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Editorial
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The fourth issue of volume nine of the IBRACON Structures and Materials Journal (Volume 9 Num-
ber 4, August 2016) is now released. The issue begins with a global stability analysis of a reinforced
concrete plane frame aiming at an evaluation of the Gama Z coefficient from the Brazilian Norm NBR
6118:2014. In the second article an hourglass-shaped specimen is proposed for determining the com-
pressive resistance of mortar and concrete. Numerical results are presented, showing that the highest
stress occurs at the center of the specimen. Experimental results indicate advantages with respect
to the cylindrical specimen. Another article deals with the determination of water retention curves for
mortars and concrete using the filter paper method. The fourth article describes an automatic proce-
dure for geometry definition and analysis of axisymmetric domes by the membrane theory. An example
shows the differences between a spherical dome with constant thickness and a dome subjected to
constant stress. The fifth article addresses the effects of electric arc furnace slag on the expansion of
mortars subjected to alkali-aggregate reaction, evaluating its effectiveness as a partial replacement of
cement according to NBR 15577:2008. In the next article, a digital image correlation procedure is ap-
plied for evaluating the concrete modulus of elasticity. The seventh article presents an analysis on cor-
rosion parameters of reinforcing steel bars. Tests confirmed the better performance obtained from the
coated bars. The last article presents an experimental study on the partial replacement of fine aggre-
gates in mortar by sugarcane bagasse ash to evaluate the effects on cement hydration at early ages.

We acknowledge the dedication of authors and reviewers, responsible for the high quality of the pub-
lished articles.

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

O quarto numero do volume nove da Revista IBRACON de Estruturas e Materiais (Volume 9 Numero
4, Agosto de 2016) esta sendo publicado. O numero inicia com uma andlise da estabilidade global de
um portico plano de concreto armado visando avaliar o coeficiente Gama Z da Norma Brasileira NBR
6118: 2014. No segundo artigo um corpo de prova em forma de ampulheta é proposto para a deter-
minacao a resisténcia a compresséo de argamassa e concreto. Resultados numéricos sao apresen-
tados, indicando que a maior tensdo ocorre no centro do corpo de prova. Resultados experimentais
indicam vantagens no que diz respeito ao corpo de prova cilindrico. Outro artigo trata da determina-
¢ao de curvas de retengdo de agua para argamassa e concreto utilizando o método de papel-filtro. O
quarto artigo descreve um procedimento automatico para definicdo da geometria e andlise de cupulas
axissimétricas pela teoria da membrana. Um exemplo mostra as diferengas entre a cupula esférica
com espessura constante e uma cupula sujeita a tensdes normais constantes. O quinto artigo aborda
os efeitos da utilizagdo de escoéria de aciaria sobre a expansdo de argamassas sujeitas a reagéo
alcali-agregado, avaliando a sua eficacia como uma substituicdo parcial dos cimentos com base nas
orientacdes da NBR 15577:2008. No artigo seguinte, um procedimento de correlagdo de imagens
digitais é aplicado para avaliar o médulo de elasticidade do concreto. O sétimo artigo apresenta a
analise da corrosao em barras de aco revestidas pelo processo de galvanoplastia com zinco e zinco-
-niquel, e barras sem revestimento. Testes confirmaram o melhor desempenho obtido pelas barras
revestidas em ambientes com forte agéo de cloretos. O ultimo artigo apresenta um estudo experimen-
tal sobre a substituicdo parcial de agregados finos em argamassas por cinzas de bagaco de cana de
agucar para avaliar os efeitos sobre a o processo inicial de hidratagdo do cimento.

Agradecemos a dedicacdo dos autores e revisores, responsavel pela alta qualidade dos artigos
publicados.

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Rafael Giuliano Pileggi,
Roberto Caldas de Andrade Pinto e Tulio Nogueira Bittencourt, Editores
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Analysis of second order effects: case study

Analise de efeitos de 22 ordem: estudo de caso

J.R.BUENO®
jefersonrafael@utfpr.edu.br

D. D. LORIGGIO®
daniel.loriggio@ufsc.br

Abstract

This paper presents a nonlinear static analysis of a reinforced concrete plane frame. It has as main objective is to realize a global stability verifica-
tion of a plane frame, by using geometric stiffness matrix. In order to obtain first and second order combined effects, equilibrium and kinematic
relations were studied in the deformed geometric configuration. These results were obtained by using geometric stiffness matrix and multiplying
horizontal forces by Gamma-Z coefficient. Both procedures disclosed very similar results in the study, indicating that Gamma-Z can be used to
study equilibrium and kinematic relations in deformed geometrical configuration of the structure.

Keywords: nonlinear analysis, instability, second order analysis, Gamma-Z.

Resumo
E——

Neste artigo apresenta-se a andlise estatica ndo linear de um pdrtico plano de concreto armado. Tem-se como objetivo geral realizar a analise de
verificagao de estabilidade global de um pértico plano, com utilizagdo da matriz de rigidez geométrica. Para a obtengéo dos efeitos combinados
de primeira e segunda ordem, o equilibrio e as relagdes cinematicas foram estudadas na configuragdo geométrica deformada. Estes resultados
foram obtidos por meio de utilizagdo da matriz de rigidez geométrica e por meio da multiplicagcdo dos esforgos horizontais (caracteristicos) pelo
coeficiente Gama-Z. Ambos os procedimentos apresentaram resultados muito préoximos, no estudo, o que indica que o Gama-Z pode ser utilizado
para o estudo do equilibrio e das relagbes cinematicas na configuragdo geométrica deformada da estrutura.

Palavras-chave: analise nao linear, instabilidade, analise de segunda ordem, Gama-Z.
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1. Introduction

EE

In geometric linear analysis, or first order analysis, efforts are de-
termined through the structure’s equilibrium. This equilibrium and
kinematic relationships are studied in the structure’s initial geomet-
ric configuration, i.e., undeformed configuration.

When the structure is subjected to horizontal forces (e.g. wind
action), these forces cause horizontal displacement that, due to
structure’s flexibility, can cause additional effects added to those
determined in first order analysis (1 order).

The additional effects are called second-order effects (2" order),
which must be determined considering materials’ nonlinear be-
havior and deformed configuration in equilibrium analysis [1], [2].
These considerations are denominated physical and geometric
nonlinear analysis [3]. Total efforts are, then, equal to the sum of 1t
and 2™ order efforts’.

Thus, many structures need equilibrium and kinematic relationships
to be used in the structure’s deformed configuration [4]. Thus, global
stability verification becomes a requirement in project design of re-
inforced concrete buildings, which aims to ensure structure’s safety
in relation to an ultimate limit state of instability and, to thereby veri-
fication, there are some simplified procedures called global stability
parameters [5]. There are also more sophisticated procedures, as
disclosed in references [6-8], the process P— A and methods us-
ing structure’s geometric stiffness matrix [9].

1.1 Justification

Nonlinear or 2" order analysis require knowledge, understand-
ing and consideration of physical and geometric nonlinearities,
besides numerical methods’ use to structure discretization and
equations’ resolution that govern the problem. Thus, this study is
justified by the presentation of a simplified approach (approximate)
to equilibrium and kinematic relations’ assessment in the deformed
configuration of equilibrium and to perform qualitative and quanti-
tative analysis of the phenomenon.

2. Objectives
EE
2.1 Main objective

Perform global stability control analysis of a particular plane frame
case, using geometric stiffness matrix.

2.2 Specific objectives

B Check the need of 2" order effects’ consideration;

B Calculate 2™ order efforts;

B Compare 2™ order results obtained from the geometric stiffness
matrix, with those calculated by the approximate procedure.

od

Simplified procedures to 2" order
effect verification

EE

The Brazilian Code NBR 6118 [2] introduces two simplified proce-
dures to verify the need for 2" order effects’ consideration, Alpha
parameter (@) and Gamma-Z coefficient (7.). These processes
are briefly discussed below.

3.1 Alfa instability parameter

Its use is only intended to make an assessment of the building’s
stability, being Alfa instability parameter calculated by equation (1).

| &5 ()

in which, H, is the structure’s total height, N, is the sum of
service vertical loads and ZEJC is the sum of the bracing ele-
ments stiffness.

According to the NBR 6118 [2], 2" order effects must be consid-
ered if o> ¢, being o, =0,5 in structures composed only by
frames, in accordance with the standard code.

3.2 Gamma-Z coefficient (y,)

The 7. coefficient is a simplified assessing process of global stabil-
ity and 2™ order effects [5], [10], [11] and is also known as 1%t or-
der effects’ multiplier. NBR 6118 [2] recommends that if  <1,10
the structure is classified as fixed nodes and, therefore, 2" order
effects might be disregarded. To y_>1,10 it should consider the
effects and, in this situation, the structure is classified as mobile
nodes [2]. The coefficient is calculated by equation (2).

1

T Ay, V)

1,Tot,d

in which:

AM,,, , — The sum of vertical design forces products’ acting by
their respective 1%t order displacements;

M, ra = Moment that tends to overturn the structure.
According to reference [12], it is possible to correlate a param-
eter and y. coefficient by a cubic equation. However, 7. coeffi-
cient turns @ parameter less important, because with 7. use is
possible to evaluate the building stability and estimate 2™ order
effects. Nonetheless, it is important to relativize this information,
since other consulted references do not mention it. Reference [13]
reports that there are special cases in which 7. may not be applied
or may result in errors above acceptable limits.

4. 2" Order effects analysis

EE

Second order effects take into account structure deformation (geo-
metric nonlinearity) and nonlinear behavior of reinforced concrete
sections (physical or material nonlinearity). The choice of the most
suitable procedure to be used depends on various factors, such
as structure’s displacements and rotations’ magnitude, normal ac-
tive forces’ level, structure’s sensitivity to 2" order effects, among
others. Geometric stiffness matrix’s use is one of the possible al-
ternatives that can replace, with advantages, the P—A process.
Other procedures also were developed, such as Two Cycles Itera-
tive Method, Fictitious Side Load Method, lterative Gravity Load
Method and Negative Stiffness Method, which can be verified in
reference [14].
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4.1 Geometric stiffness matrix

Geometric stiffness matrix [KG] is one of three matrixes that
comprises the secant matrix [KS] which relates applied forces to
the displacements [5], [15]. The two other plots are classic linear
elastic stiffness matrix [KE] and the matrix that expresses axial
forces resulting from nodal displacements perpendicular to bars’
axis [K, ] [16].

Geometric stiffness matrix, for a plane frame element (beam ele-
ment), is given by equation (3), in which P is axial force on the
element and [ is bar length [17]. Geometric stiffness matrix takes
into account the interaction between axial force and bending mo-
ment on the bar for structures formed by prismatic bars subjected
to moderate rotations. Moreover, as it turns out, geometric matrix
depends not only of the element geometry, but also of the active
internal efforts P . For a nonlinear geometrical analysis, the full
[K ] may be adopted, equation (4) or only [K;] and [K, ]- equa-
tion (5) [16].

[0 0 0 0 0 0 ]

0 6 L 0 6 I

5 10 5 10

o L ,p 0 I r

P 10 15 10 30

K.l==

[%c] Il o 0 0 0 0 0 (3>

0 6 1L 0 6 _I

5 10 5 10

0o I R 212

L 10 30 10 715

[Ks]=[K: ]+ [Ko ]+ [K)] (4)

[K1=[K, ]+ [K, ] (5)

4.2 Approximate procedure (simplified)

This procedure consists in multiplying horizontal actions by the 7.
coefficient, if it is greater than 1,10 (mobile nodes structure). Thus,
are calculated, in an approximate way, the results of 15t and 2" or-
der effects in the structure. However, to make a smoother transition
between the cases, NBR 6118 [2] recommends to use 0,95xy, .
In this article, it is justified the use of full 7. to be able to compare
results among different performed analyzes.

The procedure is performed to each one of the combinations of the
actions, as shown in equations (11) and (12), in which the ),
value used must correspond to the combination in analysis. It is
worth to remember that this procedure is treated as a simplified
approach (approximate) in order to evaluate equilibrium and kine-
matic relations’ in the deformed configuration of the structure.

5. Method

In this article, there were carried out numerical studies of qualitative
character, as it intends to investigate the relations among studied
variables accurately. It is used a plane frame with 14 nodes and 18
bars, Figure 1. The study consists of numerical analysis, which were
performed by programming (script) in MatLab' and Mix System?.
For the actions wind forces were considered, as well as the forces
resulted from the structural elements’ weight and using loads’ (ac-
cidental loads).

