ 5.0mm c=2150 mm SECTION AA
25mm - =
LOADING BEAM .
SG1 2 o -A [ 9
| | 250 mm
v+ 1; ‘\ 3 3
= -A ()
LVOT 1 — SG3 25 mm ! i
. LVDT 3 t L il
120 mm
50 mm 700 mm 700 mm 700 mm 50 mm 7
6 N3 ¢/110 mm 4 N3 ¢/165 mm 6 N3 ¢/110 mm
2150 mm
N3 - @6.3mm ¢=580 mm
Figure 1

Schematic representation of bending tests performed with prepared reinforced beams

four-point beam bending test [24]. To create a basis of comparison,
in both steps specimens also are fabricated with Portland cement,
which are considered as reference results. In the sequence, we first
define the composition of the concretes used in this research, and
then, we present the details about both experimental steps.

2.1 Concrete composition and production

The experimental setup initiates with the data required to produce
the concrete. Table 1 gives the composition of the cement and the
concretes prepared to produce the specimens for the concrete me-
chanical characterization as well as the beams. It is important to
mention that the reference concrete is produced with Portland ce-
ment (RefBeam), while the other uses geopolymer cement (Geo-
Beam). In both concretes, Standard sand (NBR 7215 [25]) was
utilized. Such a sand is composed of equal mass fractions of four
distinct sizes — 0.15-0.3 mm, 0.3-0.6 mm, 0.6-1.2 mm, and 1.2-2.4
mm. Gravel (with a fineness modulus of 4.67 and a maximum di-
ameter of 12.5mm) was also added.

Cement mixing was performed in a 10 L mixer, followed by the ad-
dition of the aggregates, and an additional mixing step (in a 20 L

Figure 2
Application of Geopolymer concrete in the beam

mixer). Cylindrical test specimens measuring 10 x 20 cm @ were
molded for the compressive strength and elastic modulus tests,
while for the steel-concrete bond tests, test samples measuring 10
x 10 cm @ were produced.

2.2 Concrete mechanical characterization

The compressive strength determination was evaluated in an elec-
tric-hydraulic testing machine, with a 0.5 MPa/s loading rate [26],
at curing age of 7, 21 and 28 days. The elastic modulus was de-
termined using the stress/strain curve obtained in the compressive
strength test. The elastic modulus was determined by the tangent
of the stress-strain curve, for values up to 0.5 MPa [27].
Steel-concrete bond was measured by push-in tests [28]. Ribbed
steel rods were used with a nominal diameter (@) of 8.0 mm and
anchor length 40.0 mm (5@). The steel yield strength is 597 MPa
and the ultimate stress is 747 MPa, both obtained from a tensile
test at a controlled speed, according to the parameters ISO 6892-
1:2009 [29]. Two linear variable differential transformers (LVDTs)
were positioned on the opposite sides of each test sample to con-
trol the relative displacement of the compressed rod in relation to
the concrete. The bond strength test was performed in an electric-
hydraulic testing machine, with a 0.032 MPal/s loading rate, as rec-
ommended by RILEM RC6:1983 [30]. The maximum bond stress
(tb, max) was calculated using equation 1:

M

where £ is the maximum load achieved during testing, @ is
the diameter of the steel rod and /,  is the length of the experi-
mental anchorage.

F max

0. Loxy

Thmax —

2.3 Structural behavior of the beams

The behavior of the geopolymer concrete within a structural ele-
ment was evaluated using the four-point bending test [24], which
is schematically illustrated in Fig. 1. A part of the actual beam is
shown in Fig. 2.

The Portland and geopolymer concrete beams tested in this
research have the same dimensions - 12 x 25 x 220 cm
(width x height x length) — and reinforcement - 16 mm and
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Figure 3

. .-5.17;_;
— "

(a) Setup experimental of Geopolymer concrete beam; (b) Detail of LVDTs position and bonding of strain

gauges in Geopolymer concrete beam

5 mm @ steel rods were utilized (Fig. 1). The beams were project
according to requirements of NBR 6118 [24], i.e. ductile structures.
Both concrete beams were cured in ambient, with relative humidity
around 60% and temperature of 23 £ 2°C.

The strain gauges were fixed on the steel bars (SG3, Fig 1) at the
mid-span of the beam. Two other strain gauges were fixed on the
concrete compression cover (SG1 and SG2 - Fig. 1 and 3).

The overall ductility i, of the beam is calculated by equation 2:

“os @

where 3 is the maximum displacement at failure and 3, is the maximum
displacement at yield stress (to reach the plastic region — plastic load).

The correlation between the applied load and the “¢” curvature
formed in the cross-section of the beam, which takes into account
the specific deformations measured by the strain gauges (SG) in the

steel (SG-T) and in the concrete (SG-C) is given by the equation 3:

@)

where ¢ is the curvature of the cross-section, ¢_ is the deforma-
tion of the steel, ¢_ is the deformation of the concrete in the most
compressed fiber of the cross-section, and d is the distance

—&

_Ss
b= d

Table 2

from extreme compression fiber to centroid of longitudinal ten-
sion reinforcement.

3. Results and discussion
[

3.1 Mechanical properties of concrete

The compressive strength of the geopolymer cement concrete was
8% higher than Portland cement concrete (28 days), achieving 55
MPa and 51 MPa, respectively (Table 2). However, the rate of
strength gain of Portland cement concrete was higher than that of
geopolymer concrete in the first curing period (up to 7 days), prob-
ably because the curing of geopolymer concrete was performed
at room temperature (and not as usual thermal curing). The mean
value of the elastic modulus of the geopolymer concrete was es-
timated as 26 GPa, which is very similar to previous results ob-
tained for the same type of metakaolin-based geopolymer mortar
[20]. This value is about 45% lower than the one estimated for the
Portland cement concrete (48 GPa). This rigidity loss or increase
in deformation is characteristic of geopolymer concretes [31] and it
has influence of the Si/Al ratio. Low ratio of Si/Al<3 result in three
dimensional cross-linked rigid network, whereas a higher ratio of
Si/AI>3 results in two dimensional network having linearly linked

Measured mechanical properties of the two concretes

Geopolymer Compressive strength (MPa) Elastic modulus Bond strength
concrete 7 days 21 days 28 days (GPa) (MPa)

Mean (s.d.) 5.4+0.2 44.5+5.4 55.1+2.2 26.1+0.2 34.1+0.3
Portland Compressive strength (MPa) Elastic modulus Bond strength
concrete 7 days 21 days 28 days (GPa) (MPa)

Mean (s.d.) 33.5+0.6 49.1+1.6 50.6x1.4 48.1+£1.4 26.1+1.0
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Figure 4
Load vs vertical displacement curves of the tested
beams, obtained by using the LVDTs

polymeric structures [32]. In this work the molar ratio Si/Al = 3.2
(table1), being between the two zones.

In the steel-concrete bond test, the displacement of the steel rod as
a function of the applied load was measured and the bond strength
results are in Table 2. The steel rod slippage in the geopolymer
concrete was 40% lower than in Portland cement concrete, while
the maximum bond stress was 23% higher. All the test samples
showed slipping of the steel rod in relation to the concrete and
no apparent concrete cracking was observed. The higher value of
steel-concrete bond stress obtained in the geopolymer concrete
contributes to the decrease in the anchoring length of the rein-
forced concrete beams. This shorter anchoring length will contrib-
ute to structural elements with lower steel consumption per cubic
meter of concrete. This fact can generate structural elements more
economical in comparison to the Portland cement concrete.

3.2 Structural behavior of the beams

Figure 4 shows loading vs. displacement curves of the beams
for both concretes. GeoBeam showed a maximum failure load of
131.7 kN (maximum bending moment, Mu = 48.9 kN.m), while the
Refbeam reached 121.4 kN (Mu = 45.1 kN.m). The cracking loads
were estimated as 17.1 kN (cracking bending moment, Mcr = 6.9
kN.m) and 20.4 kN (Mcr = 8.1 kN.m), respectively, for the Geo-
Beam and RefBeam. The maximum displacement at service load
(L/250, NBR 6118) [22] was 77.7 kN (Moment at L/250 - M(L/250)
= 29.1 kN.m) for the GeoBeam, while it was equal to 98.9 kN
(M(L/250) = 36.9 kN.m) for the RefBeam.

The plasticity load was 127.0 kN (plasticity moment, Mp = 47.2
kN.m) and 116.2 kN (Mp = 43.2 kN.m) for the GeoBeam and Ref-
Beam, respectively. It is important to highlight here that the failure
load was 8% greater for the geopolymer concrete beam. The maxi-
mum displacement at failure load was equal to 27.6 mm, while for
plasticity load was 14.4 mm, which results in an overall ductility
factor of 1.92 for the GeoBeam. For the RefBeam, the maximum
displacement at failure load was 16.5 mm and for plasticity load
was 10.4 mm, which results in an overall ductility factor of 1.59.

-20

Displacement (mm)

25

A—A—A GeoBeam-Mcr

.30 ®— 0@ GecBeam-M(L/250)
B—B—8 GeoBeam-Mp
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Figure 5
Vertical displacement along the beams length,
measured by the LVDTs during the loading test

Figure 5 shows the elastic line obtained by using the three LVDTs.
Taken together, these results revealed that the GeoBeam pres-
ents higher plastic deformation (see Fig. 4), leading to higher
ductility. This behavior has been observed by other researchers
when evaluating the ductility of geopolymer cement composites
with fibers [31]. The geopolymer concrete can support higher de-
formation without failure since it shows higher resistance to crack
propagation or higher tenacity. This is revealed for the GeoBeam in
the plastic regime (Fig. 4). Despite less rigid than Refbeam, differ-
ences in the elastic regime are not very high, i.e. similar behavior
in the elastic regime.

Figure 6 presents the specific deformation of the steel (measured

140
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Figure 6

Separated load vs deformation curves of the steel
and concrete components of the two beams
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Moment vs curvature curves measured for the
tested beams

at the base of the beam) and of the concrete (evaluated on the
top of the beam), upon loading in the flexural tensile mode. The
deformation at maximum load is rather similar for the two con-
cretes: geopolymer = 2.77%; Portland cement = 2.78%. This is
another evidence of the suitability of the geopolymer concrete as a
substitute of Portland concrete for selected structural applications.
Complementarily, the curvatures “¢” of the beams, measured upon
charging until the plasticity loads were equal to 2.02x10% rad/mm
and 2.28x10®° rad/mm for the RefBeam and GeoBeam, respec-
tively (Fig. 7), which shows a rotation capacity higher than 11%
for the GeoBeam before the plasticity moment compared with the
RefBeam. Figure (8a) and (8b) shows the behavior of the beams
with respect to cracking after rupture, showing a small decrease of
the cracking for the geopolymer concrete.

In general, the mechanical behavior of the geopolymer concrete
makes it a potential candidate to be applied to structural elements.
This concrete has higher bond on steel-concrete interface, ductil-
ity and toughness, which improved the structural performance of
the beam when compared to the Portland cement concrete beam.
Another research demonstrate that fly ash-based geopolymer con-
crete has excellent potential for applications in the precast industry
[33]. Therefore, there is a great potential for geopolymer concrete
to be cast in situ [34]. However, more experimental tests, involving
numerous variables that influence the execution of structures, so
that this material can be used safely.

3.3 Analysis using Finite Element Method (FEM)

The experimental results were also compared to a Finite Ele-
ment (FE) nonlinear numerical model, presented in Figure 9.
Because of symmetry, only half structure is studied. Both geo-
metrical and physical nonlinearities were taken into account.
The steel bars and the concrete were modeled using quadratic
truss elements and quadratic plane stress elements, respec-
tively. The support was modeled using a 75 cm length zone
composed by rough contact elements, which prevent horizon-
tal slippage, and an elastic basis (the material of the support
was assumed elastic since we are not interested in the plastic

Figure 8
State of the beams after the experiments.
(a) Geopolymer concrete (b) Portland concrete

response of this part of the structure). The load was applied in
a 10 cm length zone in order to prevent stress concentrations.
Besides, perfect bond between steel bars and the concrete is
assumed (this assumption was observed accurate enough in
this case). The properties of the steel and the concrete were the
ones obtained in the mechanical characterization experiments.
Constitutive behavior of the steel assumes that yielding occurs
at 597 MPa and the ultimate stress is 747 MPa. Constitutive
behavior of the concrete is made using a smeared crack model.
The necessary parameters that were not measured in this work
(e.g. concrete response in tension, Poisson’s coefficient) were

Figure 9
Numerical model
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(Avg: 75%)
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+1.7072-03
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+1.101e-03
+1.000e-03
-7.683e-03

—

Negative plastic strains (compressive)

Positive plastic strains (tensile)

Figure 10
Longitudinal plastic strains

taken as standard values presented by [35]. The positive (ten-
sile) and negative (compressive) longitudinal plastic strains are
presented in Figure 10. We note that the lower part of the struc-
ture presents tensile plastic strains, while the upper part and a
small region close to the support present compressive plastic
strains. These results agree with experiments (see Figure 8a),
since the concrete was crushed in the upper part of the beam
(compressed beyond its resistance). The deflection at mid-span
is presented in Figure 11. The ultimate resistance obtained
(136.5kN) and the deflection response obtained also indicate an
agreement between the experiments and the numerical model.

140
120
100

80

Load (kN)

60

40

== 'Numerical'

20
= 'Experimental’

0 5 10 15 20
Deflection (mm)
Figure 11
Deflection at mid-span of Geopolymer
concrete beam

4. Conclusions
|
This research analyzed the structural behavior of a geopolymer
concrete beam and compared its results to a cement Portland
beam. This analysis began with the characterization of the me-
chanical behavior of the geopolymer concrete. Then, the structural
analysis of the beam with different bonding materials was investi-
gated by a 4 point bending test. Finally, a non-linear finite element
model of the geopolymer beam was built using the experimental
data acquired in the geopolymer concrete experiments and its re-
sults were compared to the experimental ones.
The characterization of the mechanical properties of the geopoly-
mer concrete showed that it has better steel-to-concrete bonding,
higher compressive strength at 28 days and lower rigidity than the
Portland concrete. The main results of the analysis of the structural
behavior were:
the geopolymer concrete beam is more ductile: ductility coef-
ficient of 1.92 of the GeoBeam, while the Refbeam was 1.59;
the geopolymer concrete beam reached higher maximum failure
load and plasticity load than the Portland concrete structure;
the geopolymer concrete beam presented higher toughness
than the conventional structure.
The finite element model generated with the data from the me-
chanical characterization of the geopolymer concrete presented
reasonable results since the numerical results agreed with the ex-
perimental ones.
From the experimental tests carried out on two prototype beams,
it was possible to show the potential of the geopolymer concrete
for application in structures. The tested beam - more than two
years old - is exposed to the external environment, with no signs
of leaching or other deterioration. Also, two more beams were test-
ed, in reduced scale, resulting in the same behavior. Despite all
manufacturing limitations for applying geopolymer concrete, it is a
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material with promising performance, which uses low cost raw ma-
terials and industrial waste.
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Abstract
E———

The main cause of concrete structures deterioration is related to the resistance against the penetration of aggressive agents. Aiming at increase
the impermeability and reduce the diffusivity of concrete elements, making it less susceptible to the ingress of chloride ions, the use of crystalline
catalyst emerges as a good alternative. Its mechanism of autogenous healing enhances the natural pore-filling process of concrete. The aim of
this study is to investigate the influence of the use of crystalline catalyst on the chloride ions penetration and service life prediction of concrete. For
the concrete mixtures production, it was used blast-furnace slag blended cement, three different water/cement (wi/c) ratios (0.45; 0.55; 0.65), with
and without crystalline catalyst, totaling six different mixtures. The concrete specimens were cured in a moist chamber and tested at 28 and 91
days. It was performed tests of compressive strength, rapid chloride permeability (ASTM C1202:12), and silver nitrate colorimetric indicator. The
results show that, compared to the reference mixture, the use of crystalline catalyst conserved the compressive strength and reduced the chloride
ions penetration up to 30%, increasing service life up to 34%.

Keywords: durability, reinforced concrete, chloride ions, crystalline admixture.

Resumo

Arazéo predominante da deterioragéo das estruturas de concreto armado esta relacionada com a capacidade de resisténcia contra a penetragéo
de agentes agressivos. A fim de favorecer a elevagéo da estanqueidade de elementos de concreto e a redugéo da difusividade dos concretos,
tornando-os menos suscetiveis ao ingresso de ions cloreto, a utilizagao de aditivo cristalino desponta como opg&o muito interessante. Seu me-
canismo de autocicatrizagao autdgena potencializa o processo de colmatacédo natural do concreto. Este trabalho objetivou investigar a influéncia
da utilizagao desses aditivos autocicatrizantes cristalinos no que tange ao avango de ions cloreto e a estimativa de vida util em concretos. Para
a producéo dos concretos foi utilizado cimento Portland com escéria de alto forno, considerando trés relagées agua/cimento (0,45; 0,55; 0,65),
sem e com o aditivo cristalino, totalizando seis proporgdes de materiais. Os corpos de prova foram curados em camara Umida e ensaiados nas
idades de 28 e 91 dias. Foram realizados ensaios de compressao axial, penetragéo acelerada de ions cloreto, ASTM C1202:12, e ensaios de
indicadores colorimétricos com aspersao de nitrato de prata. Apos andlise efetuada, os resultados demonstraram que, comparativamente ao
concreto de referéncia, o uso do aditivo cristalino resultou na conservagao da resisténcia a compressdo em concretos, na redugéo da penetragao
de cloretos em até 30%, e, na elevacgao da vida util de projeto, VUP, em até 34%.

Palavras-chave: durabilidade, concreto armado, ions cloreto, aditivo cristalino.
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1. Introduction

EE

The chloride ions penetration is one of the main mechanisms of
deterioration of reinforced concrete structures. This is due, partly,
to the possibility of these ions being transported to the interior of
the concrete, reaching the steel reinforcement and causing cor-
rosion [1-3]. A preventive measure that can be applied to reduce
the entrance of this aggressive agent in the concrete is the use
of crystalline catalysts, which induce the pore-filling effect, thus,
minimizing the chloride ion penetration.

It is known that in similar conditions of consumption and proper-
ties of aggregates, the more porous the concrete and the intercon-
nection between the pores, higher is the penetration of aggres-
sive agents [4]. Additionally, according to Sousa [5], the higher the
w/c ratio, higher is the concrete porosity. According to Neville [6],
what determines the penetration and movement of the aggressive
agents through the concrete is the hydrated paste structure and its
chemical and physical characteristics, the superficial concentration
of aggressive agents and the environmental conditions.

Due to the need of concretes which are more resistant to the pen-
etration of aggressive agents, especially the chloride ions, it is im-
portant to highlight the use of crystalline catalysts. The study of its
application in elements of concrete structures exposed to marine
environments is relevant for the prevention of pathological mani-
festations. Thus, becomes crucial the study of these crystalline
catalysts in concretes exposed to chloride ions contamination.
The autogenous healing is defined as a self-healing property,
where the healing is caused by the concrete hydrated compounds,
which can be or not activated. From the microstructure aspect, the
autogenous healing is characterized by the use of microcapsules
filled with healing agents or by the vascularization of hollow tubes
which pump the healing agents [7].

It is worth noting that the autogenous healing mechanism tends
to occur by the concrete natural pore-filling due to the chemical
reactions (continuous hydration, CaCO, formation) and mechani-
cal actions (loose particles in the cracks or suspended in water), or
even due to the self-healing phenomenon caused by active cata-
lysts. The production of self-healing concretes by the autogenous
approach id favored by the use of special component, such as the
crystalline catalyst [8].

In this context, the crystalline catalyst with self-healing agent, sub-
ject of analysis in this study, is defined as a synthetic cementi-
tious material classified as a hydrophilic waterproofing material or
also as a hydrostatic permeability reducing admixture. Its reactive
compounds combine with the concrete Ca(OH), forming crystalline
products which disconnect the pores and fill the cracks. It is impor-
tant to note that the crystalline products can only have a positive

effect when there is enough humidity, since water availability is
crucial for the autogenous healing reactions [9].

The admixture active chemical substances use water as a medi-
um of diffusion to migrate and ingress in the concrete capillaries
and cracks. The process is based in the precipitation of a chemi-
cal reaction, promoted by the catalyst, between the water and the
cement hydration byproducts, forming a new insoluble crystalline
structure of calcium silicate hydrate (C-S-H), calcium carbonate
(CaCO,), apatite crystals (CaF,) and enstatite crystals (MgSiO,).
This crystalline structure fills the pores making the concrete less
permeable due to the cracks pore-filling [10].

Researches have evaluated the effect of crystalline catalyst in
concretes [11-18]. However, it is relevant to know its potential re-
garding the mitigation of chloride ions penetration and the increase
of service life of concrete structures, characterized, according to
Helene [1], by the initiation of corrosion or even by the period in
which the chloride ions reach the steel reinforcement in sufficient
concentrations to dissolve the steel passivation film. In this study,
it will be analyzed the influence of the use of self-healing crystal-
line catalyst in concretes focusing on chloride ions penetration and
service life prediction.

2. Materials and methods
E—

2.1 Materials

The cement used for the specimens’ preparation was blast-furnace
slag blended cement, sulfate resistant, CP Ill 40 RS. Due to its
characteristics, this cement has been the most used in the dis-
trict of Espirito Santo — place where the study was performed. The
main reason for its use is the increased resistance against chemi-
cal attack, since there are many construction projects close to the
sea in the district. The proximity with the sea means salt spray
exposure, the main responsible for the chloride ions penetration
in concrete structures. It is also worth noting the autogenous heal-
ing mechanism promoted by the use of blast-furnace slag cement.
Thus, in this context, it is also intended to assess the catalyst ef-
ficiency in concretes with high slag content.

The fine aggregate used was quartz sand, previously washed
and kiln dried between 105°C and 110°C. As coarse aggregate,
crushed rock originated from diabase from the city of Serra-ES was
used. Aiming at provide an adequate workability between the dif-
ferent mixtures investigated, it was used a plasticizer chemical ad-
mixture of normal setting, which proportion recommended by the
manufactures is 0.2 to 2 % of the cement weight.

Table 1 presents the chemical composition of the crystalline cata-
lyst and the cement used.

Table 1
Typical chemical composition of the components, in percentage
Components SiO, ALO, Fe,O, CaO K,O Na,O MgO SO, LOI
Crystalline 1 5 3 17 43 309 0.15 5 19.4 1 -
catalyst
CPIIl 40RS 28.22 8.36 1.78 50.01 0.40 0.26 6.05 1.77 2.45
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Table 2

Materials consumption by cubic meter of concrete

Materials (kg/m? of concrete)
Coarse Coarse
Mixture | w/c ratio Fine aggregate | aggregate Plasticizer | Crystalline
Cement aggregate (4.8 1o (9.5to Water admixture | catalyst
9.5 mm) 19 mm)
0.45 398 748 390 728 179 1.19 7.96
A [ oss 325 813 390 728 179 0.98 65
0.65 275 857 390 728 179 0.83 5.5
Table 3

Compressive strength and slump test results

. Compressive strength Cement consumption
Mixtures at 28 days (MPa) Slump (mm) (kg/m?)

CPIll - Q.45 without 452 240 308
crystalline catalyst

CPIll - 0.45 with 458 200 308
crystalline catalyst
CPIll - Q.55 without 497 220 395
crystalline catalyst

CPI - 0.55 with 376 200 305
crystalline catalyst
CPIll - Q.65 without 200 60 275
crystalline catalyst

CPIl - 0.65 with 200 50 275
crystalline catalyst

2.2 Specimens preparation

Concrete mixtures were produced using a vertical axis mixer at
three different w/c ratios (0.45; 0.55; 0.65), with and without crys-
talline catalyst. Table 2 and 3 show, respectively, the consump-
tion of materials and the test results for characterization and con-
trol of the concrete specimens.

Table 3 presents the results of workability for the different mixtures,
and it can be verified that for each w/c pair, with and without crys-
talline catalyst, the slump values were equivalent.

|

Figure 1
Test procedure

A - Original concrete specimen; B - Extraction of
test specimens; C - Coating of side face;
D - Saturation; E - Cells assembly.

"

f

=

2.3 Test procedures

It was performed the rapid chloride permeability test (RCPT) which
follows the procedures of Whiting [19] and is recommended by the
standard ASTM C1202/12. The cylindrical specimens (51 mm thick
and 195 mm in diameter) were exposed in one side to a sodium
chloride solution (3% NaCl by mass) and the other to a sodium
hydroxide solution (0.3 N NaOH). A potential difference of 60 +
0.1 V is applied, which generate an electric current and induce the
chloride anion to diffuse through the concrete under influence of an
electric field. Electric current readings were taken using an amme-
ter every 30 min, totaling 6 h of test. The electric current multiplied

—

+ -

60V

EEE\ BT
ol o w | \uJ w9 =

Test graphical representation
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Figure 3
Split specimens

by time, expressed in coulombs (C), indicates the total charge that
passed through the specimen and represents the concrete resis-
tance to the chloride ions penetration.

The test procedures were the following. Initially, the specimens
were removed from the curing chamber and sawed in 4 parts
perpendicular to the vertical axis, being discarded the extremi-
ties and used the central parts, procedure statistically validat-
ed by Helene e Medeiros [20]. At the following day, the side
faces of the specimens were coated with an epoxy resin. A day
before testing, the specimens were submitted to vacuum for 4
hours. After 3 hours of removing them from the vacuum, they
were submerged in deionized and deaerated water, remaining
at this condition for 18h. At the testing day the samples were
removed from the desiccator and coupled to the cells. The test
procedure and graphical representation are represented in
Figure 1 and 2, respectively.

Completed the RCPT, the specimens were sprayed with silver ni-
trate aiming to verify the final chloride penetration depth. This pro-
cedure was proposed by Luping e Nilsson [21]. For this purpose,
the specimens were split in half, using the compressive strength

7000 +
900 -
800
700 -
600

500 -

400 -

300 -

200 -

Total charge passed (Coulombs)

100 -

Figure 4
Silver nitrate spray

test apparatus, as shown in Figure 3, and later it was sprayed the
silver nitrate, as shown in Figure 4.

3. Results and discussion
E——

The tests were performed at the specimens at 28 and 91 days of
curing, and the results of total charge passed in Coulombs were
identified, according to ASTM C1202, as shown in Figure 5.

It can be identified an increase in total charge passed in higher
w/c ratio mixtures, and a decrease due to the use of crystalline
catalyst. It can also be noted that at higher w/c ratios with the use
of catalyst, the results had not changed significantly from 28 to 91
days. It is verified that despite the increase in total charge passed
in the mixtures with greater w/c, the values are still considered ‘very
low’ according to the classification table of total charge passed, as
presented in Tables 4 and 5.

The ‘very low’ classification is justified, mainly, by the cement type
used and the curing in a moist chamber for 28 and 91 days. The
blast-furnace slag blended cement (CPIII-RS) provides a more
compact (dense) and durable concrete. The curing in a moist

"]]]]]]]]m w/ ¢ 0.45; control
Ry w/c0.45; catalyst
@ w/ ¢ 0.55; control
w/¢0.55; catalyst
B 0/ 0.65; control
BZE v/ 0.65; catayst

12%

13%

Figure 5
Total charge passed of the different mixtures
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Table 4
ASTM C 1202 Classification

chamber is a process that provides greater strengths and durabil-
ity comparatively with the open air curing [22]. It can be observed,
in Figure 6, the influence of the w/c ratio with and without crystal-

Total charge passed Chloride ions penetration |  line catalyst.
(Coulombs) It is noted that for 28 and 91 days an increase of charge passed
> 4000 High with the growth of w/c ratio in concrete with and without catalyst
2000 - 4000 Moderate (Figure 6). At 91 days, with the varying w/c ratio, it can be noted a
constant increase of around 30%.
1000 - 2000 Low It is worth mentioning that, despite the similar rise of charge passed
100 - 1000 Very low with the increase of w/c ratios, at 28 and at 91 days, it is observed
<100 Insignificant smaller changes at 28 days due to catalyst use, comparatively with
Table 5
Concretes classification
W/c ratio Catalyst ( Qg; , Total <(:2ng:|]§ rr|:1>k<::’|ss)sed Q Compre(sl\s,;;z)sfrengfh
With 28 513 45.8
0.45 -
Without 28 603 45.2
With 91 405 54.7
0.45 -
Without 91 477 54.1
With 28 549 37.6
0.55 -
Without 28 774 42.7
With 91 522 52.2
0.55 -
Without 91 603 50.9
With 28 621 29.9
0.65 -
Without 28 882 29.9
With 91 684 39.5
0.65 -
Without 91 783 40.7
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Influence of catalyst use on fotal charge passed
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Figure 7
Influence of catalyst use on compressive strength

the same w/c ratio increase at 91 days. The mentioned above can
be due, probably, to the products of the concrete pores crystallization
mechanism reacting with the concrete microstructure at early ages.

3.1 Compressive strength

In figure 7, it can be observed the compressive strength test results
obtained from the variation of age, w/c ratios and use of crystalline
catalyst.

By processing the results according to the least squares method
it can be obtained the characteristic curves of the Abrams’ law

54,7 (5%)

1
52.2 50

- wfe 0.45; catalyst
wfe 0.55; catalyst
wfe 0.65; catalyst

wfe 0.45; control

B ./ 0.55; conrol
B -/ 0.65; control

91 days

[23], as shown in Figure 8. From this figure, it can be noted that
the use of crystalline catalyst do not hinder the concrete com-
pressive strength.

3.2 Chlorides penetration - colorimetric test

Completed the RCPT (ASTM C1202) at the 28 and 91 days speci-
mens, they were split and sprayed with silver nitrate, and the re-
sults can be seen in Figure 9.

From the exposed results (Figure 9) it can be identified a rise in
the chloride penetration depth with the increase of w/c ratio from

ABRAMS

50,0

45,0

fej

40,0
(MPa)
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Figure 8
Characteristic curves of Abram’s law
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Figure 9
Chloride penetration depth at the different mixtures

0.45 to 0.65. It can also be noted a reduction in the penetration
depth with the use of the crystalline catalyst, with average values,
generally, 20% lower.

3.3 Chloride diffusion coefficient

Aiming at analyze the results of chloride apparent diffusion coef-
ficient it can be adopted the recommendation of Berke and Hicks
[24], where the correlation between the total passed charge and
chlorides diffusion coefficient are considered. The model proposed
by Berke and Hicks [24] can be adopted to estimate the project
service life of reinforced concrete structures (time to initiate the
reinforcement depassivation by chlorides), and also the formation
of cracks in concretes subjected to an environment with salt spray.
Due to the exposed, it was proposed the Equation 1 to derive em-
pirically the chloride diffusion coefficient estimate using the results
of total charge passed related to the RCPT (ASTM C1202). This
equation was adopted by other authors such as Helene and Me-
deiros [25] and Andrade and Whiting [26].

Caq = 0,0103 x 108284 ])

Where: C,= Chloride apparent diffusion coefficient (cm?/s); Q =
total charge passed (Coulomb).
From the chloride diffusion coefficient determined by the method
proposed by Berke and Hicks [24] and adopting the Fick’s second
law of diffusion in the non-steady-state, it is possible to build to
draw a graph relating the chloride penetration depth with the ser-
vice life of the structure.
For the service life prediction, it was used Equations 2 and 3 devel-
oped from the Fick’s second law [27-29].

2

PCl = Z(Z)\/m

- w/c 0.45;

w/c 0.45;
w/c 0.55:
w/c 0.55:

B w/c 0.65:
- w/c 0.65:

91 days

Ca—Co

o )

Where: D is the chloride diffusion coefficient (cm?year); tis the ser-
vice life (years); erf (z) is the Gauss error function; P, is the chlo-
ride penetration depth in which the chloride concentration reached
a critical point for depassivation of reinforcement (cm); C is the
initial chlorides concentration inside the specimens (adopted 0 %);
C, is the chlorides concentration in the specimens surface (%); C,
is the chlorides concentration limit for depassivation of reinforce-
ment by chloride attack over the P, depth and time t (%).

For creating the graph, some parameters were fixed. The upper limit
value for depassivation of reinforcement was considered as 0.4%,
related to the cement mass. This value was adopted since it is the
upper limit of chlorides for reinforced concrete according to The In-
ternational Federation for Structural Concrete (CEB-FIP). It is also
an average value between the Brazilian ABNT NBR 6118:2014 stan-
dard of 0.5% and the American ACI-318 standard of 0.3%.

The chlorides concentration in the concrete surface adopted was
0.9%, value recommended by Helene [1] as a reference for con-
cretes with w/c ratio ranging from 0.48 to 0.68, cement consump-
tion of 280 to 400 kg/m? and subjected to salt spray.

However, the chlorides concentration value at the concrete surface,
considering salt spray environments, is object of controversy. Medeiros
[28] recommends an average value of 1.8%, which, according to the
author, is an average value from the value of 0.9% recommended by
Helene [1] and the 3.0%, for a real structure 22 years old and subjected
to salt spray, recommended by Guimaraes [30]. Nunes et al. [31] evalu-
ated concrete structures in the use phase, older than 15 years and at
different distances from the sea and found the following values: Cs=
3.1% at 0 m sea distance; Cs= 1.1%, at 160 m; and Cs= 0.6%, at 630
m. Guimaraes et al. [32] suggest the following value of Cs for service
life prediction: 3.2% at 0 m sea distance; 1.1% at 160 m; and 0.6% at a

erf(z) =1 -
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| Mixtures cured for 28 days - Cs =0.9% and Cel=04% |
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Figure 10

Service life prediction - based in the mixtures cured for 28 days

distance between 680 and 5.000 m from the sea. Thus, the 0.9% value
adopted in this study is consistent with the presented literature.

It is important to emphasize that, according to Andrade [33], the ser-
vice life presented in this study is only valid in the following condi-
tions: the reinforced concrete is at the beginning of its service life
(initiation period); the fastest aggressive agent to the structure is the
chloride attack, disregarding the others; the concrete subjected to
salt spray or submerged in a saline solution without additional external

accidental factor would affect the properties of the concrete cover.

From the equation 2, the graph presented in Figure 10 relates the
reinforcement depth adopted with the service life prediction (initia-
tion period of corrosion by chloride) for the analyzed mixtures. The
reinforcement depths of 3, 4 and 5 cm were adopted since they
are the values recommended by Brazilian standard ABNT NBR
6118:2014 for the following environmental conditions, respectively:
urban area and moderate aggressiveness; maritime area and strong

Table 6
Service life increase due to catalyst use
Relnforc(eérr\ne)nt depth Mixture Service life (years) Service life increase (%)
w/c 0.45; control 11.0 15%
w/c 0.45; catalyst 12.5 ’
w/c 0.55; control 8.9
3 33%
w/c 0.55; catalyst 11.9
w/c 0.65; control 8.0
34%
w/c 0.65; catalyst 10.7
w/c 0.45; control 19.5 15%
w/c 0.45; catalyst 22.3 ’
w/c 0.55; control 15.8
4 33%
w/c 0.55; catalyst 21.1
w/c 0.65; control 14.2
34%
w/c 0.65; catalyst 19.0
w/c 0.45; control 30.5 15%
w/c 0.45; catalyst 34.9 ’
w/c 0.55; control 24.7
5 33%
w/c 0.55; catalyst 33.0
w/c 0.65; control 22.1
34%
w/c 0.65; catalyst 29.7
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aggressiveness; and splash zone and very strong aggressiveness.

It was considered for the analysis, the mixtures cured for 28 days
since at this age the hydration reactions are in a mature stage, and
also due to the more significant results of the crystalline catalyst
effect than at 91 days.

Based in the Figure 10 and Table 6, it can be noted that by adopt-
ing a reinforcement depth of 4 cm, as recommended in the ABNT
NBR 6118 (2014) standard for reinforced concrete structures ex-
posed to marine environment, and w/c ratio of 0.65, it is obtained
a service life of approximately 14 years for the control mixture and
19 years by using catalyst (34% increase). At 0.65 w/c ratio with 5
cm of reinforcement depth, it is estimated a service life of 22 years
for the control mixtures and nearly 30 years by using the catalyst,
representing a 34% increase. By adopting a 5 cm concrete cover,
the highest value indicated by the standard, and 0.45 w/c ratio, it
is predicted a service life of 30 years for the control mixture and 35
years by using the crystalline catalyst.

4. Conclusions

EE

After the tests completion, the following can be concluded in this study:

B The crystalline catalyst did not altered the concrete properties
at fresh state and improved its hardened properties, providing
a reduction in chloride penetration without compromising the
mechanical compressive strength;

B The improvements were more significant at 28 days, neverthe-
less, they were prolonged till 91 days;

B The average reduction in total charge passed, in Coulombs, in
the ASTM C1202 test was 15%;

B Regarding the chloride penetration test by silver nitrate spray,
a reduction in the chloride contaminated depth at 91 days was
noted, meaning a higher resistance to chloride ions penetra-
tion at this later age. It was also observed that, as the results
from the ASTM C1202 test, there was an increase in resistance
against chloride penetration with the lower w/c ratios and the
use of crystalline catalyst;

B In relation to the service life prediction, the use of crystalline cata-
lyst provided an increase of up to 34% in the analysed mixtures.
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Abstract
E———

The main cause of concrete structures deterioration is related to the resistance against the penetration of aggressive agents. Aiming at increase
the impermeability and reduce the diffusivity of concrete elements, making it less susceptible to the ingress of chloride ions, the use of crystalline
catalyst emerges as a good alternative. Its mechanism of autogenous healing enhances the natural pore-filling process of concrete. The aim of
this study is to investigate the influence of the use of crystalline catalyst on the chloride ions penetration and service life prediction of concrete. For
the concrete mixtures production, it was used blast-furnace slag blended cement, three different water/cement (wi/c) ratios (0.45; 0.55; 0.65), with
and without crystalline catalyst, totaling six different mixtures. The concrete specimens were cured in a moist chamber and tested at 28 and 91
days. It was performed tests of compressive strength, rapid chloride permeability (ASTM C1202:12), and silver nitrate colorimetric indicator. The
results show that, compared to the reference mixture, the use of crystalline catalyst conserved the compressive strength and reduced the chloride
ions penetration up to 30%, increasing service life up to 34%.

Keywords: durability, reinforced concrete, chloride ions, crystalline admixture.

Resumo

Arazéo predominante da deterioragéo das estruturas de concreto armado esta relacionada com a capacidade de resisténcia contra a penetragéo
de agentes agressivos. A fim de favorecer a elevagéo da estanqueidade de elementos de concreto e a redugéo da difusividade dos concretos,
tornando-os menos suscetiveis ao ingresso de ions cloreto, a utilizagao de aditivo cristalino desponta como opg&o muito interessante. Seu me-
canismo de autocicatrizagao autdgena potencializa o processo de colmatacédo natural do concreto. Este trabalho objetivou investigar a influéncia
da utilizagao desses aditivos autocicatrizantes cristalinos no que tange ao avango de ions cloreto e a estimativa de vida util em concretos. Para
a producéo dos concretos foi utilizado cimento Portland com escéria de alto forno, considerando trés relagées agua/cimento (0,45; 0,55; 0,65),
sem e com o aditivo cristalino, totalizando seis proporgdes de materiais. Os corpos de prova foram curados em camara Umida e ensaiados nas
idades de 28 e 91 dias. Foram realizados ensaios de compressao axial, penetragéo acelerada de ions cloreto, ASTM C1202:12, e ensaios de
indicadores colorimétricos com aspersao de nitrato de prata. Apos andlise efetuada, os resultados demonstraram que, comparativamente ao
concreto de referéncia, o uso do aditivo cristalino resultou na conservagao da resisténcia a compressdo em concretos, na redugéo da penetragao
de cloretos em até 30%, e, na elevacgao da vida util de projeto, VUP, em até 34%.

Palavras-chave: durabilidade, concreto armado, ions cloreto, aditivo cristalino.
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1. Introducgao

EE

Dentre os principais mecanismos de deterioragéo das estruturas
de concreto os ions cloreto respondem por uma parcela significa-
tiva dos problemas encontrados. Isso se deve, em parte, a pos-
sibilidade de transporte desses ions para o interior da estrutura,
atingindo a armadura e causando corroséo [1-3]. Na tentativa de
minimizar a entrada desses agentes agressivos no concreto, uma
medida preventiva que pode ser aplicada € a utilizagao de aditivos
cristalinos, que tém o papel de induzir a colmatagao de fissuras
e de diminuir a quantidade de poros no concreto minimizando a
entrada dos ions cloreto.

Conhece-se que, em condigbes iguais de consumo e proprieda-
des dos agregados, quanto maior a porosidade do concreto e
interconexao entre poros, maior a intensidade de penetragéo de
agentes agressivos [4]. Somado a isso, conforme Sousa [5], quan-
to maior a relagdo agua/cimento maior a porosidade do concreto.
De acordo com Neville [6], 0 que determina a penetragao e des-
locamento dos agentes agressivos no concreto é a estrutura da
sua pasta de cimento hidratada, as suas caracteristicas quimicas
e fisicas, a concentragéo superficial das substancias agressivas e
as condigbes ambientais.

Em face da procura em executar concretos mais resistentes a pe-
netracdo de agentes agressivos, em especial os ions cloreto, € im-
portante ressaltar a presenga dos aditivos cristalinos. Seu estudo
em elementos que constituem as estruturas de concreto armado
expostas a ambientes marinhos pode assumir relevante papel na
prevencao do surgimento de manifestacdes patoldgicas. Nesse
sentido, torna-se necessario estudar o comportamento desses
aditivos cristalinos em concretos expostos a contaminagao por
ions cloreto.