In the analysis with & parameter, only actions due to wind were
used, with the characteristic values, in order to determine the maxi-
mum structure displacement. With the sum of these loads, it was
possible to obtain an equivalent distributed load which cause the
same displacement at the top in a fictitious column. Thus, E_I,
value was obtained, which is an equivalent value.

Numerical analysis of 2™ order effects (nonlinear geometric
analysis) were made with Mix System, using secant matrix given
by equation (5). The 2" order analysis’ results were taken as a
reference to comparison with the approximate procedure.

5.1 Materials’ physical characteristics

For the frame, it was used concrete with compressive strength char-
acteristic f,, =30MPa . Secant stiffness of structural elements is
treated differently for beams and columns, so that, in a simplified
form, the nonlinearity of the materials can be considered, a result
of nonlinear relations between stress and deformation and of rein-
forced concrete behavior. This procedure, which is consistent with
NBR 6118 [2], consists in reducing the stiffness values of each struc-
tural element type. Thus, for beams with different compression and
tension reinforcement and pillars, it is used value given by equations
(7) and (8), respectively. In which I, is the moment of inertia of the
gross concrete section and o, =1 (granite and gneiss).

E,=0a,56004f, <6)
(EI)ge =04E,L (7)
(EI)g,. =0.8E,] (8)

4906 M

1 http://www.mathworks.com - Student version.
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Figure 1 - Combinations 1 and 2
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5.2 Plane frame geometric characteristics

Pillars’ sections are rectangular with 30 x 25 cm dimensions,
where the 25 cm dimension is the one on the bending plan of the
plane frame. To simulate rigid diaphragm effect, the beams (cross-
section of 15 x 40 cm) are simulated with cross-sectional area of
6><105cm2, fictitious increase, trick that enables to obtain equal
horizontal displacements along pavement points.

5.3 Actions

In this paper, were used permanent and accidental loads. In the
analysis, were used two loads’ combinations for ultimate limit
state. The first load case considers the wind as main accidental
action, equation (9) where y; =0,7 (commercial buildings). The
second case considers wind action as a secondary accidental ac-
tion, equation (10), with y, =0,6. In these equations, “g” index
refers to permanent loads, “q” to vertical accidental loads, “V” to
wind action (horizontal loads) and “k” to characteristic values of
each action. Combinations used in the approximate procedure are

presented in equations (11) and (12).

Fd = 1,4ng + 1,4Vk + 1’4\V0Fqk (9)

Fd = 1,4ng +1’4Fqk +1’4W0Vk

(10)

Fd = 1,4ng +Y2194Vk +1,4\|]0Fqk

(1)

Fd = 1,4ng +1’4Fqk +'Yzl,4\|/0Vk

(12)

Figure 1 shows used values in each combination (final values).
For the approximate procedure, it was used MatLab script, where
only wind actions on Figure 1 (a) and Figure 1 (b) are multiplied
by J, coefficient.
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Figure 2 - Horizontal displacements (cm)

Node

6. Results and discussions
E——

6.1 Alpha and Gamma-Z (a, v,)

For a coefficient, it was obtained 0,64 and in accordance with
NBR 6118 [2], 2 order effects must be considered, because
a>a

Regarding 7. coefficient, two values were obtained, one for each
one of the actions’ combinations. For the first combination, equa-
tion (11), which has wind as main accidental action, the obtained
value was y, =1,10. For the second combination, equation (12),
with vertical load as main accidental action, the obtained value was
7. =1,11. NBR 6118 [2] recommends that 2™ order effects must
be considered if y, >1,10. Therefore, with & parameter and 7,
coefficient is possible to verify that it is necessary to consider 2
order effects. The next section deals with this subject.

6.2 Second order analysis

Figure 2 shows results of horizontal displacements of nodes 1 to 5,

Figure 3 - Horizontal displacements,
difference (%)

Node
5 A [ O]
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3 .
2 o B
I [’ WL .} ............ - Iu:1n\;\u\t\‘\i : — .{r{/;].)

16% 18%

for 1t order analysis, COMB.1 equation (9) and COMB.2 equation
(10), and nonlinear analysis (2" order) arising out of the two previ-
ous combinations, and CBNL.1 CBNL.2, respectively.

It is found that the larger displacement amplitudes are obtained
from combination 1, which uses equation (9), which has wind
action as main accidental. However, to the same combination,
COMB.1, there was obtained the lowest value to 7. coefficient.
This is because 2™ order effects are due to the product of vertical
loads by respective horizontal displacements. While in COMB.1 it
was verified the greatest horizontal displacements, COMB.2 has
the largest vertical loads and greater 2™ order effect, in this case.
Displacements’ difference between 1t and 2™ order analysis, for
each of the combinations, is featured in Figure 3.

It is verified that to the node 5 (top of the frame), with the first ac-
tions’ combination there is an increase in displacements of 11,26%,
when performing 2™ order effects analyses. For the second combi-
nation, the increase was 11,66%. In both cases, the biggest differ-
ence is obtained for node 2, with maximum value of 16,29% in the
second combination.

Bending moments at pillars’ base (bars 1, 5 and 9), obtained for
all combinations (1t and 2™ order) are presented in Figure 4 and
Figure 5. In Figure 4, wind action is the main accidental action,
and Figure 5 has wind action as a secondary accidental action.
In both figures, it is noted that the portion due only to 2™ order
efforts is greater than 10% in all pillars and combinations (right
vertical axis in the figures), in which “[2“/1“]—1" represents the
difference in percentage of geometric nonlinear analysis (2")
over linear analysis (1).

Figure 4 - Relations between bending moments
in 1* and 2™ order analysis: Combination 1
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®1%°0Ordem 0O2*Ordem ®@(2%1%)-1

408

IBRACON Structures and Materials Journal 2016 * vol. 9 +n°4



J.R.BUENO | D. D. LORIGGIO

Figure 5 - Relations between bending moments
in 1 and 2™ order analysis: Combination 2
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6.3 Approximate procedure (simplified)

To differentiate the results, at the figures’ legend, results obtained
by simplified or approximate analysis (described in 4.2) are indi-
cated by “7.” and results obtained by nonlinear geometric analysis
are indicated by “ 227,

Results of horizontal displacement from nodes 1, 2, 3, 4 and 5 are
presented in Figure 6 and the difference between the two procedures
is reported in Figure 7. Bending moment values at the pillars’ base,
with their respective comparing results, are featured in Figure 8.

Table 1 - Horizontal displacements (cm)

¥z coms.2

1 0 0

2 3,79% 3,14%
3 2,69% 1,90%
4 1,30% 0.30%
5 0,18% -1,25%

Table 2 - Bending moment at pillars’ base

(kKN-m)
2 coms.2
1 2,92% 1,86%
6 0,22% -0,22%
11 1,32% 1,18%

These results prove that approximate procedure achieved an ex-
cellent performance compared to refined method, which uses geo-
metric stiffness matrix. In Table 1 and Table 2, it is possible to better
visualize the difference between procedures for displacements and
bending moments, respectively. It is noted that for displacements
at the top of the frame (node 5), relative difference is only 0,18% for
combination 1, and only -1,25% for combination 2, and in the latter
case, approximate procedure is in favor of safety.

7. Conclusion
E——

The study presented in this article reports the importance of check-
ing 2" order effects in order to guarantee the structure’s safety.

Figure 6 - Horizontal displacements (cm)
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Figure 7 - Horizontal displacements:
difference (%)
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Figure 8 - Relations between bending moments: geometric
nonlinear analysis and approximate procedure
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It was found that the a parameter and the 7. coefficient were
effective to demonstrate the need of evaluation of these effects.
Geometric nonlinear analysis, using geometric stiffness matrix,
was satisfactory to obtain efforts and displacements due to 2™ or-
der effects. These effects have shown to be greater than 10% of
the 1%t order effects. Fact that the simplified procedures & and 7.
already indicated.

The approximate procedure, which consists in multiplying hori-
zontal forces by the 7. coefficient, proved to be suitable to
obtain the desired 2" order effects of the studied plane frame,
both to the displacements and bending moments. It was found
that the approximate procedure application is simple and
does not require advanced knowledge on nonlinear geometric
analysis, as it is required in the refined method. However, the
results are valid to structural characteristics simulated in this
article and this verification should not be extrapolated for other
structures.
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Abstract

This paper presents a nonlinear static analysis of a reinforced concrete plane frame. It has as main objective is to realize a global stability verifica-
tion of a plane frame, by using geometric stiffness matrix. In order to obtain first and second order combined effects, equilibrium and kinematic
relations were studied in the deformed geometric configuration. These results were obtained by using geometric stiffness matrix and multiplying
horizontal forces by Gamma-Z coefficient. Both procedures disclosed very similar results in the study, indicating that Gamma-Z can be used to
study equilibrium and kinematic relations in deformed geometrical configuration of the structure.

Keywords: nonlinear analysis, instability, second order analysis, Gamma-Z.

Resumo
E——

Neste artigo apresenta-se a andlise estatica ndo linear de um pdrtico plano de concreto armado. Tem-se como objetivo geral realizar a analise de
verificagao de estabilidade global de um pértico plano, com utilizagdo da matriz de rigidez geométrica. Para a obtengéo dos efeitos combinados
de primeira e segunda ordem, o equilibrio e as relagdes cinematicas foram estudadas na configuragdo geométrica deformada. Estes resultados
foram obtidos por meio de utilizagdo da matriz de rigidez geométrica e por meio da multiplicagéo das forgas horizontais pelo coeficiente Gama-Z.
Ambos os procedimentos apresentaram resultados muito préoximos, no estudo, o que indica que o Gama-Z pode ser utilizado para o estudo do
equilibrio e das relagdes cinematicas na configuragdo geométrica deformada da estrutura.
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1. Introducgao

EE

Na andlise linear geométrica, ou andlise de primeira ordem, os es-
forgcos sao determinados por meio do equilibrio da estrutura. Este
equilibrio e as relagdes cinematicas sdo estudados na configura-
¢ao geométrica inicial da estrutura, ou seja, indeformada.
Quando a estrutura é submetida as forgas horizontais (como a
acao do vento), estas provocam deslocamentos horizontais, que
devido a flexibilidade da estrutura, podem ocasionar efeitos adi-
cionais em relagdo aqueles determinados na analise de primeira
ordem (12 ordem).

Os efeitos adicionais séo chamados de efeitos de segunda ordem
(22 ordem), que devem ser determinados por meio da considera-
¢ao do comportamento ndo linear dos materiais e da configuragao
deformada na analise do equilibrio [1], [2]. A estas consideragdes,
denomina-se a analise nao linear fisica e ndo linear geométrica
[3]. Os esforgos totais sdo, entdo, iguais a soma dos esforgos de
12 e 22 ordem.

Assim, muitas estruturas necessitam que o equilibrio e as rela-
¢bes cinematicas sejam analisadas na configuragcdo deformada
da estrutura [4]. Dessa forma, a verificagdo da estabilidade global
passa a ser um requisito na elaboracdo de projetos de edificios
de concreto armado, que visa garantir a seguranca da estrutu-
ra em relagdo a um estado limite ultimo de instabilidade e, para
a verificagdo deste, existem alguns procedimentos simplificados
chamados de parametros de estabilidade global [5]. Ha também,
procedimentos mais refinados, como apresentado nas referéncias
[6-8], o processo P— A e métodos que utilizam a matriz de rigidez
geométrica da estrutura [9].

1.1 Justificativa

As andlises nao lineares, ou de 22 ordem, demandam o conheci-
mento, entendimento e consideragdo das nao linearidades fisica
e geométrica, além da utilizagdo de métodos numéricos para dis-
cretizagdo da estrutura e resolugéo das equagdes que governam
o problema. Desse modo, o presente trabalho tem como justifica-
tiva a apresentagdo de uma abordagem simplificada (aproximada)
para a avaliagao do equilibrio e das relagdes cinematicas na con-
figuragéo deformada do equilibrio e realizar analises qualitativas e
quantitativas do fenémeno.

2. Objetivos
——

2.1 Objetivo geral

Realizar a analise de verificagdo de estabilidade global de um
caso particular de portico plano, com utilizagao da matriz de rigi-
dez geométrica.

2.2 Objetivos especificos

B Verificar a necessidade de consideracdo dos efeitos de
22 ordem;

B Calcular os esforgos de 22 ordem;

B Comparar os resultados de 22 ordem, obtidos com a matriz
de rigidez geométrica, com os calculados pelo procedimento
aproximado.

3. Processos simplificados para
verificagao do efeito de 2% ordem

A NBR 6118 [2] apresenta dois processos simplificados para a
verificagdo da necessidade da consideracéo dos efeitos de 22 or-
dem, o parametro Alfa () e o coeficiente Gama-Z (7, ). Esses
processos sao brevemente discutidos a seguir.

3.1 Paréametro de instabilidade alfa (o)

Sua utilizagédo tem o propdsito de apenas fazer uma avaliagéo da
estabilidade do edificio, sendo o parametro de instabilidade Alfa
(a) calculado pela equagéo (1).

ot | & ()

em que, H,,6 € a altura total da estrutura, ZNk € 0 somatorio
das cargas verticais de servico e, ZECIC € o somatério das rigi-
dezes dos elementos de contraventamento.
Pela NBR 6118 [2], os efeitos de 22 ordem devem ser considera-
dos caso o > ¢, sendo ¢, =0,5 para estruturas compostas so-
mente por porticos, de acordo com a norma.

3.2 Coeficiente gama-z (y,)

O coeficiente 7, € um processo simplificado de avaliagio da estabili-
dade global e dos efeitos de segunda ordem [5], [10], [11] e, também, &
chamado de multiplicador dos efeitos de 12 ordem. ANBR 6118 [2], reco-
menda que se ¥, <1,10 a estrutura é classificada como de nés fixos e,
portanto, podem se desprezar os efeitos de 2% ordem, ja para y, >1,10
deve-se considerar os efeitos e, nessa situagao, a estrutura € classifica-
da como de nés moveis [2]. O coeficiente é calculado pela equagéo (2).

_ 1
BT AM,, 2)

1.Tot,d

em que,
AM,, , — Soma dos produtos das forgas verticais de calculo atu-
antes pelos respectivos deslocamentos de 12 ordem;

M, ;,, . = Momento de tombamento de célculo.

De acordo com a referéncia [12], é possivel correlacionar o pa-
rametro « e o coeficiente y. por meio de uma equagédo cubica.
Todavia, o coeficiente ¥, deixa obsoleto o parametro « , pois, com
a utilizagdo de ). é possivel fazer a avaliagéo da estabilidade do
edificio além de estimar os efeitos de 22 ordem. Entretanto, é im-
portante relativizar essa informagao, ja que as demais referéncias
consultadas néo fazem mengao a mesma. A referéncia [13] infor-
ma que ha casos especiais em que o0 7, pode nao ser aplicado ou
resultar em erros acima de limites aceitaveis.

4. Analise dos efeitos de 22 ordem
E—

Os efeitos de 22 ordem levam em consideragdo a deformacéo da
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estrutura (ndo-linearidade geométrica) e o comportamento nao linear
das secbes de concreto armado (ndo-linearidade fisica ou material).
A escolha do procedimento mais adequado a ser usado depende de
varios fatores, como por exemplo a magnitude dos deslocamentos e
rotagdes na estrutura, o nivel dos esforgos normais atuantes, a sensibi-
lidade da estrutura aos efeitos de 22 ordem, entre outros. O uso da ma-
triz de rigidez geométrica € uma das alternativas possiveis, que pode
substituir, com vantagens, o processo P —A . Outros procedimentos,
também, foram desenvolvidos, como por exemplo, Two Cycles lte-
rative Method, Fictitious Lateral Load Method, Iterative Gravity Load
Method, e Negative Stiffness Method, que podem ser verificados na
referéncia [14].

4.1 Matriz de rigidez geométrica

A matriz de rigidez geométrica [KG] € uma das trés matrizes que
compdem a matriz secante [Ks], que relaciona as forgas apli-
cadas aos deslocamentos [5], [15]. As outras duas parcelas sao
a classica matriz de rigidez elastica linear [K, | e a matriz que
expressa as forgas axiais decorrentes dos deslocamentos nodais
perpendiculares ao eixo das barras [K, ] [16].

Para um elemento de pértico plano (beam element) a matriz de
rigidez geométrica é dada pela equacao (3), em que, P ¢é o esfor-
¢o axial no elemento e [ € o comprimento da barra [17]. A matriz
de rigidez geométrica leva em consideragao a interacao entre a
forga axial e o momento fletor na barra, para estruturas formadas
por barras prismaticas sujeitas a rotagdes moderadas. E como se
verifica, a matriz geométrica depende nao somente da geometria
do elemento, mas também do esforgo interno atuante P .

Para uma analise n&o linear geométrica pode-se adotar [KS] com-
pleta, equagao (4), ou apenas [K,;] e [K, ] - equagZo (5) [16].

o o o 0o o0 0]

0 6 L 0 6 I

5 10 5 10

o+l r 0 1 r

P 10 15 10 30

K;]=~

L] /0o 0 0 0 0 0 3)

v e 406 7

10 5 10

o L 2 0 I 212

i 10 30 10 715

[K1=[K, 1+ [Ko ]+ [K, ] (4)

[Ks]=[K: ]+ [K. ] (5>

4.2 Procedimento aproximado (simplificado)

Este procedimento consiste em multiplicar as agdes horizontais
pelo coeficiente 7., caso este seja maior que 1,10 (estrutura de
nés moveis). Dessa forma, se tém de maneira aproximada os re-
sultados dos efeitos de 12 e 22 ordem na estrutura. Porém, para
fazer uma transigcdo mais suave, entre os casos, a NBR 6118 [2]
recomenda utilizar 0,95x 7, . Neste artigo justifica-se o uso de 7.
integral para se poder comparar os resultados entre as diversas
anadlises realizadas.

O procedimento é realizado para cada combinagdo das agdes,
como mostram as equagdes (11) e (12), em que, deve-se utilizar
o valor de 7. correspondente a combinacdo em quest&o. Lembra-
-se que este procedimento, aqui, é tratado como uma abordagem
simplificada (aproximada) para a avaliagéo do equilibrio e das re-
lagdes cinematicas na configuragdo deformada do equilibrio.

5. Meétodo
|

Neste artigo realizaram-se estudos numéricos de carater qualita-
tivo, pois se pretende investigar as rela¢des entre as variaveis de
estudo de modo detalhado. Utiliza-se um portico plano com 14
nos e 18 barras, Figura 1. Estes estudos consistem em analises
numéricas, as quais foram realizadas por meio de programacgao
(script) em MatLab' e Sistema Mix2.

Para as agdes consideram-se as for¢as devidas ao vento, forgas
devidas ao peso proprio dos elementos estruturais e cargas de
utilizagdo (acidentais).

Na analise com o parédmetro « utilizaram-se apenas as agoes
devidas ao vento, com valores caracteristicos, para determinar o
deslocamento maximo da estrutura. Com o somatério destas car-
gas, obteve-se uma carga distribuida equivalente que causasse o
mesmo deslocamento no topo. Assim, obteve-se o valor de E_ /,
que é um valor equivalente.

As andlises numéricas dos efeitos de 22 ordem (analise nao linear
geométrica) foram feitas com o Sistema Mix, com uso da matriz
secante dada pela equagao (5). Os resultados da analise de 22
ordem foram tidos como referéncia para a comparagédo com o pro-
cedimento aproximado.

5.1 Caracteristicas fisicas dos materiais

Para o pértico utilizou-se concreto com resisténcia caracteristica a
compressao f., =30MPa . Arigidez secante dos elementos estru-
turais é tratada de maneira diferenciada para as vigas e pilares,
para que, de forma simplificada, possa se considerar a nio line-
aridade fisica dos materiais, consequéncia das rela¢des nao line-
ares entre tensdo e deformagdo e do comportamento conjunto do
concreto armado. Esse procedimento, que esta de acordo com a
NBR 6118 [2], consiste em reduzir o valor da rigidez de cada tipo de
elemento estrutural. Assim, para vigas com armadura de compres-
sdo diferente da armadura de tragdo e pilares, usa-se o valor dado
pelas equacdes (7) e (8), respectivamente. Em que /, € o momento
de inércia da segao bruta de concreto e &, =1(granito e gnaisse).

E,=0a;56004f, (6)

504

" http://www.mathworks.com/ - Verséo estudante.
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5.2 Caracteristicas geométricas do poértico plano

As secdes de pilares séo retangulares, com dimensdes de 30x25
cm, em que a dimenséo de 25 cm é a que esta no plano de fle-
xao do portico. Para simular o efeito de diafragma rigido, as vigas
(com secgao transversal de 15 x 40 cm) s&o simuladas com a area
da segdo transversal de 6x10°cm?®, aumento ficticio, artificio que
possibilita obter deslocamentos horizontais iguais para pontos
do pavimento.

5.3 Acgodes

Neste artigo utilizaram-se cargas permanentes e acidentais. Para
as anadlises foram utilizadas duas combinagdes de carregamentos,

para o Estado Limite Ultimo. O primeiro caso de carregamento
considera o vento como agao acidental principal (valores ficticios),
equagado (9) em que y, =0,7 (edificios comerciais). O segundo
caso considera a agao do vento como agao acidental secundaria,
equacgéo (10), com y, =0,6. Nestas equagdes, o indice “g” refe-
re-se as cargas permanentes, “q” as cargas acidentais verticais,
“V" a agdo do vento (forgas horizontais) e “k ” aos valores caracte-
risticos de cada agao. As combinagdes utilizadas no procedimento
aproximado sao apresentadas nas equagoes (11) e (12).

Fd = 1,4ng +1’4Vk +1,4\UOFqk

©

Fd = 1,4ng +1’4Fqk +1,4\UOVk

(10)

Fd = 1,4ng +YZ174Vk +1’4\V0Fqk

(1)
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Fd = 1,4ng +194Fqk +'YZI,4\IIOVk

(12)

A Figura 1 apresenta os valores utilizados em cada combinagao
(valores finais). Para o procedimento aproximado utilizou-se script
em MatLab, em que, apenas a acédo do vento na Figura 1 (a) e
Figura 1 (b) sdo multiplicadas pelo coeficiente .

6. Resultados e discussao
E——
6.1 Alfa e Gama-Z (a, Vz)

Para o coeficiente a obteve-se 0,64 e de acordo com a NBR
6118 [2], os efeitos de 22 ordem devem ser considerados, pois
a>a.

Em relacado ao coeficiente 7. foram obtidos dois valores, um para
cada uma das combinag¢des de agdes. Para a primeira combina-

Figura 2 - Deslocamentos horizontais (cm)

No

Figura 3 - Deslocamentos horizontais,
Diferenca (%)

Né

5 e
@ (CBNL.1/COMB.1)-1
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3 N

7

1 .‘II ot

0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

¢ao, equacéo (11), que tem o vento como agdo acidental principal,
obteve-se y_=1,10. Para a segunda combinagéo, equagéo (12),
com a carga vertical como agado acidental principal, obteve-se
y. =111. ANBR 6118 [2] recomenda que os efeitos de 2% ordem
devem ser considerados caso y, >1,10. Assim, com o parametro
a e coeficiente y, é possivel verificar que € necessario conside-
rar os efeitos de 22 ordem. O proximo item trata deste assunto.

6.2 Analise de 22 ordem

A Figura 2 apresenta os resultados de deslocamentos horizontais
dos nés 1 a 5, para as analises de 12 ordem, COMB.1 equacao (9)
e COMB.2 equagéo (10), e das analises nao lineares (2% ordem)
decorrentes das duas combinagdes anteriores, CBNL.1 e CBNL.2,
respectivamente.

Verifica-se que as maiores amplitudes de deslocamentos s&o ob-
tidas para a combinagéo 1, que utiliza a equacao (9), que tem o
vento como agao acidental principal. Entretanto, para a mesma
combinagédo, COMB.1, obteve-se o menor valor para o coeficiente
7, . Isto ocorre porque os efeitos de 22 ordem devem-se ao pro-
duto das cargas verticais pelos respectivos deslocamentos hori-
zontais. Enquanto que, pela COMB.1 tém-se os maiores desloca-
mentos horizontais, a COMB.2 possui os maiores carregamentos
verticais e maior efeito de 22 ordem, neste caso. A diferenca de
deslocamentos entre analises de 12 e 22 ordem, para cada uma
das combinagdes é exibida na Figura 3.

Verifica-se que para o n6 5 (topo do portico), com a primeira com-
binacao de agbes ha um aumento dos deslocamentos de 11,26%
ao realizar a analise dos efeitos de 2% ordem. Para a segunda

Figura 4 - Relacdo entre momentos fletores
para andlise de 1° e 2° ordem: combinagdo 1
180 — 40%
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Figura 5 - Relagdo entre momentos fletores
para andlise de 1° e 2° ordem: combinagdo 2
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combinagdo, o aumento é de 11,66%. Para os dois casos, a maior
diferenga é obtida para o n6 2, com valor maximo de 16,29% na
segunda combinagéo.