Define-se a cicatrizagdo autdégena como uma capacidade auto-
-curativa, onde sua cicatrizagao é proporcionada pelos componen-
tes hidratados do concreto, que podem ou nao serem ativados.
Do ponto de vista da microestrutura, a cicatrizagdo autbnoma é
caracterizada pela utilizagdo de microcapsulas preenchidas com
agentes cicatrizantes ou na vascularizagdo de tubos ocos que
bombeiam os agentes cicatrizantes [7].

E relevante destacar que o mecanismo de autocicatrizagdo auté-
gena tende a ocorrer por colmatacdo natural do concreto em de-
corréncia de reagdes quimicas (hidratagdo continua, formagéo de
CaCO,) e agbes mecanicas (particulas soltas nas fissuras ou sus-
pensas na agua) ou ainda em virtude de fenémeno de autocicatri-
zagao induzida por catalisadores ativos. A formulagéo de concre-
tos autocicatrizantes pela abordagem autégena é favorecida pela
utilizagdo de componentes especiais como o aditivo cristalino [8].
Neste contexto, define-se o aditivo cristalino, com agente cristali-

zante, objeto de analise nesta pesquisa, como um material cimen-
ticio sintético classificado como um impermeabilizante hidréfilo ou
também como um aditivo redutor da permeabilidade hidrostatica.
Seus componentes reativos combinam com o Ca(OH), do concre-
to formando produtos cristalinos que desconectam poros além de
preencher fissuras. Torna-se relevante destacar que os produtos
cristalinos s6 podem atuar positivamente quando estiver presente
umidade suficiente, pois a disponibilidade de agua é necessaria
para ocorrer as reagdes de colmatacao autdégena [9].

As substancias quimicas ativas do aditivo cristalino utilizam da
agua, por meio do processo de difusdo, para migrarem e ingressa-
rem nos capilares e fissuras do concreto. O processo baseia-se na
precipitagdo de uma reagao quimica, promovida pelo aditivo, entre
a umidade e os subprodutos de hidratagao do cimento, formando
uma nova estrutura de cristais ndo soluveis de silicato de calcio
hidratado (C-S-H), carbonato de calcio (CaCO,), cristais de apatita
(CaF,) e cristais de enstatita (MgSiO,). Esta estrutura cristalina
preenche os poros tornando o concreto menos permeavel ou tor-
nando a estrutura estanque devido a colmatacgao da fissura [10].
Pesquisas tém avaliado o efeito do aditivo cristalino em concretos
[11-18], entretanto torna-se relevante conhecer a sua potencialida-
de frente a mitigacdo do avancgo de cloretos e com relagéo a ele-
vacao de vida util de projeto de estruturas de concreto, represen-
tada conforme Helene [1], pelo periodo de iniciagao da corroséo
ou ainda periodo em que o avango de cloretos atinge a armadura
em concentragdes capazes de desfazer o filme passivador. Neste
trabalho sera verificada a influéncia da utilizagdo de aditivo autoci-
catrizante cristalino em concretos frente ao avango de ions cloreto
e sua interferéncia na vida util de projeto.

2. Materiais e métodos
E—

2.1 Materiais

O cimento utilizado na confecgéo dos corpos de prova foi o Cimento
Portland com Escoéria Granulada de Alto Forno, resistente a sulfatos
— CP Il 40 RS. Em funcao de suas caracteristicas, o cimento Por-
tland com escorias (CP Ill) tem sido o cimento com maior utilizagéo
no estado do Espirito Santo - localidade onde foi realizada a pes-
quisa. A principal caracteristica que norteia sua escolha é a maior
resisténcia a ataques quimicos, pois ha no Estado um numero gran-
de de obras em proximidade com o mar, fato que favorece a ex-
posi¢cdo com a névoa salina, grande responsavel pelo ingresso de
ions cloreto em estruturas de concreto. Torna-se relevante mencio-
nar também o mecanismo de autocicatrizacdo autégena favorecido
pela adogéo de escorias de alto forno, sendo que, neste contexto,
pretende-se também avaliar a eficiéncia do aditivo em concretos
com altos teores destes materiais cimenticios suplementares.

Tabela 1
Composicdo quimica fipica dos componentes em porcentagens
Componentes SiO, ALO, Fe,O, CaO K,O Na,O MgO SO, PF
Aditivo 20,3 1.7 4,3 30,9 0,15 5 19,4 1 -
cristalino
CPIIl 40RS 28,22 8.36 1,78 50,01 0,40 0,26 6,05 1,77 2,45
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Tabela 2
Consumo de materiais por metro cdbico de concreto
Fator Materiais (kg/m? de concreto)
Mistura agua/ . . . . < Aditivo Aditivo
cimento | Cimento Areia Brita O Brita 1 Agua plastific. cristalino
0,45 398 748 390 728 179 1.19 7,96
CPrI\>IIS-40 0,55 325 813 390 728 179 0,98 6.5
0,65 275 857 390 728 179 0.83 55
Tabela 3
Abatimento e resisténcia d compressdo axial dos corpos de prova
. Resisténcia aos 28 dias . Consumo de cimento
Misturas (MPa) Abatimento(mm) (kg/m?)
CPII-0,45 sem 45,2 240 398
aditivo cristalino
CPIII-0.45 com 45,8 200 398
aditivo cristalino
CPII-0,55 sem 42,7 220 325
aditivo cristalino
CPII-0,55 com 37.6 200 325
aditivo cristalino
CPII-0,65 sem 29,9 60 275
aditivo cristalino
CPII-0,65 com 29,9 50 275
aditivo cristalino

O agregado miudo utilizado foi a areia quartzosa, previamente la-
vada e seca em estufa entre 105°C e 110°C, e como agregado
graudo utilizou-se pedra britada originaria de rocha diabasica do
municipio de Serra-ES. Com o objetivo de favorecer a adequada
trabalhabilidade entre as diversas misturas investigadas, adotou-
-se aditivo quimico plastificante de pega normal, cuja dosagem
recomendada pelo fabricante é de 0,2% a 2% sobre o peso do
cimento.

A Tabela 1 apresenta as caracteristicas quimicas do aditivo crista-
lino e do cimento adotados.

2.2 Moldagem dos corpos de prova

Os concretos foram produzidos em betoneira de eixo vertical e

a - corpo de prova, b - serragem de
corpos de prova; ¢ - selagem das faces laterais;

d - saturagéo; e - montagem das células
R 4
M ™
[e]
(4]
~ .
O
Figura 1

Procedimento adotado no ensaio

-
(8]

confeccionados contemplando trés relagcdes agua/cimento (0,45;
0,55; 0,65), sem e com aditivo cristalino. As Tabelas 2 e 3 apresen-
tam, respectivamente, o consumo de materiais e os resultados dos
ensaios para caracterizagao e controle das amostras de concreto.
A Tabela 3 apresenta os resultados de consisténcia do concreto
fresco com manutencéo da agua/m?® constante, e pode-se verificar
que para cada par, sem e com aditivo cristalino, as consisténcias
foram equivalentes.

2.3 Ensaios experimentais
Executou-se o método de penetragéo acelerada de cloretos utiliza-

do por Whiting [19] e recomendado pela norma ASTM C1202/12,
que consiste em acoplar um corpo de prova cilindrico, de 9,5cm

—

+ -

60V

=y = =
Figura 2

TRepresentagdo grafica do ensaio
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Figura 3
Amostras rompidas

de didmetro e 5,1cm de espessura entre meia células de acrilico,
uma delas contendo uma solugao de hidroxido de sodio (NaOH),
com concentragao de 0,3N, e a outra em uma solugao de cloreto
de saddio (NaCl), com 3% de concentragéo. Entre as meia células
é gerada uma diferenga de potencial com valor de (60+0,1) V, dan-
do origem a uma corrente elétrica que induz o anion cloreto a se
difundir através do concreto sob a agdo de um campo elétrico. O
ensaio tem duracéo de seis horas e a corrente elétrica passante &
registrada em intervalos de trinta minutos por meio de amperime-
tros. O produto da corrente pelo tempo, expresso em Coulomb, in-
dica a carga total que atravessa o corpo de prova e revela a maior
ou a menor resisténcia do concreto a penetragao de ions cloreto.

Os procedimentos de ensaio foram os seguintes: inicialmente
os corpos de prova foram retirados do ambiente de cura no qual
de encontravam e serrados em quatro partes ortogonais ao eixo
longitudinal, sendo descartadas as extremidades e utilizadas as
faces centrais, procedimento utilizado e validado por Helene e
Medeiros [20]; no dia posterior as amostras tiveram suas superfi-
cies laterais impermeabilizadas com resina epo6xi; um dia antes do
ensaio as amostras foram submetidas ao vacuo por quatro horas,

1000

Figura 4
Aspersdo de nitrato de prata

sendo que depois de decorridas trés horas de vacuo, as mesmas
foram submersas em agua deionizada e deaerada permanecendo
nesta condigdo por 18h e no dia do ensaio as amostras foram
retiradas do dessecador e acopladas as meia células. O esquema
do ensaio e sua execugao estdo apresentados nas Figuras 1 e 2.
Cumpridos os ensaios de penetracao acelerada de ions cloreto
(ASTM C1202) foi efetuada asperséo de nitrato de prata a fim de
verificar a espessura da camada contaminada por cloretos nas
amostras. Este procedimento foi proposto por Nilsson e Luping
[21]. Para efeito, tornou-se necessario o rompimento central das
amostras, utilizando o aparato para o ensaio de resisténcia a com-
pressao, Figura 3, e posteriormente aspersao de nitrato de prata,
Figura 4.

3. Resultados e discussoes

EE

Apods a realizagdo dos ensaios pertinentes as amostras em perio-
do de cura de 28 e 91 dias, puderam ser identificados os resulta-
dos a fim de cumprir o recomendado pela ASTM C1202, relacio-
nando os valores encontrados a férmula proposta pela norma e

W Ref. /=045

Alditive al =045
Ref. a/c=0,55

Aditive af e=0,55

Carga passante total (Coulumbs)

28 dias de cura

Figura 5
Carga passante total nas amostras de concreto

Ref. afe=0,65
B 4ditivo o/ =065

91 dias de cura

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3



Evaluation of the chloride penetration and service life of self-healing concretes activated by crystalline catalyst

Tabela 4

Classificacdo ASTM C 1202

identificando os valores de cargas passantes totais em Coulomb,
conforme Figura 5.
Identificam-se assim maiores cargas totais em maiores relagdes

Carga passante Penetracdo dos ions agua/cimento e redugo de cargas passantes totais com a utilizagéo
(Coulombs) cloreto de aditivo cristalino. Nota-se que em maiores relagdes agua/cimento
> 4000 Elevada e com a utilizagéo do aditivo pouco se alteraram os resultados de
2000 - 4000 Moderada 28 dias para 91 dias. Verifica-se a maior incidépcia de pePetragéo
e corrente passante total nas amostras com maiores relagdes a/c e
1000 - 2000 Baixa observa-se ainda que estes valores se encontram em patamares de
100 - 1000 Muito baixa penetracdo muito baixos, conforme quadro de classificagéo de pe-
~ netragéo de corrente passante total, apresentado nas Tabelas 4 e 5.
<100 Desprezivel
Tabela 5
Classificacdo dos concretos
Relag¢ao . . Carga passante C A
agua/cimento Aditivo Idade (dias) (Coulombs) Resisténcia (MPa)
0.45 C/Aditivo 28 513 45,8
' S/Aditivo 28 603 45,2
0.45 C/Aditivo 91 405 54,7
' S/Aditivo 91 477 54,1
0.55 C/Aditivo 28 549 37.6
' S/Aditivo 28 774 42,7
0.55 C/Aditivo 91 522 52,2
' S/Aditivo 91 603 50,9
0.65 C/Aditivo 28 621 29,9
' S/Aditivo 28 882 29,9
0.65 C/Aditivo 91 684 39.5
' S/Aditivo 91 783 40,7
1000 -
(7
~ 900 -
2 (28%) cow) M Adisivo as =045
§ 800 - 774 ) 5 BN Aditivo afe=0,55
~g 200 - (19 \ G54 Aditivo afc=0,65
O 621 o3 \ i Ref afe=0,45
= 600 - i II*E\ 7| BN rooa/m0ss
S 500 e E:§3§ 177 § B2 rs o/ =05
- T H [ —
Y T ﬁ*i\ 405 ‘r’ﬂ\
- o Fatst e
S 400 ?2*3\ :*:*1\
< e S
5 AN w\
7 [ [
g 300 %:#:\ *1*3\
o HH r‘,t.g\ b*t,.{\
o w\ SO
S 200 - ?I*%\ %:ﬂ\
= = e o
5 RO SN
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Figura 6

28 dias de cura

91 dias de cura

Influéncia da utilizagcdo do aditivo na carga passante total
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>
S
J

N

45,2 (6%)

by
b=}

(26%)
29,9

Resisténcia 42 compressdo (MPa)
o
S

28 dias de cura
Figura 7

54,1 (6%)

B 1o o/ =045

Aditive af ¢=0,55

5% (LI Aditivo a =0,65
10,7 Ref. afc=045

B Ref o/ e=055
B R /=065

91 dias de cura

Influéncia do uso do aditivo na resisténcia & compressdo

Justificam-se as cargas totais em patamares muito baixos, prin-
cipalmente, pela escolha do cimento e pela opgéo de cura em
camara Umida nos periodos de 28 e 91 dias. O tipo de cimento
adotado, cimento Portland com escoérias granuladas de alto forno,
resistente a sulfatos (CPIII-RS), proporciona concretos mais com-
pactos (densos) e duraveis. A opgdo pela cura em camara Umida
corresponde a um processo que agrega maiores resisténcias e
durabilidade comparativamente a cura ao ar [22]. Observa-se, por
meio da Figura 6, a influéncia da relagéo agua/cimento com e sem
uso do aditivo cristalino.

Nota-se para 28 e 91 dias aumento de cargas passantes com a

elevagéo da relagéo a/c em concretos sem e com aditivo. Em 91
dias, com a variagdo da relagdo agua/cimento, nota-se um aumen-
to constante em torno de 30%.

Vale mencionar que, apesar de ter ocorrido de maneira semelhan-
te aumento de carga passante com a elevagéo das relacdes alc,
tanto em 28 quanto em 91 dias, observaram-se variagbes meno-
res em 28 dias com a utilizagdo do aditivo, considerando o com-
parativo entre as distintas relagdes agua/cimento. O mencionado
fato pode ter ocorrido, provavelmente, em fungédo dos produtos do
mecanismo de cristalizagdo dos poros do concreto, que reagem
com a microestrutura do concreto em suas primeiras idades.

ABRAMS

0,40 0,45 0,50 0,55
afc
Figura 8
Curvas tipicas da Lei de Abrams

~ = ABRAMS - fc28 c/ aditivo

91dias
—— ABRAMS - f¢28 s/ aditivo
= = ABRAMS - fc91 ¢/ aditivo
28dias
= ABRAMS - fc91 s/ aditivo
0,60 0,65 0,70
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3.1 Resisténcia a compressao

Identificam-se também os resultados de resisténcia a compres-
sdo obtidos a partir das variagdes de idades, das relagbes agua/
cimento e do uso de aditivo cristalino. Neste contexto, pode ser
observada a Figura 7.

Processando os resultados através do método dos minimos qua-
drados obtém-se as curvas tipicas da Lei de Abrams [23] apresen-
tadas na Figura 8. A partir da observagéo dessa figura, pode-se
notar que o uso dos aditivos cristalinos ndo prejudica a resisténcia
a compressao dos concretos.

3.2 Penetragcéao de cloretos - ensaio colorimétrico

Apds a realizagdo do ensaio acelerado de penetragdo de cloretos
(ASTM C1202) nas amostras de 28 e 91 dias, foi realizada asper-
s&o de AgNOQ, e os resultados foram obtidos, conforme Figura 9.

Mediante os resultados expostos pdde ser identificado aumento da
profundidade da camada contaminada por cloretos com a elevagao
da relagdo agua/cimento de 0,45 para 0,65. Identificou-se também a
redugao da profundidade de penetragdo com a utilizagdo do aditivo
cristalino, com valores médios, em geral, da ordem de 20% a menos.

3.3 Coeficiente de difusao de cloretos

A fim de efetuar andlise dos resultados no tocante a obtengao do co-
eficiente de difuséo aparente de cloretos, pode ser adotada recomen-
dagao de Berke e Hicks [24] onde a relagdo entre os dados de carga
passante e coeficiente de difusao de cloretos é considerada. O modelo
proposto por Berke e Hicks [24], pode ser adotado para estimar a vida
util de projeto de estruturas de concreto armado (tempo até o inicio da
despassivagédo das armaduras por cloretos) e, ainda, o surgimento de
fissuras em concretos submetidos a ambientes de névoa salina.

Em face ao exposto, foi proposto a Equagdo 1 para obtengdo de
forma empirica de estimativa do coeficiente de difuséo de clore-
tos utilizando os resultados de carga passante relativos ao ensaio
rapido de penetracao de cloretos ASTM C 1202. Essa equacao
foi adotada por Helene e Medeiros [25] e Andrade e Whiting [26].

M

Onde: C = Coeficiente de difusio aparente de cloretos (cm?s) e
Q = carga passante total (Coulumb).

Por intermédio da obtencgao dos coeficientes de difusdo de ions
cloreto, determinado pelo método proposto por Berke e Hicks [24]
e adotando a segunda Lei da Difus&o de Fick da difusdo no estado
nao estacionario, torna-se possivel a construgao de graficos que
relacionam a profundidade de penetragao de cloretos com a vida
util da estrutura.

Para estimativa da vida util de projeto (VUP), foram utilizadas as
Equacgbes 2 e 3 desenvolvidas a partir da Segunda Lei de Fick
[27-29].

Cyq = 0,0103 x 10884

Po = 2(2)VDt (2)
erf(z) = 1= (2= (3)

Onde: D é o coeficiente de difusdo de cloretos (cm?ano), t é a
vida dtil de servigo (anos), erf (z) é a fungéo erro de Gauss, P,
(penetracédo de cloretos) é a profundidade onde a concentragdo
de cloretos alcangou o limite critico para que ocorra a despassi-
vagéo da armadura (cm), C, € a concentrag&o inicial de cloretos
no interior do concreto (adotado 0%), C, € a concentragéo na su-
perficie do concreto (%), C, € o limite critico para despassivagéo
das armaduras por corrosédo por ataque de cloretos ao longo da
profundidade (P_) e do tempo (t) (%).

B Ref. a/c=0,45
Aditivo a/c=0.45

oo

Ref. a/c=0.55
Aditivo a/c=0.55

~

B Ref a/c=0.65

Penetragido de cloretos (mm)
h \oa + oy [~

-

>

28 dias de cura

Figura 9
Penetracdo de cloretos nas amostras de concreto

- Aditivo a/c=0.65

91 dias de cura
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Concretos com 28 dias de cura - Cs =0,9% ¢ Cel=0,4%

Bl Ry /=045

_ B Ref a/c=0,55

EZA Ref a/c=0,65
B2 Adit. a)c=045

’.

VIDA UTIL (anos)
S

3 4

B0 Adit a/e=0,55
Adit. ale=0,65

COBRIMENTO (cm)

Figura 10

Estimativa de vida Util - baseada nos concretos com periodo de cura de 28 dias

Para elaboragéo do grafico, foram necessarias as definigdes de
alguns parametros tal como a fixagao de valor de 0,4% em relagéo
a massa de cimento como valor limite para despassivagéo das ar-
maduras. Este valor foi adotado em fungao do contemplado como
limite maximo de cloretos em concreto armado orientado em fib
(CEB-FIP) (The International Federation for Structural Concrete)
e valor médio entre as normas ABNT NBR 6118:2014, 0,50%, e
americana ACI-318, 0,30%.

Como valor de cloretos na superficie do concreto adotou-se 0,9%,

Tabela 6

percentual recomendado por Helene [1] como referencial ou orien-
tativo para concretos com relagdo agua/cimento de 0,48 a 0,68, con-
sumo de cimento de 280 a 400kg/m?® e submetidos a névoa salina.
O valor da concentragao de cloretos na superficie do concreto a
ser adotado, considerando ambientes submetidos a névoa salina,
€ objeto de discussdes. Medeiros [28] aponta como um valor que
possa ser adotado como percentual de cloretos na superficie do
concreto de 1,8%. Segundo o autor, este valor situa-se na mé-
dia de outros percentuais recomendados por Helene (1993), cujo

Elevacdo de vida util em funcdo da utilizacdo do aditivo

Cobrimento (cm) Tipo Vida atil (anos) Elevacdo de vida dtil (%)

Ref. 0,45 11,0

" 15%
Aditivo 0,45 12,5
Ref.0,55 8.9

3 — 33%
Aditivo 0,55 11.9
Ref. 0,65 8.0

— 34%
Aditivo 0,65 10,7
Ref. 0,45 19.5

— 15%
Aditivo 0,45 22,3
Ref. 0,55 15,8

4 — 33%
Aditivo 0,55 211
Ref. 0,65 14,2

— 34%
Aditivo 0,65 19.0
Ref.0,45 30,5

" 15%
Aditivo 0,45 34,9
Ref. 0,55 24,7

5 — 33%
Aditivo 0,55 33.0
Ref. 0,65 22,1

" 34%
Aditivo 0,65 29,7
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valor é de 0,9%, e de Guimaraes [30] no qual o valor adotado &
de 3,0% de cloretos na superficie de uma estrutura real com 22
anos de idade e submetida a um ambiente contendo névoa salina.
Nunes et al. [31] avaliaram estruturas de concreto em uso, com
idades superiores a 15 anos e diferentes distancias em relagao
a agua do mar e obtiveram os seguintes valores: Cs= 3,1%, para
distancia de zero metros; Cs= 1,1%, para distancia de 160 metros
e Cs= 0,6%, para distancia de 630 metros. Guimaraes et al. [32]
sugerem os seguintes valores de Cs para estimativa de vida util
de projeto: 3,2%, para zero metros; 1,1%, para 160 metros e 0,6%
para distancia entre 680 e 5.000 metros. Logo, o valor de cloretos
na superficie do concreto adotado nesta pesquisa de 0,9%, con-
siderando ambiente submetido a névoa salina, encontra-se condi-
zente com as pesquisas apresentadas.

E importante ressaltar que, conforme Andrade [33] a vida util apre-
sentada neste trabalho somente é valida nas seguintes condigdes:
o concreto armado esta no comego de sua vida util de servigo
(periodo de iniciagao); o mais rapido agente degradador é o ata-
que por cloretos, desprezando-se outros; concreto sujeito a né-
voa salina ou imersdo em agua contaminada com ions cloreto e
nenhum outro fator acidental externo afetaria as propriedades do
cobrimento de concreto.

A partir da equacgéao, o grafico da Fig. 10 relaciona o cobrimento
adotado com a estimativa da vida util de projeto (periodo de ini-
ciagdo da corrosao por cloretos) para os concretos analisados. Os
cobrimentos de 3, 4 e 5 cm foram selecionados por configurarem,
conforme ABNT NBR 6118:2014, aqueles recomendados para
classe de agressividade, respectivamente, ambientes urbanos e
agressividade moderada, ambiente marinho e agressividade forte
e respingos de maré e agressividade muito forte. Foram conside-
rados para a analise os concretos com idade de cura de 28 dias
por configurarem a idade de referéncia de concretos contemplan-
do reagdes de hidratagdo em fase madura e por apresentarem
resultados mais significativos da agdo do aditivo cristalino do que
em 91 dias.

Baseado no grafico da Fig. 10 e na Tabela 6, nota-se que ao se
adotar um cobrimento de 4cm conforme previsto em ABNT NBR
6118 (2014) para estruturas de concreto armado expostas a am-
bientes marinhos e relagdo agua/cimento de 0,65 obtém-se vida
util de aproximadamente 14 anos para o concreto de referéncia
e 19 anos para o concreto com aditivo, representando elevagao
em torno de 34%. Concretos de relacdo agua/cimento de 0,65 e
cobrimento de 5cm tem-se 22 anos para o concreto de referén-
cia e quase 30 anos para o concreto com aditivo, representando
elevacdo da vida util de 34% nestes concretos. Ao se adotar um
cobrimento de 5cm, maior cobrimento indicado pela norma para
estrutura de concreto armado, na relagdo agua/cimento de 0,45
tem-se cerca de 30 anos para o concreto de referéncia e proximo
de 35 anos para o concreto com aditivo cristalino.

4. Conclusoes
E—

Apés a realizagdo dos ensaios foi possivel concluir neste es-

tudo, que:

m O aditivo cristalino estudado ndo alterou as propriedades dos
concretos frescos e melhorou as propriedades dos concretos
endurecidos, proporcionando a redugao da penetragao de clo-

retos sem comprometer a resisténcia a compressao;

B As melhorias obtidas ocorreram de modo mais significativo
aos 28dias, porém se prolongaram aos 91dias de idade;

B Aredugdo média de corrente passante, em Coulombs, no en-
saio da ASTM C1202 foi de 15%;

B Com relagéo ao ensaio de penetragdo de cloretos por asper-
sao de nitrato de prata, houve redugao da camada contami-
nada por cloretos aos 91dias, configurando maior resisténcia
a penetragao de ions cloreto nas amostras desta idade. Foi
observado também que, assim como os resultados obtidos
pelo método ASTM C1202, houve aumento da resisténcia a
penetragao de cloretos com a diminuigao da relagdo a/c e com
a utilizagao de aditivo cristalino;

m Com relagao a estimativa de vida util de projeto, a utilizagao
do aditivo cristalino favoreceu elevagéo de até 34% nos con-
cretos avaliados.
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Abstract
E——

The paper presents some results from Rosa’s [1] research that aimed to verify the effect of creep and shrinkage of the concrete in soil-structure
interaction. The construction consists in a 17 storeys building. It is set down on shallow foundation, in the central part of the construction, and steel
piles, on the boundary. The structure was submitted to instrumentation during construction, including the monitoring of foundation settlements and
columns deformation. It was possible to compare the structural design with a numerical refined structural analysis. Comparisons of the structural
and foundation design with and without due consideration of soil-structure interaction are also presented. Finally, the different design assumptions
were confronted with instrumentation results, both related to foundation settlements and to columns loading as well. Attention is pointed out on the
effect of concrete creep and shrinkage in the soil-structure interaction analysis.

Keywords: soil-structure interaction, foundation settlements, instrumentation.

Resumo
E———

O presente artigo apresenta alguns resultados da pesquisa de Rosa [1], que teve por objetivo verificar o efeito da fluéncia e retragao do concreto
na interagdo solo-estrutura. Foi analisada uma edificagdo com 17 pavimentos mais subsolo, em fundagao mista, submetida a instrumentagéo de
campo contemplando o monitoramento de recalques e deformagéo de alguns pilares, ao longo do processo construtivo. Foi possivel comparar
o projeto do calculista com uma analise numérica mais refinada. Também se comparou o projeto, sem considerar e considerando a interagao
solo-estrutura. Finalmente, os diferentes cenarios de projeto foram confrontados com os resultados experimentais, tanto em relagéo aos recal-
ques como aos esforgos nos pilares instrumentados. Atengéo particular foi dada ao efeito da consideragéo da fluéncia e retragéo do concreto na
analise da interagao solo-estrutura.
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1. Introduction

EE—

In section 5.5 of the last review of ABNT NBR 6122 [2] Foundation
Rule, it is recommended that “In structures where the deformability
of foundations can influence the distribution of stresses, the soil-
structure interaction or foundation-structure interaction must be
considered in design”.

In the case of structures settled on mixed foundations, which are
those including some columns founded on shallow foundation and
other columns resting on deep foundation, the soil-structure inter-
action assumes a relevant premise in design. In fact, in mixed foun-
dation the heavily loaded central columns are commonly founded
on shallow footings with a high contact area with the soil mass and
the less loaded peripheral columns are founded on piles. The pile
settlement is commonly much smaller than the settlement of the
shallow foundation. The deformability of the foundation soil can
significantly influence the distribution of stresses. In accordance
to the Brazilian Standards, this kind of project should also include
a soil-structure interaction analysis, an issue that is not commonly
considered in current practice.

This paper includes part of Rosa’s doctoral research [1] consisting
of the analysis of a building in mixed foundations submitted to settle-
ment instrumentation and monitoring of the stresses and the defor-
mation of some columns during the complete construction process.
A settlement prediction is made for various construction stages.
The settlements magnitude and its distribution in the foundation
plant were estimated based on a consistent soil model. A detailed
structural model for the structure was also considered.

The structural analysis has been performed with the aid of a three-
dimensional elastic model of the structure, using a program based
on the finite element method (MEF). Due to the consistent soil and
structural model adopted in design, it was possible to establish a
comparison of the predicted and the measured behavior of the soil
structure interaction.

The results of the soil-structure interaction analyses for the differ-
ent construction stages were interpreted. The effects of creep and
shrinkage of the concrete on soil-structure interaction have also
been interpreted.

Figure 2
(a) Foundation plan; (b) Geotechnical profile

Figure 1
Building frontal view

2. Soil characterization

and structure description
[
The structure consists in a residential building located in Niterdi,
RJ, with 12 floors, a roof, a first floor of common use, the ground
floor, a semi-underground floor and the underground, shown in
Figure 1. The structure is in reinforced concrete with a conven-
tional geometry, resting on mixed foundations (Figure 2 (a)). Part
of the columns is founded on deep foundation consisting in steel
driven piles and part of the columns is founded on footings.
The geotechnical profile is shown in Figure 2 (b). The soil profile in-
dicates a sedimentary uniform deposit, consisting of a landfill on its
surface, with a thickness of approximately 0.7 meters in almost all
borings. Bellow the landfill, a layer of sandy clay is observed, with a
thickness varying between 1 and 2 meters. The sandy clay layer over-
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lies a layer of thin, medium and coarse clayey sand, with a thickness
ranging from 5 and 8 meters. These two layers, in turn, are laid on an-
other layer of sandy clay, with a thickness of approximately 2 meters.
Finally, another layer of fine, medium and coarse sand, with a variable
thickness occurs up to the depth of SPT sampler refusal, where the
borings were interrupted. The water level is about 2m below ground
level in the boring logs. The location of the SPT borings is also shown
in Figure 2 (a).

The shallow foundations are embedded into a depth of -4.65 m
from the ground level, except for P13 + P36, P14 + P21, M15,
M16, M17, M22, P18 and P24 columns, whose foundation rest at
-6.52 m depth. The ground level at the time of the soil borings is
considered as the reference level. All the shallow foundations are
embedded into a sandy soil layer of medium density. According to
the project data, an allowable soil stress of 0.4 MPa was consid-
ered in the foundation design. The H shaped steel piles had length
ranging from 14 m to 23.4 m.

3. Structural model

EE

From the building’s plants, a three-dimensional structural model in
finite elements was conceived with the aid of the SAP2000 com-
mercial program. The beams and columns were modeled as bar
elements and the slabs and the structural wall as plate elements
as shown in Figure 3.

Different models were created for the structure analysis. The first
model considered the structure founded on rigid supports and its
main purpose was to compare the column loads obtained in the nu-
merical analyses with the loads estimated from the original design.
Differences found in the loads magnitude were close to 3%. Such
small difference is due to the fairly regular geometry of the building
itself and the conventional conception of the structural model.

Figure 3
Numerical model of the building under study

4. The field instrumentation

EE

The construction started in early 2011 and field observation initi-
ated in July 2011. Six constructive steps including the instrumenta-
tion of some columns were monitored between November 2011
and June 2012. The instrumentation is detailed in the next section.
The field instrumentation aimed to monitor the settlement and de-
formation of the columns over time. Measurements were taken at
various construction stages.

The settlement measurements involved the development of a precise
optical leveling based on a deep reference, considered at a fixed point
of the structure with insignificant predicted settlement in view of the
estimated settlement of the most heavily loaded columns on shallow
foundation. Stainless steel pins were installed on the external faces
of 11 columns of the structure on the underground floor, at a height
of approximately 30 cm above the floor. The procedure for settlement
measurement consisted basically of leveling the column pins in rela-
tion to an external fixed reference, called “benchmark”. The bench-
mark is commonly installed in a place protected against any external
and internal cause that may interfere or have some influence on the
actual measurements. The benchmark is also shown in Figure 2 (a).

The pins served as support for the ruler. With periodic leveling, it
was possible to obtain the settlements in different phases of load-
ing and construction of the building.

In the specific case of this construction, it was not possible to
select an external reference, since there was no external point,
placed anywhere externally and in the surroundings, visualized
from the building site, where it would be guarantee of not present-
ing any movement at all. In addition, the research team had not
enough financial support to provide a benchmark internally to the
construction site. Then it was decided to select an internal column
as a reference. The reference column was selected as the one with

Figure 4
Construction aspect at the second
construction stage
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Table 1
Construction stages
Model Construction stage Time (days)
Start - 0
1 reading Structure built up to the 4" floor 203
2" reading Structure built up to the 5" floor 217
Structure built up to the 9" floor,
3 reading masonary concluded up fo the 266
4™ floor
Structure built up fo the cover
i , ceiling, masonary concluded up fo
4" reading the 10™ floor, wall coverings finished 310
up fo the 27 floor
Structure finished, masonary
" . concluded up to the 11" floor and
5" reading wall covering finished up fo the 3rd 336
floor
Structure finished, masonary
6 reading concluded and wall covering 413
finished up to the 7™ floor

estimated settlement much lower than any other column that would
be instrumented in the construction site.

Settlement measurements were carried out in 6 constructive steps.
Figure 4 shows the construction stage of the building at the 2™
measurement stage, in December 2011.

It is noteworthy to emphasize that the first measurement occurred
with the construction built up to the fourth floor. Thus, the first in-
strumented stage will be considered as the “zero” reading and the
other measurements based on this reference.

Table 2
Instfrumented columns and foundation type
Columns* Foundation type
M15 Shallow
M20 Deep
M21 Deep
M22 Shallow
M23 Deep
M25 Shallow
M28 Shallow
M29 Deep
M32 Deep (reference)
M36 Shallow
P13 + P36 Shallow
P18 Shallow
P24 4
*(For columns location, see Figure 2(a))

For each stage with measured settlements, a corresponding struc-
tural model was conceived, with actual loads corresponding to this
particular construction stage. Table 1 indicates the constructive
stages in which the measurements were made and the date when
they took place. Table 2 lists the instrumented columns submitted
to settlement monitoring and the type of foundation, whose loca-
tion are indicated in Figure 2 (a).

Figure 5 shows the curves of settlements distribution for the 6t and
last instrumented step. The curves join the points, in a plan-view,
interpolated from the measured settlements. At this 6" stage the
structure and masonry of the whole building was already complet-
ed and and wall covering finished up to the seventh floor.

It was observed that the largest settlements occurred in the col-
umns supported on shallow foundations. Much lower values have

Figure 5
Measured settlements distribution curve for the
6th construction stage, values in centimeter
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Figure 6

Estimated settlements distribution curve for the
complete structure according fo original design,
values in centimeter

been observed for the columns supported by steel piles driven into
high resistance soils, as expected.

In all the stages with instrumented settlements the registers of col-
umns deformation were also carried out. Besides the settlement
and columns deformation registers, the environmental tempera-
ture and the humidity present in the air were also measured by the
use of a thermo-hygrometer. There was no significant variation in
the measurements of temperature and air humidity. The mean val-
ues measured were 27 degrees Celsius, for the temperature, and
75% for the degree of moisture in the air. These values have been
considered in the analyses considering the creep and shrinkage
that will be presented in section 6.3.

5. Settlement prediction
—

The method of Aoki and Lopes [3] was adopted for settlement es-
timation. The method calculates tensions and settlements inside
the soil mass caused by a group of loads transmitted from piles
and footings to the foundation soil. The transmitted loads are de-
composed into an equivalent system of concentrated loads, whose
effects are superimposed at the points under study.

Based on a computational program developed by Aoki-Lopes [3]
the settlements caused by the whole group of the column loads
were estimated.

It is important to note that these values were calculated with the
main purpose of checking the locations with the larger and lower
settlement in the foundation plan and to have an idea of the order
of magnitude of the estimated settlements.

Figure 6 shows the estimated curves of settlements distribution for
the design loads, with no consideration of soil-structure interaction.
Note that for the columns resting in deep foundation the settle-
ment presented much smaller values compared to those columns
resting on footings. The highest settlement values occurred for the
central columns. The lower settlement values occurred for the col-
umns positioned at the building periphery, with deep foundation.

It should be noted that the settlements measurements started with
the reinforced concrete finished up to the 4th floor. The estimated

settlements in Figure 6 consider the complete structure and for the
loads calculated in the original design.

6. Structural analyses
—

6.7 Numerical models

A structural model was conceived for each instrumented stage of
the construction process. It was possible then to compare, for each
stage, the measured loadings with those calculated from the nu-
merical analysis for each construction phase.

In a preliminary phase of the numerical analysis, the loads were
applied to the model for each construction stage considering the
dead loads transferred from the columns to rigid support. The
settlements were then estimated considering the loads obtained
in each numerical model relative to each constructive stage. The
Aoki-Lopes [3] method was adopted.

In the subsequent phases of the analysis the supports did allow to
present vertical settlements. Since the footings rest in a sandy lay-
er, characterized by a rapid compressibility, the model conceived
to represent the soil behavior was composed by linear springs. The
soil spring stiffness values were estimated from the loads transmit-
ted to the foundations and the respective calculated settlement.
This procedure was followed for all the construction stages, in or-
der to reproduce the compressibility of the sand layer during the
whole construction.

The estimation of the stiffness coefficients of the representative
springs of the soil model was based on the definition of the coef-
ficient of soil reaction, represented by K, which is the ratio of the
working load and the settlement, expressed in kN/m.

The values of the stiffness coefficients, estimated as explained
above, were considered as a boundary condition in the structural
model for the following iteration. Several iterations were made for
each numerical model up to the convergence of successive stiff-
ness values. The convergence was observed after 3 iterations.

6.2 Calculated settlements compared
to measured settlements

From the numerical models conceived for each construction stage,
it was possible to compare the measured settlements with the es-
timated settlements. Figures 7 (a), 7 (b), 7 (c) and 7 (d) show the
estimated settlement distribution curves for the 6" construction
stage, considering rigid supports, Figure 7 (a), and considering
each of the successive 3 iterations calculated with soil-structure
interaction, respectively.

It can be observed that the largest settlements are estimated for
the model loads relative to the rigid support. After the introduction
of the soil-structure interaction effect in the analysis, there is an
evident change in the position in plan of the largest settlements.
On the other hand, the difference is not very clearly observed in the
settlement distribution when a much degree of refinement is incor-
porated in the analyses (higher number of iterations), until settle-
ment convergence is attained. The complete and detailed results
can be better followed in Rosa’s research [1].

It was also verified that these multiple iterations analyses are
very laborious and do not result in significant differences in the
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settlement behavior in the several iterations besides the first, when
considering the soil structure interaction effect. No significative differ-
ence was observed in the settlement distribution in plan and no rel-
evant difference was also noted in the load foundation redistribution,

Figure 7

after the first iteration. Since the foundation represents the last phase
of the project and the first of the construction, the authors consider
that for current projects, with short deadline, the analysis of the soil
structure interaction can be justified in one single iteration analysis.

Seftlements distribution curves for the 6™ stage, values in centimeters
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The proceeding analyses performed by Rosa [1] compare the es-
timated settlement distribution to the measured settlement distri-
bution. This comparison aimed at the evaluation of the estimated
compressibility parameters of the soil mass and the ability of the
Aoki-Lopes method to predict the measured settlements satisfacto-
rily. 1t should be pointed out that although the Aoki-Lopes method
[3] has been originally conceived for deep foundations, it can also
be used for shallow and mixed foundations, as in the present case.
For the 6" construction stage, the measured values are illustrated
in Figure 7 (e) and predicted settlements in Figure 7 (f). Once the
measurements initiated after the beginning of the construction, the
calculated settlements correspondent to the loads acting up to the
start of the instrumentation were reduced from the total calculated
settlement. Those are the settlement shown in Figure 7 (f).

It can be observed that Figures 7 (e) and 7 (f) are similar, with high-
er settlements of 1 cm, in the central part of the building, especially
in the locations where the columns are founded on footings. In the
part of the foundation plan with preponderance of deep foundation
much smaller settlements were observed.

The similarity in the settlements values indicates the suitability of
the soil compressibility model, which had already been observed
by Conde de Freitas et al [4]. The similarity of the settlement
distribution between curves Figures 7 (e) and 7 (f) reveals the
adequacy of the numerical model to reproduce soil structure in-
teraction behavior.

It is worth recalling the effect of the construction sequence on the
soil x structure interaction observed by Gusméao Filho [5] and illus-
trated in Figure 8. Figure 8 shows the increase in settlement with
the progress of the construction stages. At the same time the in-
crease in the average settlement is observed, due to the increase
of the loading, the variability of the settlement decreases. In fact,
the coefficient of variation of the settlement tends to decrease with
the advance of the construction due to the interaction effect.
Figures 9 (a), 9 (b) and 9 (c) illustrate this same effect for the build-
ing under study. Since settlement instrumentation did not start at

SETTLMENT
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Figure 8
Effect of construction sequence, Gusmado Filho [5]

FREQUENCY

the beginning of construction, the statistical values (mean, stan-
dard deviation and coefficient of variation) were calculated add-
ing to the measured settlement the value of settlement estimated
for the loading correspondent to the initial of the instrumentation.
Calculated settlements were taken from the beginning of construc-
tion. Figures 9 (a), 9 (b) and 9 (c) illustrate, respectively, the mean,
standard deviation and coefficient of variation of the estimated and
the measured settlements. The calculation of the mean was made
considering the sum of the settlements in each instrumented col-
umn divided by the number of columns (11), for each of the instru-
mented stage (6 stages). The standard deviation and coefficient of
variation, which is the ratio of the standard deviation to the mean,
were also calculated and shown in the figure.