Os momentos fletores na base dos pilares (barras 1, 5 e 9), obti-
dos para todas as combinagdes (12 e 22 ordem) sdo apresentados
na Figura 4 e Figura 5. Na Figura 4 se tem a acdo do vento como
acao acidental principal, e na Figura 5 se tem a acao do vento
como agéo acidental secundaria. Em ambas as figuras, verifica-se
que a parcela devida apenas aos esforgos de 22 ordem é maior
que 10% para todos os pilares e combinacdes (eixo vertical direito

Tabela 1 - Deslocamentos horizontais (cm)

dit = CNBL2
Y2 coms.2

0
2 3,79% 3,14%
3 2,69% 1,90%
4 1,30% 0,30%
5 0,18% -1,25%

Tabela 2 - Momento fletor na base dos pilares

(kNm)
gifoCNBL1 4 _CNBL2
¥z coms.1 ¥z coms.2
1 2,92% 1,86%
6 0,22% -0,22%
11 1,32% 1,18%

das figuras), em que, ”[2“/1*‘]—1” representa a diferenga, em por-
centagem, da analise néo linear geométrica (2%) sobre a analise
linear (12).

6.3 Procedimento aproximado (simplificado)

Para diferenciar os resultados, na legenda das figuras, os resul-
tados obtidos pela andlise aproximada ou simplificada (descrita
no item 4.3) sao indicados por “7.” e os resultados obtidos pela
anadlise nao linear geométrica sao indicados por “22”.

Os resultados de deslocamentos horizontais, paraosnés 1, 2, 3, 4

Figura 6 - Deslocamentos horizontais (cm)
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Figura 8 - Relacdo entre momentos fletores: andlise
ndo linear geométrica e procedimento aproximado
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e Vento como a¢do acidental secundaria

e 5, sdo apresentados na Figura 6 e a diferenca entre os dois pro-
cedimentos é apresentada na Figura 7. Os valores de momentos
fletores na base dos pilares, com o respectivo comparativo entre
resultados, sdo evidenciados na Figura 8.

Estes resultados evidenciam que o procedimento aproximado ob-
teve excelente desempenho, em comparagao ao método refinado,
que utiliza a matriz de rigidez geométrica. Pela Tabela 1 e Tabe-
la 2 pode-se melhor visualizar a diferenga entre os procedimen-
tos para deslocamentos e momentos fletores, respectivamente.
Observa-se que, para deslocamentos no topo do pértico (n6 5),
a diferenca relativa é de apenas 0,18% para a combinacéo 1, e
de apenas -1,25% para a combinacao 2, sendo que neste ultimo
caso, o procedimento aproximado esta a favor da seguranga.

7. Conclusao
E——

O estudo apresentado neste artigo mostrou a importancia da veri-
ficagao dos efeitos de 22 ordem para garantia da seguranga da es-
trutura. Constatou-se que o parametro @ e o coeficiente ), foram
efetivos para mostrar a necessidade da avaliagdo destes efeitos.
A analise ndo linear geométrica, com o uso da matriz de rigidez
geométrica, foi satisfatoria para obter os esforgos e deslocamen-
tos devido aos efeitos de 22 ordem. Estes efeitos mostraram-se
ser maiores que 10% dos efeitos de 12 ordem. O que 0s processos
simplificados @ e }. ja haviam indicado.

O procedimento aproximado, que consiste em multiplicar as forgas

horizontais pelo coeficiente 7., mostrou ser adequado para a ob-
tencédo dos efeitos de 22 ordem do portico em estudo, tanto para
deslocamentos quanto para os momentos fletores. Verificou-se que
a aplicagao do procedimento aproximado é simples e nao requer
conhecimentos avangados sobre analise ndo linear geométrica,
como necessita o0 método refinado. Entretanto, os resultados sdo
validos para as caracteristicas estruturais simuladas neste artigo e,
esta verificagdo nao deve ser extrapolada para demais estruturas.
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Abstract
E——

Cylindrical specimens whose diameter is equal to half its height have been used worldwide. The statistical scattering in experimental testing of
cementitious materials is a phenomenon known in literature and one reason is linked to the geometry of the specimens, which implies the possibil-
ity of different failure modes. This paper shows the evaluation of an hourglass-shaped sample , in which the highest stress occurs at the centre
of the specimen, with negligible influence of stress distribuition from its ends. An amount of 260 cylindrical and hourglass samples were tested,
with varying water/cement ratio and age. FEM analyses showed that stress in the central part of the hourglass specimens is 2.25 higher than that
present at its ends. Modes of failure occured in differente ways in cylindrical specimens, whereas only one mode of failure was verified in hourglass
specimens. The cylindrical samples showed bimodal frequency distribution, demonstrating the influence of the central part (material properties)
and of its ends (boundary conditions), while the hourglass displayed a Gaussian distribution.

Keywords: hourglass, specimen geometry, compressive strength, cementitious material, FEM.

Resumo

Corpos de prova cilindricos com diametros iguais a medtade da altura tem sido empregados em todo o mundo. A disperséo estatistica de re-
sultados em experimentos com materiais cimenticios € um fendmeno conhecido da literatura e uma das razdes deste fenémeno corresponde a
geometria dos corpos de prova, o que pode explicar a ocorréncia de diferentes modos de ruptura. Este trabalho mostra a avaliagéo de corpos de
prova na forma de ampulheta, com a imposicdo de que tensdes de ruptura ocorram em sua parte central, tornando desprezivel a influéncia das
condig¢des de contorno de suas extremidades (pratos da maquina universal de ensaios). Um total de 260 corpos de prova cilindricos e na forma de
ampulheta foram testados, variando-se o fator agua/cimento, empregando concreto e argamassa além da variagéo das dimensdes dos corpos de
prova. O método dos elementos finitos foi emprgado para analisar as tensdes despertadas nos modelos. As analises mostraram que as tensdes
maximas ocorrem na parte central das amostras de ampulheta com valor 2,25 maior do que as tensdes despertadas em suas extremidades. Os
ensaios mostraram que ocorreram diferentes modos de ruptura nas amostras cilindricas, enquanto que nas amostras na forma de ampulheta um
Unico modo de ruptura foi observado. Além disso, enquanto as amostras cilindricas mostraram distribuicdes de Gauss bimodais para as frequén-
cias dos resultados, o que parece demonstrar a influéncia da propriedade do material (parte central) e a influéncia dos pratos da maquina de en-
saiso (condigbes de contorno), as amostras na forma de ampulheta apresentaram sempre distribuicdes de Gauss unimodais para os resultados.

Palavras-chave: ampulheta, geometria de corpo de prova, resisténcia a compressao, material cementicio, método dos elementos finitos.
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1. Introduction

EE

“One naturally wonders who or what people first discovered that
lime, when burnt and slaked with water, together with sand as an
additive, can be used as a mortar. The answer has to be: we will
never know - it just happened”. This inquiry, spoken by Hamelau
[1], may very well be paraphrased as the problem of this paper and
be rewritten as: “one naturally wonders who or what engineer or
institution first established that the geometry of the specimens of
cementitious material should be a cube or a cylinder? The answer
has to be: we will never know - it just happened”. Of course there
are some names, institutions and curiosities in this story; after all,
it is not as old as the invention of mortar. In 1836, in Germany, the
first tests to evaluate mechanical properties of cementitious materi-
als began. So, that country has shown itself as a great center of
research in mechanical properties of cementitious materials from
the mid-nineteenth century [2].

From the historic and pleasant testimony of Professor Antonio Car-
los Reis Laranjeiras [3], who personally experienced some of the
historical moments of the engineering in Europe, this paper was
able to approach something of what happened during the definition
of the geometry of specimens for cementitious materials.

The adoption of specimens for mechanical tests with different geo-
metries occurred at the beginning of last century. The cubic form
was adopted initially in Germany, where there is an extensive tra-
dition regarding early studies on concrete technology. The initial
idea was to obtain a specimen with surfaces perfectly parallel for
being submitted to compressive testing. Turns out that a 15-cm-
sided cube had an excellent parallelism of its faces. For concretes
and machines of that period, these dimensions appeared to be
adequate, because larger dimensions was not able to be used,
due to the machines’ capacity.

The United States school, however, followed another pattern. They
adopted the cylindrical form, with larger ease of confection, once
it does not run the risk of developing heterogeneous density as it
is typical at edges of a cubic form. However, for this form, it still
appeared the problem of top surface finishing, that generally beco-
mes irregular, and it is frequently necessary to correct it by adding
molten sulfur or cement paste on such surface.

Early in the 20th century, the cylinder with height/diameter ratio
equal to one proved to be inadequate, because the failure modes

Figure 1 - Specimens with lid in
vertical (a) and horizontal (b) positions

were strongly influenced by the friction of the machine plates on
the surfaces of the specimens. Then, the German engineer Hubert
Risch conducted studies about slenderness and determined that
the value of 2 was the most appropriate relationship between the
height and diameter of the specimen. The idea of Rusch was that
the planes of rupture did not pass by the machine plates. Even
though it was a reasonable approach, many specimens had (and
still have) a tendency to break through their extremities, making it
difficult to determine the actual value of the material strength. The
other problem concerning cylindrical samples preparation, related
to the surface finishing, was recently solved by simply putting a lid
on the top of the form (Figure 1 (a)) and positioning it horizontally
(Figure 1 (b)). With this, a slight edge over the height of the spec-
imen is produced, but this does not compromise its cross section,
because the reduction produced is insignificant.

In the course of time, several researchers have studied new ge-
ometries that could alter some of the peculiarities in concrete
compressive strength tests as well as others aspects of materials.

circle

Figure 2 - Cross sections to predict the failure mode of concrete (from (5))
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Figure 3 - Failure modes of concrete specimens (from (9) (a), (10) (b) and (11) (c))
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Hampel et al. [4] and Pivonka et al. [5] performed studies on pre-
diction of failure mode in concrete samples (Figure 2). However,
they neglected to account for the friction between the loading plat-
ens and the specimen (a procedure that significantly simplifies the
structural analysis, but does not solve the problem of the influence
from the extremities). Because the Poisson effect [6], in the contact
platen-specimen friction, stresses necessarily arise due to the dif-
ference of freedom to deformation of the central part of the speci-
men and the restriction of its ends. These stresses are negligible
in the case of samples of high slenderness, which was considered
at the time of the choice of height/diameter ratio of 2 (cylindrical
form). However, for this relationship, another problem comes out,
which is the beginning of the effects of buckling, studied by Leon-
ard Euler in the 18th century [7]. So, it is not easy to find a geom-
etry that does not present limitations (i.e., engineering should be

content with a geometry that has fewer problems, instead of an
ideal geometry).

Another question, addressed by Bazant and Becg-Giraudon [8],
refers to the evaluation of cross sections subjected to compressive
stress by the fracture mechanics of Griffith. From the analysis of
some accidents involving concrete structures, these researchers
have proposed a way to predict the fracture energy of concrete
from the compressive strength, size of aggregates, etc.
Specifically focused on failure modes of high strength concrete,
several researchers evaluated both cubic and cylindrical samples,
like Tue and Tung [9], Vonk [10] and Viso et al. [11], observing that
the first break with a format similar to an hourglass, and the latter
tends to a plan that breaks across the ends (Figure 3).

In research conducted on the fatigue behavior of metals (through
alternating cycles of compression and tension), Miwa et al. [12]

Figure 4 - Cylindrical failure modes according to Brazilian standard (14))
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Figure 5 - Failure modes of cubic specimens (from (15))
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analyzed modified cylindrical specimens of small dimensions. The
novelty of such work is that the specimen geometry is the hourg-
lass shape.

There are several important factors that affect the assessment
of such strength, namely: (i) stress rate; (ii) height-to-base ratio;
(iii) surface-related defects of the specimens such as planar-
ity, parallelism and horizontality of the contact faces and also
(iv) contact-related defects such as frictions and roughness be-
tween specimens and machine surfaces. Geometry of testing
specimens also affects the assessment of the actual strength
of the material. For instance, compressive strength determined
by cubic specimens is almost 15 % higher than that obtained
in cylindrical ones [13]. Under compressive loads, it has been
shown that most failure patterns in cylindrical samples follow
an hourglass shape due to shear stress, which direct cracking

propagation orientated 45° in relation to the load direction [6].
However, there are several instances when crack profiles do not
necessary follow such trend, which is evidently due to geometric
features rather than intrinsic properties of the materials. Indeed,
as pointed out by the Brazilian standard NBR 5739 — 1994 [14],
it is expected that cylindrical specimens might fail in at least five
possible ways, as shown in Figure 4. In these modes, it is pos-
sible to see the cracks generally pass through the contact fac-
es in all modes with just one exception. This might corroborate
the view that the strength distribution can be greatly affected by
contact factors as pointed out earlier.

In the book Estructuras de Hormigon Armado (Spanish for Rein-
forced Concrete Structures), the Russian authors Sigalov and Bay-
kov [15] analysed an interesting illustration (Figure 5) which deals
with how specimens are subjected to compressive stress break.

Cube 15x 15 225.0

Cube BB 25.0
Cylinder 30x15 176.7
Cylinder 20x 10 78.5
Cylinder 10x5 19.6
Hourglass 30x18x 12 113.1
Hourglass 20x 12 x 8*** 50.3
Hourglass 10X 6 x 4*** 12.6

adopted here.

Table 1 - Variations of geometry

Area
(cm?)

Concrete Densification® Germany/Europe
Mortar Densification* Europe/USA
Concrete Coating** Usa
Mortar Coating** Usa
Paste/mortar Coating** Usa
Concrete Unknown Brazil
Concrete/mortar Unknown Brazil
Mortar/paste Unknown Brazil

* The density of corner is different of the center; ** the bottom coating is different of top coating, and the friction of plates change the results; *** this geometries were
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Figure 6 - Hourglass mold made by fiberglass and polyester. Cylinder (a) and hourglass (b)
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In this figure, it is possible to see the characteristic bi-cone of
rupture in the case (a). Thus, from observation of natural rup-
ture in cubic and cylindrical specimens, and with the literatu-
re references, this work deals with the modeling of concrete
specimens in an hourglass shape to evaluate the compressive
strength.

So, even with the elimination and/or reduction of some pro-
blems presented by the geometry and form of preparation of
specimens over the 20th century (and also in the beginning of
this one), an unsolved problem still remains: what to do for the
boundary conditions (edges) have no influence in the measu-
res of the compressive strength of cementitious materials? Or
else: how to make the platens of the machines do not interfere
in the magnitude of the compressive strength of cementitious
materials?

This study proposes a new geometry for the molds to cast
specimens of cementitious materials, incorporating the solu-
tions obtained during the 20th century, and significantly redu-
cing the problems from the influence of boundary conditions.

2. Materials and experimental program
E—

Variations in geometry experienced in the last century are
summarized in Table 1. It can be seen that the cubes predomi-

nate in Europe, while the cylinders are mostly present in the
Americas.

In the last lines of the Table 1 (in bold typing), three new geom-
etries of specimens that are proposed in this paper, for testing
cementitious materials, are included.

2.1 Materials

Concrete and mortar with Portland cement CP Il (equivalent to
Pozzolan-Modified Portland Cement type | (MP) of the ASTM
classification) were prepared (quartz sand, granitic coarse ag-
gregate and potable water were used). The mold releasing was
made 24 hours after casting the samples, followed by water
curing until 7 and 28 days (after tests) at room temperature.
The strength was determined by dividing the force by the area
(half height) of the samples. The data was analyzed by Gauss-
ian curve [16] fitted with least square method.

2.2 Experimental approach

Two shapes were used: (i) cylinder and (ii) hourglass shape
(details in Figure 6 and Table 2).

For higher dimension specimens, adopted for concrete, a vari-
ation of water/cement ratio was used to analyze the difficulty in

Table 2 - Characteristics of geometries tested
Cylinder Mortar Steel 10.00 - 5.00 - - 19.63 - 196.35 -
Hourglass Mortar Acrylic 10.00 5.00 - 3.00 2.00 28.27 12.57 - 198.97
Cylinder Concrete Styren 20.00 - 10.00 - - 78.54 - 1570.80 -
Hourglass  Concrete  Fiberglass 20.00 10.00 - 6.00 4.00 113.10 50.26 - 1591.74
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Mortar Cylinder 20 1.00
Mortar Cylinder 20 1.00
Mortar Hourglass 20 1.00
Mortar Hourglass 20 1.00
Concrete Cylinder 30 1.00
Concrete Cylinder 30 1.00
Concrete Cylinder 30 1.00
Concrete Hourglass 30 1.00
Concrete Hourglass 30 1.00
Concrete Hourglass 30 1.00

Note: no additives, admixtures and/or superplasticizers were used.

Table 3 - Geometries - mix proportion of tested samples

Mix proportion

3.00 - 0.50 7
3.00 = 0.50 7
3.00 - 0.50 28
3.00 = 0.50 28
2.20 2.50 0.45 28
2.20 2.50 0.55 28
2.20 2.50 0.65 28
2.20 2.50 0.45 28
2.20 2.50 0.55 28
2.20 2.50 0.65 28

accomplishing densification of concrete in the hourglass mold
type, due to necking of the central section.

For the mortars, 20 specimens for each age (7 days and 28
days) were casted. For concrete, due to its natural heterogene-
ity, 30 specimens of each condition were prepared. Czarnecki
et al. [17] conducted statistical studies on concrete specimens,
and adopted the quantity of 36 as an adequate number of tests,
considering distribution of T-test (significance level of 95%).
The mixes used for the preparation of the specimens are listed
in Table 3.

Concerning the difficulty of casting, the traditional procedure,
specified in the Brazilian Standard (12 strokes per layer for
a total of 2 layers), fits satisfactorily in the hourglass shape
specimens, for those prepared with both high and low water/
cement ratio (0.65 and 0.45).

Numerical simulation was carried out by means of Finite El-
ement Method (FEM), using the Structural Analysis Program
(SAP) software and Ritz method (brick Wilson formulation) [18,
19]. The material was assumed to be perfectly elastic, with
modulus of elasticity of 30 GPa, and Poisson’s ratio of 0.2.
The discrete FEM models for both geometries can be seen in
Figure 7.

On the top and bottom of the samples, the joint horizontal
displacements were restricted. On the bottom, even vertical
displacements were restricted. In all the other nodes, all 6 de-
grees of freedom were released. This procedure allows the
Poisson’s effect, which is compatible with the actual testing of
compressive strength, practiced in laboratories.

Figure 7 - Cylindrical (a) and Hourglass-like (b) FEM mesh
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3. Results and discussion
E——

3.1 Mortar analysis
3.1.1 Experimental analysis

Table 4 shows the compressive strength results for both shapes at
the ages of 7 and 28 days.

A first look shows that the average of both shapes was very sim-
ilar at both ages despite the reduced section at the middle of the
hourglass specimens. Hence, there should be no significant effect
of the specimens shape on the assessment of the compressive
strength of the mortar.

Nevertheless, the standard deviation was slightly higher for cylin-
der-shaped specimens, which was greater at later age. Nonethe-
less, a closer look at the stress distribution reveals that the effect
of specimens shape were rather different at both ages as can be
seen in Figure 8.

For cylindrical shapes, a Gaussian fitting could only be performed
with certain significance when two peaks were considered, sug-
gesting two groups of effects dominating the strength of such

specimens. This trend was not observed for the hourglass shape
in which a single Gaussian peak was able to fit the data with bet-
ter correlation coefficients at both ages. This might indicate that
the different failure modes, as suggested by the aforementioned
standard ([14], Figure 4), might have influenced such a trend. It is
interesting to note that the velocity of the rupture was much slower
for hourglass shapes, because of its smooth section reduction var-
iation. This might represent an interesting alternative in the case of
high strength concrete in which rupture is very abrupt.

Figures 9 and 10, respectively, show typical failure modes in cylin-
drical and hourglass-like specimens. Indeed, whereas most failure
modes in cylinders were shear (Figure 9(a)) and column-like (Fig-
ure 9(b)), shear mode of failure was the only mode observed in all
hourglass shape specimens ((Figure 10(a) and (b)). The fact that
cracks propagated through contact faces in cylinders, but not in
hourglass shape, seems to corroborate the view that the reduction
of section, as in hourglass shapes, helps to concentrate stresses in
sections. Hence, there is evidence to suggest that the latter seems
less affected by contact-surface-related problems than the former
shape. In fact, the normal stress on the top of the cylinder sam-
ple is twice as high as that of hourglass shape sample. Therefore,

7 days curing
Strength (MPa)
Hourglass

1 17.57 20.46
2 21.77 19.05
3 17.19 17.63
4 18.33 24.97
5 18.97 20.81
6 21.65 23.98
7 21.77 21.73
8 19.23 19.05
9 17.19 20.46
10 22.15 22.57
11 19.10 20.46
12 18.46 22.57
13 22.03 18.34
14 21.65 19.05
15 23.55 19.75
16 22.28 21.87
17 17.44 21.87
Average 20.02 20.86
St. deviation 2.15 1.99

Table 4 - Compressive strength of mortars

28 days curing

Strength (MPa)

1 36.92 41.60
2 36.16 38.64
3 37.56 39.13
4 42.65 39.79
5 42,02 37.65
6 35.65 42.42
7 43.42 36.17
8 35.78 43.57
9 45.96 40.78
10 36.29 39.79
11 41.89 39.30
12 42.40 36.34
13 37.18 38.97
14 35.91 32.72
15 42.02 40.28
16 37.94 37.82
17 37.31 44.39
18 41.38 41.43
19 43.04 42.25
20 44.44 40.45
Average 39.80 39.67
St. deviation 3.39 2.73
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the horizontal stresses due to friction are twice lower for hourglass
shape samples.

3.1.2 Numerical analysis

Numerical analyses show stress distribution of both shapes
(Z-axis, vertical stress) as can be seen in Figure 11 and Figure
12, respectively. Although it is not possible to determine the ul-
timate compressive strength by using linear elastic analysis, the
strength distribution is important to assess possible failure pat-
terns that are more likely to occur at greater strength concen-
tration. Stress distribution in cylinders is more concentrated at
the top of the specimens, where the load is applied. Also, failure
can occur at any position in this geometry given that strength is
somewhat uniform throughout the section. Interestingly, natural
hourglass shape for the stress distribution appears in the middle
of cylindrical specimen.

Nonetheless, the central part of the hourglass shape experiences

greater stress concentration, hence, greater chances of failure will
be concentrated at the middle height of specimens.

3.2 Concrete analysis
3.2.1 Experimental analysis

After one day, the specimens were uncased. Just one hourglass
specimen (W/C ratio = 0.45) presented excessive voids. Due to
the quantity of imperfect specimens being small (just one sample),

the geometry in the form of hourglass does not affect the density,
significantly.

3.2.1.1 COMPRESSIVE STRENGTH RESULTS
The results of compressive strength are expressed in Table 5.

The results clearly indicate that the specimens prepared in the
hourglass shape have compressive strength greater than the

Figure 8 - Compressive strength distribution of cylinder (top)
and hourglass (bottom) shapes at 7 (left) and 28 days (right)
5- O Cylinder (7 days) 5- O Cylinder (28 days)
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Figure 9 - Cylinder: shear plane mode of failure and column-like mode of failure

o Shear plane mode of failure e Column-like mode of failure

Figure 10 - Hourglass: shear plane mode of failure
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cylindrical (48.01%, 44.07% and 36.83%, respectively). This
means that the effects related to the ends of the specimens
(present in the cylindrical ones) have influenced the results,
while results for the specimens in the hourglass shape repre-
sent only the determination of the resistance of the material.
Thus, the measurement of the characteristic ‘strength of con-

crete’ from cylindrical specimens leads to lower values than the
actual ones.

What is the explanation for the difference between the compres-
sive strength of concrete and mortar prepared in the hourglass?
Consider the following figures (Figures 13 and 14).

The type grading and distribution of the aggregates have an

Figure 11 - Stress distribution for cylinder shape

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4
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effect on the failure mechanism. However, for hourglass, the failure
mode is always a single shear plane (= 46°).

So, the hourglass is able to assess concrete and mortar, whereas
the cylinder which is only able to evaluate resistance of mortars.
Therefore, the hourglass is recommended for any type of cementi-
tious material, whether it is composed only of small grains of sand or

large gravel grains, such as concrete. Note that the hourglass shape
forces the concrete to break at a certain angle (= 46°) at which the
shear occurs in gravel (unlike the cylinder, which tends to break due
to the effect of separation of parts of the tensile specimen).