It is observed that the mean measured settlement is practically
coincident with the mean estimated settlement, except for the
interval of 310 days from the beginning of the instrumentation,
precisely at the time when 3 readings were lost. Possibly, the re-
duction in the number of observations resulted in the impairment
of the mean instrumented settlement value. Otherwise, it was
also observed that the mean calculated settlement, in the same
interval (310 days), which included the average of 11 values, ap-
proached much closer to the overall trend, compared to the mea-
sured settlement curve at this same interval, whose mean moved
apart from the overall behavior.

The measured standard deviation values were also very close to
the calculated values, except for the reading corresponding to the
same interval (310 days), precisely the same interval when 3 read-
ings were lost. Possibly, impairment of the mean value resulted in
the same effect on standard deviation. However, while the mean
estimated settlement has approached to the overall trend, the
standard deviation did not follow the same tendency. No reason
for such an outcome has yet been identified.

Once the measured settlements at the beginning of the instrumen-
tation were considered the same as that estimated, the curve rep-
resenting the mean, the standard deviation and the coefficient of
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variation start in the same instant in Figure 9. For the estimated
curve, the coefficient of variation reduced throughout the construc-
tion process, but very slowly. For the measured curve, the coeffi-
cient of variation presented higher amplitude of variation, possibly
due to loss of some readings, as explained previously. It should be
noted that, despite the differences that occurred during loading, the
coefficient of variation were practically the same at the extremes
of the instrumentation interval. That behavior has been observed
as an overall pattern for similar instrumented constructions. The
greater redistribution of loads and settlements uniformity usually
takes place at the beginning of construction, when the rigidity of
the structure increases during the construction of the first floors.
Experimental observations demonstrate that the first floors are
submitted to interaction effect in its most intensive extent. That is
the reason why the presence of excessive settlements results in
most intense structural damages precisely on the first floors. Unfor-
tunately, the initial phase of the construction was not instrumented
in the present case. As the present case study consists of a com-
mon residential building, with a very tight schedule, the authors
were not allowed to change any planned events, despite all the
support received from the construction team. The moment the in-
strumentation was allowed to start and the authors could begin the
measurements, the construction had already advanced towards
the fourth floor. It was not possible, therefore, to observe the in-
teraction effect and estimate the coefficient of variation during the
period it should undergo the more significant variation, in the first
construction stages. The reduction in the coefficient of variation

with the construction sequence was then observed, in the present
case, but in a much more tenuous extent.

Referring to Figure 8, it can be observed that Gusméo Filho [5]
already illustrated the most significant interaction effect and re-
duction in the settlement standard deviation in the first construc-
tion stages.

6.3 Analysis considering concrete creep
and shrinkage

The previous analyses were useful to calibrate the model with re-
spect to the soil characteristics and to allow the selection of an
adequate stiffness coefficient K, representative of the soil behav-
ior for each columns support. The soil stiffness coefficient of the
representative soil model K was estimated as the ratio of load
to estimated settlement, given in kN/m. The K estimated by the
calculated and the measured settlement presented a satisfactory
agreement for the instrumented columns. Further analyses were
based on stiffness coefficients upon updating the K values corre-
sponding to the 6"constructive stage after the 3" iteration.

The soil structure interaction analysis including the concrete creep
and shrinkage was conducted with the use of SAP2000 program,
which is based on the formulations of the CEB-FIP Model Code [6].
For adoption of CEB recommendations, it is necessary to use em-
pirical coefficients based on chosen parameters, geometric char-
acteristics and mechanical properties of the structure, such as: the
concrete compressive strength (f, = 35 MPa), concrete elasticity
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Figure 10

Compressive resistance with elapsed time after the initial of construction for column M5, for the 6 models

modulus (E = 34 x 10° MPa), cross section of components of the
structure, relative humidity of the environment (75%), age and du-
ration of loading and type of cement (0.25, in the present analysis,
corresponding to a normal hardening concrete). In regard to the
age and duration of the loading, the construction stages according
to in Table 1 were considered.

It is important to emphasize that for the analysis considering the
concrete creep and shrinkage it was not necessary to consider all
the construction stages, (1 to 6), listed in Table 1. The reason is
the very small increase in loading between certain stages. In some
cases, the intervals between stages were also very short.

In addition, a loading step before the start of the instrumentation
interval (before the “zero” reading) was added. It was included in
order to consider the load corresponding to the construction of
the foundation, the underground, the partly-embedded floor, the
ground floor and common use floor (PUC). This loading was added

aiming at a better observation of the effects of the concrete creep

and shrinkage.

Six models were conceived for the present case analyses in the

course of time, as described below:

1) Structure resting on rigid supports;

2) Structure resting on elastic supports;

3) Structure resting on elastic supports and structural material
subjected only to creep effect;

4) Structure resting on elastic supports and structural material
subjected only to shrinkage effect;

5) Structure resting on elastic supports and structural material
subjected to both creep and shrinkage effect;

6) Structure resting on rigid supports and structural material sub-
jected to both creep and shrinkage effect.

Figures 10 and 11 show the compressive reactions on two typical

columns, M5 and M22 with elapsed time after the beginning of
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Figure 11

Compressive resistance with elapsed time after the initial of construction for column M22, for the 6 models
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construction for the models 1 to 6 listed above. In these figures,
the successive steps characterize the loading stages.

Figure 10 shows the compressive reactions in column M5 rest-
ing on deep foundation (location shown in Figure 2 (a)). For this
column, the upper bound load is relared to the structure on elas-
tic supports and without the effect of creep and shrinkage (mod-
el 2 above), while the lower bound is related to the structure
on elastic support and subjected only to the shrinkage effect
(model 4). The effect of the creep resulted in the reduction of
the compressive reaction in this column while the soil-structure
interaction resulted in the reaction increase. The compressive
reaction corresponding to model 5, including the effect of creep
and shrinkage, is situated between these two limits.

Figure 11 illustrates the compressive reactions in column M22,
resting on a shallow foundation. In column M22 a redistribution
of load caused the increase of the compressive reaction in all
the steps of analysis.

The creep effect, in this column, resulted in increased compres-
sive reaction for all stages, with the effect also increasing with
elapsed time. A change in behavior was observed compared to
the other columns analyzed in this research. In fact, soil struc-
ture interaction and creep in concrete components always pre-
sented effects in opposite directions.

The effect of the shrinkage indicated to be of minus relevance
for this column, and caused a reduction in compressive loads.
The authors observed, therefore, that in the great majority of
the instrumented columns the effect of creep was contrary to
the loading redistribution effect on soil structure interaction. The
effect of the shrinkage was not significant. Gongalves [7] also
observed that the shrinkage effects were small and occurred
mainly in the initial loading interval and more intensively in the
region of high rigid support. From the interval of 140 days after
the beginning of construction, the effects of shrinkage were also
not significant.

Figure 12 shows the settlement distribution curves, after the
6™ construction stage, considering the soil-structure interaction
and the effects of creep and shrinkage. The settlement distribu-
tion curves without consideration of creep and shrinkage effects
were presented in Figure 7 (d). The effect of creep and shrink-
age did not change the distribution of the settlement in plan for
the case analyzed in this article. Their effect did not also modify
the maximum settlement value, as observed when comparing
Figure 7 (d) and Figure 12.

It can be concluded that for the case under study, the combined
effect of creep and shrinkage did not contribute to a greater uni-
formity in the settlement distribution compared to the relevant
effect of soil structure interaction.

Figure 13 shows the settlement distribution curves after the 6™
construction stage. In Figure 13 the estimated settlement prior
to the existing loads at the beginning of the instrumentation was
not considered. Figure 13 includes: (a) measured settlements,
(b) calculated settlements considering soil-structure interaction,
and (c) calculated settlements considering soil-structure inter-
action including creep and shrinkage effects.

A higher consistency can be observed when one compares the
measured and the estimated settlement including only the soil
structure interaction. In addition to the interaction, if the effect

o

Figure 12

Settlement distribution for the 6" construction
stage, considering soil structure interaction and
concrete creep and shrinkage effect, values

in centimeters

of creep and shrinkage are also considered, a change in be-
havior can be observed in the central of the figure, with a much
relevant uniformity of the settlements, higher than was actually
observed in the measured curve. A difference in behavior can
also be observed close to the corners of Figure 13, with a much
sharply reduction in the curve when the creep and shrinkage
effect are considered.

The main observation of this case study is that the effect of con-
crete creep and shrinkage in the numerical analysis points to-
ward an evaluation in excess of its real significance when com-
pared to the numerical analysis considering only the interaction
effect, which presented a much closer approximate agreement
to the instrumentation results.

7. Conclusions
HE

The article presented the soil structure interaction analysis of a
case study of a building founded on mixed foundations, with some
columns resting on footings and others resting on steel driven
piles. An extensive field instrumentation program was carried out
with columns settlement and deformation measurements. The
complete research results were presented by Rosa [1].

The article demonstrated the adequacy of the available numerical
tools in reproducing structural behavior and group effect in soil set-
tlement prediction. The ability to properly estimate an approximate
value of soil compressibility model is also emphasized. This ability
allows a consistent analyzes of soil structure interaction.

It was observed that the mean and standard deviation values
of the measured settlements were found to be in very close
agreement with the mean and standard deviation of the calcu-
lated settlements.

The multiple iterations analyses were observed to be very labori-
ous and not justified in current cases, once do not result in sig-
nificant differences in the settlement distribution behavior. The
authors propose just one analyzes for soil structure interaction in
current foundation reactions support.

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3
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Figure 13

Setflement distribution curves for the 6" stage: (a) measured; (b) estimated and (c) also considering concrete

creep and shrinkage effect, values in centimeters

The authors observed that effect of concrete creep was contrary
to the effect of soil structure interaction in relation to loading re-
distribution on columns foundation. When the column reaction
increased, due to soil structure interaction, the effect of concrete
creep caused the opposite effect. When column reaction in-
creased, due to concrete creep, the effect of soil structure interac-
tion caused a reduction in the column compressive reaction.

The concrete creep and shrinkage effect in the numerical analysis
pointed out to an evaluation based on the CEB-FIP Model Code
[6] recommendations in excess of its real significance when com-
pared to the effect of the soil structure interaction alone.
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Abstract
E——

The paper presents some results from Rosa’s [1] research that aimed to verify the effect of creep and shrinkage of the concrete in soil-structure
interaction. The construction consists in a 17 storeys building. It is set down on shallow foundation, in the central part of the construction, and steel
piles, on the boundary. The structure was submitted to instrumentation during construction, including the monitoring of foundation settlements and
columns deformation. It was possible to compare the structural design with a numerical refined structural analysis. Comparisons of the structural
and foundation design with and without due consideration of soil-structure interaction are also presented. Finally, the different design assumptions
were confronted with instrumentation results, both related to foundation settlements and to columns loading as well. Attention is pointed out on the
effect of concrete creep and shrinkage in the soil-structure interaction analysis.

Keywords: soil-structure interaction, foundation settlements, instrumentation.

Resumo
E———

O presente artigo apresenta alguns resultados da pesquisa de Rosa [1], que teve por objetivo verificar o efeito da fluéncia e retracdo do concreto
na interagado solo-estrutura. Foi analisada uma edificagdo com 17 pavimentos mais subsolo, em fundagao mista, submetida a instrumentagéo de
campo contemplando o monitoramento de recalques e deformacgéo de alguns pilares, ao longo do processo construtivo. Foi possivel comparar
o projeto do calculista com uma analise numérica mais refinada. Também se comparou o projeto, sem considerar e considerando a interagao
solo-estrutura. Finalmente, os diferentes cenarios de projeto foram confrontados com os resultados experimentais, tanto em relagcéo aos recal-
ques como aos esforgos nos pilares instrumentados. Atengao particular foi dada ao efeito da consideragéo da fluéncia e retragéo do concreto na
analise da interagao solo-estrutura.
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1. Introducgao

B

A Ultima atualizagao da Norma de Fundagoes da ABNT NBR 6122 [2]
preconiza, em seu item 5.5, que “Em estruturas nas quais a deforma-
bilidade das fundagdes pode influenciar na distribuicdo de esforgos,
deve-se estudar a interagao solo-estrutura ou fundacgao-estrutura”.
No caso particular de fundagbes mistas, que contemplam a utili-
zagao de fundagoes diretas e profundas, com os pilares da lamina
central, mais carregados, assentes em sapatas com elevada area
de contato com o solo superficial e os pilares periféricos, menos
carregados, em estacas, a deformabilidade das fundagdes pode
influenciar de forma relevante a distribuicdo de esforcos. Neste
caso, o projeto deve ser estudado, em conformidade com a Norma
Brasileira, prevendo a interagao solo-estrutura, aspecto este ainda
muito desconsiderado na pratica.

Apresenta-se, neste trabalho, parte do estudo da pesquisa de
doutorado de Rosa [1], que contempla a analise de um edificio em
fundagdes mistas submetido a uma instrumentagdo com monitora-
mento dos recalques e da deformagéao de alguns pilares ao longo
do processo construtivo.

Uma previsdo do comportamento do solo é procedida, incluindo a
grandeza e desenvolvimento do recalque com o tempo, com base
num modelo consistente da edificagdo e do solo.

A andlise estrutural foi feita com um modelo numérico elastico tridi-
mensional da estrutura, utilizando um programa baseado no méto-
do dos elementos finitos (MEF). Com base num modelo consisten-
te do solo, foi possivel estabelecer uma comparagao da previséo
do comportamento com os resultados das medigdes de campo.
Foram interpretados os resultados da analise da interagédo solo-
-estrutura para as diferentes etapas construtivas e interpretados
os efeitos da fluéncia e retragdo do concreto.

2. Descricao da edificagcao
e do perfil geotécnico

Trata-se de um edificio residencial com 12 pavimentos-tipo, cober-
tura, pavimento de uso comum, térreo e pavimento semi-enterrado
mais subsolo, situado em Niteroi, RJ, ilustrado na Figura 1. A es-

Figura 2
(a) Foundation plan; (b) Geotechnical profile

Figura 1
Fachada da edificacdo

trutura € em concreto armado, com geometria convencional, sobre
fundagdes mistas (Figura 2(a)), sendo parte em fundagao profunda,
em estacas metalicas, e parte em fundagao direta, em sapatas.

O perfil geotécnico, ilustrado na Figura 2(b), revela um terreno
de composi¢do uniforme em planta, constituido por um trecho
de aterro em sua superficie, de espessura de aproximadamente
0,7 metros em quase todas as sondagens. A seguir, observa-se
uma camada de argila arenosa, com espessura que varia entre
1 e 2 metros, sobrejacente a uma camada de areia fina, média e
grossa, argilosa com espessura variavel entre 5 e 8 metros. Es-
tas duas camadas, por sua vez, estdo assentes sobre outra ca-
mada de argila arenosa, com espessura de aproximadamente 2
metros. Finalmente, registra-se outra camada de areia fina, média
e grossa, argilosa, com espessura variavel até a profundidade do
impenetravel, onde foram interrompidas as sondagens. O nivel
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d’agua encontra-se a cerca de 2m abaixo do nivel do terreno nas
sondagens. A locagao das sondagens encontra-se apresentada
na Figura 2(a).

As sapatas estdo assentes numa profundidade de -4,65 m em
relagéo ao nivel do terreno por ocasiao da realizagao das sonda-
gens, com excegao das sapatas P13+P36, P14+P21, M15, M16,
M17, M22, P18 e P24 que estdo assentes a -6,52 m. Todas as
sapatas estdo assentes em horizonte arenoso de média compa-
cidade. Conforme dados do projeto, foi considerada uma tenséo
admissivel de 0,4 MPa no dimensionamento das fundagdes. As
estacas apresentaram comprimento variando entre 14 m e 23,4 m.

3. Modelo estrutural

EE

A partir das plantas de forma do edificio, foi elaborado um modelo
estrutural tridimensional, em elementos finitos, através do progra-
ma comercial SAP2000. As vigas e os pilares foram modelados
como elementos de barra, as lajes e a parede estrutural como
elementos de placa, conforme ilustrado na Figura 3.

Foram elaborados varios modelos para analise do prédio. O pri-
meiro considerou a estrutura sobre apoios rigidos, indeslocaveis
e teve como objetivo comparar as cargas obtidas nos pilares com
as cargas do projeto original da edificacdo. Foram observadas di-
ferencas nas cargas em torno de apenas 3%. Isso se deve ao
fato do prédio ter uma geometria bastante regular e um modelo
estrutural convencional.

4. Instrumentacao de campo

EE

A obra foi iniciada no comego de 2011 e as observagdes de campo
referentes a execucéo da obra foram iniciadas em julho de 2011.
Foram monitoradas 6 etapas construtivas entre novembro de 2011

e junho de 2012 com medigbes de recalque de alguns pilares, a
serem detalhadas em item a seguir.

Ainstrumentagédo de campo teve como objetivo monitorar os recal-
ques e deformagdes dos pilares ao longo do tempo. Foram reali-
zadas medidas em diversas etapas da construgao.

A medida de recalques envolveu a realizagdo de um nivelamento
otico de precisdo com base numa referéncia de nivel profunda,
efetuada em pontos fixos da estrutura na qual se pretendia medir
os deslocamentos verticais. Para isto, foram instalados pinos de
aco inoxidavel nas faces externas de 11 pilares do edificio, no pa-
vimento do subsolo, a uma altura de aproximadamente 30 cm do
piso. O procedimento de medicédo dos recalques consistiu basica-
mente em se nivelar os pinos dos pilares em relagédo as referén-
cias fixas externas (“benchmark”), instaladas de forma a néo sofrer
influéncia da prépria obra ou de outras causas externas.

Os pinos serviram de apoio para a mira. Com nivelamentos perio-
dicos, foi possivel obter valores de recalques em diferentes fases
de carregamento e de construgédo do edificio.

No caso especifico desta obra, ndo foi possivel a execucao de re-
feréncia externa a obra, pois ndo havia nenhum ponto, visualizado
da obra, que fosse garantido que ndo se deslocasse, além da falta
de recursos para sua execugao internamente a obra. Com isso,
optou-se por fixar como referéncia um pilar interno com recalque
muito menor do que os demais pilares instrumentados.

Conforme ja mencionado, foram realizadas medi¢des de recalque
em 6 etapas construtivas. A Figura 4 mostra o estagio de cons-
trugao do prédio na 22 etapa de medigao, em dezembro de 2011.
Vale ressaltar que a primeira medigdo ocorreu com o edificio
construido até o quarto pavimento. Sendo assim, a primeira eta-
pa medida sera considerada como a etapa “zero” e as demais
medidas retiradas em fungéo da diferenga em relagdo a esta pri-
meira medida.

Figura 3
Modelo numérico da edificacdo em estudo

Figura 4
Estégio de constru¢cdo da 2¢ medicdo
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Tabela 1
Etapas construtivas

Modelo

Etapa da obra

Tempo (dias)

Inicio

0

19 leitura

Estrutura concretada até o piso
do 4° pavimento

203

29 leitura

Estrutura concretada até o piso
do 5° pavimento

217

3¢ leitura

Estrutura concretada até o piso
do 9° pavimento, com alvenaria
até o 4° pavimento

266

49 leitura

Estrutura concretada até o teto
da cobertura, alvenaria até o
10° pavimento, revestimento até
0 2° pavimento

310

5 leitura

Estrutura concluida, alvenaria até
o 171° pavimento e revestimento
até o 3° pavimento

336

6° leitura

Estrutura concluida, alvenaria
concluida e revestimento até
0 7° pavimento

413

Para cada etapa medida, foi elaborado um modelo estrutural
correspondente, com as cargas atuantes referentes a tais eta-
pas. A Tabela 1 indica as etapas construtivas em que foram
efetuadas medigdes de recalque e seus respectivos tempos de
execucgao. A Tabela 2 enumera os pilares instrumentados para
medicao de recalque e o tipo de fundagéo, cuja localizagéo foi
indicada na Figura 2(a).

A Figura 5 ilustra as curvas iso-recalques medidos para a 62 e

Tabela 2
Pilares instrumentados e tipo de fundacdo
Pilares* Tipo de fundag¢ado
M15 Superficial
M20 Profunda
M21 Profunda
M22 Superficial
M23 Profunda
M25 Shallow
M28 Superficial
M29 Superficial
M32 Profunda
M36 Referéncia
P13+P36 Superficial
P18 Superficial
P24 Superficial
*(Para localizagdo dos pilares instrumentados vide Figura 2(a))

Ultima etapa instrumentada. Nesta etapa o edificio ja estava com
sua estrutura e alvenaria prontas e o revestimento executado até
0 sétimo andar.

Observou-se que os maiores recalques ocorreram nos pilares as-
sentes sobre sapatas e os menores recalques ocorreram nos pi-
lares com fundacgao profunda, conforme esperado neste caso, em
que as fundagdes profundas sdo em perfis metalicos embutidos
em solos de elevada resisténcia e as sapatas de grandes dimen-
sOes em planta.

Em todas as etapas em que foram medidos recalques e defor-
magdes nos pilares, foram também medidas as temperaturas e
umidades do ambiente com a utilizagdo de um relégio termo-hi-
grometro. N&o houve variagéo expressiva nas medigoes destes

Figura 5
Curvas iso-recalques medidos para a 6° etapa,
em cenfimetros

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



L. M. P. ROSA | B. R. DANZIGER | E. M. L. CARVALHO

Figura 6
Curvas iso-recalques do projeto, em centimetros

parametros. A média dos valores medidos foi de 27 graus Celsius,
para a temperatura, e 75% para a umidade. Estes valores foram
usados nas andlises considerando a fluéncia e retragcdo apresen-
tadas no item 6.3.

5. Previsao tedrica dos recalques
EE

Para a previsao de recalques utilizou-se o método de Aoki e Lopes
[3], o qual estima tensbes e recalques no interior do macico de
solo através de um processo numérico em que as cargas que um
conjunto de elementos (sapatas e estacas) transmite ao solo séo
decompostas em um sistema equivalente de cargas concentra-
das, cujos efeitos sdo superpostos nos pontos em estudo.
Baseado num programa computacional, desenvolvido por Aoki-
-Lopes [3], foram estimados os recalques para todos os pilares da
edificacéo, a partir das cargas de projeto.

Importante observar que estes valores foram calculados com o
objetivo de verificar os pontos de maior e menor recalque, e ter
uma ideia da ordem de grandeza dos valores.

A Figura 6 mostra as curvas iso-recalques estimados para esta
situagédo, sem consideracao da interagao solo-estrutura e para as
cargas provenientes do projeto estrutural da edificagao.

Nota-se que os pilares com fundagéo profunda apresentaram a
ordem de grandeza dos recalques bem menor que os pilares com
fundacao rasa, em sapatas, conforme era esperado. Os maiores
valores de recalque ocorreram para os pilares centrais. Os me-
nores valores de recalque ocorreram para os pilares da periferia.
Cabe registrar que enquanto os recalques medidos tiveram inicio
com a estrutura concretada até o piso do 4¢ pavimento, os recal-
ques previstos consideram a estrutura completa.

6. Analises da edificagao
———

6.1 Modelos numéricos

Foi previsto um modelo estrutural para cada etapa construtiva ins-
trumentada. Com isso, foi possivel comparar, para cada etapa,
os recalques medidos com os recalques calculados a partir das
cargas nas fundagoes previstas na analise do modelo estrutural.

Numa primeira fase da anadlise, as cargas foram aplicadas para o
modelo com apoio rigido, apenas considerando os carregamentos
existentes em cada etapa construtiva. A partir das cargas da fun-
dagao, assim obtidas, foram calculados os recalques referentes a
cada etapa construtiva descrita, utilizando a metodologia proposta
por Aoki-Lopes [3].

Nas fases seguintes da andlise, os apoios foram considerados
deslocaveis. Uma vez que as sapatas foram assentes em cama-
da arenosa, de compressibilidade rapida, o modelo proposto para
representar as caracteristicas do terreno foi composto por uma
mola, comportamento, portanto, linear. Os valores dos coeficien-
tes de rigidez das molas representativas do modelo do solo foram
estimados a partir das cargas nas fundagdes e dos respectivos
recalques calculados em cada etapa construtiva, de forma a repro-
duzirem a compressibilidade da camada de areia.

Para a estimativa dos coeficientes de rigidez das molas represen-
tativas do modelo do solo, partiu-se da definigdo do coeficiente de
recalque K, que é a relagao entre a carga atuante e o recalque,
em kN/m.

Os valores dos coeficientes de rigidez, estimados conforme ex-
plicitado acima, foram considerados como condi¢do de contorno
no modelo estrutural para analise da interagéo seguinte. Foram
feitas, para todas as etapas, varias iteragdes até a convergéncia
dos valores de coeficiente de rigidez. Observou-se que os valores
convergiram na 32 iteragdo.

6.2 Comportamento quanto aos recalques
medidos e estimados

A partir dos modelos numéricos elaborados para cada etapa cons-
trutiva, foi possivel comparar os recalques medidos com os recal-
ques estimados. As Figuras 7(a), 7(b), 7(c) e 7(d) apresentam as
curvas iso-recalques estimados para a 62 etapa construtiva, consi-
derando apoios rigidos e considerando as 3 iteragdes calculadas
com interagao solo-estrutura, respectivamente.

Observa-se que os maiores recalques sao estimados quando da
consideragao das cargas do modelo correspondente ao apoio ri-
gido. Ha mudancga na locagao dos maiores recalques quando se
introduz a analise com interagao solo x estrutura. Por outro lado, a
mudanga € pouco significativa no padrao de comportamento das
curvas de iso-recalques quando se passa a um maior refinamento
das analises (maior numero de iteragdes), até a convergéncia dos
resultados. Estes resultados parciais podem ser melhor acompa-
nhados na pesquisa de Rosa [1].

Verificou-se que estas andlises de iteragdes multiplas sdo muito
trabalhosas e nao resultam em diferengas significativas no padréao
de comportamento nas diversas iteracdes além da primeira, quan-
do se contempla a interagao solo x estrutura. Nao se observou di-
ferenga sensivel no padrao de distribuicao de recalques em planta
e também na redistribuicdo de cargas na fundagédo. Uma vez que
as fundagdes representam a Ultima etapa do projeto e a primeira
da execugao, os autores consideram que, para projetos correntes,
a analise da interagao solo x estrutura, recomendada pela verséao
mais atualizada da norma, justifica-se numa Unica iteragao.

Em seguida, procurou-se comparar as curvas de iso-recalques
previstas e medidas, de forma a se avaliar os parametros de com-
pressibilidade estimados para o macigo de solos e a capacidade
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de previsdo de comportamento, seja do modelo estrutural, seja  ¢Oes diretas e fundagdes mistas, como o caso presente. Para a 62
da metodologia aplicada na previsdo dos recalques. Cabe desta-  etapa, os valores medidos sao ilustrados na Figura 7(e) e previs-
car que a metodologia de Aoki-Lopes [3], originalmente concebida  tos na Figura 7(f). Uma vez que os recalques medidos se iniciaram
para fundagdes profundas, também pode ser utilizada para funda-  apds o inicio da obra, foram reduzidos, dos recalques calculados

Figura 7
Curvas iso-recalques para a 6° etapa (em centimetros)
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apresentados na Figura 7(f), os valores correspondentes aqueles
que ocorreriam antes do inicio da instrumentagéo.

Observa-se que as Figuras 7(e) e 7(f) apresentam um aspecto
bastante similar, com maiores recalques, da ordem de 1 cm, na
parte central da edificagédo, especialmente no trecho dos pilares
que apresentam fundagéo direta. Os pilares com fundagao profun-
da e da periferia apresentam ordem de grandeza dos recalques
bem menor que os pilares centrais.

A similaridade nos valores de recalque indica a adequagao do mo-
delo de compressibilidade do solo, que ja havia sido observado
por Conde de Freitas et al [4]. A similaridade no padrdo da curva
revela a adequagdo do modelo numérico ao representar o com-
portamento da interagéo entre o solo e a estrutura.

Cabe aqui lembrar o comportamento observado por Gusmao Filho
[5] quanto ao efeito da sequéncia da construgao na interagao solo
x estrutura, ilustrado na Figura 8. A Figura 8 ilustra o aumento do
recalque médio com o avango das etapas construtivas. Ao mes-
mo tempo em que se observa o aumento do recalque médio, por
efeito do acréscimo do carregamento, a variabilidade do recalque
diminui, ou seja, o coeficiente de variagdo do recalque tende a
diminuir com o avango da construgdo. Este é o efeito da interagdo.
As Figuras 9(a), 9(b) e 9(c) ilustram este mesmo efeito para a
obra em estudo. Como as leituras desta obra néo foram iniciadas
no tempo zero, os valores estatisticos (média, desvio padrédo e
coeficiente de variagédo) foram determinados considerando que o
recalque medido, em cada um dos pilares instrumentados, apre-
sentasse, no inicio das leituras, um valor de recalque igual aquele
calculado para o mesmo pilar naquele mesmo tempo. Os recal-
ques calculados foram tomados com a origem no inicio da exe-
cucgao. As Figuras 9(a), 9(b) e 9(c) ilustram, respectivamente, a
média, desvio padrdo e coeficiente de variagdo dos recalques es-
timados e dos recalques medidos. O calculo da média foi feito con-
siderando o somatorio dos recalques em cada pilar instrumentado
dividido pelo numero de pilares (11 pilares), para cada uma das
etapas instrumentadas (6 etapas). A partir da média foi calculado

RECALQUE

-\___‘______/[nl

Figura 8
Efeito da sequéncia executiva, Gusmdo Filho [5]

FREQUENCIA

o desvio padrao e o coeficiente de variagédo, que é a razdo entre o
desvio padrdo e a média.

Observa-se que os valores médios medidos foram praticamente
coincidentes com os valores médios calculados, exceto para a
leitura correspondente ao intervalo de 310 dias apds o inicio da
instrumentagao, justamente na ocasido em que foram perdidas 3
leituras. Possivelmente, a redugdo do numero de observagoes re-
sultou no comprometimento do valor médio. Observou-se, ainda,
que o valor médio calculado no tempo de 310 dias, que contem-
plou a média de 11 valores, se aproximou muito mais da tendéncia
da curva do que o valor da média do recalque medido neste tem-
po, cujo valor se afastou do comportamento do conjunto.
Verificou-se que os valores de desvio padrdo medidos foram tam-
bém muito proximos dos valores calculados, exceto para a leitura
correspondente ao mesmo intervalo de 310 dias apds o inicio da
instrumentagao, justamente na ocasido em que foram perdidas 3
leituras. Possivelmente, o comprometimento do valor médio re-
sultou no mesmo efeito no desvio padrao. Porém, enquanto no
grafico de recalques o valor do recalque médio calculado tenha
se aproximado da curva do conjunto, enquanto o medido tenha se
distanciado, no caso do desvio padrao aconteceu o oposto. Ainda
nao se conseguiu identificar uma justificativa para tal resultado.
Como se considerou, para os valores medidos no inicio da instru-
mentagdo, os mesmos valores calculados para aquela data, os
valores da média, desvio padréo e coeficiente de variacéo se ini-
ciaram no mesmo ponto. Nos valores calculados o coeficiente de
variagao se reduz, ao longo do processo executivo, porém muito
lentamente. Para os valores medidos, o coeficiente de variagao
apresenta uma maior amplitude de variagao, possivelmente pela
perda de algumas leituras, como comentado anteriormente. Cabe
observar que, apesar das diferengas ocorridas durante o carre-
gamento, a amplitude da redugao do coeficiente de variagao foi a
mesma, quer se tome os valores medidos, quer se tome os valo-
res calculados. Destaca-se também que a maior redistribuigéo de
cargas e recalques costuma acontecer no inicio da construgao,
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Figura 9

(a) Média, (b) Desvio padrdo e (c) Coeficiente de variagdo dos recalques medidos e calculados

quando a rigidez da estrutura aumenta até os primeiros pavimen-
tos. Observagbes experimentais comprovam que 0s primeiros
pavimentos sdo os que mais trabalham, dai se verificar danos,
relativos a presenca de recalques excessivos, justamente nos
primeiros pavimentos, que, infelizmente, na obra em aprego, nao
foram instrumentados. Como esta obra consiste num empreendi-
mento comum, com um cronograma executivo rapido, apesar de
todo o apoio recebido por parte da construtora, os autores nao
tiveram permisséao de alterar as etapas e a velocidade de constru-
¢ao. Até que se obtivesse a autorizacao e se iniciasse as leituras,
a construgao ja se encontrava no quarto pavimento. Nao foi possi-
vel, assim, se observar o comportamento do coeficiente de varia-
¢ao com o tempo no periodo em que ele deve sofrer uma variagao
mais significativa, ou seja, nas primeiras etapas da construgéo.

Isto posto, se observa, embora de forma mais ténue, a redugao do
coeficiente de variagdo com a sequéncia executiva. Reportando-
-se a Figura 8, observa-se que Gusmao Filho [5] ja representava a
redugdo mais significativa do desvio padréo nas primeiras etapas.

6.3 Analise considerando a fluéncia e a retragao
do concreto

As iteragdes calculadas calibraram o modelo quanto as caracteris-
ticas do terreno, definindo o valor a ser adotado para o coeficiente
de rigidez das molas representativas do solo. Para a estimativa
do coeficiente de rigidez das molas representativas do modelo do
solo, partiu-se da definicao do coeficiente de recalque K, que é a

relagéo entre a carga atuante e o recalque, em kN/m. Considerou-
-se, portanto, para as etapas subsequentes, os valores de coefi-
ciente de rigidez da 62 etapa, apds a 32 iteragao.

Toda a previsao de fluéncia e retragéo foi feita através do programa
SAP2000, que se baseia nas formulagdes do Cddigo Modelo do
CEB-FIP [6]. Para o emprego das recomendagdes do CEB, faz-se
necessario o uso de coeficientes empiricos baseados em certos
parametros e caracteristicas geométricas e propriedades mecani-
cas da estrutura, como: a resisténcia caracteristica a compressao
do concreto (f, = 35 MPa), modulo de elasticidade do concreto a
28 dias (E_= 34x 10°MPa), seg&o transversal das pegas, umidade
relativa do meio (75%), idade e duragéo do carregamento e tipo de
cimento empregado (0,25, na presente analise, correspondendo a
um cimento de endurecimento normal). Quanto a idade e duragao
do carregamento, foram consideradas as etapas de construgao e
sua duragao, indicados na Tabela 1.

Importante observar que, para esta andlise, ndo foram conside-
radas todas as etapas citadas na Tabela 1, (1 a 6). Isto porque o
acréscimo de carga entre determinadas etapas foi muito peque-
no. Em alguns casos, os intervalos entre etapas foram também
muito pequenos.

Além disso, acrescentou-se uma etapa anterior ao inicio da
instrumentagado, ou seja, anterior a leitura “zero”, de forma a
considerar o carregamento correspondente a construgcédo da
fundacgao, subsolo, piso semi-enterrado, térreo e pavimento de
uso comum (PUC), objetivando melhor observar os efeitos dos
fendmenos analisados.
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Figura 10

Esforco normal ao longo do tempo para o pilar M5,

Foram analisadas seis situacdes para o edificio estudado, ao lon-
go do tempo, conforme descrito abaixo:

1) Estrutura com apoios rigidos;

2) Estrutura com apoios elasticos e material da estrutura sem flu-
éncia e retragao;

Estrutura com apoios elasticos e material da estrutura sujeito
apenas a fluéncia;

Estrutura com apoios elasticos e material da estrutura sujeito
apenas a retracgao;

Estrutura com apoios elasticos e material da estrutura sujeito a
fluéncia e retragao;

Estrutura com apoios rigidos e material da estrutura sujeito a
fluéncia e retragao.

As Figuras 10 e 11 apresentam as curvas de esforgos normais de
dois pilares (M5 e M22) ao longo do tempo, para as situagdes 1 a
6, enumeradas acima. Nestas figuras estao também identificadas,
para melhor clareza, as etapas das medigbes.

considerando as seis situacdes descritas

A Figura 10 mostra as curvas para o pilar M5 (locacdo apresen-
tada na Figura 2(a)), em fundagao profunda. Para este pilar, por-
tanto, o limite superior do carregamento equivale a estrutura sobre
apoios elasticos e sem fluéncia e retragdo, enquanto o limite infe-
rior equivale a estrutura sobre apoio elastico e submetida apenas
a retragado. O efeito da fluéncia resultou na redugéo da carga, para
este pilar, enquanto a interagao solo-estrutura resultou no acrés-
cimo. A solicitagdo contemplando o efeito da fluéncia e retragao
ficou compreendida entre estes dois limites, ou seja, apoio elastico
sem fluéncia e retragéo e apoio elastico com fluéncia e retragao.
A Figura 11 ilustra o que ocorre com o pilar M22, com fundagéao
direta em sapata. Neste pilar, houve uma redistribuicdo de car-
ga no sentido do acréscimo da solicitacao, em todas as etapas
de analise.

O efeito da fluéncia, neste pilar, resultou no aumento do carre-
gamento, para todas as etapas, de forma crescente no tempo.
Houve uma mudanga de comportamento em relagcao aos demais
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Figura 11

Esforco normal ao longo do tempo para o pilar M22, considerando as seis situagcdes descritas

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3

VK]



Soil-structure interaction analysis considering concrete creep and shrinkage

25

20

o

Figura 12

Curvas iso-recalques da 6° etapa, com interacdo
solo-estrutura, considerando fluéncia e retracdo
(em centimetros)

pilares analisados, em que a interagéo e a fluéncia caminharam
sempre em sentidos opostos.

O efeito da retragao indicou ser pouco significativo para este pilar,
e caminhou no sentido de reduzir o carregamento.

As autoras observaram, portanto, que na grande maioria dos pila-

res o efeito da fluéncia foi contrario ao da redistribuicéo de cargas.
Ja o efeito da retracdo se mostrou pouco significativo.

Gongalves [7] também observou que os efeitos da retragcdo foram
pequenos e aconteceram no tempo inicial do carregamento e na
regido dos pilares de grande rigidez. No geral, a partir do tempo de
140 dias, os efeitos da retragdo também foram pouco significativos.
A Figura 12 mostra as curvas iso-recalques, apds a 62 etapa cons-
trutiva, considerando a interagdo solo-estrutura e os efeitos da
fluéncia e retragdo. As curvas iso-recalques sem considerar os
efeitos de fluéncia e retragdo foram apresentadas na Figura 7(d).
Em relagéo aos recalques, o efeito da fluéncia e retragéo nao alte-
rou o padrao de sua distribuigdo em planta para o caso em estudo,
nem seu valor maximo, como se observa na comparagao entre as
Figuras 7(d) e 12.

Conclui-se que, para a obra em estudo, o efeito combinado da flu-
éncia e retragdo ndo contribuiu para uma maior uniformizagdo dos
recalques em planta em relagdo ao efeito relevante da interagao
solo x estrutura.

A Figura 13 mostra as curvas iso-recalques apods a 62 etapa cons-
trutiva reduzindo, no caso dos recalques estimados, a parcela cal-
culada anteriormente ao carregamento existente por ocasido do
inicio da instrumentacéo (12 etapa). A Figura 13 inclui: (a) os recal-
ques medidos, (b) os recalques calculados considerando a intera-
¢ao solo-estrutura e (c) os recalques calculados considerando a
interagao solo-estrutura incluindo os efeitos da fluéncia e retragao.

Figura 13

Curvas isorecalques da 6° efapa: (o) medidos, (b) calculados e (¢) considerando fluéncia e retragdo

(em centimetros)
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Observa-se que houve maior consisténcia entre a curva medida
com aquela contemplando apenas a interagéo. Quando se conside-
ra, além da interagdo, o efeito da fluéncia e retragédo, ocorreu uma
mudanga de comportamento no trecho central da curva, com uma
maior uniformizagdo dos recalques, superior ao ocorrido na curva
medida, além de uma mudanga nos cantos, com redugdo mais
brusca dos recalques na curva contemplando a fluéncia e retragao.
Conclui-se, assim, que a consideragao da fluéncia e retragdo na
analise numérica sinaliza para uma avaliagdo em excesso a sua
real significancia quando comparada apenas ao efeito da intera-
¢ao, de acordo com a instrumentacao.

7. Conclusoes

EE

O presente artigo apresentou a andlise de um edificio, em fun-
dagdes mistas, em que foi realizada a instrumentagéo de campo
para medigbes de recalque e deformacdes de pilares.

O artigo revelou uma adequacao das ferramentas atualmente dis-
poniveis, quer em relagédo ao modelo numérico estrutural, quer em
relagao a previsdo dos recalques, efeito de grupo e estimativa da
compressibilidade do macigo de solo em representar, de forma ade-
quada, o comportamento da interagéo entre o solo e a estrutura.
Observou-se que os valores médios e de desvio padrdo dos re-
calques medidos foram praticamente coincidentes com os valores
meédios e desvio padrao dos recalques calculados.

Verificou-se que as anadlises de iteragdes multiplas sdo muito tra-
balhosas e ndo resultam em diferencgas significativas no padréo de
comportamento nas diversas iteragdes além da primeira, quando
se contempla a interagao solo x estrutura.

Em relagdo a redistribuicdo das cargas em etapas sucessivas,
observou-se que a interagdo e a fluéncia caminharam sempre em
sentidos opostos.