This is an interesting result because it shows that concrete eval-
uated in cylinders has the compressive strength lower than the

Table 5 - Results of compressive strength of cylinders and hourglass specimens (MPa)
W/C ratio
0.55
Hourglass Cylinder Hourglass Cylinder Hourglass Cylinder
31.89 48.34 28.27 39.79 19.61 27.95
31.19 47.75 28.65 39.19 22.15 28.45
31.32 48.14 26.48 40.58 22.66 31.04
32.59 49.74 29.54 40.39 20.75 29.05
34.38 53.12 30.43 38.99 21.39 30.44
33.74 50.13 26.67 39.89 20.50 29.05
32.09 49.74 25.21 38.60 21.52 29.44
34.38 49.74 29.54 36.80 21.45 30.64
35.27 49.14 30.05 40.19 19.35 30.44
32.59 47.55 30.30 40.98 21.20 31.23
34.25 46.75 25.46 35.81 19.61 23.87
31.70 48.34 22.66 36.21 18.33 25.96
31.58 48.94 23.94 31.43 16.30 24.27
31.77 47.85 26.23 31.83 19.74 24.47
28.78 44.76 21.90 36.61 19.61 26.66
34.32 46.15 25.72 37.00 19.35 26.26
34.76 43.77 24.45 37.00 17.19 25.66
34.31 42.97 26.48 30.24 18.59 25.86
33.10 48.94 25.21 38.99 19.86 23.87
30.62 52152 22.92 33.42 19.61 25.66
33.68 50.53 24.19 35.61 19.48 23.28
32.59 49.54 23.94 32.43 18.08 23.87
33.87 51.53 24.45 36.01 19.74 27.26
35.90 49.34 21.39 33.02 20.12 26.06
34.38 50.53 20.63 37.80 16.93 27.06
35.14 50.73 24.19 34.22 20.12 25.46
35.40 50.13 20.88 35.01 19.61 27.06
31.07 51.63 23.68 35.81 19.86 24.77
34.63 52.92 23.17 33.82 19.74 27.45
36.03 54.61 21.77 34.82 19.74 27.65
33.24 49.20 25.28 36.42 19.74 27.01
1.74 2.60 2.85 2.93 1.41 2.32
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Figure 13 - Case of mortar

Top and bottom faces attached by friction on the plates of the machine press.

- cylinder - hourglass
(1) Poisson effect (i) direction of
«—| —
opening the both sides movement
o. = 39 MPa a. = 39 MPa

(1) Plane of rupture suffering separation by Poisson etfect without impediments.

(i) Plane of rupture free to sliding (shearing) without impediments.

Figure 14 - Influence of course aggregate in cracking of concrete

Top and bottom faces attached by friction on the plates of the machine press.

- cylinder - hourglass

(1) Poisson effect (1) direction of
«—CO—

opening the both sides movement

oc = 33 MPa o. = 49 MPa

(1) Plan of rupture suffering separation by Poisson effect, despite the presence of gravel.

Tensile forces occur in the transition zone.

(11) Plan of rupture with the presence of gravel. Gravel will shear and will not be tensile in the

transition zone.

Result: increased resistance (ie, the hourglass evaluates the concrete as a whole), including the

interlocking gravel.
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(numerical and experimental analyses)
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Figure 15 - WCR = 0.45. Count (vertical axis) x angle of rupture
(o) x compressive strength (MPa): cylinder (a) and hourglass (b)
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actual value (i.e., concrete structures safety is greater than what
is considered). This result does not cease to be good because it
points to lower values, which implies an additional security to con-
crete structures.

However, this fact should not be interpreted as a way to reduce the
safety coefficients of the structures, because several other factors
interfere in their calculation, and researches on this subject are still
preliminary for deciding on something of this nature.

The organization of Table 5 in form of frequency distributions can
be seen in Figure 15, Figure 16, and Figure 17.

The distributions clearly show the trend of the hourglass speci-
mens ruptured at low angles in the central region. This result is
interesting because it shows that the hourglass induces the rupture
in the material without the interference of shear developed in con-

tact with the mechanical press. In the cylindrical shape the distri-
butions have been more open with the presence of several angles
of failure, many of them passing through its ends. The work initial
expectation was to assess, with a certain approximation, the com-
pressive strength according to the angle of rupture. However, even
the tests with hourglass distribution do not allow this inference yet.
Certainly, a larger number of samples may suggest a better be-
havior. In any case, the hourglass shape significantly reduces the
problems that arise from the plates of the machine.

Working with mortar specimens (10 cm high and 5 cm in diam-
eter), Bezerra et al. [20, 21] found Gaussian distribution curves
with correlation coefficients roughly equal to 0,900. The curves
presented above do not reach this level of correlation, and indicate
a new factor in the shape of an hourglass for concrete: probably

Figure 16 - WCR = 0.50. Count (vertical axis) x angle of rupture
(o) x compressive strength (MPa): cylinder (a) and hourglass (b)
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Figure 17 - WCR = 0.55. Count (vertical axis) x angle of rupture
(o) x compressive strength (MPa): cylinder (a) and hourglass (b)

m6-7
m5-6
m4-5
m3-4

the presence of coarse aggregate in the area of disruption influ-
ences the type of breakdown, reducing the occurrence of rupture
of the sheared type (see Figure 14), because of the friction de-
veloped between the broken halves and the coarse aggregates,
which should hinder the sliding plane of rupture. Then, the results
suggest that an hourglass shape with 20 cm high should be used
for concrete with coarse aggregate of a maximum diameter of 19
mm. Of course, for larger sizes of coarse aggregate, it is necessary
to prepare larger molds.

3.2.2.2 ANOTHER CURIOSITY: DUFF ABRAMS ADJUSTMENT

The correlation between the compressive strength and the water/
cement ratio has been a concern in civil engineering since the work
carried out by Duff Abrams in 1908 [22]. For the Abrams curve,
which obeys an equation of the type Cs = A/B", the following
results were obtained (Figure 18).

As one can observe, the correlation between the two models was
satisfactory, indicating the adaptation of the hourglass shape to the
Abrams curve.

3.2.2.3 NUMERICAL ANALYSIS

As with the specimens of mortar, the specimens prepared with con-
crete were also evaluated numerically by the FEM. It employed the
software Structural Analysis Program (SAP) with the formulation of
brick by Wilson and Habibullah [19] and Hirth Jr. [18]. The consid-
ered modulus of elasticity of the concrete was assumed to equal 30
GPa, and a Poisson ratio of 0.2. Figures 11 and 12 show aspects of
the two models in the deformed condition of vertical stress.

A quick observation of the cylindrical model (Figure 11) reveals a
unique figure of interest in the center, it is similar to an hourglass
with a constant tension level (pink area). With the sample, you also
see that the contour of the cylinder has tension levels of the same
order of magnitude (blue area), suggesting the possibility of rup-
ture at any point along the samples sides, and even the nearby

parts of the support (edges). Thus, the cylinder is a shape that can
break in both middle and ends, which is found in the tests, whose
planes pass through several regions.

In the case of the hourglass shape, there is a stress concentration
in the central part. It was also noted that, as you move away from
this part, the tensions are reduced and the probability of failure in
these regions is diminished.

Here you get to the main point of this work: it is unlikely that the
hourglass breaks at the ends, because the tensions are small at
such region (about 8 MPa). In the middle, there is a concentra-
tion of stress due to the reduction of the cross section. This fact
is very interesting from the standpoint of casting and assessment
of concrete strength, because two problems no longer exist in this

Figure 18 - Abrams adjustment curves
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Hourglass-shaped specimen: compressive strength of concrete and mortar

(numerical and experimental analyses)

situation: (i) the first refers to the elimination of accuracy, concern-
ing how to cap the specimens, i.e., the hourglass capping stops
interfering in the results; (ii) the other refers to the certainty in de-
termining the compressive strength of concrete without the inter-
ference of the particular characteristics of the machines.

An interesting feature is also the fact that specimens in the hour-
glass do not break abruptly, because only the central part is under
a high level of tension. Hence the specimen will gradually break
through an irradiation of cracks, unlike the cylindrical specimens
that can break anywhere and ruptures, being more likely to brake
brusquely. Thus, the hourglass specimens become particularly
interesting in case of high-strength concrete, which often release
sharp debris in compressive strength tests.

4. Conclusions

EE

The hourglass shape is an interesting alternative for compressive
strength assessment of normal strength mortars and concretes.
Obviously, specifics studies have to be developed for high strength
concretes.

However, the present study allows the following conclusions:
Hourglass specimens appears to present less contact-related ef-
fect than cylinders ones;

It (hourglass) does not seem to have a significant effect on the
average value of compressive strength;

it does not appear to promote different modes of failure but, pref-
erably, shear mode around the middle section. Hence, hourglass
specimens tests result in statistical distribution (i.e. a satisfactory
statistical correlation coefficient);

finite element model helped to assess strength distribution, which
confirmed the advantages of the hourglass over the cylinder
shapes as far as strength concentration at middle height is con-
cerned;

the hourglass specimens have excellent correlation with the
Abrams curve;

cylindrical specimens have a compressive strength lower than the
real value; which means that concrete structures are a more safer
than expected in the tests;

the adoption of the hourglass shape for evaluating the compres-
sive strength of specimens is a feasible way to eliminate problems
arising from the cap and particular characteristics of presses; and
the hourglass shape does not cause sudden rupture, as seen in
the cylinders (which may be a good characteristic for compressive
tests in high strength concretes).

In short, the hourglass shape is an interesting specimen geometry
to assess the compressive strength of cementitious materials be-
cause it eliminates the interference of machines.
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Abstract
E——

This study deals with the application of the filter paper method to determine water retention curves for mortar and concrete samples. A water
retention curve exhibits the relationship between water content and energy state in interstitial water, normally expressed as a negative value
when compare to normal conditions of temperature and pressure, being referred to as suction. Considering the water retention curve as a basic
characterization tool for unsaturated soils, its usage in the engineering field concerning most of the construction materials remains as a pending
task. However, stating that not only permeability, but also the water retention curve performs a significant role for water and soluble substances
flow through a material’s pores makes this observation essential for life-span estimation in cases like reinforced-concrete structures. This research
paper offers results for water retention curves obtained in mortar and concrete samples. The experimental curves went through a fitting adjust-
ment process using Van Genutchen’s [1] model, showing consistency with the obtained results. Furthermore, the water/cement mix ratio does not
indicate or suggest a direct influence for water retention curves.

Keywords: water retention curves, suction, filter paper, concrete, mortar.

Resumo

Este trabalho trata do uso da técnica do papel-filtro para a obtencéo, em laboratério, de curvas de retengdo de agua em corpos de prova de
argamassa e concreto. A curva de retengao correlaciona o conteudo de agua de meios porosos com o estado de energia da agua intersticial,
que em condigdes ndo saturadas (vazios ndo totalmente preenchidos por agua) € normalmente negativo em relagdo as condi¢gdes normais de
temperatura e presséo, sendo denominado de suc¢do. Embora possa ser descrita como uma ferramenta basica de caracterizagdo de solos
ndo saturados, o uso da curva de retengdo em concretos e argamassas ainda nao foi introduzido na pratica da engenharia para a maioria dos
materiais de construgdo. Pode-se dizer, contudo, que ndo somente a permeabilidade, mas também a curva de retencdo desempenha um papel
fundamental no fluxo de dgua e substancias soluveis pelos poros do material, sendo imprescindivel o seu conhecimento, para, por exemplo,
estimar a vida Util das estruturas de concreto armado. Sao apresentados resultados de ensaios de sucgéo total pelo método do papel-filtro, os
quais permitiram determinar curvas de retengéo para corpos de prova de concreto e argamassa. Estas curvas foram ajustadas segundo o modelo
de Van Genutchen [1], o qual apresentou boa aderéncia aos valores experimentais. Nao foi possivel observar influéncia significativa da relagao
agua-cimento nas curvas de retengéo obtidas.

Palavras-chave: curva de retencéo, sucgao, papel-filtro, concreto, argamassa.
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Filter paper method to determine the water retention curves for mortar and cement samples

1. Introduction

[

When simulating water flow processes or the transportation of
soluble substances in water, it is not only necessary the compre-
hension of the saturated permeability within the medium, but also
its water retention curves and hydraulic conductivity. A water reten-
tion curve relates water content for a porous media with its energy
state in interstitial water. This energy state, generally represented
by negative pressures (due to the atmospheric pressure standard)
for water held in the material’s pores, results in a phenomena such
as capillarity and adsorption, which are negative pressures often
referred as suction. Although, often used as a basic characteriza-
tion tool for unsaturated soils, the usage and procurement of water
retention curves in mortars and concrete remains unexplored for
engineering practices for most construction materials. In addition,
the structure’s surrounding conditions influence the results. Thus,
a previous suction understanding is essential, as well as, its water
content variation due to evaporation, when performing an analysis.
For example, analyzing the soluble substances penetration such
as chlorides in mortar and concrete sections while expose to mari-
time aggressiveness.