A consideragéo da fluéncia e retragdo na analise numérica sinaliza
para uma avaliagdo em excesso a sua real significancia quando
comparada apenas ao efeito da interacao.
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Abstract
E——

The paper presents some results from Rosa’s [1] research that aimed to verify the effect of creep and shrinkage of the concrete in soil-structure
interaction. The construction consists in a 17 storeys building. It is set down on shallow foundation, in the central part of the construction, and steel
piles, on the boundary. The structure was submitted to instrumentation during construction, including the monitoring of foundation settlements and
columns deformation. It was possible to compare the structural design with a numerical refined structural analysis. Comparisons of the structural
and foundation design with and without due consideration of soil-structure interaction are also presented. Finally, the different design assumptions
were confronted with instrumentation results, both related to foundation settlements and to columns loading as well. Attention is pointed out on the
effect of concrete creep and shrinkage in the soil-structure interaction analysis.

Keywords: soil-structure interaction, foundation settlements, instrumentation.

Resumo
E———

O presente artigo apresenta alguns resultados da pesquisa de Rosa [1], que teve por objetivo verificar o efeito da fluéncia e retracdo do concreto
na interagado solo-estrutura. Foi analisada uma edificagdo com 17 pavimentos mais subsolo, em fundagao mista, submetida a instrumentagéo de
campo contemplando o monitoramento de recalques e deformacgéo de alguns pilares, ao longo do processo construtivo. Foi possivel comparar
o projeto do calculista com uma analise numérica mais refinada. Também se comparou o projeto, sem considerar e considerando a interagao
solo-estrutura. Finalmente, os diferentes cenarios de projeto foram confrontados com os resultados experimentais, tanto em relagcéo aos recal-
ques como aos esforgos nos pilares instrumentados. Atengao particular foi dada ao efeito da consideragéo da fluéncia e retragéo do concreto na
analise da interagao solo-estrutura.
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Fluminense Federal University, Civil Engineering Department, , Niteréi, RJ, Brazil;
b State University of Rio de Janeiro, Structure and Foundation Department, Rio de Janeiro, RJ, Brazil.

Received: 31 Dec 2016 « Accepted: 18 Aug 2017 « Available Online: 7 Jun 2018

This is an open-access article distributed under the terms of the Creative Commons Attribution License

© 2018 IBRACON


http://creativecommons.org/licenses/by/4.0/deed.en

Soil-structure interaction analysis considering concrete creep and shrinkage

1. Introducgao

B

A Ultima atualizagao da Norma de Fundagoes da ABNT NBR 6122 [2]
preconiza, em seu item 5.5, que “Em estruturas nas quais a deforma-
bilidade das fundagdes pode influenciar na distribuicdo de esforgos,
deve-se estudar a interagao solo-estrutura ou fundacgao-estrutura”.
No caso particular de fundagbes mistas, que contemplam a utili-
zagao de fundagoes diretas e profundas, com os pilares da lamina
central, mais carregados, assentes em sapatas com elevada area
de contato com o solo superficial e os pilares periféricos, menos
carregados, em estacas, a deformabilidade das fundagdes pode
influenciar de forma relevante a distribuicdo de esforcos. Neste
caso, o projeto deve ser estudado, em conformidade com a Norma
Brasileira, prevendo a interagao solo-estrutura, aspecto este ainda
muito desconsiderado na pratica.

Apresenta-se, neste trabalho, parte do estudo da pesquisa de
doutorado de Rosa [1], que contempla a analise de um edificio em
fundagdes mistas submetido a uma instrumentagdo com monitora-
mento dos recalques e da deformagéao de alguns pilares ao longo
do processo construtivo.

Uma previsdo do comportamento do solo é procedida, incluindo a
grandeza e desenvolvimento do recalque com o tempo, com base
num modelo consistente da edificagdo e do solo.

A andlise estrutural foi feita com um modelo numérico elastico tridi-
mensional da estrutura, utilizando um programa baseado no méto-
do dos elementos finitos (MEF). Com base num modelo consisten-
te do solo, foi possivel estabelecer uma comparagao da previséo
do comportamento com os resultados das medigdes de campo.
Foram interpretados os resultados da analise da interagédo solo-
-estrutura para as diferentes etapas construtivas e interpretados
os efeitos da fluéncia e retragdo do concreto.

2. Descricao da edificagcao
e do perfil geotécnico

Trata-se de um edificio residencial com 12 pavimentos-tipo, cober-
tura, pavimento de uso comum, térreo e pavimento semi-enterrado
mais subsolo, situado em Niteroi, RJ, ilustrado na Figura 1. A es-

Figura 2
(a) Foundation plan; (b) Geotechnical profile

Figura 1
Fachada da edificacdo

trutura € em concreto armado, com geometria convencional, sobre
fundagdes mistas (Figura 2(a)), sendo parte em fundagao profunda,
em estacas metalicas, e parte em fundagao direta, em sapatas.

O perfil geotécnico, ilustrado na Figura 2(b), revela um terreno
de composi¢do uniforme em planta, constituido por um trecho
de aterro em sua superficie, de espessura de aproximadamente
0,7 metros em quase todas as sondagens. A seguir, observa-se
uma camada de argila arenosa, com espessura que varia entre
1 e 2 metros, sobrejacente a uma camada de areia fina, média e
grossa, argilosa com espessura variavel entre 5 e 8 metros. Es-
tas duas camadas, por sua vez, estdo assentes sobre outra ca-
mada de argila arenosa, com espessura de aproximadamente 2
metros. Finalmente, registra-se outra camada de areia fina, média
e grossa, argilosa, com espessura variavel até a profundidade do
impenetravel, onde foram interrompidas as sondagens. O nivel
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d’agua encontra-se a cerca de 2m abaixo do nivel do terreno nas
sondagens. A locagao das sondagens encontra-se apresentada
na Figura 2(a).

As sapatas estdo assentes numa profundidade de -4,65 m em
relagéo ao nivel do terreno por ocasiao da realizagao das sonda-
gens, com excegao das sapatas P13+P36, P14+P21, M15, M16,
M17, M22, P18 e P24 que estdo assentes a -6,52 m. Todas as
sapatas estdo assentes em horizonte arenoso de média compa-
cidade. Conforme dados do projeto, foi considerada uma tenséo
admissivel de 0,4 MPa no dimensionamento das fundagdes. As
estacas apresentaram comprimento variando entre 14 m e 23,4 m.

3. Modelo estrutural

EE

A partir das plantas de forma do edificio, foi elaborado um modelo
estrutural tridimensional, em elementos finitos, através do progra-
ma comercial SAP2000. As vigas e os pilares foram modelados
como elementos de barra, as lajes e a parede estrutural como
elementos de placa, conforme ilustrado na Figura 3.

Foram elaborados varios modelos para analise do prédio. O pri-
meiro considerou a estrutura sobre apoios rigidos, indeslocaveis
e teve como objetivo comparar as cargas obtidas nos pilares com
as cargas do projeto original da edificacdo. Foram observadas di-
ferencas nas cargas em torno de apenas 3%. Isso se deve ao
fato do prédio ter uma geometria bastante regular e um modelo
estrutural convencional.

4. Instrumentacao de campo

EE

A obra foi iniciada no comego de 2011 e as observagdes de campo
referentes a execucéo da obra foram iniciadas em julho de 2011.
Foram monitoradas 6 etapas construtivas entre novembro de 2011

e junho de 2012 com medigbes de recalque de alguns pilares, a
serem detalhadas em item a seguir.

Ainstrumentagédo de campo teve como objetivo monitorar os recal-
ques e deformagdes dos pilares ao longo do tempo. Foram reali-
zadas medidas em diversas etapas da construgao.

A medida de recalques envolveu a realizagdo de um nivelamento
otico de precisdo com base numa referéncia de nivel profunda,
efetuada em pontos fixos da estrutura na qual se pretendia medir
os deslocamentos verticais. Para isto, foram instalados pinos de
aco inoxidavel nas faces externas de 11 pilares do edificio, no pa-
vimento do subsolo, a uma altura de aproximadamente 30 cm do
piso. O procedimento de medicédo dos recalques consistiu basica-
mente em se nivelar os pinos dos pilares em relagédo as referén-
cias fixas externas (“benchmark”), instaladas de forma a néo sofrer
influéncia da prépria obra ou de outras causas externas.

Os pinos serviram de apoio para a mira. Com nivelamentos perio-
dicos, foi possivel obter valores de recalques em diferentes fases
de carregamento e de construgédo do edificio.

No caso especifico desta obra, ndo foi possivel a execucao de re-
feréncia externa a obra, pois ndo havia nenhum ponto, visualizado
da obra, que fosse garantido que ndo se deslocasse, além da falta
de recursos para sua execugao internamente a obra. Com isso,
optou-se por fixar como referéncia um pilar interno com recalque
muito menor do que os demais pilares instrumentados.

Conforme ja mencionado, foram realizadas medi¢des de recalque
em 6 etapas construtivas. A Figura 4 mostra o estagio de cons-
trugao do prédio na 22 etapa de medigao, em dezembro de 2011.
Vale ressaltar que a primeira medigdo ocorreu com o edificio
construido até o quarto pavimento. Sendo assim, a primeira eta-
pa medida sera considerada como a etapa “zero” e as demais
medidas retiradas em fungéo da diferenga em relagdo a esta pri-
meira medida.

Figura 3
Modelo numérico da edificacdo em estudo

Figura 4
Estégio de constru¢cdo da 2¢ medicdo
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Tabela 1
Etapas construtivas

Modelo

Etapa da obra

Tempo (dias)

Inicio

0

19 leitura

Estrutura concretada até o piso
do 4° pavimento

203

29 leitura

Estrutura concretada até o piso
do 5° pavimento

217

3¢ leitura

Estrutura concretada até o piso
do 9° pavimento, com alvenaria
até o 4° pavimento

266

49 leitura

Estrutura concretada até o teto
da cobertura, alvenaria até o
10° pavimento, revestimento até
0 2° pavimento

310

5 leitura

Estrutura concluida, alvenaria até
o 171° pavimento e revestimento
até o 3° pavimento

336

6° leitura

Estrutura concluida, alvenaria
concluida e revestimento até
0 7° pavimento

413

Para cada etapa medida, foi elaborado um modelo estrutural
correspondente, com as cargas atuantes referentes a tais eta-
pas. A Tabela 1 indica as etapas construtivas em que foram
efetuadas medigdes de recalque e seus respectivos tempos de
execucgao. A Tabela 2 enumera os pilares instrumentados para
medicao de recalque e o tipo de fundagéo, cuja localizagéo foi
indicada na Figura 2(a).

A Figura 5 ilustra as curvas iso-recalques medidos para a 62 e

Tabela 2
Pilares instrumentados e tipo de fundacdo
Pilares* Tipo de fundag¢ado
M15 Superficial
M20 Profunda
M21 Profunda
M22 Superficial
M23 Profunda
M25 Shallow
M28 Superficial
M29 Superficial
M32 Profunda
M36 Referéncia
P13+P36 Superficial
P18 Superficial
P24 Superficial
*(Para localizagdo dos pilares instrumentados vide Figura 2(a))

Ultima etapa instrumentada. Nesta etapa o edificio ja estava com
sua estrutura e alvenaria prontas e o revestimento executado até
0 sétimo andar.

Observou-se que os maiores recalques ocorreram nos pilares as-
sentes sobre sapatas e os menores recalques ocorreram nos pi-
lares com fundacgao profunda, conforme esperado neste caso, em
que as fundagdes profundas sdo em perfis metalicos embutidos
em solos de elevada resisténcia e as sapatas de grandes dimen-
sOes em planta.

Em todas as etapas em que foram medidos recalques e defor-
magdes nos pilares, foram também medidas as temperaturas e
umidades do ambiente com a utilizagdo de um relégio termo-hi-
grometro. N&o houve variagéo expressiva nas medigoes destes

Figura 5
Curvas iso-recalques medidos para a 6° etapa,
em cenfimetros
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Figura 6
Curvas iso-recalques do projeto, em centimetros

parametros. A média dos valores medidos foi de 27 graus Celsius,
para a temperatura, e 75% para a umidade. Estes valores foram
usados nas andlises considerando a fluéncia e retragcdo apresen-
tadas no item 6.3.

5. Previsao tedrica dos recalques
EE

Para a previsao de recalques utilizou-se o método de Aoki e Lopes
[3], o qual estima tensbes e recalques no interior do macico de
solo através de um processo numérico em que as cargas que um
conjunto de elementos (sapatas e estacas) transmite ao solo séo
decompostas em um sistema equivalente de cargas concentra-
das, cujos efeitos sdo superpostos nos pontos em estudo.
Baseado num programa computacional, desenvolvido por Aoki-
-Lopes [3], foram estimados os recalques para todos os pilares da
edificacéo, a partir das cargas de projeto.

Importante observar que estes valores foram calculados com o
objetivo de verificar os pontos de maior e menor recalque, e ter
uma ideia da ordem de grandeza dos valores.

A Figura 6 mostra as curvas iso-recalques estimados para esta
situagédo, sem consideracao da interagao solo-estrutura e para as
cargas provenientes do projeto estrutural da edificagao.

Nota-se que os pilares com fundagéo profunda apresentaram a
ordem de grandeza dos recalques bem menor que os pilares com
fundacao rasa, em sapatas, conforme era esperado. Os maiores
valores de recalque ocorreram para os pilares centrais. Os me-
nores valores de recalque ocorreram para os pilares da periferia.
Cabe registrar que enquanto os recalques medidos tiveram inicio
com a estrutura concretada até o piso do 4¢ pavimento, os recal-
ques previstos consideram a estrutura completa.

6. Analises da edificagao
———

6.1 Modelos numéricos

Foi previsto um modelo estrutural para cada etapa construtiva ins-
trumentada. Com isso, foi possivel comparar, para cada etapa,
os recalques medidos com os recalques calculados a partir das
cargas nas fundagoes previstas na analise do modelo estrutural.

Numa primeira fase da anadlise, as cargas foram aplicadas para o
modelo com apoio rigido, apenas considerando os carregamentos
existentes em cada etapa construtiva. A partir das cargas da fun-
dagao, assim obtidas, foram calculados os recalques referentes a
cada etapa construtiva descrita, utilizando a metodologia proposta
por Aoki-Lopes [3].

Nas fases seguintes da andlise, os apoios foram considerados
deslocaveis. Uma vez que as sapatas foram assentes em cama-
da arenosa, de compressibilidade rapida, o modelo proposto para
representar as caracteristicas do terreno foi composto por uma
mola, comportamento, portanto, linear. Os valores dos coeficien-
tes de rigidez das molas representativas do modelo do solo foram
estimados a partir das cargas nas fundagdes e dos respectivos
recalques calculados em cada etapa construtiva, de forma a repro-
duzirem a compressibilidade da camada de areia.

Para a estimativa dos coeficientes de rigidez das molas represen-
tativas do modelo do solo, partiu-se da definigdo do coeficiente de
recalque K, que é a relagao entre a carga atuante e o recalque,
em kN/m.

Os valores dos coeficientes de rigidez, estimados conforme ex-
plicitado acima, foram considerados como condi¢do de contorno
no modelo estrutural para analise da interagéo seguinte. Foram
feitas, para todas as etapas, varias iteragdes até a convergéncia
dos valores de coeficiente de rigidez. Observou-se que os valores
convergiram na 32 iteragdo.

6.2 Comportamento quanto aos recalques
medidos e estimados

A partir dos modelos numéricos elaborados para cada etapa cons-
trutiva, foi possivel comparar os recalques medidos com os recal-
ques estimados. As Figuras 7(a), 7(b), 7(c) e 7(d) apresentam as
curvas iso-recalques estimados para a 62 etapa construtiva, consi-
derando apoios rigidos e considerando as 3 iteragdes calculadas
com interagao solo-estrutura, respectivamente.

Observa-se que os maiores recalques sao estimados quando da
consideragao das cargas do modelo correspondente ao apoio ri-
gido. Ha mudancga na locagao dos maiores recalques quando se
introduz a analise com interagao solo x estrutura. Por outro lado, a
mudanga € pouco significativa no padrao de comportamento das
curvas de iso-recalques quando se passa a um maior refinamento
das analises (maior numero de iteragdes), até a convergéncia dos
resultados. Estes resultados parciais podem ser melhor acompa-
nhados na pesquisa de Rosa [1].

Verificou-se que estas andlises de iteragdes multiplas sdo muito
trabalhosas e nao resultam em diferengas significativas no padréao
de comportamento nas diversas iteracdes além da primeira, quan-
do se contempla a interagao solo x estrutura. Nao se observou di-
ferenga sensivel no padrao de distribuicao de recalques em planta
e também na redistribuicdo de cargas na fundagédo. Uma vez que
as fundagdes representam a Ultima etapa do projeto e a primeira
da execugao, os autores consideram que, para projetos correntes,
a analise da interagao solo x estrutura, recomendada pela verséao
mais atualizada da norma, justifica-se numa Unica iteragao.

Em seguida, procurou-se comparar as curvas de iso-recalques
previstas e medidas, de forma a se avaliar os parametros de com-
pressibilidade estimados para o macigo de solos e a capacidade
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de previsdo de comportamento, seja do modelo estrutural, seja  ¢Oes diretas e fundagdes mistas, como o caso presente. Para a 62
da metodologia aplicada na previsdo dos recalques. Cabe desta-  etapa, os valores medidos sao ilustrados na Figura 7(e) e previs-
car que a metodologia de Aoki-Lopes [3], originalmente concebida  tos na Figura 7(f). Uma vez que os recalques medidos se iniciaram
para fundagdes profundas, também pode ser utilizada para funda-  apds o inicio da obra, foram reduzidos, dos recalques calculados

Figura 7
Curvas iso-recalques para a 6° etapa (em centimetros)
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apresentados na Figura 7(f), os valores correspondentes aqueles
que ocorreriam antes do inicio da instrumentagéo.

Observa-se que as Figuras 7(e) e 7(f) apresentam um aspecto
bastante similar, com maiores recalques, da ordem de 1 cm, na
parte central da edificagédo, especialmente no trecho dos pilares
que apresentam fundagéo direta. Os pilares com fundagao profun-
da e da periferia apresentam ordem de grandeza dos recalques
bem menor que os pilares centrais.

A similaridade nos valores de recalque indica a adequagao do mo-
delo de compressibilidade do solo, que ja havia sido observado
por Conde de Freitas et al [4]. A similaridade no padrdo da curva
revela a adequagdo do modelo numérico ao representar o com-
portamento da interagéo entre o solo e a estrutura.

Cabe aqui lembrar o comportamento observado por Gusmao Filho
[5] quanto ao efeito da sequéncia da construgao na interagao solo
x estrutura, ilustrado na Figura 8. A Figura 8 ilustra o aumento do
recalque médio com o avango das etapas construtivas. Ao mes-
mo tempo em que se observa o aumento do recalque médio, por
efeito do acréscimo do carregamento, a variabilidade do recalque
diminui, ou seja, o coeficiente de variagdo do recalque tende a
diminuir com o avango da construgdo. Este é o efeito da interagdo.
As Figuras 9(a), 9(b) e 9(c) ilustram este mesmo efeito para a
obra em estudo. Como as leituras desta obra néo foram iniciadas
no tempo zero, os valores estatisticos (média, desvio padrédo e
coeficiente de variagédo) foram determinados considerando que o
recalque medido, em cada um dos pilares instrumentados, apre-
sentasse, no inicio das leituras, um valor de recalque igual aquele
calculado para o mesmo pilar naquele mesmo tempo. Os recal-
ques calculados foram tomados com a origem no inicio da exe-
cucgao. As Figuras 9(a), 9(b) e 9(c) ilustram, respectivamente, a
média, desvio padrdo e coeficiente de variagdo dos recalques es-
timados e dos recalques medidos. O calculo da média foi feito con-
siderando o somatorio dos recalques em cada pilar instrumentado
dividido pelo numero de pilares (11 pilares), para cada uma das
etapas instrumentadas (6 etapas). A partir da média foi calculado

RECALQUE

-\___‘______/[nl

Figura 8
Efeito da sequéncia executiva, Gusmdo Filho [5]

FREQUENCIA

o desvio padrao e o coeficiente de variagédo, que é a razdo entre o
desvio padrdo e a média.

Observa-se que os valores médios medidos foram praticamente
coincidentes com os valores médios calculados, exceto para a
leitura correspondente ao intervalo de 310 dias apds o inicio da
instrumentagao, justamente na ocasido em que foram perdidas 3
leituras. Possivelmente, a redugdo do numero de observagoes re-
sultou no comprometimento do valor médio. Observou-se, ainda,
que o valor médio calculado no tempo de 310 dias, que contem-
plou a média de 11 valores, se aproximou muito mais da tendéncia
da curva do que o valor da média do recalque medido neste tem-
po, cujo valor se afastou do comportamento do conjunto.
Verificou-se que os valores de desvio padrdo medidos foram tam-
bém muito proximos dos valores calculados, exceto para a leitura
correspondente ao mesmo intervalo de 310 dias apds o inicio da
instrumentagao, justamente na ocasido em que foram perdidas 3
leituras. Possivelmente, o comprometimento do valor médio re-
sultou no mesmo efeito no desvio padrao. Porém, enquanto no
grafico de recalques o valor do recalque médio calculado tenha
se aproximado da curva do conjunto, enquanto o medido tenha se
distanciado, no caso do desvio padrao aconteceu o oposto. Ainda
nao se conseguiu identificar uma justificativa para tal resultado.
Como se considerou, para os valores medidos no inicio da instru-
mentagdo, os mesmos valores calculados para aquela data, os
valores da média, desvio padréo e coeficiente de variacéo se ini-
ciaram no mesmo ponto. Nos valores calculados o coeficiente de
variagao se reduz, ao longo do processo executivo, porém muito
lentamente. Para os valores medidos, o coeficiente de variagao
apresenta uma maior amplitude de variagao, possivelmente pela
perda de algumas leituras, como comentado anteriormente. Cabe
observar que, apesar das diferengas ocorridas durante o carre-
gamento, a amplitude da redugao do coeficiente de variagao foi a
mesma, quer se tome os valores medidos, quer se tome os valo-
res calculados. Destaca-se também que a maior redistribuigéo de
cargas e recalques costuma acontecer no inicio da construgao,
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Figura 9

(a) Média, (b) Desvio padrdo e (c) Coeficiente de variagdo dos recalques medidos e calculados

quando a rigidez da estrutura aumenta até os primeiros pavimen-
tos. Observagbes experimentais comprovam que 0s primeiros
pavimentos sdo os que mais trabalham, dai se verificar danos,
relativos a presenca de recalques excessivos, justamente nos
primeiros pavimentos, que, infelizmente, na obra em aprego, nao
foram instrumentados. Como esta obra consiste num empreendi-
mento comum, com um cronograma executivo rapido, apesar de
todo o apoio recebido por parte da construtora, os autores nao
tiveram permisséao de alterar as etapas e a velocidade de constru-
¢ao. Até que se obtivesse a autorizacao e se iniciasse as leituras,
a construgao ja se encontrava no quarto pavimento. Nao foi possi-
vel, assim, se observar o comportamento do coeficiente de varia-
¢ao com o tempo no periodo em que ele deve sofrer uma variagao
mais significativa, ou seja, nas primeiras etapas da construgéo.

Isto posto, se observa, embora de forma mais ténue, a redugao do
coeficiente de variagdo com a sequéncia executiva. Reportando-
-se a Figura 8, observa-se que Gusmao Filho [5] ja representava a
redugdo mais significativa do desvio padréo nas primeiras etapas.

6.3 Analise considerando a fluéncia e a retragao
do concreto

As iteragdes calculadas calibraram o modelo quanto as caracteris-
ticas do terreno, definindo o valor a ser adotado para o coeficiente
de rigidez das molas representativas do solo. Para a estimativa
do coeficiente de rigidez das molas representativas do modelo do
solo, partiu-se da definicao do coeficiente de recalque K, que é a

relagéo entre a carga atuante e o recalque, em kN/m. Considerou-
-se, portanto, para as etapas subsequentes, os valores de coefi-
ciente de rigidez da 62 etapa, apds a 32 iteragao.

Toda a previsao de fluéncia e retragéo foi feita através do programa
SAP2000, que se baseia nas formulagdes do Cddigo Modelo do
CEB-FIP [6]. Para o emprego das recomendagdes do CEB, faz-se
necessario o uso de coeficientes empiricos baseados em certos
parametros e caracteristicas geométricas e propriedades mecani-
cas da estrutura, como: a resisténcia caracteristica a compressao
do concreto (f, = 35 MPa), modulo de elasticidade do concreto a
28 dias (E_= 34x 10°MPa), seg&o transversal das pegas, umidade
relativa do meio (75%), idade e duragéo do carregamento e tipo de
cimento empregado (0,25, na presente analise, correspondendo a
um cimento de endurecimento normal). Quanto a idade e duragao
do carregamento, foram consideradas as etapas de construgao e
sua duragao, indicados na Tabela 1.

Importante observar que, para esta andlise, ndo foram conside-
radas todas as etapas citadas na Tabela 1, (1 a 6). Isto porque o
acréscimo de carga entre determinadas etapas foi muito peque-
no. Em alguns casos, os intervalos entre etapas foram também
muito pequenos.

Além disso, acrescentou-se uma etapa anterior ao inicio da
instrumentagado, ou seja, anterior a leitura “zero”, de forma a
considerar o carregamento correspondente a construgcédo da
fundacgao, subsolo, piso semi-enterrado, térreo e pavimento de
uso comum (PUC), objetivando melhor observar os efeitos dos
fendmenos analisados.
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Figura 10

Esforco normal ao longo do tempo para o pilar M5,

Foram analisadas seis situacdes para o edificio estudado, ao lon-
go do tempo, conforme descrito abaixo:

1) Estrutura com apoios rigidos;

2) Estrutura com apoios elasticos e material da estrutura sem flu-
éncia e retragao;

Estrutura com apoios elasticos e material da estrutura sujeito
apenas a fluéncia;

Estrutura com apoios elasticos e material da estrutura sujeito
apenas a retracgao;

Estrutura com apoios elasticos e material da estrutura sujeito a
fluéncia e retragao;

Estrutura com apoios rigidos e material da estrutura sujeito a
fluéncia e retragao.

As Figuras 10 e 11 apresentam as curvas de esforgos normais de
dois pilares (M5 e M22) ao longo do tempo, para as situagdes 1 a
6, enumeradas acima. Nestas figuras estao também identificadas,
para melhor clareza, as etapas das medigbes.

considerando as seis situacdes descritas

A Figura 10 mostra as curvas para o pilar M5 (locacdo apresen-
tada na Figura 2(a)), em fundagao profunda. Para este pilar, por-
tanto, o limite superior do carregamento equivale a estrutura sobre
apoios elasticos e sem fluéncia e retragdo, enquanto o limite infe-
rior equivale a estrutura sobre apoio elastico e submetida apenas
a retragado. O efeito da fluéncia resultou na redugéo da carga, para
este pilar, enquanto a interagao solo-estrutura resultou no acrés-
cimo. A solicitagdo contemplando o efeito da fluéncia e retragao
ficou compreendida entre estes dois limites, ou seja, apoio elastico
sem fluéncia e retragéo e apoio elastico com fluéncia e retragao.
A Figura 11 ilustra o que ocorre com o pilar M22, com fundagéao
direta em sapata. Neste pilar, houve uma redistribuicdo de car-
ga no sentido do acréscimo da solicitacao, em todas as etapas
de analise.

O efeito da fluéncia, neste pilar, resultou no aumento do carre-
gamento, para todas as etapas, de forma crescente no tempo.
Houve uma mudanga de comportamento em relagcao aos demais
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Figura 11

Esforco normal ao longo do tempo para o pilar M22, considerando as seis situagcdes descritas
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Figura 12

Curvas iso-recalques da 6° etapa, com interacdo
solo-estrutura, considerando fluéncia e retracdo
(em centimetros)

pilares analisados, em que a interagéo e a fluéncia caminharam
sempre em sentidos opostos.

O efeito da retragao indicou ser pouco significativo para este pilar,
e caminhou no sentido de reduzir o carregamento.

As autoras observaram, portanto, que na grande maioria dos pila-

res o efeito da fluéncia foi contrario ao da redistribuicéo de cargas.
Ja o efeito da retracdo se mostrou pouco significativo.

Gongalves [7] também observou que os efeitos da retragcdo foram
pequenos e aconteceram no tempo inicial do carregamento e na
regido dos pilares de grande rigidez. No geral, a partir do tempo de
140 dias, os efeitos da retragdo também foram pouco significativos.
A Figura 12 mostra as curvas iso-recalques, apds a 62 etapa cons-
trutiva, considerando a interagdo solo-estrutura e os efeitos da
fluéncia e retragdo. As curvas iso-recalques sem considerar os
efeitos de fluéncia e retragdo foram apresentadas na Figura 7(d).
Em relagéo aos recalques, o efeito da fluéncia e retragéo nao alte-
rou o padrao de sua distribuigdo em planta para o caso em estudo,
nem seu valor maximo, como se observa na comparagao entre as
Figuras 7(d) e 12.

Conclui-se que, para a obra em estudo, o efeito combinado da flu-
éncia e retragdo ndo contribuiu para uma maior uniformizagdo dos
recalques em planta em relagdo ao efeito relevante da interagao
solo x estrutura.

A Figura 13 mostra as curvas iso-recalques apods a 62 etapa cons-
trutiva reduzindo, no caso dos recalques estimados, a parcela cal-
culada anteriormente ao carregamento existente por ocasido do
inicio da instrumentacéo (12 etapa). A Figura 13 inclui: (a) os recal-
ques medidos, (b) os recalques calculados considerando a intera-
¢ao solo-estrutura e (c) os recalques calculados considerando a
interagao solo-estrutura incluindo os efeitos da fluéncia e retragao.

Figura 13

Curvas isorecalques da 6° efapa: (o) medidos, (b) calculados e (¢) considerando fluéncia e retragdo

(em centimetros)
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Observa-se que houve maior consisténcia entre a curva medida
com aquela contemplando apenas a interagéo. Quando se conside-
ra, além da interagdo, o efeito da fluéncia e retragédo, ocorreu uma
mudanga de comportamento no trecho central da curva, com uma
maior uniformizagdo dos recalques, superior ao ocorrido na curva
medida, além de uma mudanga nos cantos, com redugdo mais
brusca dos recalques na curva contemplando a fluéncia e retragao.
Conclui-se, assim, que a consideragao da fluéncia e retragdo na
analise numérica sinaliza para uma avaliagdo em excesso a sua
real significancia quando comparada apenas ao efeito da intera-
¢ao, de acordo com a instrumentacao.

7. Conclusoes

EE

O presente artigo apresentou a andlise de um edificio, em fun-
dagdes mistas, em que foi realizada a instrumentagéo de campo
para medigbes de recalque e deformacdes de pilares.

O artigo revelou uma adequacao das ferramentas atualmente dis-
poniveis, quer em relagédo ao modelo numérico estrutural, quer em
relagao a previsdo dos recalques, efeito de grupo e estimativa da
compressibilidade do macigo de solo em representar, de forma ade-
quada, o comportamento da interagéo entre o solo e a estrutura.
Observou-se que os valores médios e de desvio padrdo dos re-
calques medidos foram praticamente coincidentes com os valores
meédios e desvio padrao dos recalques calculados.

Verificou-se que as anadlises de iteragdes multiplas sdo muito tra-
balhosas e ndo resultam em diferencgas significativas no padréo de
comportamento nas diversas iteragdes além da primeira, quando
se contempla a interagao solo x estrutura.

Em relagdo a redistribuicdo das cargas em etapas sucessivas,
observou-se que a interagdo e a fluéncia caminharam sempre em
sentidos opostos.

A consideragéo da fluéncia e retragdo na analise numérica sinaliza
para uma avaliagdo em excesso a sua real significancia quando
comparada apenas ao efeito da interacao.
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Abstract
E——

The tunnel design is a subject that demands a three-dimensional analysis dealing with two different players: lining and rockmass. The traditional
methods of getting the necessary parameters for design do not consider a correct interaction between the two players, but the New Implicit Method
(NIM) takes this characteristic in its core and develops some formulations for elastic, plastic and viscous rockmasses. Understanding that the
stiffness of the lining and the distance between the lining and the tunnel face change the convergence of the tunnel, a code in MatLab for NIM is
validated through Finite Element (FEM) with its results being presented. The validation of this method was compared with FEM analysis and the
results obtained an average accuracy of 12% what represents a good approximation regarding geotechnical issues.

Keywords: tunnel design, new implicit method, elastic, plastic and viscoplastic rockmass, convergence.

Resumo
E———

O dimensionamento de tuneis requer uma analise tridimensional lidando com duas estruturas muito diferentes: o macigo e o revestimento. Os mé-
todos simplificados tradicionais de dimensionamento de tuneis ndo consideram a correta interagédo entre essas duas estruturas. O “Novo Método
Implicito” leva em consideragéo a correta interacéo e € desenvolvido para macicos elasticos, plasticos e viscoplasticos. O parametro chave desta
interacdo € a convergéncia no instante da colocagao do revestimento que é afetada, entre outros, pela rigidez do revestimento. Um cédigo em
MatLab do NIM foi desenvolvido e validado com resultados de calculos numéricos em elementos finitos. Os resultados desta comparacao forne-
cem uma precisdo de 12%, demonstrando um 6timo resultado para obras geotécnicas.
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1. Introduction

EE

The design of tunnel support is one of the most complex
tasks in the tunnel design, and most of the projects remain
empirically analyzed and designed. However, it is getting
unsuitable, since it is being proved that the interaction of
the soil and lining matters in a way to change the stresses
taken by the concrete as well as the deformation caused
by the rockmass. This deformation of the rockmass over
the lining is the main parameter and it is going to be called
convergence.

The Association Francgaise des Tunnels et de L’Espace
Souterrain (AFTES) [1] classifies the tunnel support design
methods into four types: (i) purely empirical methods indi-
cating the most appropriate type of support for a situation
defined from various geotechnical classification systems;
(ii) methods for determining the loads acting on the support,
regardless of support type and deformation; (iii) support de-
sign methods which consider loads exerted by the ground
as input data with some integration of support stiffness, de-
formation and the reactions of the surrounding ground; (iv)
and more recent methods taking full account of the ground/
support interaction.

The first method consists on the reproduction of succeeded
tunnel supports and does not provide an assessment of the
safety factor. The second and third method derives from the
strength of the materials and consider the tunnel a semi-
circular beam reacting to external loads. The support reac-
tions are given as Winkler springs to reproduce the strength
of the soil.

The last classification is derived from the continuous me-
dia theory and this is the reason why it was chosen to be
applied in this work. This classification integrates the tra-
ditional Convergence-Confinement Method (CV-CF) for
analytical solution and some numerical solutions with Finite
Element which can describe better the 3D effect around the
tunnel face.

The New Implicit Method (NIM) was developed by BERN-
AUD and ROUSSET [3] as evolution of the Convergence-
Confinement Method. The NIM fully integrates the influence
of the lining on the final convergence at equilibrium, since it
shows that stronger the lining is, the smaller is the conver-
gence (dimensionless displacement). Regarding that, the
paper’s main objectives are: (1) to present the New Implicit

a) Axisymmetric modelling of tunnel

Figure 1

Method and (2) to introduce the NIM in Masl_ab for prelimi-
nary tunnel design.

Every relevant and recurrent parameter shown in the text
are summarized on Appendix | at the end.

2. Interaction problem
T
The determination of the load transferred to the support re-
quires an analysis of the interaction of the load-deforma-
tion characteristics of the elements comprising the system
ground/support. The preliminary design of tunnels foresees
the necessary strength of the lining since it is able of pre-
senting the convergences of the rockmass.
Let us consider a circular deep tunnel (radius R), driven in
a homogeneous and isotropic rockmass [Figure 1], initially
subjected to a geostatic stress field (o,):

M

The Equation (1) gives the initial stresses (before the ex-
caThe Equation (1) gives the initial stresses (before the ex-
cavation). It is dependent on the P_ which is the pressure
exerted by the soil mass above the tunnel. According to
PARK [9] since it is a circular deep tunnel, it is accepted to
consider the same pattern for vertical and horizontal axes.
Parameters p and g are the unit mass and gravity accelera-
tion respectively.

With the assumption that the lining is a ring of constant
thickness e, made of a homogeneous and isotropic materi-
al; and, moreover, that the lining is set at a distance d, from
the plane and vertical tunnel face, the problem becomes
an axisymmetric problem dependent only on the radial dis-
tance r to the tunnel axis and the time t.

In the other hand, the deep section of the tunnel can be
treated as a Plane Strain problem since the lining speed is
constant (time dependent), so the parameters will depend
only on the radial distance r as well.

Firstly, the most used method to predict the stresses upon
the lining is the Convergence-Confinement method [1]
which is a procedure that allows the load imposed on a sup-
port installed behind the face of a tunnel to be estimated.
Per CARRANZA and FAIRHURST [5], when a section of
support is installed in the immediate vicinity of the tun-
nel face, it does not carry the full load to which it will be

09 = —Po1 with P, = p g z (z = mean depth)

b) Plane strain problem

Simplification of the behavior of the problem. (BERNAUD and ROUSSET, 1994, [3])
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subjected eventually; a part of the load is redistributed
around the excavation face itself. However, as the tunnel
and face advance, this ‘face effect’ decreases and the sup-
port must carry a greater proportion of the load that the face
had carried earlier.

The method explained in the previous paragraph is de-
fined by two curves [Figure 2]: the convergence curve is
the dashed line, also known as the ground reaction curve
that gives the internal pressure exerted at the wall versus
the convergence of the tunnel’s wall and it depends on the
characteristics of the rockmass and the adopted plastic cri-
teria; the second curve is the confinement one (or support
characteristic curve), which illustrates the relationship be-
tween the pressure P, versus the closure of the lining U?
defined as the straight line in [Figure 2].

The Confinement curve starts at the convergence of the in-
stallation of the lining U_ and its slope is defined as the lining
strength K.

The parameters of Figure 2 A are:

U, and P: the convergence (radial deformation) and the
pressure at the distance d; from the tunnel face;

U,, and P_: the convergence and the pressure at a section
far from the tunnel face at equilibrium, where both pressure
and convergence are stabilized;

R, the plastic radius is the limit between the elastic and
plastic zone around the tunnel.

Figure 2 illustrates the relationship between the pressure
P, versus the closure of the lining U?® (convergence). Since
it is shown in Figure 2 (A) that the rockmass presents an
elastoplastic behavior, there is a plastic zone around the
tunnel (B). The convergences U_and U_ are shown in (B)
and the pattern of initial increase and final stabilization of
the rockmass displacement is shown as well.

Eventually, the Convergence-Confinement curve is drawn and
the safety factor can be obtained by comparing the concrete
strength with the stress at a distance far from the tunnel face
that is imposed by the rockmass upon the lining structure.

P

Pe ]

- \\
1 \e
1 \&
1 \°
7 \

Po E

Peq E

Figure 2

3. The lining stiffness
——

PANET [8] brings equations for the lining stiffness (K ).
There are two main equations which describe the lining stiff-
ness. They are derived from a thin shell and a thick pipeline.
This work uses the normal solution only, considering that
in deep tunnel, there is a uniform convergence only. For
other cases, Panet [8] shows the lining stiffness for bending
resistance. Considering a thin shell and R,/ >10, the lining
stiffness is:

2

_ EL e

ST 1-v?R;

In the other hand, when a thick pipeline is used (R,/.<10),

the lining stiffness is:

_ EL[R? — (R — )?] (3)
(1 =v)[ = 2v)R + (R — &)?]

Where:

R: radius of the excavated tunnel;

e: thickness of the lining;

E,: Modulus of Young of the lining;

v,: Poisson coefficient of the lining.

4. The New Implicit Method (NIM)
T

The Convergence at equilibrium is the final displacement
imposed on the lining ring and it has been calculated by
the NIM, the Pressure at equilibrium is defined by the NIM
too. The Method derived from the CV-CF method contains
four main steps and for every rockmass behavior (elastic,
elastoplastic and viscoplastic) the steps follow the same se-
quence (see Figure 3).

The New Implicit Method (NIM) was developed by BER-
NAUD and ROUSSET [3] and consists on deducing the
curve of convergence with a geometrical transformation
from unsupported to supported tunnel. The transformation

S

elastic

 plasti
TTpasm

(b)

Tunnel equilibrium in a diagram Pi x Ui (a) and equilibrium of a tunnel (b) (BERNAUD and ROUSSET, 1996, [3])
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Elasticity: Fy,, E, Ks,dg, v, R;

Tresca: C

1. Input

Plasticity: P, E, K5, dy, R;

Viscoplasticity: P, E, Ks, dg, Ry, C, V"

Coulomb: C, ¢

2. Convergences
Up and U,

— Calculate Uf and Uy

Elasticity: Equation (11)

Plasticity: Equations (20), (21) and (32)

3. Function a®(dy") -

Solve the equation for each behavior

Viscoplasticity: (45) and (48)

Elasticity: Equation (15)

Plasticity: Equations (15) and (29)

4. Output and P.,

L The equilibrium of the system returns Ueq

Viscoplasticity: Equation (47)

Elasticity: Equation (16) and (17)

Plasticity: Equations (22), (24), (33) and (35)

I T T /\

Figure 3

Viscoplasticity: Equation (49) and (51)

Sequence of solution of a tunnel convergence U_, and Pressure P_,

is a function a° (x) of the unsupported tunnel and it was ap-
proximated by:
4)

dm—wm_l(
vl () = U/ (0)
Where U, = U (0) is the convergence at the tunnel face of
the unsupported tunnel and U («)=U_ is the convergence
of the unsupported tunnel far from the tunnel face. The NIM
showed that a° (x) depends on the K_ (lining stiffness) that
had not been predicted by the CV-CF method; so, a function
for the supported tunnel is proposed:

()

a*(x) = a®(ax), witha = a(K;)

a’(x) =

0.84R, \*
x+ 0.84R,

Figure 4
Calculation of a tunnel with the NIM

Then, for a given constitutive law of rockmass, the applica-
tion of the NIM can be summarized by the following steps:

a) Choose the reduced lining function a** (K_').Then, for the
x =—; a" =

b) Solve the convergence of the tunnel face U, according to
the rockmass behavior.

supported tunnel, Equation (5) becomes:
R, “R, (6)
c) The solution of the problem is then obtained by solving

’ X Ri
oy 1 (08 Y )
a*x +0.84
the following equations:

/XT - 1 —/?—?7 Ui(x)
AR A SR

4 7
1/ |
1/
4/

—

|
T 1 T 71 | T 11 T 17T T T =
] .
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Pi
P=1, A

E f\0=1 -PO.IP“’

1\ P=(1-2g)gon
TN

....|.....:“T“.‘....:
I“IJ Ul
Figure 5

Application of the ratio &, in a plane strain model
Peq = Cr(Uo, Ueq)

Pog = Cy(Uey) (8)

d) In the System (8), the convergence U, is a function of U_,
(that explains the name of ‘implicit method’). By (7) and (8)
we can write:

©)

Figure 4 sums up how the NIM method works integrating
the two charts which correlate the convergence, the pres-
sure and the location of the studied section by setting the
lining supported function and getting the value for U, and its
respective pressure.

Another use of the simplified method is to determine the
ratio A, (or the convergence U ) at the moment of lining in-
stallation and then use this value as a good approach to
calculate the tunnel in a 2D plane strain condition with a

Uy = a*(do)(Ueqg — Uf) + Uy

more complex geometry and loading (anisotropic loading
for instance).

Figure 5 shows how the pressure P, is obtained by using
the ratio A,.

4.1 The Numerical Code GEOMEC91

The tunnel face advance process is studied here by the ‘de-
activation/reactivation’ method developed in the numerical
code ‘GEOMEC91’ [4] It is a 2D axisymmetric analysis of
tunneling that considers the sequences of excavation and
lining placement as it is illustrated in Figure 6. The excava-
tion process is simulated by the ‘deactivation’ of the stiffness
of the elements representing the ground removed during
the excavation step (face advance). This is accomplished
by a significance reduction of their Young’s Modulus and
Poisson’s ratio.

Tunnel support is placed using the reactivation process at
a specified distance, d;, from the advancing face. This is
calculated by substituting the lining characteristics in the
corresponding lining elements. At this moment, the lining
elements are stress and strain free.

BERNAUD [4] validated this numerical code with the experi-
mental values of the Boom clay in Belgium, and for a 230-m
deep tunnel the in-situ convergence was about 2.20% and
the numerical solution returned a convergence of 2.04%
presenting an average difference of 0.16% (between GEO-
MEC91 and experimental measures) showing the accuracy
of the CEOMEC91 used here as the validation tool of the
New Implicit Method (see Figure 6).

QUEVEDO [10] and FIORE et al [6] compared the solu-
tion of the GEOMEC91 with the numerical solution given by
software ANSYS and showed an accuracy of GEOMEC91
used here. The model used by Fiore presented an accuracy

I:I excavation

lining

./—“ lining

2 op-

l‘— do—’|

tunnel advance face

Figure 6

Typical mesh of GEOMEC91 (BERNAUD and ROUSSET, 1996 [4])
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of 5% when compared to the GEOMEC91 solution. The val-
ues for the convergence and stress at equilibrium are two of
the driving characteristics to build a reliable and safe tunnel,
and as the text follows, the solution of the incognitos cited
before are going to be given for different behavior of the
rockmasses depending upon the geology, type and creep
characteristic of the rock around the lining.

4.2 Elastic rockmass

Some dimensionless parameters are going to be introduced
to reduce the number of parameters shown in text. For an
elastic solution, the dimensionless parameters are:

. P, . K, . d
PL=—2K, =—;dy ==

E E’ R; <] 0)
Where:
P_: Initial geostatic stress as defined in Equation (1);
E: Modulus of Young of the rockmass;
K.: stiffness of the lining.
The steps to follow by the NIM to find the convergence and
pressure at equilibrium are as follow:
a) Get the entry parameters: P, E, K, d;, v (Poisson coef-
ficient of the rockmass) and R;
b) For an unsupported tunnel, we have:

_1+v
T E

(M)

c) For elastic, and plastic solutions, the function a® (x) is
given from Equation (7) in function of a dimensionless lining
function (a*), and it is illustrated in Figure 7 proving that this
function is dependent on the lining stiffness:

(12)

U Po; Us = 0.27U,,

*

R
at = aR—L with R, = R; for elastic rockmass
P

bS]

6 sl e e Lo s b sl aalaa s losaalasiy

w
TR TR FETEE FEETE T

o3

N, =1
0 Klif[fffl|||||'|llllilffflflll]llll[llff

0 1 2 3 4 5 6 7

8 K,/E
Figure 7

The approximate method by BERNAUD and ROUSSETI3]
proposed an average function for the reduced lining func-
tion, so a* = a* See Figure 7:

average”

a* = @ gperage = 1.82\/12 (] 3)

d) So, the function a® (x') from Equation (7) is going to be
changed by replacing the average function of a* from Equa-

tion (13):
(14)
0.84

a’ d;) =l1-[—— ’
( ) 1 (1.82J;;d5+0.84> (15)

e) Calculate the convergence and stress at equilibrium:
Po+ K Uy (1 e (d;))

eq = ; E (ll 6)
KS<1 —as (do)) + 1

£y, (17)

T 1+v
f) The convergence at d, is given by Equation (9).

0.84

2
adxN)=1-[———
1.82 /K;x’ +0.84

U

Pequoo

4.3 Plastic rockmass

The rockmasses subjected to plastic strain presenting co-
hesion and/or friction angle will be treated here with Tresca
(¢ = 0) and Coulomb (¢ > 0) criteria. However, some other
criteria like Hoek-Brown is valid and presented in the origi-
nal text of NIM [3].

. Py . K. . dy . C
Pooz?;KSZF;dOZR_i;CZE (]8)
a’ qverage
I T T AN AN FEE NS AN AR N
15 _—F
: /,/’/ L
10 L
S 7] C
0 LU B B L e
0 10 20 30 40 50 60 70 go Ks/E

() Lining function a.* for N, and (o) dimensionless average lining function a.* for N,

(BERNAUD and ROUSSET, 1996 [4])

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3

ek



Coding the “New Implicit Method” in MatLab for preliminary tunnel design

431 Tresca criterion
This criterion is valid for rockmasses whose main geotech-
nical characteristic is given by the cohesion. The steps to
follow by the NIM to find the convergence and pressure at
equilibrium are as follow:
a) Get the entry parameters: P_, E, K, d;, C,v=0.5and R.
b) For Tresca, the Friction Angle (¢) is zero and a new pa-
rame}?r is introduced:
W=t (19)
c) The reduced dimensionless lining function is given in
Equation (13).
d) Calculate the convergence U_ and at the tunnel face U,
as follows:

(20

1.5C

o = Te(Ns D for incompressible material (v = 0.5)

e) The a° (d,') is the same as the shown one in Equation (14);
The solutlon of this criterion valid for P <P_-C;if

P> P.—Cthe rockmass is elastic. So, solvmg the System (8),
the convergence and the stress at equilibrium are as follow:

alnUgy +bUgy+c=0 (22)

U
U—f = 0.413 — 0.0627N, for 1 < N, < 5

)
)

a=—K—s

a*(do) -1
=(1—a (do)) +2 +K£<ln< ;C> 1>

Peq = (Ueq —Up)K;

(23)

(24)

g) The plastic radius is:

R, = Rie (Peqzzp +1)

(25)
For Mises, the solution is given by the System (8) with C

replaced by 2C/\/g.

4.3.2 Coulomb criterion
This criterion is valid for rockmasses whose main geotech-
nical characteristic is given by cohesion and friction angle

when P, < P, + ;(1 - Kp)}. The steps to follow by the

ol

NIM to find the convergence and pressure at equilibrium

are as follow:

a) Get the entry parameters: P_, E, K, d,, C,¢,v=0.5and R;

b) For Coulomb, two new parameters depending on the fric-

tion angle (¢) are introduced:
2Ccos¢

(26)

2P,

N. =
N RC

(27)

When the Friction Angle is zero, the solution is for Tresca
criterion shown in Equation (22).

c) For Coulomb, the reduced lining function (13) is changed
by the insertion of the influence of the friction angle on it:

(28)

d) The Equation (28) changes the Equation (7) for a° (d,')
as follows:

, 0.84 z
a’ (do) =1-
(1.82 /1(; +0.035¢)d, + 0.84

e) Calculate the parameters K and H for Coulomb:

& = & gperage + 0.035¢ = 1.82 K, +0.035¢

(29)

= L (30)
H= C% (31

f) Calculate the convergence U_ and at the tunnel face U,
from Equation (21), as follows:

v, =225

PN O Py, + H)2/E™D
E K, + 1P )Kp+1 H

(32)

g) The solution of the System (8) gives the convergence
and stress at equilibrium:

algh + bUGZ+¢c=0

Kp—1
_ (K, +1)E T K, +1 X
a {1.5(1@ —1)(Po, + H)} ( ) F(1- @)
K,—1
3 (K, +1)E T2 (K, +1 .
b= {1.5(1<p —1)(P., + H)} ( 2 ){Uf_(“ (o) 1)+ } (34>
_ (Po + H)
K,+1 K,—1
==y ==
Peq = (Ueq — U)K (35)

4.4 Viscoplastic rockmass

The NIM for viscoplastic rockmasses was developed as the
same way as the elastic and plastic rockmasses, so the
solution is given by getting a transformation equation from
unsupported to supported tunnel. The reduced velocity of
excavation V* is the new parameter for viscoplasticity and
it is written as:

L1V
vep (36)
Where:
n: viscosity constant.
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The transformation function obtained from the unsupported
tunnel is changed and it is given as follows:

2 G = Ui —Uj© _ /084
? Ul () - Uf(0) (ﬁ + 0.84)
p

2B

(37)

The parameters A and B in Equation (37) are:

(_(10g(1+V*))6'4)
A(V*) = 0.018 + 0.982¢ 28

(38)

_(log(1+V") 33
2B(N;, V") :boz(P1+(1_P1)€( ()

(39)

(7(10g(1+V*))4'84)
bop (V") = 0.195 + 1.805¢ 271

p.(N,) = e(1756-0878Ny)
1 S

(40)

However, for the supported tunnel, as it was developed for
the elastoplastic rockmasses, the relationship between the
unsupported and supported equation is given as:

(42)

agp(x) = ady(ax)

@ () = 1 ( 0.84 )
vp\ M T LT Tax
A_Rp + 0.84

2B

a) The calculation of the lining function o is different from
the ones presented before for elastoplastic solution and it

is as follows:
(43)

R; Cq
ar = aR—l =K, e
P

<_(10g(1+V*)>m51>

Ci(Ny, V) =p,, — (p,, —05)e\ * >

Pcl(Ns) = o(~0.118+0817Ny) (44)
ma (Ng) = £ (2.094+0.0467N;)

(_(log(1+V*))m“2)
C;(Ns, V) =p,, — (p,, — 0.6)e 370

(49)

p z(Ns) — e(—0.713+1.172N5)

C.

mg(Ng) = —0.564 + 2.51N,
b) Calculate the convergence at the supported tunnel face
(U)), as follow:

(_(log(1+v*))2'9)
=p, + (0.413 — 0.0627N; —p,)e 270

(46)
(47)

—
Us

027N,
p,(Ns) = N1 1<Ng<5

c) The a;,(dy) gets:

0.84 2B 0.84 B
ap(dy)=1- 55— =177 48
P do * do €1 C
A a* + 0.84 TKS et2 +0.84

Since it is a viscoplastic solution, a criterion for the plasticity

surface is required, the solution shown in the next topics is
given for Tresca criterion presented before.

4.41 Tresca solution

a) The convergence U~ is:

1.5C U
= 2 -1, L
Uo B e . from (45)

(49)

b) The solution of the System (8) is:

alnUeg+bUgyg+¢c=0

(30)

o c
=7k

N
b=a5,(dg) — 1
P, C( (15C
- —nS _ R _ ] =
c=(1-a3(d) Uy + e <ln< - > 1)

Peq = (Ueq — Up)K;

(31)

(52)

c) The plastic radius is given by Equation (25).

Figure 8 illustrates the influence of the reduced velocity
on the convergence profile of the tunnel, showing that the
faster it gets, the smaller is the convergence. According to
BERNAUD and ROUSSET [3], when the velocity trends to
infinity, the solution trends to the elastic convergence, when
there is no enough time to generate residual strain.

5. Results and validation
e

The code is developed in MatLab and gives the .gui
executable. The code has been developed with the equa-
tions of the New Implicit Method shown before, and after-
wards some response charts and solutions are given to
compare the solution of NIM with GEOMEC91, the finite
element tool described in ltem 4.1.

U

V*=0 (plastic)

V=== (elastic) *

Vv

rrrrrrrrrrrrrrrrrro

(=]

X

Figure 8
The influence of the reduced velocity on the
convergence. (BERNAUD and ROUSSET, 1994 [3])
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Table 1
Validity of the method for elastic rockmass
Constitutive Poo’ " K U " o U o Ued"™ — U™
law © 0 s eq (%) eq (%) UeqFE
0.008 0 0.72 0.87 0.76 12.64%
Elasticity 0.008 0.67 7.2 0.90 0.93 -3.33%
0.008 1.67 72 1.02 1.11 -8.82%

5.1 Elastic solution

The first results are shown for elasticity used for instanta-
neous strain pattern, we adopted:

E =500 MPa and v = 0.498

The solution obtained for the convergence through the Finite Ele-
ment Analysis (U_," (%)) was taken from the GEOMEC91 solu-
tion introduced by [4]. The errors between the FEM and NIM are
shown and presented good approximation as shown in Table 1.
UeqFEvN'M: solution for the convergence at a far distance from
d, through Finite Element Method and NIM method analysis
respectively.

Figure 9 shows the results obtained through the .gui execut-
able for the second d,' shown in the Table above, showing
the charts developed automatically by the executable for
stiffness varying from 0 to 20 000 MPa.

TESTEZ

Hew Implicit Method - Wallace C Ferrlo
Recimesa characternte

The executable generates three charts which are the solu-
tions for many supporting stiffness, it also generates a .xlsx
file with the numerical solution for each supporting stiffness,
the dashed line represents the solution for P_' = 0.008,
d,=0.67andK'=72.

5.2 Plastic solution

The results shown in Table 2 concerns the plasticity with a
Tresca and a Coulomb criterion. The plastic solution is used
in over consolidated soils which present residual strain. For
this analysis, we adopted:

E =500 MPa and v = 0.5 (54)
P_FENM: solution for the pressure at a far section from d*
through Finite Element and NIM method analysis respectively.

Define the behavior of the
studied stran-zone of the

/ rockmass.
O Vacopmstety - Trescs

- x

® Ematcty O Pastcty - Tresca O Pasticty - Coulomt
Pbernal Radus (m) 1 Cebeacn (WPa)
Distance batween face and kning (m) 087 Friction Angle (degrees) Fidl out the blanks in
Geostatic Strens (MPa) 4 Pomnon Coathcient 08 exception of Cohesion

Wodulus oF Voung (MPa) 00

15

Lining Stifness (a) (UPa)

[T (Elasticity), Friction Angle
(Elasticity and Plasticity —
Tresca).

Chart 1 -> Pegx Ks
T T T

4 The first chart is the solution
[T of the stress at equilibriun:

0.012

{Peq) [MPa) versus the kning
stiffness (Ks) [MPa].

I

1

1 Chan 2 -
T v :

1

I

The second chart is the
E solution of the convergence
=pat equilibrium (Ueq) [m/m]

versus the lning stffness

I
08 1

Chart 3 -
T

u

44
s
X
r.3
&

(Ks) [MP].

The third chart is the

- solution of the convergence
| l—pat a distance d0 (U0) [m/m]
versus the lining stffness

0e 1

Figure 9
Solution for an elastic rockmass using .gui MatLab

(Ks) [MP].
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Table 2
Validity of the method for plastic rockmass
NIM FE
Constitutive . . . Peg” ™ — Peq
law P d, K, P, P, T
Tresca
C=1MPa 0.008 0.33 7.2 1.48 1.50 -1.35%
C =1.33 MPa 0.008 1.00 72 0.90 0.85 5.56%
Coulomb
C=1MPa 0.008 0.67 0.24 0.76 0.75 1.32%
C =1 MPa 0.008 1.67 2.4 0.35 0.31 11.43%
C =1.33 MPa 0.01 1.67 24 0.309 0.31 -0.32%

The results for Coulomb and Tresca criteria present some
errors smaller than 12% which is acceptable if compared to
the results of the Finite Element analysis, indicating that the
NIM is an adequate method for predicting the convergence
and stress at equilibrium.

5.3 Viscoplastic solution

The results for viscoplastic cases are using the Tresca cri-
terion as the plasticity surface. Some soils, mainly clays,
present a creep behavior what increases the strain after
some time and this behavior is important to assess. The
results shown here have been compared to the ones given
by GEOMEC91 as well. The results for many viscoplastic
examples are given in Table 3.

As it is shown above, the method works well for every type
of condition.

Figure 10 shows the results of the executable for a visco-
platic rockmass, the three charts given by the .gui are in
function of the reduced velocity instead of the lining stiff-
ness as it was for the elastic and plastic solutions shown
before, the dashed line shows the solution for N_= 5,
d, =1, V* =500 and K," = 0.72 matching with the solution
shown is Table 3.

Table 3
Validity of the method for viscoplastic rockmass

6. Conclusion

EE

A supported tunnel behaves as a three-dimensional struc-
ture for which strain and stress fields of the surrounding
ground are strongly influenced. This paper develops an
easy tool executable with MatLab to solve the problem of
convergence and stress at equilibrium for elastic, elasto-
plastic and elastoviscoplastic tunnels.

It is important to know beforehand some geotechnical char-
acteristics of the rockmass and the loading pattern to select
the stress-strain criteria correctly. It is known that if the rock-
mass does not present permanent strain after being stressed
it is going to behave as an elastic model, however the exis-
tence of creep and permanent deformations implies a plastic
or a viscoplastic trend which give different solutions.

The problem was proved to be slightly different from the one
solved by the Convergence-Confinement method, since the
New Implicit Method highlights that the stiffness of the sup-
port is a great player on the convergence U, (at a distance
d, from the tunnel face).

A point to be added is to take the permanent deformation of
the supporting, for instance the concrete one, since it may
change the curvature of the confinement curve.

The accuracy of the new method is satisfactory for a

NIM FE
Ns dol V* Ksl PeqFE UeqFE (%) pequ UequM (%) PeqNIM _F:eqFE Ueq _F;]eq
Py Ueq

5 0.33 1000 0.72 0.86 1.06 0.77 1.11 -10.43% 4.72%
1 36 0.72 0.38 0.79 0.37 10.33% -2.63%

0.33 2000 18 1.78 0.39 1.77 0.39 -0.68% 0.00%

150 0.24 0.92 2.8 0.92 2.79 0.51% -0.36%

3 . 2.4 1.59 2.0 1.74 1.86 9.54% -7.00%
0.72 1.49 2.1 1.44 2.15 -3.09% 2.38%

500 7.2 1.97 1.66 2.19 1.49 11.02% -10.24%

5 1 500 0.72 1.53 1.93 1.60 1.77 4.67% -8.29%
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New Impholt Method - Wallace C Ferrdo
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Figure 10

Solution for a viscoplastic rockmass through .gui MatLab

geotechnical preliminary study, regarding the numerical
limitations. The average error stays at a maximum of 12%,
with most of the solutions under 8% when compared to the
numerical solution. Generally, most of the differences are
being for the safety, since it is increasing the value of the
stress at equilibrium which is imposed over the lining.

The results are good for values of K' greater than one.
In addition to that, the results for smaller d,’ present bet-
ter convergence than the ones of greater distance of lin-
ing placement. These smaller values represent most of the
excavated tunnels, such as the value of d;' = 0,16 used in
Tunnel Paraiso in Sao Paulo (Mafra, 2011, [7]). So, for con-
ditions of K.' > 1 and d ' < 1, most of the solutions converge
better to the numerical solution.

The numerical code GEOMEC91 presents an approxima-
tion of actual behavior. However, considering the valida-
tion of GEOMEC91 with clays shown before and that it is
a realistic tool to preview the behavior of deep tunnels, it
was used to evaluate the solutions given by the New Implicit
Method encoded here in MatLab.
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APPENDIX |

The most relevant parameters used in this paper are sum-
marized in the following list. The parameters subscripted
with (L used in E , v, and so on) are defined regarding the
lining characteristics. The superscript (' used in Ks',d,' and
so on) indicates that such parameter is dimensionless.

Initial geostatic stress as defined in Equation (1);
Stiffness of the lining as defined in Equations (2) and (3);
Distance between the tunnel face and the lining dur-
ing the excavation;

Convergence of the tunnel at distance d;
[dimensionless]

Convergence of the tunnel at its face; [dimensionless]
Convergence of the unsupported tunnel very far
from the face; [dimensionless]

Modulus of Young;

Plastic radius as Equation (25);

Cohesion of the rockmass;

Friction angle;

Poisson coefficient;

Parameters for the plastic solution system as Equa-
tions (23) and (34);

Parameter on Coulomb Criterion;

Transformed function of unsupported to supported
tunnel in viscoplastic field;

Radius of the excavated tunnel;

Parameter used in plasticity that indicates the level
of plastification as Equations (19) and (27);
Convergence of the supported tunnel very far from
the face; [dimensionless]

Pressure of the supported tunnel very far from the face;
Coefficient of horizontal stresses at rest as Equa-
tion (30);

Transformed function of unsupported to supported
tunnel;

Velocity of excavation;

Viscosity constant;

Reduced velocity;

Pressure at equilibrium;

Parameter on Coulomb Criterion;

Average solution which includes the influence of the
lining strength on the convergence;

Parameters for the viscoplastic solution as Equa-
tions (38) and (39);

C,, C, Parameters for the viscoplastic average solution as
Equations (44) and (45).

The other remaining parameters are listed on work pre-
sented before. They are referred as soon as they show up,
and the list above are with the most recurrent and important
parameters to take note.
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Abstract
E——

The installation of new reinforcing bars onto an existing structure is a common practice in civil construction both for old and new structures. The
use of anchors has been extensively studied and normalized. The placement of steel reinforcement bars in holes filled with epoxy resin, despite
their wide use, still lacks a satisfactory methodology for the design of such systems. In this context, the aim of this paper is to present the results
of an experimental programme for confined pullout tests, comparing the performance of cast steel reinforcement bars to that of bars bonded to
concrete with epoxy resin. The investigated test parameters included the bar diameter, the embedment length and the resin thickness. Tests re-
sults showed a significant efficiency of epoxy resin as structural bonding agent and allowed the verification of sizeable reduction in the anchorage
lengths for bonded bars.

Keywords: pullout tests, bond, retrofit, epoxy resin.

Resumo
E——

A fixagéo de armaduras novas em estrutura existente é pratica usual na construcao civil, tanto em constru¢cdes novas como em antigas. A aplica-
¢ao de chumbadores ja esta bastante estudada e regulamentada. A fixagéo de barras de alta resisténcia em furos preenchidos com resina epoéxi,
apesar de amplamente utilizada, ainda nédo dispée de metodologia satisfatoria para o dimensionamento desses sistemas. Neste artigo apresenta-
-se os resultados de um programa experimental que teve por objetivo estudar a ligagéo de barras coladas ao concreto com resina epoxi através
de ensaios de arrancamento, onde foram testados diferentes diametros de barras, de comprimentos de colagem e de espessuras de resina. Os
resultados dos ensaios mostraram a grande eficiéncia da resina epdxi como adesivo estrutural e permitiram verificar redugdes significativas nos
comprimentos de ancoragem das armaduras coladas.
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1. Introduction

EE

Retrofit and strengthening methods applied in concrete structures
usually require the addition of new reinforcement bars. In order
to guarantee the transfer of forces between the existing structure
and the new reinforcement bars, these bars can be installed and
anchored to the existing element through different techniques,
such as overlapping patches, by filling the holes with resin or
special grout; or even by attaching connectors (or post-installed
anchors) in holes drilled in the concrete, which can later be fixed
with grout or synthetic bonding agents.

In recent years, many researchers have studied the behaviour of
bonded connections both analytically and experimentally, based
on confined and non-confined test models. In confined models, the
reaction of the loading system is placed adjacent to the anchor
to ensure bond failure and avoid failure of the concrete cone. On
the other hand, in non-confined models, the point of reaction is
positioned at a significant distance from the anchor and, as a
result, can allow free formation of the cone.

Studies analysing the performance of bonded anchors usually
consider models consisting of slabs in non-confined tests,
which lead to a combination of shallow concrete cone failure
and bonding of the anchor-adhesive interface. These tests have
their embedment lengths wholly filled by the bonding agent. For
instance, the tests realized by McVay, Cook and Krishnamurthy
[1] in non-confined procedures considered anchors of 15.9mm
diameter (threaded rods), 19mm diameter holes and bonding
lengths of 76, 102, 127, and 152mm. The results showed an
average shear stress of 1,=11.8MPa and maximum shear stress
equivalent to t__ =13.8MPa.

In the case of retrofitting old structures, which mostly have low
concrete resistance, the capacity of the traditional anchor leads
to premature rupture of the concrete cone. In order to better study
this effect, Gurbuz and Ilki [2] carried out pullout tests on fully

Figure 1
Souza’'s model [4]

and partially bonded bars in confined and non-confined models,
observing different rupture models. While the fully bonded anchors
went through an abrupt rupture, with rupture of the cone and the
bonding, the partially bonded anchors failed pullout, after yielding
of the steel. According to the results, the partially bonded anchors
had a mean resistance 73% higher than that of the completely
bonded anchors. These anchors failed due to yielding of the
steel bars or, in the case of small bonding lengths, due to bond
slipping on the bonded length. These results suggest that partially
bonded anchors have better performance (ductile behaviour) for
retrofitting applications where the concrete is of low resistance and
when spaces are limited. Shear stresses for such partially bonded
anchors ranged from 15.7MPa to 23.6MPa, which are higher
values than those obtained by McVay, Cook and Krishnamurthy
[1]. Therefore, the authors concluded that partially bonded anchors
have better performance (ductile behaviour) for evaluating the
anchorage length of deformed bars used in retrofitting applications.
The authors also found that for fully or partially bonded anchors
pullout performance increases with longer bonding length, although
average bonding stress decreases with an increase in length.
Bonded anchors have been the object of many studies and have
normalised design forecasts such as the AC308 Post-installed
Adhesive Anchors in Concrete Elements [3] standard. However,
there is still a lack of studies on the bonding of highly resistant bars
used as additional reinforcement in retrofitting and strengthening
work. In these cases, the structural elements usually have lower
resistance concrete than the current. In addition, the spaces
needed for installation of these bars are very narrow.

With the objective of comparing the anchorage length of bars
bonded or otherwise into concrete, the following authors developed
confined tests, considering structure repair or retrofit.

Souza [4] carried out pullout tests in models shown in Figure 1.
Two steel diameters (8 and 12mm) and three bonding lengths
(7.5, 10, 15cm) were used. An epoxy resin with 3.0mm thickness
was also used. Two series of tests were carried out; these being
SR models with bars embedded in concrete and CR models in
which the bars were subsequently bonded with epoxy resin. The
diameter of the holes corresponded to the diameter of the bars
plus 6 mm. The average compressive strength of the concrete was
42MPa at the time of the test and the steel yielding strengths for
8 and 12mm bars were 500MPa and 401MPa, respectively. The
test results showed that bonding performance of the connection
with epoxy resin improves with longer bonding length and also
with the type of connection. Anchoring with epoxy resin in d=8 mm
bars allowed a reduction in length of up to 33%, whereas for d=12
mm bars, the reduction was up to 50% in regard to the anchoring
lengths with no epoxy resin.

Felicio [5] carried out pullout tests with deformed steel bars with
diameters of 10, 12.5, and 16mm (yielding stress of 620MPa, 600MPa
and 660MPa, respectively), as shown in Figure 2. The dimensions of
the model were fixed proportionally to the diameters. Four lengths
were studied for each diameter: 5 d; 7.5 d, 10 d, and 12.5 d. The
thickness of the concrete cover was fixed as three times the diameter
of the steel bar (c/d=3). The SR models had the reinforcement bars
positioned at the time of concreting; the CR models were moulded
without the bars, which were later bonded with resin. The holes went
through the whole bond length and the d,_ /d,__ratios were 1.3 and

hole” ~bar
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Felicio’s model [5]

1.4 respectively. The results showed that for both models, for a given
diameter, longer bonding length produced higher maximum ultimate
loads, greater displacements and very close values for bond stress.
The epoxy resin was found to be a very effective structural bonding
agent, with a significant reduction in anchoring lengths for bonded

VA1

bars of: 24% for bars where d=10mm; 42% for bars in which d=12.5
mm, and 29% for bars where d=16mm.

Bouazaoui et al [8] studied the interfacial shear strength between
the steel bar surface and the concrete surface of steel rods that were
previously bonded with epoxy resin into concrete using confined
pullout test. The concrete specimen was a cylinder with a diameter of
160 mm and a length of 320mm. Three steel diameters (12, 16 and
20mm) and lengths from 100 to 300mm of embedded steel in the
concrete were used. The adhesive thickness was 1 mm. The yield
strength of the steel bar obtained through the test, was 340MPa and
the concrete had an average compressive strength of 40MPa at 28
days. During the test, the specimen was subjected to a continuously
increasing load until failure of the specimen was observed. The
failure occurred in the three principal regions; in the concrete, at the
steel-concrete interface and on the steel rod. The author verified
that the adhesive joint significantly improved the shear and tensile
stress distribution along the interface between the steel surface and
the concrete surface. The ultimate force depended linearly on the
diameter and the embedded length of the steel rod.

Fernandes [6] followed this line of research with the aim of
contributing to the increase in scientific knowledge on the
empirical practice of civil construction, mainly used in the area of
reinforcement and structural recovery. The objective of this work
was to evaluate the bond capacity of reinforcement bars previously
bonded to concrete structures. The laboratory tests realized and its
results will be addressed in the following topics.
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Formwork and reinforcement of Beams V1 e V2
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2. Materials e methods

EE

Fernandes [6] carried out pullout tests in prismatic models as
well as bending tests on concrete beam, in order to assess the
anchorage bond length of these longitudinal tensioned bars.

2.1 Beam models

Bending tests were applied to concrete beams, with two
concentrated loads, located on the third sections of the span. The
beam tests aimed to analyse the bonding behaviour of the bars that
were bonded to the concrete, similarly to that occurring in retrofit or
strengthening work on existing beams. As such, two beams were
cast; one in fully reinforced concrete and with a reinforcement bar
traditionally anchored with hooks, named beam V1; and the other
produced in two stages, with its lower bars bonded to the ends
(around 20cm) with epoxy resin in pre-drilled holes in the concrete,
named beam V2. The beams were 2m long, with a rectangular
section of 20cm in height and 20cm wide.

Beam V2 was cast in two concreting stages. In the 1st stage its
height was only 13cm and rubber tubes were installed in the region
of the supports in order to guarantee the presence of holes, which
were essential for the later bonding process of the longitudinal
bars. The anchorage length of these bars corresponded to the
entire length of the support, i.e., the bars were bonded over a 20cm
length. Moreover, the stirrups were exposed for future bending
and fastening on the lower part of the beam (where it received
6cm of supplementary concrete cast after the installation of the
longitudinal bars). See Figure 3.

The longitudinal bars from V2 were glued as soon as the beam
was detached from the mould. First the holes were cleaned, all
the powder and dust being removed, then the epoxy resin was
applied inside the hole and soon after the reinforcement was

Strain Gauges

inserted into holes, these being abundantly embedded in resin
in order to guarantee complete filling of the hole with the resin.
After a four-day curing period, the concrete surface in the region
to be completed was cut to improve the bond between the two
concrete layers. From this, the stirrups were bent and fastened
and the bottom of the beam was soaked, in preparation the second
stage of concreting. The concrete of the 2nd stage was the same
strength and granulometry.

Figure 4 shows the test loading apparatus and the devices used to
evaluate the stress, strain and displacement.

2.2 Prismatic models

The pullout test adopted was that normalized by RILEM [7].
This test has simple execution characteristics and was adapted
to the study to allow bonding with epoxy resin. In order to do so,
61 pullout tests were conducted. Highly resistant steel bars were
embedded in concrete cubes, during concreting, named non-resin
models (SR) or embedded afterwards, bonded with epoxy resin, as
resin bonded models (CR).

In order to compare models with different reinforcement bars, its
dimensions and the embedded length were adjusted proportionally
to the bar diameters. Three bar diameters were tested: 10mm;
12.5mm and 16mm, along with two embedded lengths for each
diameter: 5 d and 7.5 d. The results refer to the average result
obtained from the three sample tests. Their dimensions varied
according to the bar diameter for both pre-bonded and post-
bonded bars, in the proportion of 10d. Three thickness levels for
epoxy resin were tested: 1mm (CR1), 2mm (CR2), and 3mm (CR3).
Identification of the models is shown in Table 1 and follows the
example of: model 10-7.5-2, which corresponds to the 10mm
diameter bar, with an embedded length of 7.5 d and a 2mm
resin thickness.

Displacement gauges

Figure 4
Test loading apparatus
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Table 1
Pullout tests results
Model E";gﬁg:fed di:?rlmee’:er Bond suzrche Ultimate load | Bond stress 1, Il‘:ﬁgi?f; f
I (mm) d, (mm) (em? (N (MPa) Yyor ! Tose
10-5-0 50 - 15.7 12.2 7.8 -
10-7.50 75 - 23.6 34.4 14.6 -
12.5-5-0 62.5 - 24.5 244 9.9 -
12.5-7.50 93.8 - 36.8 51.8 14.1 -
16-5-0 80 - 40.2 53.2 13.2 -
16-7.50 120 - 60.3 77.8 12.9 -
10-5-1 50 12 15.7 48.8 31.1 4.0
10-7.5-1 75 12 23.6 54.8 23.3 1.6
12.5-5-1 62.5 14.5 24.5 68.0 27.7 2.8
16-5-1 80 18 40.2 90.4 22.5 1.7
16-7.5-1 120 18 60.3 123.0 204 1.6
10-5-2 50 14 15.7 48.8 31.1 4.0
10-7.5-2 75 14 23.6 52.6 223 1.5
12.5-5-2 62.5 16.5 24.5 69.8 28.4 2.9
12.5-7.5-2 93.8 16.5 36.8 90.6 24.6 1.8
16-5-2 80 18 40.2 101.4 252 1.9
16-5-3 80 22 40.2 117.2 29.2 2.2
16-7.5-3 120 22 60.3 83.8 13.9 1.1

Plastic tubes were embedded in the concrete models to minimize
the negative effects of drilling and to serve as a template for the
holes the steel bars would pass through. Concrete was then applied
to the models that would receive the bonded bars. These plastic
tubes had the exact diameter predicted for each model, that is, the
space of the hole included the diameter of the bar plus the thickness
the epoxy resin would take. Concrete was manually placed into the
formworks, layer by layer, perpendicularly to the reinforcement, as
showed in Figure 5. After the placement of each layer an immersion
vibrator was used and the specimen was finished with a trowel.

Afterwards, these tubes were removed and all holes and bars
were cleaned to remove dust and any impurity that could affect
the bonding process. In the region where a non-bond length was
desired, the bar was wrapped with PVC film and finished with
an insulating tape plug, so as to prevent resin draining from the
adherent region to the non-adherent region.

The goal of the test was therefore to allow the application of a
tension load at one end of the bar and to measure the relative
displacement between the bar and the concrete at the other
end. For this, a metal cage was used in order to react against

Figure 5
Concreting direction of the prismatic models
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Figure 6
Test setup

the concrete block whilst the other free end was subjected to the
tension, as shown in Figures 6 and 7.

2.3 Materials

The concrete was mixed with the intention of replicating the
characteristics of reinforced concrete constructions at an age
in need of both retrofitting and structural intervention. Thus,
the mean resistance to concrete compression during the tests
was 26.9MPa. The yielding and the maximum strength of the
steel were 603MPa and 742MPa for the 10mm bar, 584MPa
and 735MPa for the 12.5mm bar, and 564MPa and 714MPa
for the 16mm bars. The choice of epoxy resin currently used
in civil construction took into consideration the characteristics
of fluidity, handling and material accessibility. In order to check
the resin’s performance according to the conditions presented
in this study, two systems were evaluated. Firstly, the RE 500
Hilti system was tested but its thixotropic characteristic proved
to be unfavourable to the passage of the bar through the hole.

Figure 8

Figure 7
Displacement device

Sikadur 32 was then tested and the results were suitable
and it was therefore applied according to the manufacturer’s
instructions.

3. Results
E—

3.1 Test beam results

The V1 beam failed at the concrete compression zone and
presented excessive deformation of the bar under tension. Failure
of the V2 beam occurred along the diagonal concrete compression
strut. The cracks produced by bending demonstrated symmetrical
behaviour in relation to the span and as expected, no shear cracks
were seen due to the detailing of the reinforcement bars.

The V2 beam did not show any bond cracking at the interface of the
two concrete layers indicating that both the concrete-concrete bond
and the bonding of steel bars in the concrete were efficient. The
epoxy resin efficiently complied with its adhesive characteristics,
ensuring anchorage of the longitudinal tension bars.

Cracking mode and type of failure of the beams V1 e V2

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3
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Brittle failure in CR models
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Figure 11a
Load-slip, models SR 10-7.5-0

The behaviour of both beams was similar as shown in Figure 9.
3.2 Pullout results

The non-resin models failed pullout, characterized by the slipping
of the bar in relation to the concrete, with significant displacements.
The resin models presented brittle failure, characterized by
the sudden rupture of the concrete block and small relative
displacements between the bar and the concrete as presented in
Figure 10. In one of these models, the steel bar yielded. Some
specimens showed air bubbles in the bonded length leading, in
these cases, to pullout failure.

The typical curves of the SR and CR models are presented in
Figures 11a to 11d; these graphs also show the homogeneity of
the results, which are summarised in Table 1.
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Figure 11b
Load- slip, models CR 10-5-1

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



R. H. SOUZA | M. E. TAVARES | D.V. FERNANDES

4. Discussion
E———

The influence of the embedded length can be seen in the graphs of

Figures 12 and 13, where for the same bar diameter, the increase
in embedded length led to higher adhesion strength and ultimate

$125-L7.5-CR2
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Figure 12

Influence of the embedded length, models:
12.5-5-0 and 12.5-7.5-0
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Figure 14
Influence of the bar diameter, models:
10-7.5-0; 12.5-7.5-0 and 16-7.5-0

o.07

load values in all models studied.

In the same way, the influence of the bar diameter can be seen in
the graphs of Figures 14 and 15, where for the same embedded
length, the larger the diameter of the bar, the higher the values of
adhesive strength and ultimate load in all models studied.

These results can easily be perceived through examination of the
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Figure 11d
Load- slip, models CR 16-5-3
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Figure 13
Influence of the embedded length, models:
12.5-5-2 and 12.5-7.5-2
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Figure 15
Influence of the bar diameter, models:
10-5-1; 12.5-5-1; 16-5-1
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bonding surface, that is, the bar-concrete or bar-resin-concrete
contact surface. Figure 16, which reports the maximum load to
the bonding surface indicates that when the bonding surface is
increased (diameter and embedded length) the pullout bearing
capacity is also increased. This has also been observed by Gurbuz
[2], Souza [4], Felicio [5] and Bouazaoui et al [8].

Figures 17-19 illustrate the behaviour of some models. These
graphs show that bonding with epoxy resin increases the stiffness
of the steel-concrete bond and leads to higher ultimate load values.
Bonding with epoxy resin also provides an increase in bond stress,
as can be seen in the Increase of Capacity column in Table 1 and
in the graph of Figure 20. On this graph it can be observed that the
resin models have higher values for bond stress when compared
to those without resin. Also, the values for this stress decrease
as the bar diameter and the embedded length are increased.
These results appear to indicate that, when using epoxy resin
connections, small lengths are enough to ensure bonding and
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Figure 19
Load- slips, models: 16-7.5-0; 16-7.5-1; 16-7.5-2;
16-7.5-3
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longer lengths may not contribute to the development of stresses
throughout the embedded length. This has also been observed by
Gurbuz [2]. The values for shear stress found in Fernandes’ [6]
tests ranged from 16 to 29 MPa, which is a range compatible with
the values found by Gurbuz [2].

In the graphs of Figures 15 and 20, which compares the
performances of the resin and non-resin models for thicknesses of
1 and 2mm, it is found that the variation in resin thickness does not
significantly affect ultimate bond strength.

With the aim of verifying the efficiency of the bonding process,
the graphs presented in Figures 21-23 were plotted to relate the
values for maximum normal stress in the reinforcement bars with
the value of | /d. These normal bars stresses refer to F_, /d, in
the case of the models without resin, whereas F_. /d  applies
to models with resin. Considering the value of 500MPa for the
yielding strength for CA50 steel and based on the equations for
linear regression there is a 67% reduction for 10mm bars, 51% for
12.5mm, and 20% for 16mm bars.

5. Conclusions
E—

Based on the bond method, the materials used and the test
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methodology adopted in this study, the authors concluded that:

B The share of adhesion is highly significant in CR models; in
these cases, the slips for initial and mean loads were extremely
low when compared to the SR models.

B Regarding the failure mode, all SR models failed pullout.
Specifically, for CR models the concrete failure was brittle,
considering the weakest link in the bond.