The suction for porous media is an energy state within interstitial
water, associated with its water retention capacity, normally ex-
pressed in terms of hydraulic head (energy by weight) or pressure
(energy by volume). When placing free water into a porous me-
dium, such as mortar or concrete, the fluid remains in retention
or becomes absorbed, until all of the empty spaces fill with water
(condition for saturated porous medium). In order to get this water
removed from the porous medium, energy is required affecting the
material’s retention forces, that originate, mainly, from the capillar-
ity, absorption and osmosis phenomena. The drier concrete and
mortars are the greater its suction becomes, as a result during the
drying process, water stores within the smallest pore diameters
and the solid’s particle surface, building a layer of absorbed water.
Soil physics determines, on a regular basis, a medium’s retention
curve, when obtaining a soil’s suction limits that needs to be pre-
pared for cultivation of a specific crop: field capacity and wilting
point. For field capacity (nearly 30 kPa of suction), interstitial water
begins to flow when submitted to the gravitational potential, in such
case that an extra water addition will only cause water infiltration,

besides the rhizomes of the used crop. In the other hand, wilting
capacity (equal to a 1500 kPa suction), admits that the existing
water in soil becomes unavailable for plants.

In the geotechnical field, there are several processes used when
determining the water retention curve. According to Machado and
Presa [2], there is a prevailing tendency for combined technique
application during the procurement of the water retention curve.
For example, the suction plate’s usage (water pressure, u <0 and
air pressure, u,=0) for low suction values (proximate to 70 kPa),
the pressure chamber for intermediate values (up to 1500 kPa)
and the filter paper method for high suction values. Table 1 pres-
ents typical usage intervals for different techniques of imposition/
suction measurement.

In the same way as in soil mechanics, the two main components
for water retention in concrete are capillarity and absorption. These
components decrease the fluid’s specific energy in such a way that
when pores undergo unsaturated conditions, the water’s interstitial
pressure becomes smaller than the atmospheric pressure. This
explains the capillarity ascension phenomenon. Ascension means
rising into higher elevations, implicating that the fluid moves to-
wards a higher potential gravitational position. Taking into account
that every fluid can only flow from a higher energy potential to a
lower one, water pressure within unsaturated medium will always
be smaller than atmospheric pressure, considering Bernoulli's
equation variables. Frequently, it is common to use the interstitial
or matrix concept to work with positive values, subsequent only
from the resulting difference between the air (normally atmospher-
ic) and water pressure values, caused by the capillarity and ab-
sorption phenomena, i.e.: suction = u,_—u,, where u_ corresponds
to the air phase pressure and u, to the water phase pressure.

The NBR 9779 [3] suggests the capillary ascension method as a
procedure to determine water absorption for mortars and harden
concrete. In addition, stating the requirement of a representative
sample of at least three test subjects, permitting them to molded
or extracted from the structure. However, the capillary ascension
effect observed is not only an outcome caused by the joined inter-
actions between capillary suction and absorption when tempting
to reduce the energy within interstitial water, but also from the per-
meability increase against water due to the sample’s initial water
content increase during the whole test completion.

Table 1 - Some of the used techniques for measurement/imposition soil suction
Paper filter Total and matrix 10 - 30000
Thermal conductivity detector Matrix 0-400
Tensiometer Martrix 0-70
Microtensiometer Martrix 0 - 1500
Hilf axis techniques Martrix 0- 1500
Vapor equilibrium Matrix 0- 1500
Vapor equilibrium Total 3000 -3,0x 10°
Pressure plates Matrix 0-70
Psychrometer Total 500 - 8000
Source: Machado and Presa (2) adaptation.
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Although, it is not a common practice in the concrete technological
field, the ideal water flow modeling for concrete, under unsaturated
conditions, is the separate procurement of retention curves and hy-
draulic conductivity. This differentiation allows water flow modeling
within the material’s interior, , as long as the acceptable surround-
ing conditions are adopted, which can be used, for example, to
predict the time for external chloride arrival within the rebar struc-
ture in reinforced concrete components, creating satisfactory con-
ditions to burst the corrosion process.

As previously mentioned, when fluid content within any porous me-
dium, generally represented by the gravimetric or volumetric water
content, modifies, it takes place to a variation in the fluid’s energy
state, as well as its mobility ease within the interstices. As water
volume decreases, a “fluid section” within the material’'s empty
spaces becomes gradually smaller. Therefore, during the drying
process, there is a certain period of time, where continuity amongst
the fluid particles can be interrupted, point where permeability is
practically nullify. This way, in the case for unsaturated porous me-
dia, it is common to reference in terms of hydraulic conductivity, in
which permeability values are normally linked to the fluid content
or to the intrinsic energy state (normally given by the suction value)
of the medium. However, there is not a clear consensus amongst
the specialized literature available, whereas the permeability term
in this research paper refers to the function value of the hydraulic
conductivity under saturated conditions for a material.
Consequently, the water retention curve is referred to as the exist-
ing relationship between the medium’s water content and the energy
state within interstitial water. Figure 1 presents typical water retention
curves for sandy and clayey soils, according to Presa [4]. In this figure,
suction values are located in the ordinate, in terms of logarithmic ex-
pression for hydraulic load (PF), and the water content values are lo-
cated in the abscissa, in terms of gravimetric humidity. Often, research
studies related to the soil physics field apply this model, although in
this particular case the volumetric water content is applied.

As observed on the above figure, the water retention curve de-
pends on the uninterrupted course (drying, wetting or mixed) fol-
lowed during the test implementation, phenomenon known as hys-
teresis. Different are the causes for this phenomenon, for instance,
irregular geometry in pores linked through small openings, contact
angle effect that varies in terms of the uninterrupted course, the
incidence of prisoned air bubbles that influence the wetting curve,
and the volume variations suffered due to expansion and retrac-
tion. Therefore, during the water content redistribution process, dif-
ferent values are found for the same soil upon suction equilibrium
conditions, according to Presa [4].

There is no background information found on literature concern-
ing the procurement of water retention curves for concrete through
the paper filter method. Furthermore, few curve data is available,
regardless of any procedure application. Relating to the applied
methods for curve exemplification, those proposed by Van Ge-
nuchten [1], equation 1, and Fredlund and Xing [5], equation 2,
are most common for geotechnical usage. In these equations, a
(kPa™), a (kPa), n and m are fitting parameters, 8_, corresponds
to the volumetric saturated water content (equal to the medium’s
porosity), 8. to residual water content (where the interstitial water
becomes irregular) and e corresponds to the Napierian base loga-
rithm (e = 2,718). Both equations show similarities, such as, wa-
ter content or suction values, needing a great increase of suction
or energy for an extra drying of the medium. 6 _and y, are water

Figure 1 - Typical retention curve
for sandy and clayey soils
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Source: Presa (4).

content and residual suction values, respectively. Van Genuchten’s
proposed equation offers a great advantage due to its simplicity, in
contrast to the equation proposed by Fredlund and Xing [5], which
enables the retention curve representation of the medium until
complete drying, taking place when a suction value is proximate to
1x108 kPa, according to these authors.

0=0 +——a—r (1)

o 1n(1+“‘i’y] 1 m 0

sat n
ln(l+1000'000] " e+(\,, )
v, a

Since water content affects the ease in which water flows through
the medium, the medium’s hydraulic conductivity curve is needed
to model the substance’s flow as well. Thus, permeability values
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Filter paper method to determine the water retention cu

rves for mortar and cement samples

Table 2 - Fresh-state mortar composition and specifications

comentisond,| | iatio | consumpfion | index Porosty Densty
in weight w/c (kg/m3) (mm)
T-1A 1:4,167 0,650 368 167 28,5 1897
T-1B 1:3,690 0,650 397 223 29,9 1890
T-2A 1:3.377 0,550 441 162 27,0 1954
T-2B 1:2,968 0,550 476 230 27,6 1921
T-3A 1.2,577 0,450 552 161 23,0 2056
T-3B 1.2,247 0,450 592 232 25,0 2026

are expressed in terms of suction or the fluid content of inter-
est. Therefore, considering the Mualem [6] model for k(B) pre-
diction, Van Genuchten [1], and simplification of the expression,

1
m =1—— the following equation is proposed for hydraulic
n

where:

w, effective soil saturation, given by equation 4;

k., hydraulic conductivity for a saturated-pore medium;

p, empiric parameter by Mualem [6], proximate to 0,5 for most soils
(no values found for concrete material).

conductivity prediction.

2
1
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2. Material sand methods
B

2.1 Experimental determination for the suction
characteristic curve

The method chosen for the retention curve determination for

mortar and concrete samples, corresponds to the established Bra-
zilian standard technical norm, ASTM D5298 [7], on the subject of
paper filter practice, which considers suction values between the
range of 30 to 30.000 kPa, as stated by Silva [8].Tables 2 and 3
display the mortars and concrete sample traces produced during
the two experimental stages. During the first stage, mortars pro-
duced from experimental mixtures have the criteria from different
research studies to regulate the water/cement ratio, obtaining mix-
tures with different consistency indexes, (165 + 5) mm and (225 +
10) mm, which consequently lead to diverse cement consumption.
Therefore, mortars with water/cement proportions of 0.45, 0.55
and 0.65 were prepared, having 4 cylindrical test subjects for each
mixture with 50 mm x 100 mm dimensions producing a total of 24
test subjects. The procedure adopted is described in the previously
mentioned norm [9]. After each test subject hardened, 8 different
sections were cut, discarding the edges, and submitted to the suc-
tion test through the paper filter method.

During the second stage, concrete samples of a single consistency
were produced, (140 + 20) mm reduction, as well as water/cement
mix proportions equal to 0.45; 0.55 and 0.65. Then, 4 cylindrical
test subjects were molded for each trace with 100 mm x 200 mm
dimensions, resulting in 12 test subjects in total. The molding and
curing procedure comply with the Brazilian standard technical
norm [10].The test subjects were cut into 8 sections for each trace,
discarding the edges, and submitted to the suction test through the
paper filter method.

a) Test description

Current soil techniques and standard procedures established by
the technical norm [11] were followed to help develop a standard

Table 3 - Fresh-state concrete mix

Proportion Water/ cement Cement Consistency : .
. : : . Porosity Density
(cement: sand), ratio consumption index %) (kg/m?)
in weight wic (kg/m?) (mm) - =
T-4A 1:1,800:3,390 0,650 337 150 18,82 2192
T- 5A 1:1,368:2,870 0,550 405 145 18,26 2207
T- 6A 1:0,937:2,349 0,450 497 135 15,71 2276

composition and specifications
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procedure from the paper filter application when determining suc-
tion values for mortars and concrete. The paper filter method is
based in the porous media absorption capacity or water loss (or
other fluid), when in direct or indirect contact with the fluid, in a
closed environment, at constant pressure and temperature until
energy equilibrium is reached. When this happens, the humidity
values of the porous medium (mortar or concrete) and the paper fil-
ter are typically different; however, both have the same suction val-
ue. The energy equilibrium is reached, supposedly, when no water
is transferred to the paper filter (element weight consistency).
There are two ways to carry on the procedure: direct contact be-
tween the paper filter and the sample, and no contact between
these two. When there is no direct contact, the water exchange
between both takes place through water vapor. In this case, no
water exchange occurs for dissolved fluids in the sample’s inter-
stitial water, finding the value of total suction (osmotic + capillary
+ adsorption). The conditions created within the container act as
a semi-permeable membrane, allowing water exchange to occur
only through the vapor inside, when dealing with non-volatile sol-
utes. Energy states within the sample’s water content, paper filter
and air, within the impervious sealed container regulated by the
relative humidity, are different during the beginning of the proce-
dure. These energy gradients encourage water flow. Finally, same
suction values become in a state of equilibrium, within the whole
system, encouraged by the water contents in the sample, paper
filter and the air (relative humidity).

When the paper filter comes into direct contact with the sample,
water exchange occurs in a liquid state and the type of suction
measured in this case, is its matrix suction (capillarity + absorp-
tion), originated from the equilibrium state caused by the concen-
tration of solutes inside the medium.

During this research study, total suction values were measured (no
contact), placing the paper filter next to the test subject, seeking to
minimize the air volume between both materials within the contain-
er and decreasing the required time for the system’s equilibrium
achievement.

Supplementary measures were also taking in place due to vapor
condensation in the container’s interior, which can origin measure-
ment errors when water drops fall into the paper. In addition, con-
siderations took place to avoid the paper filter’s contamination, like
the use of gloves and tweezers for the operator, specifically when
manipulating samples and the whole testing equipment. A weight-
measuring scale with 0,001g minimum precision needs to be use
in order to obtain the paper filter weight.