B In all models - with and without resin - the increase of both the
bar diameter and the embedded length led to higher values of
adhesion force and ultimate load.

B Bonding with epoxy resin allows a reduction in the anchoring
lengths of the bars.

B The beams demonstrated significantly similar behaviour, in
spite of their reinforcement details being quite different. This
reaffirms the efficiency in the bonding of the bars, aimed at
reducing the anchorage length required.

B Variation in thickness of the epoxy resin from 1mm to 3mm
seems to have no significant effect on the failure, but requires
further study to assess its service behaviour.

B The development of further research is suggested with the aim
of evaluating the anchoring length of epoxy resin bonded bars
in concrete elements subjected to different stresses.
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Abstract
E——

The installation of new reinforcing bars onto an existing structure is a common practice in civil construction both for old and new structures. The
use of anchors has been extensively studied and normalized. The placement of steel reinforcement bars in holes filled with epoxy resin, despite
their wide use, still lacks a satisfactory methodology for the design of such systems. In this context, the aim of this paper is to present the results
of an experimental programme for confined pullout tests, comparing the performance of cast steel reinforcement bars to that of bars bonded to
concrete with epoxy resin. The investigated test parameters included the bar diameter, the embedment length and the resin thickness. Tests re-
sults showed a significant efficiency of epoxy resin as structural bonding agent and allowed the verification of sizeable reduction in the anchorage
lengths for bonded bars.

Keywords: pullout tests, bond, retrofit, epoxy resin.

Resumo
E——

A fixagéo de armaduras novas em estrutura existente é pratica usual na construcao civil, tanto em constru¢cdes novas como em antigas. A aplica-
¢ao de chumbadores ja esta bastante estudada e regulamentada. A fixagéo de barras de alta resisténcia em furos preenchidos com resina epoéxi,
apesar de amplamente utilizada, ainda nédo dispée de metodologia satisfatoria para o dimensionamento desses sistemas. Neste artigo apresenta-
-se os resultados de um programa experimental que teve por objetivo estudar a ligagéo de barras coladas ao concreto com resina epoxi através
de ensaios de arrancamento, onde foram testados diferentes diametros de barras, de comprimentos de colagem e de espessuras de resina. Os
resultados dos ensaios mostraram a grande eficiéncia da resina epdxi como adesivo estrutural e permitiram verificar redugdes significativas nos
comprimentos de ancoragem das armaduras coladas.

Palavras-chave: ensaio de arrancamento, aderéncia, resina epoxi, recuperacao estrutural.
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1. Introducgao

EE

Nos trabalhos de recuperagao e reforgo das estruturas de concreto
muitas vezes € necessario incluir novas armaduras. Visando a ga-
rantia da transferéncia dos esforgos, estas armaduras podem ser fi-
xadas e ancoradas ao elemento existente através de: emendas por
sobreposigéo, por fixagdo aparafusada ou em furos preenchidos
com resina ou argamassas especiais, pela ligagdo com conectores
ou com chumbadores pos-instalados em furos feitos no concreto,
podendo ser fixados por grautes ou por adesivos sintéticos.

O comportamento de chumbadores colados tem sido objeto de
estudo de muitos pesquisadores que estudaram analitica e ex-
perimentalmente as ligagbes coladas, tendo por base modelos
de ensaio confinados e nao confinados. Nos modelos confinados
a reagao do sistema de carregamento € colocada adjacente ao
chumbador para garantir ruptura por aderéncia e evitar a ruptura
do cone de concreto; nos modelos ndo confinados, o ponto de re-
acgao é posicionado a uma grande distancia do chumbador e, por
isso, permitem a formacao irrestrita do cone.

Nos ensaios para a avaliagao do desempenho de chumbadores
colados sdo normalmente utilizados modelos constituidos por la-
jes, nao confinados, que levam a ruptura combinada de um cone
raso de concreto e da interface chumbador-adesivo. Estes en-
saios tém o seu comprimento de embutimento totalmente preen-
chido pelo adesivo. Como exemplo tem-se os ensaios de McVay,
Cook e Krishnamurthy [1] que, em ensaios ndo confinados, testa-
ram chumbadores constituidos por barras roscadas com didmetro
d= 15,9mm, didmetro dos furos d, = 19mm e comprimentos de
aderéncia de 76, 102, 127 e 152mm. Os resultados indicaram ten-
s&o de cisalhamento média t;=11,8MPa e tens&o de cisalhamento
maxima t_, =13,8MPa.

No caso da recuperacao de estruturas, em geral com concretos de
resisténcias mais baixas, a capacidade deste chumbador tradicio-
nal fica prejudicada, uma vez que a baixa resisténcia do concreto

Figura 1
Modelo de Souza, esquema de ensaio [4]

dessas estruturas leva a ruptura prematura do cone de concreto.
A fim de melhor estudar esta questéo, Gurbuz e Ilki [2] conduziram
ensaios de arrancamento de barras total e parcialmente aderidas
em modelos confinados e néo confinados e observaram diferentes
modos de ruptura. Enquanto os chumbadores totalmente aderidos
romperam bruscamente com a ruptura do cone e o arrancamen-
to do fuste, os chumbadores parcialmente aderidos romperam
pelo arrancamento apds o escoamento do ago. De acordo com
os resultados, os chumbadores parcialmente aderidos apresen-
taram uma resisténcia média 73% maior do que os completamen-
te aderidos. Estes chumbadores romperam pelo escoamento da
barra ou, no caso de pequenos comprimentos de colagem, pelo
escorregamento da barra. Estes resultados indicaram que os
chumbadores parcialmente aderidos tém um desempenho melhor
(comportamento ductil) para aplicagdes em reabilitagdo, onde os
concretos sao de baixa resisténcia e os espacos limitados. As ten-
sbes cisalhantes para esses chumbadores parcialmente aderidos
variaram de 15,7MPa a 23,6MPa, portanto valores superiores aos
de McVay, Cook e Krishnamurthy [1]. Desse modo, os autores
concluiram que para a avaliagdo do comprimento de ancoragem
de barras deformaveis a serem usadas em reparos de estruturas
existentes, deve-se prever ensaios em que as barras sejam par-
cialmente aderidas ao concreto. Os autores também verificaram
que para chumbadores total ou parcialmente colados, a resistén-
cia ao arrancamento aumenta com o aumento do comprimento de
colagem, enquanto que a tensao média de aderéncia decresce
com o aumento do comprimento.

Os chumbadores aderidos ja foram objeto de muitos estudos e ja
tém predigdes de projeto normalizadas, como a norma AC308 Post-
-installed Adhesive Anchors in Concrete Elements [3]. Entretanto,
ainda ha caréncia de estudos no que diz respeito a colagem de bar-
ras de alta aderéncia usadas como complemento das armaduras de
recuperagao e reforgo. Nestes casos, os elementos estruturais nor-
malmente apresentam concreto de menor resisténcia que os atuais
e 0s espagos para fixagdo destas armaduras sdo exiguos.

A seguir estdo relacionados estudos experimentais que tiveram
por base ensaios confinados, sem a formagéo do cone de concre-
to, visando a recuperagéo e o reforgo, com o objetivo de comparar
o comprimento de ancoragem de barras normalmente embutidas
no concreto com barras coladas com resina epoxi.

Souza [4] conduziu ensaios de arrancamento em modelos em
forma de H, conforme indicado na Figura 1, de modo a impedir
a transferéncia da reacdo de compressdo no modelo a barra a
ser tracionada e que facilitasse a execugéo do furo e a colagem
da barra. Foram testados dois didmetros de barras de alta ade-
réncia: 8 e 12mm, sendo os valores das tensdes de escoamento
fy=500MPa e fy=401MPa respectivamente, com variados com-
primentos de colagem: 7,5cm; 10cm e 15cm. Foram executadas
duas séries de ensaios: modelos SR (Sem Resina), com barras
embutidas no concreto e modelos CR (Com Resina) que foram
moldados sem as barras, sendo estas coladas posteriormente
com resina epoxi em furos cujo diametro correspondeu ao dia-
metro da barra, mais 6 mm. A resisténcia a compresséao no dia do
ensaio era de 42MPa. Os resultados desses ensaios mostraram
que a resisténcia de aderéncia da ligagdo com resina epoxi au-
menta com o aumento do comprimento de colagem e com o tipo
de ligagdo. As ancoragens com resina epoxi em barras d=8mm
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Figura 2

Modelo de Felicio [5]

permitiram uma redugéo do seu comprimento até 33% e em barras
d=12 mm até 50%, em relacdo aos comprimentos de ancoragem
sem resina epoxi.

Felicio [5] procedeu a ensaios de arrancamento em modelos com
a configuragdo geométrica apresentada na Figura 2 e barras de

VA1

aco de alta aderéncia com diametros de 10; 12,5 e 16mm, sendo
fy=620MPa, fy=600MPa e fy=660MPa, respectivamente. A resis-
téncia a compressao no dia do ensaio era de 32MPa. As dimen-
sdes dos modelos foram ajustadas proporcionalmente aos seus
diametros. Foram estudados quatro comprimentos para cada dia-
metro: 5d ; 7,5d ; 10d e 12,5d. O cobrimento de armadura adotado
era igual a trés vezes o diametro da barra de ago (c/d=3). Os mo-
delos do tipo SR tinham a armadura posicionada no momento da
concretagem; os do tipo CR foram concretados sem a armadura,
sendo esta colada posteriormente com a resina. Os furos atraves-
savam toda a extensdo do comprimento de aderéncia e a relagao
d,./d,...erade 1,3 e 1,4. Os resultados mostraram que em ambos
os modelos para um dado didametro, maiores comprimentos de co-
lagem acarretaram maiores valores das cargas maximas, maiores
deslocamentos e tensdes de aderéncia bem proximas. Verificou-
-se a grande eficiéncia da resina epdxi como adesivo estrutural e
redugdes significativas nos comprimentos de ancoragem das ar-
maduras coladas de: 24% para as barras d=10mm; 42% para as
barras d=12,5mm e 29% para as barras d=16mm.

Bouazaoui et al [8] investigou a resisténcia de aderéncia das li-
gagdes ago-concreto e ago-epoxi-concreto em ensaio confinado
de modelos cilindricos de 320mm de comprimento e 160mm de
didmetro. Foram testadas barras com diametros de 12, 16 e 20mm
e comprimentos que variaram de 100 a 300mm. Estas barras fo-
ram coladas com resina epoxi de forma totalmente aderida, com
espessura constante de 1mm. A tensao de escoamento do ago
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Figura 3
Formas e armaduras das Vigas V1 e V2
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era de 340MPa e a resisténcia a compressao do concreto era de
40MPa. A aplicagdo do carregamento dava-se pela base do cilin-
dro. Quanto ao modo de ruptura, foram observados: o fendilha-
mento do concreto, o deslizamento da barra de ago e a ruptura
da barra de ago. O autor verificou que a forga ultima aumenta
linearmente com o didmetro da barra e com o comprimento de
ancoragem, mas que aumenta parabolicamente com o aumento
da superficie aderente.

A seguir apresenta-se o trabalho de Fernandes [6] que deu pros-
seguimento a esta linha de pesquisa, visando contribuir para o
aumento do conhecimento cientifico de uma pratica empirica da
construgao civil, usada, sobretudo na area do reforgo e da recupe-
ragao estrutural. O objetivo deste trabalho consistiu na avaliagéo
da capacidade de aderéncia de barras de armaduras coladas as
estruturas de concreto, tendo por base ensaios laboratoriais.

2. Materiais e métodos

EE

Fernandes [6] efetuou ensaios de arrancamento em modelos pris-
maticos e ensaios a flexdo em vigas, a fim de avaliar o comprimen-
to de ancoragem das barras longitudinais tracionadas.

2.1 Ensaios de vigas

As vigas de concreto bi-apoiadas foram ensaiadas a flexdo, sendo
o carregamento constituido por duas cargas concentradas loca-
lizadas nos tergos do vdo. O ensaio das vigas pretendeu verifi-
car o comportamento da aderéncia de barras de ago coladas ao
concreto, semelhante ao que ocorre nos trabalhos de reforgo ou
recuperagao estrutural em vigas ja existentes. Para tal foram mol-
dadas duas vigas, uma integralmente em concreto armado e com
armadura tradicionalmente ancorada em ganchos, denominada
por viga V1, e outra moldada em duas etapas, sendo suas barras

Strain Gauges

longitudinais inferiores coladas nas extremidades dos apoios com
resina epoxi em furos pré-executados no concreto denominado
por viga V2. As vigas possuiam 2m de comprimento e segao re-
tangular com 20 cm de altura e 20 cm de largura.

Aviga V2 foi moldada em duas etapas de concretagem. Na 12 eta-
pa sua altura era de apenas 13cm e foram colocados tubos de bor-
racha na regido dos apoios, de modo a garantir-se os furos para
a posterior colagem das barras longitudinais. O comprimento de
ancoragem dessas barras retas correspondeu a toda a extensao
do apoio, ou seja, as barras foram coladas em um comprimento de
20cm. Além disso, as pernas dos estribos ficaram expostas para
futura dobragem e amarragéo na parte inferior da viga que rece-
beu o complemento de concreto correspondente a 6 cm, moldado
apos a fixagdo das armaduras longitudinais. Vide Figura 3.

Apos a desmoldagem da viga V2 procedeu-se a colagem das barras
longitudinais: primeiramente fez-se a limpeza dos furos retirando-se
todo o p6, em seguida aplicou-se a resina epoxi dentro do furo e logo
apos inseriu-se as armaduras nos furos, estando estas abundante-
mente embebidas em resina de modo a garantir-se o total preenchi-
mento do furo com a resina. Apds um periodo de cura de quatro dias
efetuou-se um apicoamento na superficie do concreto na regido a
ser completada, para melhorar a aderéncia entre os dois concretos,
retirando-se a nata de cimento existente. A partir dai, procedeu-se a
dobragem e amarragéo dos estribos e a molhagem do fundo da viga,
preparando-a para a 22 fase de concretagem. O concreto da 22 etapa
foi idéntico ao da 12 etapa, de mesma resisténcia e granulometria.

A Figura 4 mostra o esquema de carregamento utilizado nos en-
saios a flexao das vigas, tendo-se utilizado uma prensa hidraulica
do tipo Losenhausen — LOS de 100t. Para a instrumentagao foram
utilizados deflectdmetros analdgicos e extensdmetros elétricos
colados a superficie do concreto, nos vao de corte e no meio do
vao, com o objetivo de avaliar as deformagdes sofridas pela barra
longitudinal colada.

Displacement gauges

Figura 4
Instrumentacdo dos ensaios das vigas
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Tabela 1
Resultados dos ensaios de arrancamento
Comprimento DiGmetro do SuperﬁAcie_de Resisténcia Ten:iao _de Incre_mgnto_
Modelo de Icolagem furo adererzlcu: Gltima (kN) aderéncia t, | de resisténcia
(mm) d, (mm) (cm?) (MPa) Tocr / Tose
10-5-0 50 - 15,7 12,2 7.8 -
10-7,5-0 75 - 23,6 34.4 14,6 -
12,5-5-0 62,5 - 24,5 24,4 9.9 -
12,5-7,5-0 93.8 - 36,8 51.8 14,1 -
16-5-0 80 - 40,2 53,2 13.2 -
16-7,5-0 120 - 60,3 77.8 12,9 -
10-5-1 50 12 15,7 48,8 31,1 4,0
10-7,5-1 75 12 23,6 54,8 23,3 1,6
12,5-5-1 62,5 14,5 24,5 68,0 27,7 2,8
16-5-1 80 18 40,2 90,4 22,5 1,7
16-7,5-1 120 18 60,3 123,0 20,4 1,6
10-5-2 50 14 15,7 48,8 31.1 4,0
10-7,5-2 75 14 23,6 52,6 22,3 1,5
12,5-5-2 62,5 16.5 24,5 69.8 28,4 2,9
12,5-7,5-2 93,8 16,5 36,8 90,6 24,6 1,8
16-5-2 80 18 40,2 101.4 25,2 1,9
16-5-3 80 22 40,2 117,2 29,2 2,2
16-7,5-3 120 22 60,3 83.8 13.9 1.1

2.2 Ensaios de arrancamento

O tipo de ensaio adotado no trabalho baseou-se no pullout test,
normalizado pela RILEM [7]. Este tipo de ensaio possui caracte-
risticas simples de execugéo e foi adaptado ao estudo de modo a
permitir a colagem com resina epoxi. Foram efetuados 61 ensaios
de arrancamento de barras de ago de alta aderéncia embutidas
em prismas de concreto durante sua concretagem - modelos sem
resina (SR) - ou embutidas posteriormente, por meio de colagem
com resina epodxi - modelos com resina (CR).

Com o objetivo de comparar modelos com diferentes armaduras,
as dimensdes dos modelos e o comprimento de colagem foram
ajustados proporcionalmente aos diametros das barras. Foram
testados trés didmetros de barras: 10mm; 12,5mm e 16mm e dois
comprimentos de colagem para cada didametro: 5d e 7,5d. As di-
mensodes dos espécimes variaram de acordo com o didmetro da
barra tanto para os pré-aderidos quanto para os poés-aderidos,
na proporgéo de 10d. Para cada tipo de modelo foram molda-
dos e ensaiados pelo menos trés exemplares; os resultados ob-
tidos referem-se a média desses 3 ensaios. Foram testadas trés

Figura 5
Direcdo da concretagem dos modelos ensaiados
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Figura 6
Esquema do ensaio

espessuras de resina epoxi: 1mm (CR1), 2mm (CR2) e 3mm
(CR3). A identificagdo dos modelos esta indicada na Tabela 1 e
segue o exemplo: modelo 10-7,5-2 corresponde a barra de 10mm
de didametro, comprimento de colagem de 7,5d e espessura de
resina de 2mm.

Antes da concretagem dos modelos que iriam receber barras co-
ladas foram embutidos tubos plasticos, a fim de servirem de ga-
barito aos furos de passagem das barras de agco e minimizar os
efeitos negativos da furagéo. Estes tubos tinham o didmetro exato
que se previa para cada modelo, ou seja, contemplavam o didme-
tro da barra mais a espessura que a resina epoxi iria ocupar. O
langamento do concreto nas formas foi feito manualmente, em ca-
madas, perpendicularmente a posi¢do das armaduras, (conforme
mostra a Figura 5). O adensamento foi feito por meio de vibrador
elétrico de imerséo, apds a colocagao de cada camada. O acaba-
mento do corpo de prova foi dado com colher de pedreiro.

Apos a concretagem, estes tubos foram retirados e procedeu-se a
limpeza dos furos e das barras de armadura, de modo a remover
todo o p6 e qualquer impureza que pudesse prejudicar a aderén-

Figura 8

Aspecto da ruptura e da fissuragdo das Vigas V1 e V2

Figura 7
Instrumentacdo para leitura dos deslocamentos

cia. Na regido onde desejava-se ter o comprimento n&o aderente,
a barra foi revestida com filme PVC, finalizando-se com um tam-
pao de fita isolante, de modo a evitar o escorrimento da resina da
regido aderente para a regiao néo aderente.

A montagem do ensaio teve por objetivo permitir a aplicacao de
uma carga de tragdo em uma das extremidades da armadura e a
leitura do deslocamento relativo entre a armadura e o concreto na
outra extremidade. Para isso foi utilizada uma gaiola metalica com
a fungéo de reagir contra o bloco de concreto, enquanto a extremi-
dade livre da barra era tracionada, Figuras 6 e 7.

2.3 Materiais

A composicao adotada para o concreto procurou representar as
caracteristicas das constru¢gdes de concreto armado em idade
passivel de recuperagéo e intervengao estrutural. Assim, a resis-
téncia média a compressao do concreto na época dos ensaios
dos modelos foi de 26,9MPa. Os valores das tensdes resistentes
dos agos no escoamento e na ruptura foram, respectivamente:
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603MPa e 742MPa para a barra de 10mm; 584MPa e 735MPa
para a barra de 12,5mm e 564MPa e 714MPa para a barra de
16mm. A escolha da resina epoxi, de uso corrente na construgao
civil, considerou as caracteristicas de fluidez, de manipulagao e de
acessibilidade ao material e foi aplicada conforme as instrugdes
do fabricante. Foram testados o sistema RE 500 da Hilti que, devi-
do a sua caracteristica tixotrépica, mostrou-se desfavoravel a pas-
sagem da barra pelo furo, condigao deste trabalho, e o Sikadur 32
que, de acordo com o fabricante, € um adesivo estrutural a base
de resina epoxi, de média viscosidade (fluido), bi-componente e
de pega normal, especialmente formulado para ancoragens em
geral e colagens de concreto velho com concreto novo e chapas
metalicas ao concreto; sua resisténcia a compressao apos 24h é
de 60MPa, a cura inicial da-se em 5 horas e a cura final em 7 dias;
a temperatura de aplicagéo varia entre +10°C a +30°C.

Figura 10
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3. Resultados
E——

3.1 Resultados dos ensaios de vigas

A ruptura da viga V1 deu-se por compressao no concreto da mesa su-
perior e deformagao excessiva da barra tracionada (ruptura classica de
flexao). A ruptura da viga V2 foi caracterizada pela ruptura da biela de
compressao formada a partir de um dos pontos de aplicagao da carga.
As fissuras de flexdo tiveram comportamento simétrico em relagdo ao
meio do vao e nao foram verificadas fissuras de esforgo cortante. Os ex-
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Figura 14
Influéncia do dimetro da barra, modelos: 10-7,5-0;
12,5-7.5-0e 16-7,5-0

tensémetros colados no vao de corte apresentaram deformagdes muito
pequenas, ndo significativas, e foram desconsiderados. AFigura 8 ilustra
0 aspecto da ruptura e o modo de fissuragdo de ambas as vigas.

A viga V2 nado apresentou qualquer fissuragdo de aderéncia na
interface das duas camadas de concreto indicando que tanto a
ligagéo concreto-concreto como a colagem de barras de ago no
concreto foram eficientes. A resina epdxi cumpriu de maneira efi-
ciente sua caracteristica adesiva, garantindo a ancoragem das
barras longitudinais de tragao.

O grafico carga-deslocamento no meio do vdo apresentado na

.- (e
$16-L5-CR3 -
w 0. Complmeants
Comprerento 58
1” e
100 + ",.'r- .aalta-; il ]
g A
= B0
-]
]
© w0
40
0
0,00 0,02 0,04 0,06 0,08 0:10 012 0,14 0,16
Figura 11d

Curvas cargo-deslizamento dos ensaios dos
modelos CR 16-5-3

12,5 mm CR2
%0
80
% "-.,_—'_.’_.—"x.x-
60
e et
B o
5]
30
. ~+-Comprimente 5d
0
- s~ Comprimento 7,5d
10
0
0,00 0,00 0,01 0,02 0,02 0,03 0,03 0,04 0,04 0,05 0,08
Daslizamento[mm)
Figura 13

Influéncia do comprimento de colagem, modelos:
12,5-56-2¢e 12,5-7,5-2

CR1-7,5d
%0
80
0
60
F 50
= —————s.
i
0
—+16-751
20
12,5751
10 == 10-7,51
o
0,00 0,02 0,04 0,06 0,08 0,10 012 0,14

Deslizamento (mm)
Figura 15
Influéncia do diGmetro da barra, modelos: 10-7,5-1;
12,5-7,5-1; 16-7,5-1

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



R. H. SOUZA | M. E. TAVARES | D.V. FERNANDES

Figura 9 mostra o comportamento idéntico de ambas as vigas, ao
longo do carregamento.

3.2 Resultados dos ensaios de arrancamento

Os modelos sem resina apresentaram ruptura por arrancamento,
caracterizada pelo deslizamento da barra em relagdo ao concreto,
com grandes deslocamentos.

Nos modelos com resina a ruptura deu-se por fendilhamento do
concreto, caracterizada pela ruptura brusca do bloco de concreto
e pequenos deslocamentos relativos entre a barra e o concreto,
como ilustra a Figura 10. Observou-se também, em apenas um
espécime, a ruptura por tragéo da barra de ago. Alguns exempla-
res apresentaram bolhas de ar na ligagéo colada levando, nestes
casos, a ruptura por arrancamento.

As curvas tipicas dos ensaios dos modelos SR e CR estao apre-
sentadas nas Figuras 11a a 11d; estes graficos também mostram
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a homogeneidade dos resultados. A Tabela 1 apresenta o resumo
dos resultados obtidos, considerando o valor médio dos ensaios
de trés espécimes.

4. Discussao

EE

A influéncia do comprimento de colagem pode ser vista nos gra-
ficos das Figuras 12 e 13 onde para um mesmo didmetro de bar-
ra, o aumento do comprimento de colagem conduziu a maiores
valores de forca de adesao e carga ultima em todos os modelos
estudados.

Da mesma forma, a influéncia do didmetro da barra pode ser vista
nos graficos das Figuras 14 e 15 onde para um mesmo compri-
mento de colagem, os valores da forga de adeséo e da carga ulti-
ma aumentaram quanto maior era o diametro da barra, em todos
os modelos estudados. Estas constatagdes podem ser facilmente
percebidas através da superficie de aderéncia, ou seja, a superfi-
cie de contato barra-concreto ou barra-resina-concreto, parametro
Unico que relaciona o didametro da barra e o comprimento de co-
lagem. A Figura 16, que relaciona a forga maxima com a superfi-
cie de aderéncia indica que quando aumenta-se a superficie de
aderéncia (diametro e comprimento de aderéncia), aumenta-se a
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capacidade resistente Ultima ao arrancamento. Tal fato também
foi observado por Gurbuz [2], Souza [4], Felicio [5] e Bouazaoui
et al [8].

Os graficos das Figuras 17, 18 e 19 exemplificam, respectivamen-
te, o comportamento dos modelos: d=10mm, I=7,5d ; d=12,5mm,
| =5d e d=16mm, | = 7,5d. Nestes graficos verifica-se que a cola-
gem com resina epOxi aumenta a rigidez da ligagcdo aco-concreto
e leva a maiores valores de carga ultima.

A colagem com resina proporciona também o aumento das tensées
de aderéncia, como € possivel verificar na coluna Incremento de
Resisténcia da Tabela 1 e no grafico da Figura 20. Neste grafico,
verifica-se que os modelos com resina possuem maiores valores
de tensdo de aderéncia quando comparados aos sem resina, e que
os valores desta tensédo diminuem com o aumento do didmetro da
barra e com o aumento do comprimento de colagem. Isto parece
indicar que na ligagao com resina epoxi, pequenos comprimentos ja
sao suficientes para garantir a aderéncia e que maiores comprimen-
tos talvez nao contribuam para o desenvolvimento de tensbes ao
longo de todo o comprimento colado. Esta constatagdo também foi
feita por Gurbuz [2]. Os valores das tensées de cisalhamento verifi-
cados nos ensaios de Fernandes [6] variaram de 16 a 29MPa, por-
tanto, faixa compativel com os valores encontrados por Gurbuz [2].
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Nos graficos das Figuras 15 e 20, que compara os desempenhos
dos modelos sem e com resina referentes as espessuras de 1 e
2mm, verifica-se que a variagdo na espessura da resina nao afeta
significativamente a capacidade ultima da ligagéao.

Com o objetivo de verificar a eficiéncia da colagem, foram cons-
truidos os graficos apresentados nas Figuras 21 a 23, que relacio-
nam os valores das tensdes normais maximas nas armaduras com
o valor de | /d. Essas tensGes normais nas armaduras referem-se
a F_,/d, no caso dos modelos sem resina e F_,/d no caso dos
modelos com resina. Considerando a tensao limite de escoamento
para o ago CA50, fy=500MPa, e entrando-se nas equagdes das cur-
vas de regressao linear apresentadas tem-se uma possivel redugéo
do comprimento de ancoragem da ordem de 67% para a barra de
10mm, 51% para a barra de 12,5mm e 20% para a barra de 16mm.

5. Conclusoes

EE

Tendo por base a técnica de colagem, os materiais utilizados e a

metodologia de ensaios adotados neste estudo, os autores con-

cluem que:

B A parcela da adesdo é muito significativa nos modelos CR;
nestes modelos os valores dos deslizamentos verificados para
as cargas iniciais e médias foram extremamente baixas, quan-
do comparadas com os modelos SR.

B Quanto ao modo de ruptura, todos os modelos SR romperam
por arrancamento. Nos modelos CR a ruptura deu-se de forma
brusca no concreto, considerado o elo mais fraco da ligacéo.

B Em todos os modelos — sem resina e com resina - o aumento
do diametro de barra e do comprimento de colagem conduzi-
ram a maiores valores de forga de adeséo e carga ultima.

B A colagem com resina epOxi possibilita redugdo dos compri-
mentos de ancoragem das barras.

B As vigas apresentaram comportamento significativamente se-
melhante, apesar de suas configuragdes de ancoragem serem
bastante diferentes. Isto reafirma a eficiéncia da colagem de
barras com resina epoxi, visando a diminuicdo do comprimen-
to de ancoragem necessario.

B Avariagao de espessura de resina epoxi de Tmm a 3mm nao
influiu significativamente na ruptura, mas ainda requer novos
estudos que avaliem o seu comportamento em servico.

B Sugere-se o desenvolvimento de novas pesquisas que te-
nham por objetivo avaliar o comprimento de ancoragem de
barras coladas com resina epoxi em elementos de concreto
submetidos a diferentes esforgos.
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Abstract

Cellular concrete is a lightweight concrete obtained by aerating agent, which produces air-voids into the mixture. This work deals with bond be-
tween cellular concrete and steel rebars. Pull-out tests of 4,2 mm diameter rebars partly immersed into concrete cylinders were made. Concrete
unit weight variation and setting of a transverse rebar into the concrete cylinder center constitute the variables of the work. Three types of mixture
were prepared: one without aerating agent (with a dry unit weight of 2255 kg/m?), and two with different aerating agent rates (with a dry unit weight
equal to 1565 and 1510 kg/m?®). The study revealed the large decrease of bond stress between 4,2 diameter rebars and cellular concrete, due to
concrete unit weight reduction. Transverse rebar introduced into concrete cylinder center increased the ultimate pull-out force of the test: the gain
of bond produced by the transverse rebar grew up when the cellular concrete unit weight had been reduced. Therefore, special anchorages (not
exclusively straight), permitting bond improvement between cellular concrete and rebars could be a solution to improve the mechanical perfor-
mance of cellular concrete.

Keywords: cellular concrete, bond stress, anchoring.

Resumo

O concreto celular, que se caracteriza por ter um peso préprio reduzido pela incorporacéo artificial de ar, pode constituir uma alternativa sustenta-
vel ao concreto comum nas estruturas de pequeno e médio porte. O presente trabalho trata da avaliagdo da aderéncia entre o concreto celular e
as barras de ago. Foram realizados ensaios de arrancamento com barras de didmetro igual a 4,2 mm, parcialmente imersas em corpos-de-prova
cilindricos de concreto. A taxa de agente espumigeno no concreto e a presenga ou ndo de uma barra transversal dentro do cilindro, simulando uma
condi¢do mais préxima ao uso de tela de aco, constituem as variaveis da pesquisa. Foram utilizadas trés dosagens de concreto, com massa especi-
fica aparente de 2255, 1565 e 1510 kg/m®. Pelo arrancamento de barras simples de diametro igual a 4,2 mm, notou-se o forte decréscimo da tensdo
de aderéncia junto com o rebaixamento da massa especifica aparente do concreto. A barra transversal permitiu obter um ganho de resisténcia ao
arrancamento da barra longitudinal, que cresceu junto com o rebaixamento da massa especifica do concreto celular. Assim, a utilizagéo de ancora-
gens especiais (ndo exclusivamente retas), pode se tornar uma solugdo para melhorar o desempenho mecanico do concreto celular.

Palavras-chave: concreto celular, aderéncia, ancoragem.
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1. Introduction

EE

In spite of his numerous advantages (e.g. good workability and high
compressive strength), conventional reinforced concrete presents
a high ratio between unit weight and mechanical strength. This dis-
advantage increases the structure weight and turns difficult the mov-
ing of precast elements. Another disadvantage is the fact that re-
inforced concrete conducts easily heat and sound, which requires the
use of additional materials to insulate residential buildings (CARVAL-
HO; FIGUEIREDO FILHO [1]). The reduction of concrete density per-
mits to limit these disadvantages. According to ABNT NBR 8953:2015
[2], lightweight has a unit weight lower than 2000 kg/m?®. One way of
reducing concrete unit weight is the insertion of air bubbles (ROSSI-
GNOLO [3]). The air bubble insertion into concrete affects the mech-
anical strength but increase thermal and acoustic insulation. So for
buildings getting low loads and requiring a good thermal and acoustic
insulation, lightweight concrete can be an alternative of conventional
concrete and used as structural material. Reinforced concrete has a
good mechanical behavior because concrete (resisting against com-
pressive stresses) works jointly with steel reinforcement (resisting
against tensile stresses). This solidarity is guaranteed by bond act-
ing between the two materials and is equivalent to a stress transfer
from steel to concrete (CARVALHO; FIGUEIREDO FILHO [1]). Thus
a structural reinforced concrete element has to present as good bond
conditions as possible. In this context, this paper reports a study of
bond phenomenon (doing pull-out tests) between steel rebars and
lightweight concrete (i.e. cellular concrete), in order to assess the
structural use of this composite material.

2. Literature review
EE
2.1 Cellular concrete

ABNT NBR 8953:2015 [2] defines three concrete categories in
accordance with the 28 day unit weight: lightweight concrete
(1,5 < 2000 kg/m?), conventional concrete (2000 kg/m? < y,, < 2800
kg/m®) and heavy concrete (y,, > 2800 kg/m?). There are three types
of lightweight concrete: with lightweight aggregates, without fine ag-
gregates or cellular (ROSSIGNOLO [3]). Despite the fact that first
attempts to develop cellular concrete dates from the beginning of the
20" century (e.g. Eriksson in Sweden, considered as a forerunner in
the field, patented one of his works in 1923), the dissemination of
this material into the construction industry became significant only
in the 1970s, after the advent of the organic chemistry (FERREIRA
[4]). Concerning “aerated” cellular concrete, the porosity can be ob-
tained by two ways. The first way, named “chemical aeration”, con-
sists of a reaction between a chemical product (e.g. powdered alum-
inum or hydrogen peroxide) and the rest of the mixture, creating
gas before cement hydration of cement (TEIXEIRA FILHO; TEZUKA
[5]). The second way consist in introducing a foaming agent into the
mixture. There are two ways of introducing the foaming agent into
the mixture. The first way consists in preparing the foaming agent
with a specific machine and in adding it into the concrete mixture
(“pre-formed foam”). The second way consists in adding the foam-
ing agent directly into the mixer with the other concrete components
(TEIXEIRA FILHO; TEZUKA [5]). The autoclave process, which per-
mits to improve the mechanical properties of cellular concrete, sub-

jects the material to specific conditions: temperature between 150
and 160 °C and pressure between 0.6 and 1.2 MPa (PETRUCCI
[6]). In this research, the tested cellular concrete was “aerated” but
not autoclaved: the aerating agent was diluted into the different mix-
tures of the research (i.e. the mechanical action of the mixer caused
the foam development and so the unit weight reduction). Henceforth
the cellular concrete assessed in this research will be simply named
“cellular concrete” and the concrete obtained without aerating agent
(i.e. the reference concrete) will be named “conventional concrete”.

2.2 Bond between concrete and rebars

According to Fusco [7], bond is made up of three parts: adhesion
bond, friction bond and mechanical bond. Physicochemical bond
that appears on the interface between steel and concrete during
cement hydration forms an adhesion resistant force (i.e. adhesion
bond) that is opposed to the separation of steel and concrete
(FUSCO [7]). Once adhesion bond is overstepped, any relative
displacement between steel and concrete provokes a resistant
friction (on condition that transverse pressures applied on steel
exist). These transversal pressures can be caused by transverse
compressive stresses provoked by loads, shrinkage or expansion
of concrete (LEONHARDT; MONNIG [8]). Mechanical bond results
from the existence of ribs distributed on steel bars surface, which
act like supporting pieces and mobilizing compressive stresses into
concrete (FUSCO [7]). In practice is not possible to determine each
of the three bond parts separately (FUSCO [7]). Thus, through lab-
oratory tests and for most of the projects, global average bond
values are determined: microscopic scale study is not necessary
(FUSCO [7]). In this paper the bond values presented are global
average values (i.e. including the three parts above presented).

2.3 Pull-out tests using lightweight concrete

2.3.1 Piyamaikongdech [9]

Piyamaikongdech [9] studied a cellular concrete containing an aer-
ating agent and glass fibers: the unit weight was equal to 1450
kg/m?® and the water/cement ratio was equal to 0.44. It should be
noted that the material studied by Piyamaikongdech [9] does not
include coarse aggregate (contrary to the material studied in this
paper). Pull-out tests of steel rebars of 12.7 mm diameter were
carried out. According to Piyamaikongdech [9] the maximum bond
stresses (t,,) were between 1.06 MPa (for y,, = 1388 kg/m?) and
4.11 MPa (para y,, = 1569 kg/m®).

2.3.2 Oliveira[10]

Oliveira [10] studied bond phenomenon between steel rebar of
10 mm diameter and lightweight concrete. In order to reduce the
density of fresh concrete (y,), aerating agent, plastic residues and
tire fragments (as partial substitution of coarse aggregates) were
used. Varying the coarse aggregate type and setting the water/ce-
ment ratio at 0.61, the maximum bond stresses (1, ) were between
0.84 MPa (for y,, = 1779 kg/m?) and 1.48 MPa (para y,, = 1611 kg/
m?). As mentioned by Oliveira [10] ,, corresponds to the arithmetic
average of two specimens.
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3. Materials of the research
E——

3.1 Concrete materials

Three mixtures were studied in this research: Mix1 (y,, = 2255 kg/
m3, reference mixture), Mix2 (y,, = 1565 kg/m?, mixture containing

aerating agent) and Mix3 (y,, = 1510 kg/m?, mixture containing aer-
ating agent). Characterizations of fine aggregate (FA) and coarse
aggregate (CA) are presented in Table 1. The cement type used
was CP [I-Z32, as described by ABNT NBR 11578:1991 [15] (i.e.
Portland Cement blended with pozzolan material and presenting
a 28-day-old compressive strength at least equal to 32 MPa).
The three mixtures of the research contain a water-reducing (high

Table 1
Characterization of fine aggregate (FA) and coarse aggregate (CA)
Property FA CA
Bulk density according to NBR NM 52:2009 [11] e NBR NM 45:2006 [12] (g/cm?) 1.59 1.48
Maximum characteristic size according to NBR NM 248:2003 [13] (mm) 1.18 9.50
Fineness modulus according to NBR NM 248:2003 [13] 1.79 5.70
Table 2
Mixture proportions (Mix 1, Mix 2 and Mix 3)
Components Ratio (by mass)
Cement: Fine aggre.: Coarse aggre. 1:2.9:2.1
Water / Cement 0.63
Polyp. fibers / Water 0.0023
Admixture / Water 0.0083
MMix1 : M Mix2 : M Mix3 0:1:2
Note: M, = mass of aerating agent added into the mixture "i"
Table 3
Values of y, and y,, for Mix1, Mix2 and Mix3 (kg/m?)
Specimen Mix1 Mix2 Mix3
Yo Y28 Yo Y28 Yo Y28
1 2285 2282 1646 1576 1534 1471
2 2171 2180 1636 1560 1582 1528
3 2219 2228 1646 1569 1569 1512
4 2238 2235 1655 1579 1642 1579
5 2305 2308 1642 1557 1557 1487
6 2305 2314 1636 1557 1544 1477
7 2311 2317 1642 1566 1569 1493
8 2209 2209 1633 1563 1525 1458
9 2219 2219 1639 1557 1582 1522
10 - - - - 1614 1553
11 - - - - 1569 1509
12 - - - - 1598 1534
Av. 2251 2255 1642 1565 1574 1510
SD 51 51 7 8 33 36
CV 2.27 2.27 0.41 0.54 2.12 2.35
Note: Av. = average (kg/m?), SD = standard deviation (kg/m?), CV = coefficient of variation (%)
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Table 4
Compressive strength of research concretes at 28 days (MPa)
Specimen Mix1 Mix2 Mix3
1 25.73 2.48 1.39
2 21.80 2.46 1.58
3 29.81 2.58 1.40
4 26.17 2.65 1.91
5 24.00 2.49 1.74
6 22.08 2.72 1.37
7 - - 1.40
fcm 24.93 2.56 1.54
SD 2.99 0.11 0.21
CV 12.00 410 13.74
Note: f_ = average (MPa), DP = standard deviation (MPay), CV = coefficient of variation (%)

range) admixture made from sulfonated naphthalene and pre-
senting a density equal to 1.19 g/cm®. In order to obtain cellular
concrete (Mix2 and Mix3), a protein-based aerating agent with a
density equal to 1.01 g/cm® was used. In order to limit concrete
shrinkage effects, polypropylene fibers were added into the three
mixtures of the research.

3.2 Steel reinforcement

All the reinforcements of the research specimens were made with
CA-60 steel rebars (i.e. f, = 600 MPa). All the rebars diameter was
equal to 4.2 mm.

3.3 Mixture proportions and concrete
characterization

Table 2 presents material proportions of the three mixtures of
the research (for a total volume of concrete equal to 1.0 m?).
Mix1 does not include aerating agent whereas Mix2 includes
half quantity of aerating agent (compared with Mix3). Character-
ization specimens of the three mixtures were molded and cured
according to the recommendations of ABNT NBR 5738:2015
[16]. Table 3 shows the different values of vy, e v,, for the three
mixtures. Consistency of fresh mixtures was determined follow-
ing ABNT NBR NM 67:1998 [17] recommendations. Measured
slump of Mix1, Mix2 and Mix3 was equal to 140 mm, 215 mm
and 260 mm, respectively. The average 28-day-old compressive
strength (f) of each concrete was determined following ABNT
NBR 5739:2007 [18] recommendations. Results are presented
in Table 4.

4. Experimental program
[~

The carried out experiments consist in pulling-out single steel re-
bars (“Bar” type specimen) or rebars provided with a welded trans-
verse rebar (“T” type specimen) partially submerged in concrete
cylinders. All steel rebars used have a nominal diameter (&) equal

to 4.2 mm. Cylinder molding was made following the same proced-
ure of the concrete characterization specimens (see item 3.3). Dur-
ing pull-out tests, tensile force (F,) and relative translation between
steel and concrete (A) were recorded.

4.1 « Bar » type specimens

“Bar” type specimen is presented in Figure 1. Steel rebar is par-
tially submerged in a concrete cylinder having a 10.00 cm diam-
eter and a 20.00 cm height. The bond length (1) is equal to 50%
of the cylinder height. Remaining part of the rebar located inside
the cylinder is separated from concrete through a PVC tube of
10.00 cm length. As recommended by RILEM [19], PVC tube was
placed at the loading end of the cylinder (i.e at the zone where
bond stresses are significantly increased by the cylinder compres-
sion). Twenty-one “Bar” type specimens were molded and the dis-
tribution for each mixture is presented in Table 5. Furthermore, in

Free Loading
end end
\ K 20.00 y /
\ / A
A‘%I |I
v @4.2 rebar (bond area) PVC tube (unbund area) \ll'
= | | Fe
=) R — —
(=]
|
Li=101000* 10.00
S L
Concrete

Note: |, : bond length; F,: pull-out force. All dimensions in cm

Figure 1
"Bar" type specimen (longitudinal section)
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Table 5
Description of the research samples
Specimen Type Mixture Quantity (specimens)
ABI "Bar” ) 6
Mix1
AT1 T
AB2 “Bar” ) 9
Mix2
AT2 T 9
AB3 “Bar” ) 6
Mix3
AT3 T 6
AB1-S “Bar” ) 3*
Mix1
AT1-S T 3
AB3-S “Bar” ) 3*
Mix3
AT3-S T 3%
Note: specimen equipped with two strain gauges (*)

order to study the steel rebar strain during the test, six specimens
were molded and each one of them was equipped with two strain
gauges (see Figure 2).

4.2 “T” type specimen

Reinforcement of “T” type specimens was obtained cutting a type
60-CA steel grid presenting a mesh size of 10.00 cm x 10.00 cm.
The careful cutting of the grid did not suppress entirely transverse
rebars unwanted for the test. Thus, residues of cut rebars are
present all along the main rebar of the specimen (see Figure 3).
In order to limit the influence of these residues on bond between
reinforcement and concrete, the transverse rebar was placed in
the middle of the concrete cylinder, in such a way that residues
are located at the ends of the cylinder (see Figure 3). Two PVC

Free Loading
end 5 end
X ¥ 0.00 v
\ A A
:..,T‘\ 'III
¥ f
@4,2 rebar (bﬂl'l.d arca) PVC tube [u.nbond area) '
n l i
= BOTT. ToP
3.00" 4.00 "3.00) 10.00
J « 1,=10.00
Concrete
= strain gauge

Note: |: bond length; F,: pull-out force. All dimensions in cm

Figure 2
"Bar" type specimen equipped with strain gauges
(longitudinal section)

tubes of 5.00 cm length placed on both sides of the transverse
rebar permitted to get a longitudinal bond length equal to 10.00
cm (1,). Also the PVC tube located close to the loading end of the
cylinder (see “PVC A” in Figure 3) limited the influence of cylin-
der compression on the tensile force (F,) recording. The trans-
verse rebar (t,) has a total length of 9.50 cm. Twenty-one “T" type
specimens were molded and the distribution for each mixture is
presented in Table 5. Furthermore, in order to study the longitud-
inal steel rebar strain during the test, six specimens were molded
and each one of them was equipped with two strain gauges (see
Figure 4).

4.3 Specimen nomenclature and sample description

Table 5 describes the ten samples of the resaerch.

Free Loading
d
. 20.00 b
%4 A f
| PVCwbeB N __ 4.2 rebars (bond arca) g/
(unbond area) .|";
= i 51/ R
S ' _\@-—»
I ¥
500 '1,/2=5.00[,2=500 5.00 \
LT K 1

Concrete PVC tube A (unbond area)

© = residue of cut rebar
Note: |, = longitudinal bond length; t, = tfransversal bond length;
F, = pull-out force. All dimensions in cm

Figure 3
"T" type specimen (longitudinal section)
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Free Loading

end

v 20.00 Vo
\ﬂ 7 ||'

2l
PVC tube B V| |- 042 rebars PVC tube A /
(unbond area) &~ (bond area) (unbond area)

_ | 3 i F,

E— ——
g BOTT/{ H%P -+
== ,.1U ¥

500 '1/2=5.00,/2=5.00  5.00
hq \\
Concrete

© = residue of cut rebar

== = strain gauge
Note: | = longitudinal bond length; t, = transversal bond length;
F, = pull-out force. All dimensions in cm

Figure 4
"T" type specimen equipped with strain gauges
(longitudinal section)

4.4 Pull-out system

Pull-out tests were carried out using a universal testing machine
with @ maximum capacity of 1000 kN. Figure 5 presents the dif-
ferent parts of the pull-out system. A load cell with a capacity of
10 tf was used for the pull-out force measurement. The relative
translation between the longitudinal steel rebar and the concrete
cylinder was measured using a LVDT fixed to the testing machine
with a magnetic stand. All measurements were recorded on a com-
puter using a data acquisition system.

4.5 Calculation of the ultimate bond stress

The ultimate bond stress (r,,) of the “Bar” type specimens was cal-
culated from the division of the maximum tensile force applied during
the test (F, ) by the bond area (i.e. the area of the steel rebar which
is in contact with the concrete cylinder) and which is equal to .@.1 :

(M

where 1, is the ultimate bond stress (MPa); F  is the maximum
tensile force (kN); & is the nominal rebar diameter (mm) and |, is

the bond length (cm).

T,, = 100.F,, / (m.@.1,)

5. Test results and discussion

[

5.1 Maximum pull-out force (F,) and ultimate
bond stress (t, )

Table 6 and Table 7 present the principal quantitative results of
the research. Concerning type “Bar” specimens, reduction of v,,
provokes a large decrease of F, : there is a decrease of 6.00 kN

tum”

(92 %) between AB1 and AB2 samples, and one of 6.36 kN (98 %)

between AB1 and AB3 samples. The same observations can be
done concerning the ultimate bond stress (rt,,): decrease of 4.54
MPa (92 %) between AB1 and AB2 and decrease of 4.81 MPa
(98 %) between AB1 and AB3. The increase of pull-out strength
(F,.) coming from the transverse rebar insertion into the concrete
cylinder becomes larger when v,, decreases: there is an increase
of 3.64 kN (56 %) between AB1 and AT1 samples, an increase of
4.91 kN (982 %) between AB2 and AT2 and an increase of 2.83 kN
(2021 %) between AB3 and AT3. Concerning AB1-S and AB3-S,
strain gauges presence degraded the bond area and made impos-
sible |, measurement and so 7, calculation. Thus the quantitative
results of AB1-S and AB3-S samples are not considered in this
research. Concerning “T” type samples, there is a decrease of only
0.36 kN (4 %) between AT1 and AT1-S and one of 0.41 kN (14 %)
between AT3 and AT3-S. Thereby even though strain gauges re-
duced the bond length (1,), quantitative results of AT1-S and AT3-S
samples are considered in this research.

5.2 Failure modes

5.2.1 Failure modes of AB1, AB2 and AB3 samples

For 100 % of AB1, AB2 and AB3 samples, the pull-out test did
not provoke concrete cylinder cracking: failure occurred through
the rebar translation (Figure 6). Concerning the AB2 sample, three
specimens (33 %) failed only with the pre-load (P) necessary to
fix the specimen to the testing machine. The same failure mode
occurred for 100 % of AB3 sample.

5.2.2 Failure mode of AT1 sample

For 100 % of AT1 sample the failure occurred at the level of the

longitudinal rebar, outside the concrete cylinder (Figure 7-a and
7-b) without concrete cracking (Figure 7-c).

Moving part I ' J

of the testing |

machine
Fixed support

beam

Ball-and-socket
joint

—

Steel plate -

Load cell

Capping

Specimen plate

Data
acquisition

LVDT

system

Note: drawing out of scale

Figure 5
Schematic drawing of the pull-out system
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Table 6
Quantitative results of pull-out tests (part 1/2)
Sample Spec. I (cm) F.. (kN) F.. (kN) 7., (MPa) 1. (MPa)
1 10.10** 5.38 2.48
(CV =9.00 %) 4.04 1.58 2.46
2 0.94%* 6.84 5.22 4.92
ABI 3 10.09** 6.33 650 4.75 (CV =9.65%)
4 9.93** 6.90 5.27
5 Q.94 * 6.87 5.24
1 10.08** 9.84 -
2 10.11** 10.13 -
AT1 3 10.07** Q.95 10.14 - _
4 10.37** 10.48 (CV=223%) -
5 10.07* 10.21 -
6 10.09** 10.24 -
1 10.15* 9.68 0.78 -
AT1-S 2 10.10* 9.61 (CV 2048 %) - -
3 10.14* 10.06 -
1 9.99** 0.29 0.22
2 10.00** 0.91 0.69
3 9.95** 0.43 0.33
4 10.04** 0.86 0.50 0.65 0.38
AB2 5 10.07** 0.86 (CV = 63.69 %) 0.65 (CV = 63.49 %)
6 10.02** 0.44 0.33
7 10.06* * 0.09 0.07
8 10.05** 0.55 0.41
9 10.00* * 0.09 0.07
1 10.11* 5.25 -
2 10.02* 5.03 -
3 10.14* 5.53 -
4 10.10* 5.54 -
ATD 5 10.08 5.55 v 5-2.154 % - -
6 10.16* 5.39 -
7 9.91** 4.83 -
8 10.01* 6.07 -
9 10.16* 5.54 -

Note: || = bond length; Ftu(m) = ultimate pull-out force (average): 1, (M) = ultimate bond strength (average); CV = coefficient of variation. Bond
length (I,) measured on the rebar before the fest (*) or on the concrete affer the test and cylinder splitting (**)

Table 7
Quantitative results of pull-out tests (part 2/2)
Sample Spec. l, (cm) F., (kN) Fium (KN) T (MPa) Youm (MPQ)
1 9.81"* 0.09 0.07
2 10.03** 0.09 0.07
AB3 3 10.00% 0.09 0.14 0.07 011
4 10.117 0.09 (CV =87.48 %) 0.07 (CV =84.20 %)
5 9.95** 0.09 0.07
6 9.98%* 0.39 0.29
1 10.14% 2.81 -
2 9.86" 2.88 -
AT3 3 10.07% 3.15 2.97 - _
4 10.15% 2.82 (CV = 6.58 %) -
5 10.00* 3.27 -
6 10.08** 2.86 -
1 10.10* 2.83 256 -
AT3-S 2 10.01*~ 2.27 ~ 0 - -
3 10,07 2.59 (CV=1096%)

Note: |, = bond length; F, (m) = ultimate pull-out force (average); 1, (m) = ultimate bond strength (average): CV = coefficient of variation. Bond
length (I,) measured on the rebar before the fest (*) or on the concrete affer the test and cylinder splitting (**)
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5.2.3 Failure modes of AT2 and AT3 samples

Concerning the AT2 sample, seven specimens (78 %) failed
through the longitudinal rebar translation and the transverse re-
bar bending (Figure 8-a and 8-b), which provoked longitudinal and
transverse cracking of the concrete cylinder (Figure 8-c). For 22
% of the same sample (i.e. two specimens) the failure occurred
at the level of the weld between the longitudinal and transverse
rebars (Figure 8-d and 8-e) without concrete cracking (Figure 8-f).
Concerning the AT3 sample, six specimens (100 %) failed through
the longitudinal rebar translation and the transverse rebar bending
(Figure 9-a and 9-b), which also provoked longitudinal and trans-
verse cracking of the concrete cylinder (Figure 9-c). Specimens of
AT3 presented a lower transverse rebar bending than specimens of
AT2 (compare Figure 8-b with Figure 9-b), which confirms the pull-
out strength reduction of the transverse rebar when y,, decreases
(i.e. when the aerating agent ratio of the mixture increases).

5.2.4 Failure mode of AT1-S sample

For 100 % of AT1-S sample (i.e. three specimens), the failure oc-

Note: franslation of the rebar (a) without concrete cracking (b)

Figure 6
Failure mode of AB1, AB2 and AB3 samples

curred at the level of the weld between the longitudinal and trans-
verse rebars (Figure 10-b) and not outside the concrete cylinder
such as AT1 sample specimens (Figure 7-a e 7-b). As indicated in
Figure 10-c, it is notable that cylinders did not crack: this situation
is the same of AT1 sample (see Figure 7-c).

Note: failure of the longitudinal rebar outside the concrete cylinder (a, b) without concrete cracking (c)

Figure 7
Failure mode of AT1 sample

Note: for 78% of the sample, longitudinal rebar translation and transverse rebar bending (a, b) with longitudinal and transverse cracking of concrete
(c). For 22 % of the sample, failure at the level of the weld between the longitudinal and fransverse rebars (d, ), without concrete cracking (f)

Figure 8
Failure modes of AT2 sample
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5.2.5 Failure mode of AT3-S sample

For 100 % of AT3-S sample (three specimens) the failure mode
was identical to the one of AT3 sample: the failure occurred through
the longitudinal rebar translation and the transverse rebar bend-
ing (Figure 11-a and 11-b). Also, such as AT3 sample specimens,

specimens of AT3-S sample cracked longitudinally and transver-
sally (Figure 11-c).

5.3 F-Adiagrams

Diagrams of Figure 12 show the evolution of the tensile force ap-

Note: longitudinal rebar translation and fransverse rebar bending (a, b) with longitudinal and fransverse cracking of concrete (c)

Figure 9
Failure mode of AT3 sample

Note: failure at the level of the weld between the longitudinal and fransverse rebars (a, b), without concrete cracking (c)

Figure 10
Failure mode of AT1-S sample

i )
L i

Note: longitudinal rebar translation and fransverse rebar bending (a, b) with longitudinal and transverse cracking of concrete (c)

Figure 11
Failure mode of AT3-S sample
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plied during the test (F) in function of the longitudinal rebar trans-
lation (A) and the sample type. Each diagram corresponds to arith-
metic average values.

5.3.1 F-A diagrams of AB1, AB2 and AB3 samples

The diagram of AB1 sample is typical of a failure by translation of
a rebar into concrete: there is a slight decrease of the curve after
the maximum tensile force (F,,). This failure mode is coherent with
visual observations made after the research tests (see item 5.2.1).
The average diagram of AB2 sample confirms the large bond
strength decrease noticed from the quantitative results of the study
(see item 5.1). For 100 % of AB3 sample (i.e. six specimens) the
translation of the rebar started immediately after the application of
the pre-load (P), making impossible to obtain the average diagram.
5.3.2 F-A diagrams of AT1 and AT1-S samples

For 100 % of AT1 sample (i.e. six specimens) the failure occurred
at the level of the longitudinal rebar, outside the concrete cylinder
(see item 5.2.2). The LVDT offset from the longitudinal specimen
axis (provoked by the sudden failure of the longitudinal rebar) did
not enable to elaborate the complete average diagram of the AT1
sample. Thus the diagram is presented only until the maximum ten-
sile force applied (F,,). Concerning AT1-S, even though failure was
brittle for 100 % of the specimens (i.e. failure occurred at the level
of the weld between the longitudinal and transverse rebars, see
item 5.2.4), the LVDT offset from the longitudinal specimen axis did
not happen and data were recorded until the end of the tests. Thus
the complete average F-A diagram of AT1-S sample is presented
in Figure 12. It should be noted that AT1 and AT1-S diagrams are
relatively similar until F values. So even though strain gauges of
AT1-S sample reduced the longitudinal bond length, they did not
alter significantly the quantitative results of this sample.

5.3.3 F-A diagrams of AT2 and AT3 samples

For 78 % of AT2 sample (i.e. seven specimens) failure occurred by
concrete cracking provoked by the translation of longitudinal and
transverse rebars though the concrete cylinder (see item 5.2.3).
For two specimens (22 %) failure occurred at the level of the weld

Fi (kN)
10.0
——ABI average (6 spec.)
&0 =——ATI1-S average (3 spec.)
B ——ATI average (6 spec.)
7.0 ——AB2 average (6 spec.)
6.0 ——AT2 average (9 spec.)
5.0 - ——AT3-S average (3 spec.)
40 - ———ATS3 average (6 spec.)
30
>0 N
1.0 1z \ SNy
0.0 - =
0.0 5.0 10.0 15.0
A (mm)
Figure 12
F-A diagrams

between the longitudinal and transverse rebars (see item 5.2.3).
Consequently the average diagram of AT2 sample of Figure 12
is more representative of the failure mode provoked by concrete
cracking (78 % of the cases) than the one provoked by the weld
break. Comparing the average diagram of AT2 sample with the one
of AT1 sample, it should be noted that exists a large decrease of
F,, (maximum force) and an increase of A (rebar translation value
corresponding to F, ) which reveals the bond strength and concrete
stiffness decrease when aerating agent is added into the mixture.
For 100 % of AT3 sample (i.e. six specimens) the failure mode
was also provoked by concrete cracking. Comparing the average
diagram of AT3 sample with the one of AT2 sample, it should be
noted that exists a decrease of F,, which reveals the decrease of
the bond strength when the aerating agent ratio added into the
mixture increases.

5.3.4 F-Adiagrams of AT3-S samples

For 100 % of AT3-S sample (i.e. three specimens) the failure oc-
curred (like for AT3 sample) by concrete cracking provoked by
the translation of longitudinal and transverse rebars though the
concrete cylinder. The relative similarity between AT3-S and AT3
average diagram shows that even though strain gauges of AT3-S
sample reduced the longitudinal bond length, they did not alter sig-
nificantly the quantitative results of this sample. This observation is
coherent with the ones of items 5.1 and 5.2.5.

5.4 Steel rebar strain

Figure 13 presents the evolution of the tensile force applied during
the test (F,) in function of the normal strain of the longitudinal re-
bar (¢,) and sample type. Obtained diagrams correspond to aver-
age values. It should be noted that strain gauges of one AT1-S
specimen disconnected from the data acquisition system during
the test, so F-¢_ diagram of AT1-S sample was obtained from only

F, (kN)
10.0

9.0 +
8.0
7.0

6.0 -

4.0 - 1

30 - ------- AT1-S average (top)
AT1-S average (bott.)
------- AT3-S average (top)
T T T T, AT3-S average (bott.)

0.0 + . ! |
0.0 1.0 2.0 3.0 4.0 5.0 6.0

&5 (%)
Note: top = top strain gauge; bott. = bottom strain gauge.

See Figure 4 for strain gauge locations

Figure 13
F-e, diagrams
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two specimens (against three for AT3-S sample). Figure 13 permits
to compare AT1-S and AT3-S longitudinal rebar strain evolution: it
should be noted that the difference between the maximum strain
value of top strain gauge and the one of the bottom strain gauge
decreases when v,, is reduced (about 4 %o for AT1-S and about
0.5 %o for AT3-S). Also for the same value of F, strain gauges of
AT3-S sample present higher ¢_ values than the ones of AT1-S
sample, which confirms the stiffness decrease of concrete when
Y, 1S reduced.

6. Conclusions

EE

Bond phenomenon between cellular concrete and steel rebar was
investigated through pull-out tests. Main results and comments of
this study are summarised by the following conclusions.

Between y,, = 2255 kg/m® (reference concrete) and v,, = 1565 kg/
m? (cellular concrete) the ultimate bond stress underwent a 92
% decrease and between v,, = 2255 kg/m? (reference concrete)
and v,, = 1510 kg/m® (cellular concrete) the ultimate bond stress
decrease was equal to 98 %. Compared with reference concrete
these results revealed the influence of the aerating agent in the
large bond decrease between 4.2 mm diameter steel rebars and
cellular concrete. Thus for structural applications of cellular con-
crete, thorough bond phenomenon study with steel reinforcement
is an indispensable matter.

Concerning the anchoring system used, the transversal rebar per-
mitted an increase of the maximum pull-out force (F, ) when v,
was reduced. For vy,, = 2255 kg/m? (reference concrete) the trans-
verse rebar permitted a F, _ increase of 56 %, for y,, = 1565 kg/
m? (cellular concrete) the F increase was equal to 982 % and
for y,, = 1510 kg/m® (cellular concrete) the F, increase was equal
to 2021 %. In accordance with the concrete type, the transverse
rebar presence changed the failure mode of the different tested
specimens: rebar failure outside the concrete cylinder (for the
reference concrete) and, in most of the cases, pull-out of the re-
inforcement without steel failure (for concrete cellular). The differ-
ent failure modes observed between reference concrete and cellu-
lar concrete limit the following conclusion to cellular concrete only:
the bond gain provoked by the transverse rebar increases when
Y, i reduced.

Thus this research revealed that special anchorages (not exclu-
sively straight) like, for example, transverse rebar, have a better
mechanical behaviour (i.e. a higher bond strength gain) as soon as
the concrete density decreases (i.e. as soon as the aerating agent
ratio of the mixture increases).

This above conclusion incites the utilization of special anchorages
(e.g. steel grid) in structural cellular concrete elements in order to
improve the weak bond strength provided by straight rebars into
cellular concrete.
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Abstract

Cellular concrete is a lightweight concrete obtained by aerating agent, which produces air-voids into the mixture. This work deals with bond be-
tween cellular concrete and steel rebars. Pull-out tests of 4,2 mm diameter rebars partly immersed into concrete cylinders were made. Concrete
unit weight variation and setting of a transverse rebar into the concrete cylinder center constitute the variables of the work. Three types of mixture
were prepared: one without aerating agent (with a dry unit weight of 2255 kg/m?), and two with different aerating agent rates (with a dry unit weight
equal to 1565 and 1510 kg/m?®). The study revealed the large decrease of bond stress between 4,2 diameter rebars and cellular concrete, due to
concrete unit weight reduction. Transverse rebar introduced into concrete cylinder center increased the ultimate pull-out force of the test: the gain
of bond produced by the transverse rebar grew up when the cellular concrete unit weight had been reduced. Therefore, special anchorages (not
exclusively straight), permitting bond improvement between cellular concrete and rebars could be a solution to improve the mechanical perfor-
mance of cellular concrete.

Keywords: cellular concrete, bond stress, anchoring.

Resumo

O concreto celular, que se caracteriza por ter um peso préprio reduzido pela incorporacéo artificial de ar, pode constituir uma alternativa sustenta-
vel ao concreto comum nas estruturas de pequeno e médio porte. O presente trabalho trata da avaliagdo da aderéncia entre o concreto celular e
as barras de ago. Foram realizados ensaios de arrancamento com barras de didmetro igual a 4,2 mm, parcialmente imersas em corpos-de-prova
cilindricos de concreto. A taxa de agente espumigeno no concreto e a presenga ou ndo de uma barra transversal dentro do cilindro, simulando uma
condi¢do mais préxima ao uso de tela de aco, constituem as variaveis da pesquisa. Foram utilizadas trés dosagens de concreto, com massa especi-
fica aparente de 2255, 1565 e 1510 kg/m®. Pelo arrancamento de barras simples de diametro igual a 4,2 mm, notou-se o forte decréscimo da tensdo
de aderéncia junto com o rebaixamento da massa especifica aparente do concreto. A barra transversal permitiu obter um ganho de resisténcia ao
arrancamento da barra longitudinal, que cresceu junto com o rebaixamento da massa especifica do concreto celular. Assim, a utilizagéo de ancora-
gens especiais (ndo exclusivamente retas), pode se tornar uma solugdo para melhorar o desempenho mecanico do concreto celular.

Palavras-chave: concreto celular, aderéncia, ancoragem.
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1. Introducgao

EE

Apesar de suas numerosas vantagens (boa trabalhabilidade no es-
tado fresco e boa resisténcia a maioria das solicitagdes no estado
endurecido, entre outros), o concreto armado convencional apre-
senta como principal desvantagem o fato de ter uma elevada rela-
¢ao entre massa especifica e resisténcia, o que aumenta o peso
proprio das estruturas e dificulta 0 manuseio de elementos pré-fa-
bricados. Outra desvantagem do concreto armado convencional é
que ele € bom condutor de calor e som, o que exige a combinagao
com materiais adicionais para melhorar o desempenho térmico e
acustico quando aplicado em edificagdes (CARVALHO; FIGUEI-
REDO FILHO [1]). A redugdo da densidade do concreto permite
limitar essas desvantagens. Conforme as indicacdes da ABNT
NBR 8953:2015 [2], o concreto é dito leve quando a sua massa
especifica € inferior a 2000 kg/m®. Uma das maneiras de aumentar
a leveza do concreto é substituir uma parte dos materiais sélidos
por ar (ROSSIGNOLO [3]). A incorporagao de ar nos concretos le-
ves afeta a resisténcia mecanica do material, mas aumenta o seu
desempenho como isolante térmico e acustico. Por isso, no caso
de edificagdes recebendo poucos esforgos na estrutura e neces-
sitando uma boa isolagéo térmica e acustica (caso, por exemplo,
das casas e dos edificios residenciais baixos), os concretos leves
podem ter uma utilizagao estrutural e tornar-se uma alternativa ao
concreto armado convencional. O concreto armado tem um bom
desempenho estrutural, pois o concreto (resistente a compres-
s&o) trabalha solidariamente junto com o ago (resistente a tragao).
Essa solidariedade ¢é garantida pela existéncia da aderéncia entre
os dois materiais, equivalente a transmissao do esforgo resistido
pelo aco para o concreto (CARVALHO; FIGUEIREDO FILHO [1]).
Para ter uma fungao estrutural, um elemento em concreto armado
deve, portanto, ter as melhores condigdes de aderéncia possiveis
entre o ago e o concreto (convencional ou leve). Neste contexto,
estudar o fendmeno de aderéncia (realizando ensaios de arranca-
mento) entre armaduras de ago e um tipo de concreto leve (nesta
pesquisa, o concreto celular) para avaliar a utilizagéo estrutural do
material composto obtido é relevante.

2. Revisao bibliografica
—

2.1 Concreto celular

A ABNT NBR 8953:2015 [2] define trés categorias de concreto se-
gundo a massa especifica aos 28 dias (y,,): 0 concreto leve (y,, <
2000 kg/m®), o concreto normal (2000 kg/m? < y,, < 2800 kg/m?) e
o concreto pesado (y,, > 2800 kg/m?). O concreto leve pode ser de
trés tipos: com agregados leves, sem finos ou celular (ROSSIGNO-
LO [3]). Apesar de as primeiras tentativas de elaboragédo de concre-
tos celulares datarem do inicio do século XX (por exemplo, Eriksson
na Suécia, considerado como precursor na area, patenteou um dos
seus trabalhos em 1923), a disseminagao do material na construgéo
civil se tornou consequente apenas a partir da década de setenta,
apds o aprimoramento da quimica organica (FERREIRA [4]). Para
os concretos celulares ditos “aerados”, a porosidade pode ser ob-
tida de duas maneiras. A primeira, chamada de “aeragdo quimica”,
pela reagdo entre os componentes da argamassa e um componen-
te quimico (por exemplo, p6 de aluminio ou agua oxigenada) geran-

do gases na mistura antes da pega do cimento (TEIXEIRA FILHO;
TEZUKA [5]). A segunda, pela incorporagéo de um agente espumi-
geno na mistura. A incorporagéo do agente espumigeno na mistura
também pode ser feito de duas formas. A primeira, preparando a
espuma em equipamento especifico e incorporado ela na mistura
do concreto ja pronta (“espuma pré-formada”). A segunda, gerando
a espuma junto com os componentes do concreto, pela agao me-
canica do misturador (TEIXEIRA FILHO; TEZUKA [5]). O processo
de cura dito de autoclavagem permite melhorar as caracteristicas
mecanicas e reduzir a retragdo dos concretos celulares, através da
submissdo do material a condigbes especiais: temperatura entre
150 °C e 160 °C, pressao entre 0,6 e 1,2 MPa (PETRUCCI [6]).
Neste trabalho, o concreto celular utilizado € do tipo “aerado” com
agente espumigeno diluido na agua das misturas (a espuma foi ge-
rada pela agdo mecanica do misturador), ndo autoclavado. Daqui
por diante esse concreto sera denominado de “concreto celular”. O
concreto que nao tem o agente espumigeno sera denominado de
“concreto convencional”.

2.2 Conceito de aderéncia

Segundo Fusco [7], a aderéncia € composta por trés parcelas:
aderéncia por adeséao, aderéncia por atrito e aderéncia mecanica.
As ligagdes fisico-quimicas que se estabelecem na interface do
aco e do concreto durante as reacdes de pega do cimento criam
uma forca resistente de adesao (aderéncia por adeséo) que se
opde a separagdo dos dois materiais (FUSCO [7]). Uma vez rom-
pida a adeséo, para o menor deslocamento relativo, aparece uma
resisténcia de atrito entre 0 ago e o concreto, desde que existam
pressoes transversais as armaduras. Essas pressodes transversais
podem ser causadas por tensdes de compressao transversais
devidas as cargas, pela retragéo ou pela expansao do concreto
(LEONHARDT; MONNIG [8]). A aderéncia mecanica é decorrente
da presenca das nervuras na superficie das barras de aco, funcio-
nando como pecas de apoio e mobilizando tensdes de compres-
s@o no concreto (FUSCO [7]). Na pratica ndo & possivel deter-
minar cada uma das parcelas isoladamente (FUSCO [7]). Desse
modo, por meio de ensaios, sdo determinados valores médios
globais de aderéncia, que séo suficientes para efeito de projeto,
ndo havendo necessidade de um estudo em escala microscopica
(FUSCO [7]). Nesta pesquisa foram determinados valores médios
globais de aderéncia.

2.3 Ensaios de aderéncia com concretos leves

2.3.1 Piyamaikongdech [9]

Piyamaikongdech [9] desenvolveu um tipo de concreto celular a
base de agente espumigeno e fibras de vidro, de massa especifi-
ca tedrica igual a 1450 kg/m? e de relagdo agua/cimento em mas-
sa valendo 0,44. E importante mencionar que o concreto desen-
volvido pelo autor ndo contem agregado graudo, ao contrario do
concreto desenvolvido nesta pesquisa. Ensaios de arrancamento
de barras de aco de didmetro de 12,7 mm foram realizados. Con-
forme mencionado pelo autor, as tensdes Ultimas de aderéncia
(,,) obtidas véo de 1,06 MPa (para v,, = 1388 kg/m®) até 4,11 MPa
(para y,, = 1569 kg/m®).
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2.3.2 Oliveira [10]

Oliveira [10] estudou o fendbmeno de aderéncia entre barras de
acgo de diametro 10 mm e concretos leves especiais. Para redugao
da massa especifica do concreto no estado fresco (y,), foi utiliza-
do, além de um agente espumigeno, residuos plasticos e raspa de

pneu como substituigéo parcial do agregado graudo. Variando o tipo
de agregado e fixando a relagéo agua/cimento em massa (0,61), as
tensbes Ultimas de aderéncia (t,,) encontradas vao de 0,84 MPa
(para y, = 1779 kg/m®) até 1,48 MPa (para y, = 1611 kg/m?), sendo
que t,, corresponde a média aritmética de dois corpos-de-prova,
conforme apresentado por Oliveira [10].

Tabela 1
Caracterizagdo dos agregados middo (AM) e graddo (AG)
Caracteristica AM AG
Massa especifica aparente conforme NBR NM 52:2009 [11] e NBR NM 45:2006 [12] 159 148
(g/cmd) ' '
Dimensdo méxima caracteristica conforme NBR NM 248:2003 [13] (mm) 1,18 9.50
Modulo de finura conforme NBR NM 248:2003 [13] 1,79 5,70
Tabela 2
Tragos da pesquisa (Tr1,Tr2 e Tr3)
Componentes Relagdo (em massa)
Cimento:Agr. miad.:Agr. gra. 1:2,9:2,1
Agua / Cimento 0,63
Fibras polip. / Agua 0,0023
Aditivo plast. / Agua 0,0083
MTr1: MTr2: MTr3 0:1:2
Note: M,, = massa de agente espumigeno no frago Tri
Tabela 3
Valores de vy, e v,, paraTrl, Tr2 e Tr3 (kg/m?)
cP T Tr2 Tr3
Yo Y28 Yo Y28 Yo Y28
1 2285 2282 1646 1576 1534 1471
2 2171 2180 1636 1560 1582 1528
3 2219 2228 1646 1569 1569 1512
4 2238 2235 1655 1579 1642 1579
5 2305 2308 1642 1557 1557 1487
6 2305 2314 1636 1557 1544 1477
7 2311 2317 1642 1566 1569 1493
8 2209 2209 1633 1563 1525 1458
9 2219 2219 1639 1557 1582 1522
10 - - - - 1614 1553
11 - - - - 1569 1509
12 - - - - 1598 1534
M 2251 2255 1642 1565 1574 1510
DP 51 51 7 8 33 36
CcV 2,27 2,27 0,41 0.54 2,12 2,35
Note: M = média aritmética (kg/m?), DP = desvio padrdo (kg/m?), CV = coeficiente de variagdo (%)
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Tabela 4
Resisténcia & compressdo aos 28 dias (MPa)
Specimen Mix1 Mix2 Mix3
1 25,73 2,48 1,39
2 21,80 2,46 1,58
3 29,81 2,58 1,40
4 26,17 2,65 1,91
5 24,00 2,49 1,74
6 22,08 2,72 1,37
7 - - 1,40
om 24,93 2,56 1,54
DP 2,99 0.11 0.21
CV 12,00 4,10 13.74
Note: f_ = média aritmética (MPa), DP = desvio padrdo (MPay), CV = coeficiente de variagdo (%)

3. Materiais da pesquisa
EE—
3.1 Componentes do concreto

Nesta pesquisa foram realizados trés tragos: Tr1 (y,, = 2255 kg/m?,
trago de referéncia), Tr2 (y,, = 1565 kg/m?, trago com agente espu-
migeno) e Tr3 (y,, = 1510 kg/m?, trago com agente espumigeno).
A caracterizagdo dos agregados miudo (AM) e graudo (AG) esta
apresentada na Tabela 1. O cimento utilizado é do tipo CP II-Z-
32, conforme indicado pela ABNT NBR 11578:1991 [15] (cimento
Portland composto contendo adigao pozolanica e de resisténcia a
compressao minima aos 28 dias de 32 MPa). Para os trés tragos,
foi utilizado um aditivo plastificante polifuncional a base de naftale-
no sulfonado, com alto poder de redugao de dgua, massa especifi-
cade 1,19 g/cm?®, aparéncia liquida marrom escuro e isento de clo-
retos. Para obtencgdo do concreto celular (Tr2 e Tr3), foi utilizado
um incorporador de ar de origem organica (protéica), com massa
especifica de 1,01 g/cm?. Para limitar os efeitos da retragdo no
concreto, foram utilizadas fibras de polipropileno nos trés tragos.

3.2 Armaduras

Para realizagao da armadura dos corpos-de-prova (CPs) foram
utilizadas barras de ago do tipo CA-60 (f,, = 600 MPa) e de diame-
tro nominal igual a 4,2 mm.

3.3 Dosagem e caracterizagdo dos tragos

ATabela 2 apresenta a dosagem em massa dos tragos da pesquisa,
para 1,0 m® de concreto. O trago Tr1 ndo contém agente espumi-
geno, o traco Tr2 contem 50% da quantidade de agente espumi-
geno colocado no trago Tr3. Os CPs de caracterizagdo dos tragos
foram moldados e curados conforme as recomendag¢des da NBR
5738:2015 [16]. A Tabela 3 apresenta os valores de v, € y,, obti-
dos. A consisténcia dos concretos no estado fresco foi determinada
pelo abatimento do tronco de cone, conforme as recomendagdes da

NBR NM 67:1998 [17]. Os abatimentos medidos para os tragos Tr1,
Tr2 e Tr3 foram de 140 mm, 215 mm e 260 mm, respectivamente. A
determinag&o da resisténcia a compressdo media aos 28 dias (f_,)

foi feita conforme as recomendagdes da NBR 5739:2007 [18]. Os
resultados obtidos estao apresentados na Tabela 4.

4. Programa experimental
E—

Os ensaios realizados consistiram em arrancar barras simples de
aco (CPs tipo “Barra”) ou barras de ago dotadas de uma barra
transversal soldada (CPs tipo “Tela”) parcialmente imersa em um
cilindro de concreto. Todas as barras de acgo utilizadas na pesquisa
tém um didmetro nominal (J) de 4,2 mm. A moldagem dos CPs da
pesquisa foi executada seguindo o mesmo processo aplicado aos
CPs de caracterizacéo (ver item 3.3). Durante o ensaio de arran-
camento, a forga de tragéo (F,) e o deslocamento relativo entre o
aco e o concreto (A) foram medidos.

Face Face de
livre apoio
K 20.00 ¥

pN
" . Tubo de PVC (drea de

Barra ;: cham; 9.452 (area 230 aderéacha) ;
= \ | t
k -
= o

ri 1 L/
I, = 10,00 10,00 1
LY

A \
Concreto

Nota: |_: comprimento de ancoragem longitudinal;
F.. forca de arrancamento. Cotas em cm.

Figura 1

CP tipo "Barra" (corte longitudinal)
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Tabela 5
Descricdo das amostras da pesquisa
Amostra Tipo Traco Quantidade (CPs)
ABI “Barra” 6
Tr1
AT1 “Tela”
AB2 “Barra” 9
Tr2
AT2 “Tela” 9
AB3 “Barra” 6
T3
AT3 “Tela” 6
AB1-E “Barra” 3*
Tr1
AT1-E ‘Tela” 3
AB3-E “Barra” 3*
T3
AT3-E “Tel(]" 3 *
Note: CPs com extensdmteros (*)

4.1 CPs do tipo “Barra”

O CP do tipo “Barra” esta apresentado na Figura 1. A barra de
aco é parcialmente imersa no centro do cilindro de concreto de
diametro igual a 10,00 cm e de altura igual a 20,00 cm. O com-
primento de ancoragem dentro do CP (l,) vale 50% da altura do
cilindro. O restante da barra dentro do cilindro é isolado do con-
creto com um tubo de PVC de comprimento igual a 10,00 cm.
Conforme indicado por RILEM [19], o tubo de PVC foi colocado
na zona que perturba (aumenta) a aderéncia devida a compres-
sdo do concreto na proximidade da face de apoio do cilindro.
Vinte e um CPs do tipo “Barra” foram moldados (a reparticdo
por trago é detalhada na Tabela 5). Além disso, para estudo das

deformagdes da barra ao longo do ensaio, seis CPs suplemen-
tares foram moldados, dotados cada um de dois extensémetros
(Figura 2).

4.2 CPs do tipo “Tela”

A armadura do CP do tipo “Tela” foi obtida a partir do corte de
uma tela soldada do tipo CA-60 com malha quadrada (10,00 cm
x 10,00 cm). O corte cuidadoso da malha ndo permitiu eliminar
completamente as barras transversais indesejaveis para o en-
saio, deixando sobrar uma pequena parte dessas barras ao nivel
da solda (ver “residuo de barra cortada” na Figura 3). Para limitar
a interferéncia desses residuos na aderéncia entre a armadura
e o concreto, a barra transversal foi colocada no centro do ci-
lindro de concreto, de maneira a deixar os pontos de solda nas

Face Face de
llvrep 20,00 ?pcno

¢ :

Barra de diam. 04,2 Tubo de PVC (édrea de
(4rea de aderéncia) ndo aderéncia) .
= N \ o)
. = — . —
= INF  SUP
= i i ¥ y
3,00 4,00 3,00, 10,00
Ll sx=1000 °
Concreto

w1 eXtensometro

Nota: | : comprimento de ancoragem longitudinal;
F.: forca de arrancamento. Cotas em cm

Figura 2

CP tipo "Barra" com extensémetros
(corte longitudinal)
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Nota: |, = comprimento de ancorag

Tubo de PVC A (érea de
ndo aderéncia)

em longitudinal; t, = comprimento

de ancoragem fransversal; F, = forca de arranchamento. Cotas em cm

Figura 3

CP tipo "Tela" (corte longitudinal)
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Face Face de
livre ) 20.00 apflo
\ |
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s LY
Concreto

© =residuo de barra cortada == = extensdmetro

Nota: |, = comprimento de ancoragem longitudinal; t, = comprimento
de ancoragem transversal; F, = forca de arranchamento. Cotas em cm

Figura 4
CP tipo "Tela" com extensdmetros
(corte longitudinal)

extremidades do cilindro (Figura 3). Dois tubos de PVC de com-
primento igual a 5,00 cm colocados nas extremidades do cilindro
permitiram obter um comprimento de ancoragem longitudinal (I,)
igual a 10,00 cm. Além disso, o tubo colocado a proximidade da
face de apoio (Figura 3, “tubo de PVC A”) limita a influéncia da
compressao do cilindro na medigao da forga de arrancamento
(F). A barra transversal (t,) tem um comprimento total de 9,50
cm. Vinte e um CPs do tipo “Tela” foram moldados (a reparticao
por trago € detalhada na Tabela 5). Além disso, para estudo das
deformagdes da barra longitudinal ao longo do ensaio, seis CPs
suplementares foram moldados, dotados cada um de dois exten-
sdmetros (Figura 4).

4.3 Identificagdao dos CPs e descrigcao das amostras
A Tabela 5 descreve as dez amostras da pesquisa.
4.4 Sistema de arrancamento

Os ensaios de arrancamento foram realizados com auxilio de uma
prensa universal de capacidade igual a 1000 kN. A Figura 5 apre-
senta as diferentes partes do sistema de arrancamento. Para medi-
¢ao da forga de arrancamento, foi utilizada uma célula de carga de
capacidade igual a 10 tf. Para medigéo do deslizamento da arma-
dura longitudinal dentro do cilindro de concreto, usou-se um LVDT
fixado a uma base magnética. Utilizou-se um médulo de aquisi¢édo e
um programa computacional para gravagao dos dados.

4.5 Calculo da tensao ultima de aderéncia

Para determinar a tenséo Ultima de aderéncia (t,,) dos CPs do tipo
“Barra”, foi dividida a forga de tragdo maxima aplicada durante o
ensaio (F ) pela érea de contato entre o concreto e a armadura
dentro do cilindro (area de aderéncia, valendo n.@.1,):

M

onde 7, € a tens&o Ultima de aderéncia (MPa); F & a forca de
tragéo maxima (kN); & € o diametro nominal da barra (mm) e |, &
o comprimento de ancoragem da barra (cm).

Tp, = 100.F,, / (m.@.1,)

5. Resultados e discusséao

EE——

5.1 Forga altima de arrancamento (F,)
e tenséo ultima de aderéncia (z, )

A Tabela 6 e a Tabela 7 resumem os principais resultados quanti-
tativos da pesquisa. Para os CPs do tipo “Barra”, a redugéo de v,,
provoca uma forte diminuigéo de F,: observa-se uma diminuig&o
de 6,00 kN (92 %) entre as amostras AB1 e AB2, e de 6,36 kN (98
%) entre as amostras AB1 e AB3. Para a tensao ultima de aderén-
cia média (t,, ), as mesmas observagdes podem ser feitas: dimi-
nuigéo de 4,54 MPa (92 %) entre AB1 e AB2, e diminuicéo de 4,81
MPa (98 %) entre AB1 e AB3. O aumento da resisténcia ao arran-
camento (F, ) provocado pela introdug&o da barra transversal no
meio do cilindro de concreto aumenta junto com a diminui¢cdo de
¥,4- Observa-se um aumento de 3,64 kN (56 %) entre as amostras
AB1 e AT1, um aumento de 4,91 kN (982 %) entre as amostras
AB2 e AT2, e um aumento de 2,83 kN (2021 %) entre as amostras
AB3 e AT3. Para as amostras AB1-E e AB3-E, a presenca dos
extensdmetros interferiu na zona de aderéncia, impossibilitando
a medigéo de |, e, portanto, o calculo de t, . Assim, para os CPs
dessas amostras (AB1-E e AB3-E), os resultados quantitativos
nao sao considerados na pesquisa. A respeito das amostras do
tipo “Tela”, observa-se uma reducéo de 0,36 kN (4 %) entre as
amostras AT1 e AT1-E, e de 0,41 kN (14 %) entre as amostras AT3
e AT3-E. Sendo assim, mesmo que o comprimento de ancoragem
longitudinal (I,) seja reduzido pela colocagé@o dos extensometros,
os resultados quantitativos obtidos com as amostras AT1-E e AT3-
-E foram considerados nesta pesquisa.

Nota: croqui sem escala

Figura 5
Sistema de arrancamento (elevagdo)
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Tabela 6
Resultados quantitativos (parte 1/2)
Amostra CP I, (cm) F,, (kN) Fo.. (kN) 1., (MPa) ., (MPQ)
1 10,10** 5,38 2,48
(CV = 9,00 %) 4,04 1,58 2,46
2 9.94%* 6,84 5,22 4,92
ABT 3 10,09* * 6,33 650 4,75 (CV =9.65%)
4 9,93** 6,90 5,27
5 9.94%* 6,87 5,24
1 10,08* * 9,84 _
2 10,11** 10,13 -
AT1 3 10,077 9.95 10,14 - _
4 10,37** 10,48 (CV = 2,23 %) _
5 10,07* 10,21 -
6 10,09* * 10,24 -
1 10,15* 9,68 -
. 9,78
AT1-E 2 10,10 9,61 (CV 2248 %) - -
3 10,14* 10,06 ' -
1 9,99** 0,29 0,22
2 10,00* * 0,91 0,69
3 9,95** 0,43 0,33
4 10,04** 0,86 050 0,65 038
AB2 5 10,077 0,86 (CV = 63,69 %) 0.65 (CV = 63,49 %)
6 10,02** 0,44 0,33
7 10,06* * 0,09 0,07
8 10,05* * 0,55 0,41
9 10,00* * 0,09 0,07
1 10,11* 5,25 -
2 10,02* 5,03 -
3 10,14* 5,53 -
4 10,10* 5,54 -
5 10,08* 5,55 541 -
AT2 : : (CV = 6,54 %) -
6 10,16* 5,39 -
7 9,91** 4,83 _
8 10,01* 6,07 -
9 10,16* 5,54 _

Note: |, = comprimento de ancoragem; F, ., = forca de fragdo Glfima (média); r,,,(m) = tensGo Gltima (média) de aderéncia; CV = coeficiente de
variagdo, Comprimento |, medido na armadura antes do ensaio (*) ou no concreto apds o ensaio e abertura do cilindro de concreto (**)

Tabela 7
Resultados quantitativos (parte 2/2)
Amostra CP I, (cm) F, (kN) F... (kN) 7., (MPa) Ty (MPQ)
1 081** 0,09 0,07
2 10,03** 0,09 0,07
AB3 3 10,00** 0,09 0,14 0,07 0,11
4 10.11° 0.09 (CV = 87,48 %) 0.07 (CV = 84,20 %)
5 Q.95** 0,09 0,07
o) 9.98** 0,39 0,29
1 10,14* 281 -
2 9.86** 2,88 -
AT3 3 10,07 * 3,15 2,97 - _
4 10,157 2.82 (CV=658%) -
5 10,00* 3.27 -
o) 10,08** 2.86 -
1 10,10** 2.83 256 -
AT3-E 2 10,01** 227 o o - -
3 10077 259 (CV=1096%) .

Nota: |, = comprimento de ancoragem; F, . = forca de tragdo Gltima (média); 7., = tensdo dltima (média) de aderéncia; CV = coeficiente de
variagdo. Comprimento |, medido na armadura antes do ensaio (*) ou no concreto apds o ensaio e abertura do cilindro de concrefo (**)
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5.2 Modos de ruptura

5.21 Modos de ruptura das amostras AB1, AB2 e AB3

Para 100 % das amostras AB1, AB2 e AB3, 0 ensaio ndo provocou
o aparecimento de fissuras nos cilindros de concreto, a ruptura dos
CPs ocorreu por deslizamento da armadura (Figura 6). Na amostra
AB2, trés CPs (33 %) tiveram o deslizamento provocado unicamen-
te pela pré-carga (P) necessaria para fixar o CP na prensa. A mes-
ma observacao foi feita para 100 % dos CPs da amostra AB3.
5.2.2 Modo de ruptura da amostra AT1

Na amostra AT1, seis CPs (100 %) romperam ao nivel da armadu-
ra, fora do cilindro de concreto (Figura 7-a e 7-b) sem provocar a
fissuragao dos cilindros de concreto (Figura 7-c).

5.2.3 Modos de ruptura das amostras AT2 e AT3

Na amostraAT2, sete CPs (78 %) romperam por deslizamento da

Nota: deslizamento da armadura (a) sem fissuragdo do cilindro de
concreto (b)

Figura 6
Modo de ruptura das amostras AB1, AB2 e AB3

barra longitudinal com dobramento da barra transversal (Figura
8-a e 8-b), provocando a fissuragéo longitudinal e transversal
do cilindro de concreto (Figura 8-c). Para os dois CPs restantes
(22 %), a ruptura aconteceu ao nivel da solda ligando a barra

Nota: armadura rompida fora do CP (a, b) sem altera¢dio do cilindro de concreto (c)

Figura 7
Modo de ruptura da amostra AT1

Nota: para 78% da amostra, deslizamento da barra longitudinal com dobramento da barra transversal (a, b) provocando a fissuragdo longitudinal
e transversal do cilindro de concreto (c¢). Para 22 % da amostra, ruptura ao nivel da solda ligando a barra longitudinal com a barra transversal (d, e),

sem provocar fissuras no cilindro de concreto (f)

Figura 8
Modos de ruptura da amostra AT2
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longitudinal com a barra transversal (Figura 8-d e 8-e), sem pro-  versal do cilindro de concreto (Figura 9-c). Em comparagao
vocar fissuras no cilindro de concreto (Figura 8-f). Na amostra  com a amostra AT2, os CPs da amostra AT3 apresentaram um
AT3, seis CPs (100 %) romperam por deslizamento da barra  dobramento menos pronunciado (comparar a Figura 8-b e a
longitudinal com dobramento da barra transversal (Figura 9-a  Figura 9-b), o que confirma a diminuigéo da resisténcia ao ar-
e 9-b) provocando também a fissuragdo longitudinal e trans-  rancamento da armadura transversal do concreto quando y,, &

Nota: deslizamento da barra longitudinal com dobramento da barra transversal (a, b) provocando a fissuragdo longitudinal e transversal do cilindro
de concreto (c)

Figura 9

Modo de ruptura da amostra AT3

Nota: ruptura ao nivel da solda entre a barra longitudinal e a barra transversal (a, b), sem fissuragdo do cilindro de concreto (c)

Figura 10
Modo de ruptura da amostra ATT-E

)
B A

Nota: deslizamento da barra longitudinal com dobramento da barra transversal (a, b), com fissuragdo longitudinal e fransversal do cilindro de concreto (c)

Figura 11
Modo de ruptura da amostra AT3-E
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rabaixado (quando a taxa de agente espumigeno no trago de
concreto celular aumenta).

5.2.4 Modo de ruptura da amostra AT1-E

Para os trés CPs (100 %) da amostra AT1-E, a ruptura ocorreu
ao nivel da solda entre a barra longitudinal e a barra transversal
(Figura 10-b), e néo fora do cilindro como no caso dos CPs da
amostra AT1 (Figura 7-a e 7-b). Como indicado na Figura 10-c,
notou-se também que os cilindros ndo sofreram nenhuma fissu-
ragao (situagéo idéntica aos CPs da amostra AT1, ver Figura 7-c).
5.2.5 Modo de ruptura da amostra AT3-E

Para os trés CPs (100 %) da amostra AT3-E, o modo de ruptura foi
idéntico ao da amostra AT3: a ruptura ocorreu por deslizamento da
barra longitudinal com dobramento da barra transversal (Figura 11-a e

11-b). Também, como no caso da amostra AT3, os cilindros da amostra
AT3-E fissuraram longitudinalmente e transversalmente (Figura 11-c).

5.3 Diagramas F-A

Os diagramas da Figura 12 apresentam a evolugdo da forga de
tragéo aplicada (F,) em fung&o do deslocamento da barra longitudi-
nal (A) e do tipo de amostra. Cada diagrama corresponde a média
dos resultados da amostra considerada.

5.3.1 Diagramas F-A das amostras AB1, AB2 e AB3

O diagrama obtido para a amostra AB1 é caracteristico de uma
ruptura por deslizamento da armadura dentro do cilindro: observe-
-se um suave decréscimo da curva apés a forga de tragdo maxima
(F,) ser atingida. Este modo de ruptura € coerente com as ob-
servagOes visuais realizadas apos os ensaios (ver item 5.2.1). O
diagrama médio da amostra AB2 confirma o forte decréscimo da
aderéncia observado nos resultados quantitativos (ver item 5.1).
Para os seis CPs (100 %) da amostra AB3, o deslizamento da
barra ocorreu apds a aplicagéo da pré-carga (P), impossibilitando
a obtengao do diagrama médio.

F, (kN)
10.0
9.0
8.0

——Meédia AB1 (6 CPs)
——Meédia AT1-E (3 CPs)
——Média AT1 (6 CPs)
——Meédia AB2 (6 CPs)
——Meédia AT2 (9 CPs)
——Média AT3-E (3 CPs)
——Média AT3 (6 CPs)

7.0
6.0 -
5.0
40 -
3,0 1
2,0

1.0
0,0

0.0 5.0

Figura 12
Diagramas F-A

5.3.2 Diagramas F-A das amostras AT1 e AT1-E

Para os seis CPs (100%) da amostra AT1, a ruptura ocorreu ao
nivel da barra longitudinal, fora do cilindro de concreto (ver item
5.2.2). A saida do LVDT do eixo da barra longitudinal provocado
pela ruptura subita da mesma n&o permitiu obter o diagrama mé-
dio completo da amostra AT1: o diagrama é apresentado unica-
mente até o ponto de tragdo méaxima (F, ). Para a amostra AT1-E,
apesar de observar também uma ruptura de tipo fragil para 100%
dos casos (ruptura ao nivel da solda entre a barra longitudinal e a
barra transversal, ver item 5.2.4), em nenhum caso observou-se a
saida do LVDT do eixo da barra longitudinal. Assim, para a amos-
tra AT1-E, foi possivel construir o diagrama F -A completo. Até atin-
gir o valor F, nota-se a relativa semelhanca entre o diagrama da
amostra AT1 e o da amostra AT1-E. Assim, conclui-se que, apesar
de reduzir o comprimento de ancoragem longitudinal, no caso da
amostra AT1-E, a presenca dos extensdmetros nao interferiu de
forma significativa nos resultados.

5.3.3 Diagramas F-A das amostras AT2 e AT3

Para sete CPs (78%) da amostra AT2, a ruptura ocorreu por esma-
gamento do concreto devido ao deslocamento das barras longitudi-
nal e transversal dentro do cilindro (ver item 5.2.3). Para dois CPs
(22%), a ruptura ocorreu ao nivel da solda (ver item 5.2.3). Assim, o
diagrama médio da amostra AT2 apresentado na Figura 12 é mais
representativo do modo de ruptura por esmagamento do concreto
(78% dos casos) que por ruptura da solda (22% dos casos). Com-
parando o diagrama médio da amostra AT2 com o da amostra AT1,
observa-se uma forte diminuicdo de F  (forca maxima) e um au-
mento de A, (deslocamento correspondente a F ), revelando a dimi-
nui¢ao da resisténcia ao arrancamento da armadura e da rigidez do
concreto, quando o agente espumigeno é introduzido no concreto.
Para seis CPs (100%) da amostra AT3, o modo de ruptura também
ocorreu por esmagamento do concreto. Comparando com o diagra-

F; (kN)
10,0
) e e e
80
70
6,0
50

40 :
....... Média AT1-E sup.

Média ATI-E inf.
------- Média AT3-E sup.
------- Média AT3-E inf.
2.0 3.0 4,0 5,0 6,0

& (’%0)

Nota: extensdmetro inferior; sup. = extensémetro superior. Ver Figura 4
para posicionamento dos extensdémetros

3,0
2,0
1,0

0,0
00 10

Figura 13
Diagramas F ¢,
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ma da amostra AT2, observa-se uma diminuigdo de F, traduzindo a
queda de resisténcia ao arrancamento quando aumenta a quantida-
de de agente espumigeno no concreto.

5.3.4 Diagrama F-A da amostra AT3-E

Para os trés CPs (100%) da amostra AT3-E, a ruptura ocorreu,
como no caso da amostra AT3, por esmagamento do concreto (de-
vido ao deslocamento das barras longitudinal e transversal dentro
do cilindro). A relativa semelhanga entre o diagrama da amostra
AT3-E e o da amostra AT3 demostra que, a pesar de reduzir o
comprimento de ancoragem longitudinal, a presenga dos extenso-
metros (caso da amostra AT3-E) ndo influenciou de forma signifi-
cativa os resultados. Essa observagao é coerente com as obser-
vagdes feitas nos itens 5.1 € 5.2.5.

5.4 Deformacgao das armaduras

A Figura 13 apresenta a evolugdo da forga de tragéo (F,) em fun-
¢éo da deformagéo da barra longitudinal (¢,) e do tipo de amos-
tra. Os diagramas obtidos correspondem a valores médios. Vale
ressaltar que um CP da amostra AT1-E sofreu um desligamento
dos extensémetros durante o ensaio, portanto o diagrama F-¢
desta amostra foi obtido a partir de dois CPs s6 (contra trés para
a amostra AT3-E). A Figura 13 permite comparar a deformagéo
das barras das amostras AT1-E e AT3-E. Nota-se que a diferenca
de deformagdo maxima entre os extensdmetros superior e inferior
diminui junto com y,, (por volta de 4 %o para AT1-E e por volta de
0,5 %o para AT3-E). Também, nota-se que para o mesmo nivel de
solicitag&o (F,), os extensémetros da amostra AT3-E se deformam
mais que os da amostra AT1-E, o que confirma a diminuigdo da
rigidez do concreto junto com v,,.

6. Conclusdes

EE

Relembrando o objetivo principal deste trabalho, que consistiu em
estudar o fendbmeno de aderéncia entre o concreto celular e as barras
de aco, este item contém as principais conclusdes da investigagao.
Entre v,, = 2255 kg/m® (concreto convencional) e y,, = 1565 kg/m?
(concreto celular) a tensao ultima de aderéncia sofreu uma redu-
cdo de 92 % e entre 2255 kg/m?® (concreto convencional) e 1510
kg/m? (concreto celular), a mesma sofreu uma reducéo de 98 %.
Assim, esta pesquisa revelou a influéncia do agente espumigeno
na forte diminuigdo da aderéncia entre as barras de ago de diame-
tro igual a 4,2 mm e os concretos celulares com y,, = 1565 e 1510
kg/m?3. Portanto, para aplicagdes estruturais, o estudo da aderén-
cia entre o concreto celular e as barras de ago € imprescindivel.
Analisando o tipo de ancoragem, notou-se que o aumento da ade-
réncia (F,, ) devido a presenca da barra transversal cresceu junto
com o rebaixamento de v,,. Com v,, = 2255 kg/m? (concreto con-
vencional), a barra transversal permitiu aumentar F _ de 56 %,
com y,, = 1565 kg/m? (concreto celular) o aumento foi de 982 % e
com v,, = 1510 kg/m? (concreto celular) o aumento foi de 2021 %.
Com a presenga da barra transversal notou-se uma variagéo do
modo de ruptura entre o concreto convencional (ruptura da arma-
dura fora do cilindro) e os concretos celulares (arrancamento da
armadura sem ruptura do ago, na maioria dos casos), o que limita

a conclusdo ao caso dos concretos celulares. Sendo, assim, pode-
-se concluir que, o ganho de aderéncia proporcionado pela barra
transversal aumenta no concreto celular quando y,, € rebaixado.
Portanto, essa pesquisa revelou que ancoragens especiais (ndo
exclusivamente retas) como, por exemplo, barras transversais,
tém um desempenho mecénico acrescido a medida que a massa
especifica do concreto celular é rebaixada (a medida que a taxa
de incorporador de ar no trago aumenta).

Esta ultima observagéo encoraja a utilizacdo de ancoragens es-
peciais nas pegas estruturais feitas com concreto celular. Essa
ancoragem € corriqueiramente obtida com a utilizagdo de telas
que tém as barras transversais e longitudinais soldadas entre si.
Portanto, existe uma grande preocupagao com a ancoragem de
barras retas em concretos celulares, que pode ser resolvida com
0 uso de telas.
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Abstract
E——

A concrete structural member when kept under sustained load presents progressive strains over time, associated to the material creep. The
fresh concrete consistency, specially, exerts some effect on that phenomenon. The pioneering formulations developed to modelling the creep of
concrete are applicable, directly, to the cases for which the stress magnitude remains constant. Its application to reinforced concrete structural
members, that exhibits changes in the magnitude of the stresses over such a time dependent phenomenon, requires simplifications from which
result the memory models, whose implementation presents the disadvantage of involving the history of the stresses storage. The State Models
were developed to overcome these difficulties, as they result of integral calculus scheme improvement, dispensing such computational memory
storage. The subject of this work is the analysis of creep strains on reinforced concrete thin-walled columns, emphasizing the fresh concrete
consistency efecct, on the base of a state model, fixing the values of its physical parameters from the NBR 6118/14 proceedings [1]. The obtained
results showed the occurrence of stresses transfer from the mass of the concrete to the reinforcement steel bars, that was more pronounced in
those cases for which the slump test abatement were the highest and, in some cases, including, it induced the material yielding condition.

Keywords: reinforced concrete, thin-walled-column, creep, modelling.

Resumo
[

Um elemento de concreto, mantido sob tensdo de compresséo, apresenta contragéo progressiva no decorrer do tempo, associada a deformacéo
lenta. Em Pilares Parede de concreto armado, as deformagdes por fluéncia promovem a transferéncia de esforgos da massa de concreto para
as barras da armadura de ago, podendo induzi-las ao escoamento. As formulagdes pioneiras do efeito de fluéncia, desenvolvidas com base no
coeficiente de fluéncia, sdo aplicaveis, sobretudo, quando as tensdes se mantém constantes. Sua aplicagédo a elementos de concreto armado, por
apresentarem variagdes de tensdes no decorrer da manifestagéo do fenémeno, requer simplificagbes das quais resultam os modelos de memoria,
que tém a desvantagem de exigir o armazenamento do histérico de tensées. Os modelos de estado dispensam tal robustez de armazenamento,
sendo desenvolvidos a partir do melhoramento do esquema de integragéo. O objetivo deste trabalho é a analise do efeito de fatores influentes nas
deformagdes por fluéncia em Pilares Parede de concreto armado, sobretudo, a consisténcia do concreto fresco, realizada com base em modelo de
estado com parametros fixados conforme recomendagdes da NBR 6118/2014.

Palavras-chave: fluéncia, concreto armado, pilares parede, simulagéo.
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1. Introduction

EE

The state of stresses due to sustained load, promotes strains in
concrete structural members which progresses over time, charac-
terizing the phenomenon known as creep.

Such kind of strains results, particularly, from the viscous behav-
iour associated to the adsorbed water layer at the cement grains
surface, in the sound concrete (McGregor, 1997), apud [7].

The creep strains are more pronounced in the earlier months of
the structure lifetime, when they develop themselves under higher
rates. It can endure for periods of time up to five years although it
evolves under modest rates over advanced ages.

There are cases for which the creep strains can take magnitudes
greater than three times the strains value recorded at the instant
of loading, inducing structural displacements of similar extent [8].
Among the relevant factors that influence the creep deformation it
may include the moisture content, the stress, the concrete strength,
the fresh concrete consistency and the reinforcement ratio.

In the case of reinforced concrete members, the strains due to
creep can modify significantly the stresses fields in their constitu-
ents elements. In thin-walled columns, specifically, it can promote
the stresses reduction on the mass of the concrete and the stress-
es increase in the reinforcement steel bars, which can induce
these latter to experience the yielding phenomenon.

The pioneering formulations for creep deformation modelling were
developed from the creep coefficient concept. They are applied,
particularly, to structural members for which the stresses on the
concrete remain constant over time. Their adequacy for reinforced
concrete members, which exhibit stresses variations during the
creep phenomenon, depends on the application of simplifier ar-
tifices that result on memory models. These kinds of formulations
are so named because they demand, in its calculation, the history
of stresses storage, resulting in large-scale storage amount that
can become the modelling unfeasible. In order to overcome the
difficulties related to such a computational memory storage, it was
developed the state models, from the integrating scheme chang-
ing, that provide the use, exclusively, of the stresses at the previ-
ous discrete instant of time from that one considered.

The aim of this work is the simulation of the creep strain on re-
inforced concrete thin-walled columns, based on a state model,
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Figure 1
Stress strain curve for the concrete

whose parameters were fixed from the NBR 6118/14 proceedings
[1], focused, above all, to the analysis of the fresh concrete consis-
tency effect upon the analysed phenomenon.

2. Modelling
—

In this analysis work the quadratic isoparametric finite elements
approximation was adopted.

2.1 Concrete response to loading

The analysis was carried out by the use of an orthotropic nonlinear
framework proposed by Kwak and Filippou [6] in plane state of
stress, on incremental iterative procedure and the finite element
approach. The constitutive matrix elements were defined through
equations similar to those employed in uniaxial state of stress,

however, taking as a reference, the equivalent deformations “c_”,
that, for every principal directions, are given by:

The “i” and “j” indexes refer to principal plane direction. The “DU."
coefficients represent the constitutive matrix elements.
The concrete in compression mechanical performance was simu-
lated from the constitutive relationships proposed by Hognestad
[2], presented in the form:

2

g = ﬂ<1 - ;;ip) &, for g,<g,<0

The “cip" and “sip” parameters represent the concrete peak stress
and its corresponding strain, beyond every principal direction
namely “I". The “¢” parameter, in turn, is the concrete ultimate
strain in uniaxial compression. Equation 2 represents the harden-
ing branch, the OA segment on the curve of figure 1.

In this work, as recommended by [1], the secant modulus, “E_",

was adopted, and is given by:
3)

E, = 0.85E, = 0.85 x 5600 /fck = 4760 |f,,

Where the “E_” parameter is the concrete initial deformation modu-
lus and the “f " parameter is the concrete characteristic compres-
sive strength.
The concrete ultimate stresses are defined from the failure enve-
lope proposed by Kupfer and Gerstle [5], figure 2, whose analytical
representation in biaxial compression state is:

(4)

The parameter “f” is the concrete uniaxial

&i = &+ Dy€i/Dy

Y

(B,+ B,)' — B,— 3.658, = 0

Where B,= 2

i fc .
compressive strength. Letting o = ¢,/c, where the o, and o, pa-
rameters are the principal stresses such that 0 > ¢, > 5, from the
equation 4 results:

1+ 3.65«
and 01, = O, = A0y
The strains related to peak stresses in biaxial compression state,

O = mfc
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Figure 2
Ultimate stress envelop for concrete in biaxial state
of stresses

“e,," and “e, ", according to [6], are obtained from the expressions:
ep = €o(3F,— 2) and &1, = &, (—1.66; + 2.256% + 0.356,) (6)

For which the “e " parameter is the deformation corresponding to
the stress peak compression in uniaxial state of stress.

The constitutive relationship on an incremental fashion proposed by
Desai and Siriwardance (apud [6]), to modeling the biaxial state of
stress concrete mechanical behavior, was adopted. It is expressed by:

doy 1 Ey  vEiE, 0 de;
doy| = T——|WEE; B 0 |- |de (7)
dty; 0 0 (1- 46 4y,

On equation 7, “ds,”, “dc,” € “dt,,” are the stress increments through

()

the principal directions. The “E’s” parameters are the concrete tan-
gent deformation modules relating to such directions and “v” is the
concrete Poisson’s ratio. The “G” parameter is the concrete trans-

verse deformation module that is obtained from the relationship:
(1-v¥)G=025(E; + E; — 2v\[E1E3) (8)

To represent the mass of concrete region, the plane eight-nodded
quadrilateral elements Q8, figure 3.a, was used.

AR
/

/ Bar elements line

(A
Figure 3

Finite elements: a) Plane Q8; b) bar L3

2.2 Steel response to loading

The steel behaviour is considered as elastic perfectly plastic. Due
to the great transverse flexibility of the reinforcement steel bars,
only axial stiffness is considered in its mechanical performance,
and then they are simulated by bar three-nodded elements L3, fig-
ure 3.b. In this way, the related stiffness matrix “K” is expressed by:

1 0 -1

24E

| %! _1] (9)
-1 -1 2

where the “E” parameter represents the steel Young’s modulus,
which is considered equal to 210 GPa. “A” is the reinforcement cross
sectional area, while “L” represents the bar finite element length.

2.3 Creep strains
The creep strains, “¢ (t)", are simulated from the state model pro-

posed by Kawano and Warner [4], expressed on the form:

sc(t) = scd(t) + scv(t)
Where “¢_(1)” and “c_(t)" are the deformations parcels due to hard-
ening and visco-elastic effects, respectively, defined as:

t
eea(t) = _Eif 20461
°o

dt

o(t)dt and

(1)

d¢v(: 2 a(t)dr

t
1
e (t) = _E_gf d
0

y Line elements - Steel Bars
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Figure 4

Basic model, problem domain and finite element mesh
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In which the “¢,(t,t)" and “¢ (t,t)” functions represent their respec-
tive creep coefficients. In their incremental versions these parcels
are presented in the form:

1
Aegq(tn) = B U(tn—l)[¢d(tn' to) — ¢d(tn -1 ta)]

and,
Aszv(tn) = %a(tn—l) - szv(tn—l) (1 - e_At"/TV) (] 3)
For which:

(tn B ta)0'6 *
twty) = ————————~ d
‘Pd( wto) 10 + (tn_ ta)0.6¢d an

(14)
8.t ty) = [1= e Mg

Where “¢’,” and “¢’ " are the asymptotic creep coefficient for those
two parcels, and “T " is the retardation time. “t " is the instant for
which the creep deformations are being calculated, “t_,” is the dis-
crete instant, immediately preceding the instant “t ", and “t " is the
concrete age at the instant of loading. At every instant “t ” the creep
strains are described according:

(15)

Such that “Ae (t)" is the incremental creep strain and is obtained from:

(16)

ec(ty) = ec(ty1) + Ae(ts)

Aec(ty) = Aegq(ty) + Aey(ty)

It is assumed that, during every time interval, the stresses
magnitudes remain constant, although, they present some
variation over all the phenomenon observation period under a
step kind function.

3. Computational support

EE

With a view to the acquisition of the results aimed at the fulfilment
of the objectives of this work, it was employed the software named
“Analise Constitutiva Nao-Linear” — ACNL [7]. Such program was
structured according to incremental and iterative procedure and
the Finite Elements Method (FEM), on a Nonlinear Orthotropic
Formulation in plane state of stresses|[6]. It even covers, in its algo-
rithmic framework, the element formulations described in the item
2 of this paper.

4. Program validation

EE

For its validation purpose, the program was used to analyze, in
a plane state of stresses, a rectangular cross-sectional concrete
thin-walled column that is 3.00 m height, 0.20 m thick and 1.20 m
width, figure 4, considering, specially, the cases 1 and 7, whose
concrete slump test abatement, reinforcement ratio, load and
moisture content are described in table 1. The results of such
analysis were compared with their corresponding values ob-
tained by use of a simplified model, drawn up on the basis of the
Solid Mechanic Postulates, in the uniaxial state of stresses, as

Table 1
Studied cases characterization
Cases Slump (cm) Relpéﬁgc?%ent Load (kn) MmsturgA ():ontent 0%V
1 0-4 0.63 3750 40 0.89
2 0-4 0.63 3750 60 0.35
3 0-4 0.63 3750 80 0.00
4 0-4 1.00 3900 40 0.89
5 0-4 1.00 3900 60 0.35
6 0-4 1.00 3900 80 0.00
7 0-4 1.58 4152 40 0.89
8 0-4 1.58 4152 60 0.35
9 0-4 1.58 4152 80 0.00
10 5-9 0.63 3750 40 1.63
11 5-9 0.63 3750 60 0.92
12 5-9 0.63 3750 80 0.15
13 5-9 1.00 3900 40 1.63
14 5-9 1.00 3900 60 0.92
15 5-9 1.00 3900 80 0.15
16 5-9 1.58 4152 40 1.63
17 5-9 1.58 4152 60 0.92
18 5-9 1.58 4152 80 0.15
19 10-15 0.63 3750 40 2.36
20 10-15 0.63 3750 60 1.48
21 10-15 0.63 3750 80 0.53
22 10-15 1.00 3900 40 2.36
23 10-15 1.00 3900 60 1.48
24 10-15 1.00 3900 80 0.53
25 10-15 1.58 4152 40 2.36
26 10-15 1.58 4152 60 1.48
27 10-15 1.58 4152 80 0.53
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Creep displacements
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Figure 5
Creep displacements by fime curves

performed by Madureira at al [8]. The obtained results showed a
good agreement, Figure 5.

5. Analysed models

EE

The studied models are rectangular cross-sectional concrete thin-
walled column, 3.00 m height, 0.20 m thick and 1.20 m width, cast
in C 40 concrete, reinforced by CA-50 steel bars, figure 4.

The structural member is subjected to a uniform load that is distrib-
uted on the top section, whose magnitude progresses on a gradual
way from zero to a final value fixed at about 40% of that value
corresponding to concrete ultimate compressive stress, table 1,
according the limitations, in terms of stresses, of the NBR 6118/14
proceedings creep model [1].

The analysis was performed on twenty-seven cases, differentiated

"x" Dir. Disp. (em)

Figure 6
Field of axial displacement at the instant of
loading - Case 16

Stress (MPa)

0.00

Figure 7
Field of normal stresses at the instant of loading -
Case 16

among themselves by the slump test abatement, by the reinforce-
ment ratio and by the moisture content, as shown in columns 2, 3
and 5, respectively, on table 1.

Due to the symmetry of the problem, its domain, on the “xy” plane,
could be defined from the rectangular area whose horizontal dimen-
sion is equal to the column height, and the vertical dimension is equal
to its half width, and its discretization was performed on the basis
of plane and bar elements, both 0.10 m length, resulting the mesh
composed by 180 plane elements and 90 bar elements, figure 4. It
is observed that in all column figures the structural member is being
represented with its longitudinal axis coinciding with the “x” direction.

The age of the concrete at the instant of loading was set as 30
days. It was considered that the overall column surface perimeter
is exposed to the environment medium. The retardation time was
fixed as Tv = 600 days. The asymptotic hardening creep coefficient
was considered as being ¢,* = 2.0, as recommended by Kawano
and Warner [4]. The asymptotic creep coefficient related to viscous
elastic effects, ¢ *, exhibit distinct values, case to case, as shown
in column 6, table 1, that is obtained by the difference between the
total asymptotic creep coefficient of NBR 6118/2014 [1] and the
asymptotic hardening creep coefficient.

The analysis was performed according to the “Plane State
of Stresses”.

For the purposes of covering the creep phenomenon longevity, the
maximum age limit of concrete was set as 4000 days, which cor-
responds to the age from which the creep displacements, virtually,
stabilizes, figure 5. Such a period of time was discretized from ob-
servation instants at 60, 120, 250, 500, 1000, 2000 and 4000 days.

6. Results and discussion

EE

From the obtained results it may be observed that, for the equilibrium
configuration referring to the final load, the fields of the axial displace-
ments and of the normal stresses took the morphologies shown in
figures 6 and 7, respectively. For all studied cases, the displacement
magnitude at the column top and the stress on the mass of the con-
crete, were about 2.1 mm and 15 MPa, respectively, table 2.

Creep displacements
- Reinforcement ratio of 0.63%

5.0

4.0

3.0

20

Displacement(mm)
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00 =
0 1000 2000 3000 4000

Age(Days)
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Figure 8

Creep displacement curves for reinforcement ratio
of 0.63%
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Table 2
General results
Cases Displacement (mm) Concrete stress (MPa) Reinforcement stress (MPa)
Loading Creep Loading Creep Loading Creep
1 2.05 4.83 14.8 12.6 143.3 479.6
2 2.05 4.02 14.8 13.0 143.3 423.0
3 2.05 3.46 14.8 13.2 143.3 384.2
4 2.07 4.5] 14.9 11.6 144.3 456.8
5 2.07 3.80 14.9 12.2 144.3 408.2
o) 2.07 3.30 14.9 12.6 144.3 373.8
7 2.10 4.10 15.0 10.0 146.4 428.4
8 2.10 3.53 15.0 11.1 146.4 389.6
9 2.10 2.80 4152 80 0.00 0.00
10 2.05 5.96 14.8 12.8 143.3 500.0
11 2.05 4.88 14.8 12.6 143.3 482.6
12 2.05 3.70 14.8 13.1 143.3 401.0
13 2.07 5.37 14.9 11.3 144.3 500.0
14 2.07 4.55 14.9 11.6 144.3 459.4
15 2.07 3.55 14.9 12.4 144.3 388.9
16 2.10 4.76 15.0 9.6 146.4 472.2
17 2.10 413 15.0 10.4 146.4 430.5
18 2.10 3.29 15.0 11.4 146.4 373.6
19 2.05 7.13 14.8 12.5 143.3 500.0
20 2.05 5.55 14.8 12.5 143.3 500.0
21 2.05 4.26 14.8 12.9 143.3 440.2
22 2.07 6.23 14.9 11.4 144.3 500.0
23 2.07 5.21 14.9 11.4 144.3 500.0
24 2.07 4.05 14.9 12.0 144.3 425.0
25 2.10 5.49 15.0 9.9 146.4 500.0
26 2.10 4.64 15.0 9.8 146.4 464.1
27 2.10 3.73 15.0 10.9 146.4 403.3

By examining the field of stresses, figure 7, it may be noted that the
overall feature shows discrete stress variations, except on the re-
gion near of the column top, namely the loading introduction zone,
where a tenuous disturbance was raised.

Once the creep phenomenon has been triggered, the strains by
time evolved according the curves showed in figure 8. It may be
observed that, as the softest the fresh concrete consistency as
the greatest column displacements. For some studied cases it oc-
curred the yielding phenomenon in the steel reinforcement bars
even before the creep stabilization, that's why, the associated
curves in figure 8 are interrupted before 2400 days. For case 25,
specially, the field of creep displacements stabilised itself at 4000

"x" Dir. Disp. (cm)

Figure 9
Longitudinal displacement field due to creep at
4000 days - Case 25

days according the fashion presented in figure 9. For the remaining
cases, up to the age for which the mechanical analysis has carried

Concrete Stress
Moisture Content of 40%

16.0

Stress (MPa)

8.0

6.0

0 1000 2000 3000 4000
Age (Days)
——CASE1 -=-CASE 4 ——CASE7 ——CASE 10 ——CASE 13
—-CASE16 ~ —— CASE 19 ——CASE 22 CASE 25
Figure 10

Evolution of stresses on the concrete for 40%
moisture content
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Figure 11
Normal stress field in the concrete at 4000 days -
Caose 16

out, the field of creep displacements presented similar features
differentiated, solely, by their numeric values, table2. The small-
est increase of creep displacements was registered for case 9,
which refers to the smallest slump test abatement. The magnitude
of such a displacement was about 2.8 mm, corresponding to 1.3
times the displacement at the instant of loading. The largest in-
crease of creep displacements, in the other hand, was registered
for case 19, which concerning to the highest slump test abatement,
reaching a magnitude about 7.1 mm, that corresponds to 3.5 times
the displacement at the instant of loading.

Due to creep strains the mass of the concrete experienced stress
relief. The stress magnitudes evolved in accordance to the curves
of figure 10. For case 16 the stresses field stabilised itself according
the aspect illustrated in figure 11. For the other cases, the fields of
stresses display similar fashion, differing mainly with regard to the
stresses magnitudes, table 2. The lowest stress relief was about
10%, registered in case 3, that is referred, to the lowest slump test
abatement while one of the largest stress relief was about 35%,
verified to the case 26, referring to the highest slump test abate-
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Evolution of stresses on the reinforcement for 40%
moisture confent

ment. It is observed from the comparison between figures 7 and 11
that the creep strains have intensified the stresses disturbance at
the column top region.

As a result of the creep effect the stresses on the reinforcement
steel bars evolved according the curves of figure 12, noting up
their magnitude increase. The smallest overstress was registered
to the case 9, referring to the lowest slump test abatement, whose
variation was about 164%, table 2. On the other hand, the largest
one was observed in cases 19, 20, 22, 23 and 25, referring to the
highest slump test abatement culminating, acording table 2, in the
material yielding, in some cases, already, after 500 days from the
concrete cast.

The fresh concrete consistency effect upon the concrete sound
creep strains is enhanced from the curves of figure 13. The ob-
tainned results reveal that, for the crescent range by the slump test
abatement from 0 to 4 cm, from 5 to 9 cm and from 10 to 15 cm,
the effective creep coefficient, that is defined as the ratio between
the column shortening due to creep and its value registered at the
instant of loading, presented the crescent values 2.4, 2.9 and 3.5,
resulting on a difference of aproximatilly 47%, between the largest
and the smallest values for such parameter.

7. Conclusions

EE

This work refers to the analysis of the fresh concrete consistency
effect upon creep strains on reinforced concrete thin-walled col-
umns, on the basis of a state model, from a non-linear orthotropic
formulation and the finite element approximation.

In order to the fulfilment this subject, some cases differentiated
among themselves by the slump test abatement, by the reinforce-
ment ratio and by the moisture content were studied

The obtained results showed that for the adopted values by envi-
ronmental conditions and the parameters of the analysed cases,
the creep strains, virtually, reaches the stationary condition before
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the age of 4000 days from concrete cast.

Furthermore, it was noted the occurrence of stresses relief in the
mass of concrete that was as greater as higher the slump test
abatement, as it would be the expected trend.

The analysis performed in this paper pointed out too, the occur-
rence of stresses increase on the reinforcement steel bars as yeah
reported in [3] that, for some of the highest slump test abatement
cases, culminated with the material yielding condition, as reported
in [8], already, at 500 days from the concrete cast.

In addition, it was observed that, the effective creep coefficient,
defined as the ratio between the column shortening due to creep
and the observed contraction at the instant of loading, assumed
values as greater as higher the slump test abatement, enhancing
in this way that, as softer the fresh concrete consistency the larger
the creep strains.

It is worthwhile to mention that, in some of those studied cases
whose slump test abatement was the highest, the creep strains at
earlier ages were so pronounced that the steel of the reinforcement
bars reached the yielding condition too precociously and so the
column lost its structural stability before the concrete creep strains
had reached the stationary stage. In this way, as a matter of fact,
the concrete creep displacements presented values much lower
than it would have been if still yelding had not occurred so early.
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