Before each procedure’s implementation, all samples were initially
saturated and dried to air until the achievement of the required wa-
ter content values, w. Consequently, for every test a drying pattern
was followed, avoiding hysteresis effects in the retention curve.
After this stage, the system (test subject and paper filter) was put
inside a container, sealed with tape (see figure 2). Finally, the use
of PVC rings to avoid direct contact between the paper filter and
the sample (test subject).

Preliminary tests performed, verified the required time for the sys-
tem’s equilibrium achievement. This was achieved by opening the
container periodically to measure the sample’s weight. Afterwards,
at least a 15 day time period was followed, sealing and placing
the containers inside a temperature-controlled room (20°C with +
0.5°C variations), acclimatized within a Styrofoam box.

Figure 2 - Sealed container with paper filter,
PVC rings and the test subject (sample)

After achieving suction equilibrium amongst the container compo-
nents, the sample and paper filter are weighed. A discrepancy, dur-
ing the test, was noticed when each paper filter was dried inside
the oven, before placing it inside the container next to the test sub-
ject. The experimental results were not being compatible with the
calibrations curves proposed by Chandler and Gutierrez [11]. For
that reason, the paper filter drying should be avoided beforehand.
The paper filter’s weight is a critical aspect during the test’s imple-
mentation. The container must be opened to rapidly remove the
paper filter with the aid of tweezers, located within the previously
weighed capsule, obtaining the weight of both components with
the appropriate scale. Afterwards, both components are taken into
the oven. The delay time during this procedure can influence the
paper filter to absorb water from the atmosphere, modifying the
experimental values.

In addition, the capsule’s weight determination can be consider af-
ter the drying process due to small dust particles initially located
within the capsule, volatized in the oven, altering the experimental
values. The drying procedure for mortars or concrete samples can
be done in a conventional way.

After obtaining before and after measures, paper filter weights
for each sample, as well as the material’'s physical properties, the
following parameters are determined: the water content and dry
weight readings within the paper and test subject.

Based on the materials’ phase relationship and the experimental
data, the paper filter’'s moisture content (%) is determined, as well
as its suction value, using equations 5 and 6 proposed by Chandler
and Gutierrez [11], assuming that the value is the same for the
sample or test subject.

Each sample tested provides a point (moisture, suction) for the wa-
ter retention curve, considering that 8 samples (sections) were ob-
tained for each mortar or concrete trace. Consequently, the water
retention curve for each material was determined with the different
moisture content values obtained during each test.
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Gz 10 (6.05 - 248 logW)

i for W= 47% (5)

$=10 (4,84 - 0,0622 lopgWw)

| or W= 47% (6)

where:

w, the paper filter's moisture content (%)

S, is the suction value (kPa.)

In this study, Van Genutchen'’s [1] equation was used to adjust the
experimental retention curve. The equation presents the samples’
water content in terms of volumetric water content, 6, being the
ratio between the water volume and the total volume. Therefore,

the materials’ (mortar and concrete) density values were needed,
in order to convert the gravimetric water content values into volu-
metric water content.

3. Results and analysis

[

The total suction results obtained through the paper filter meth-
od for each mortar and concrete sample execute dare shown in
Tables 4 and 5, respectively. These tables show the final water
content values for each material, as well as the equilibrium suction
values calculated with equations 5 and 6, using the paper filter’s
final moisture. Remarking that only satisfactory values from test
results are offered in both tables.

Figures 3 and 4 present the obtained results for the water reten-
tion curves for mortar and concrete samples, respectively. Not-
ing, primarily in the case of mortar samples, that the obtained
values are proximate from one another. This can suggest that the
usage of different values of the water/cement mixture ratio does
not modify the medium’s micro-pore distribution. In the particu-

Table 4 - Suction test results for mortar test subjects
Paper filter’s Test subject’s gravimetric water : Test subject’s
gravimetricwater content (%) Sz::;gn volumetric
content (%) Before water 0 (%)

= 13,32 3,22 3,10 10264,37 619

g 25,36 7,26 6,83 1829,75 13,64

3 28,41 8,13 7,69 1183,56 15,35

< 34,26 9,09 8,48 511,55 16,94

10,71 3,10 3,01 14925,79 6,02

£ 19,02 5,58 5,26 4541,30 10,50

g 23,61 7,20 6,75 2353,27 13,48

A 25,99 8,14 7,65 1671,91 15,27

8 35,63 10,45 9,80 420,41 19,57

3 36,36 11,54 10,79 378,60 21,55
% 11,98 3,14 3,03 12440,62 6,04
g 12,23 311 3,03 12000,70 6,05
% = 19,97 5,46 5,32 3963,11 10,62
e o) 23,13 6,67 6,34 2520,18 12,65
8 S 23,42 6,92 6,56 2416,33 13,11
- 25,50 7,65 7,20 1794,32 14,38

26,63 811 7,65 1592,45 15,29

s 28,45 8,28 7,82 1175,57 15,62

2 32,16 8,49 8,01 691,27 15,99

8 34,81 9,45 8,93 472,80 17,83

= 13,34 3,78 3,68 10232,54 7.34

,LOE\ 22,37 6,35 5,98 2809,86 11,94

%‘ 27,69 8,10 7,66 131175 15,29

< 32,41 8,53 8,05 666,92 16,08
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Table 5 - Suction test results for concrete test subjects

Test subject’s gravimetric water
content (%)

Paper filter's
gravimetricwater

Test subject’s
volumetric
water 0 (%)

Suction

(kPa)

content (%) Before

4,65

4,54 1223,89 10,23

0, 65

i 47,07 7,36 7.16 79.73 16,12
O
ISi 39,22 7,16 6,96 251,53 15,67
-g c 21,90 4,71 4,54 3002,78 10,22
I e} € 41,67 7,26 7,04 177.15 15,85
Q (@) ~
g i ) 38,22 6,00 5,72 290,36 12,88
O
5 S é',r' 35,74 6,72 6,45 414,17 14,53
§ = 38,21 6,04 5,89 290,73 13,27
= o 20,57 5,29 5,20 3637,87 11,72
<
o 48,64 7,63 6,79 73,49 15,30
I
) 35,41 6,51 6,18 433,80 13,93
o 33,13 6,19 6,04 601,87 13,60

lar case for the concrete samples, although the obtained values
show a greater dispersion, they are still proximate from one an-
other. Hence, the water/cement mix relationship is not an influ-
ential factor. Kumar [12] used the vapor equilibrium method for
the determination of water retention curves in manufactured con-
crete, having mix ratio values equal to 0.40, 0.50 and 0.60. The
results in this study suggest that similar profiles were obtained for
all three concrete mixtures.

Figures 5 and 6 display the obtained results fitted according to Van
Genunchten’s [1] proposed model. Table 6 presents a summary
for the model’'s parameters, obtained by the application of the Or-
dinary Least Squares method. LibreOffice@ software spreadsheet
was used to perform and adjust the curve fitting.

Figure 4 - Retention curves obtained for
Figure 3 - Retention curves obtained for mortar concrete samples manufactured
samples manufactured from traces from traces T-4A, T-5A e T-6A
T-1A, T-1B, T-2A, T-2B e T-3A
12 3 ) m T6A
——T2A E: 7 l‘ * TS5A

- ——Ei E \‘il T-4A
:=' n e TIA 5 t = T T ey
‘E s L‘ =l T2E : " -~ - —_— —
= E= ——
o = ,—
S 6 =
K i
2 2
w =
E2 3

o i S S0 - . S o oS Aea 0 500 1000 1500 2000 2500 3000 3500 4000

Suction (KPa) Suction (KPa)

Hendrickx, Roels and Balen [13] acquired suctions values through
the pressure plate method for cement and chalk samples. The ma-
terials’ characteristics and their volumetric water content values
for saturation (6,), residual volumetric water content (6,) and the
permeability coefficient for saturation (k_,) are presented in table
7. Volumetric water content values (8,=0,30 and 8,=0,050) backup
the parameters’ results obtained for mortar samples presented in
table 6.

According to Freitas, Torres and Guimaraes [14], suction curve
development relies on the distribution law, pores’ radii and its
variation. These researchers performed several tests to charac-
terize degradationin Portuguese buildingsin terms of the upward
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Figure 5 - Correlation between suction
and the volumetric water content
for mortar samples, considering traces
T-1A, T-1B, T-2A, T-2B and T-3A

Figure 6 - Correlation between suction and
the volumetric water content for concrete
samples, considering traces T-4A, T-5A e T-6A

Mean Retention Curve for Concrete
Mean Retention Curve for Mortars 2

30

® Experimental
— Fitting

25

20

@

Volumetric Water Content (%)

Volumetric Water Content (%)
o

0.1 1 10 100 1000 10000 0

0,1 1 10 100 1000 10000
Suction (KPa)

100000
Suction (KPa)

Table 6 - Fitting parameters ofthe water retention curves, according
to the Van Genutchen (1) model, for mortars and concrete samples

Paremeters AT B,Nl!?;:r:-23 ey Concretes (T-4A, T-5A e T-6A)
0, (m*. M=) 0,27799 0,17622
0 (m®. m3) 0 0
n 1,29634 1,068775
m 0,22859 0,06434
a (kPa™) 0,007066691 0,0156045743
R? 94,88% 80,84%
Table7 - Composition, properties and parameters of suction
for mortars manufactured from chalk or cement
bata Mortars
Chalk Cement
Binder/Sand (kg/kg) 0,112 0,218
Water/Binder (kg/kQ) 2,016 0,907
Binder’s specific surface area (m?/g) 12,0 1,30
Binder’s particle average diameter (um) 6,03 12,50
6, (m?. M) 0,33 0,30
0, (Mm3. m?) 0,130 0,050
K., (M/s) 2,27 x 107 6,17 x 107

Source: Hendrickx, Roels and Balen (14)
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Figure 7 - Retention curve obtained
from different porous materials

o Exp. Pol. -W,_,=96
: Chalk _Wwﬂ'aa
—#— Concrete “Wune=007

—g— Mortar _.w =007

S=WIW,y

Source: Freitas, Torres and Guimardes (14).

humidity originated from the soil, due to the capillary effect
occurring through the materials’ pores that form the building’s
walls and floors. Figure 7 shows the retention curves obtained
for different materials (concrete, mortar, chalk and expanded
polyurethane).

4. Conclusions

EE

The total suction results obtained through the paper filter method,
using the mortar and concrete samples, display no significant influ-
ence from the water/cement proportions in this particular phenom-
enon. Considering the 27.80% volumetric water content for mortars
and 17.62% for concrete samples, the minimum suction values ob-
tained for these materials were 50 Pa and 100 Pa, respectively.
Regarding the fitting parameters for the materials’ retention curves,
when compared to those obtained for soils, a great discrepancy is
witnessed, caused by the distinctive porous characteristics that ex-
ist amongst these materials. In general, the water retention curves
obtained for concrete samples are more similar to those obtained
for clayey soils, capable of retaining significant volumes of water
for high suction values (see Figure 1).

Regardless of the few data available in literature, values obtained
in this study for the volumetric water content during saturation and
residual processes (6,=0.30 and 6 =0.050) are proximate to those
provided by other authors.

Consequently, this study confirms the usage of an unconventional
procedure as successful; therefore, the obtained values were sat-
isfactory, reason to suggest the implementation of these values in
more suitable simulations, using specific surrounding conditions.
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Abstract
E——

This study deals with the application of the filter paper method to determine water retention curves for mortar and concrete samples. A water
retention curve exhibits the relationship between water content and energy state in interstitial water, normally expressed as a negative value
when compare to normal conditions of temperature and pressure, being referred to as suction. Considering the water retention curve as a basic
characterization tool for unsaturated soils, its usage in the engineering field concerning most of the construction materials remains as a pending
task. However, stating that not only permeability, but also the water retention curve performs a significant role for water and soluble substances
flow through a material’s pores makes this observation essential for life-span estimation in cases like reinforced-concrete structures. This research
paper offers results for water retention curves obtained in mortar and concrete samples. The experimental curves went through a fitting adjust-
ment process using Van Genutchen’s [1] model, showing consistency with the obtained results. Furthermore, the water/cement mix ratio does not
indicate or suggest a direct influence for water retention curves.

Keywords: water retention curves, suction, filter paper, concrete, mortar.

Resumo

Este trabalho trata do uso da técnica do papel-filtro para a obtencéo, em laboratério, de curvas de retengdo de agua em corpos de prova de
argamassa e concreto. A curva de retengao correlaciona o conteudo de agua de meios porosos com o estado de energia da agua intersticial,
que em condigdes ndo saturadas (vazios ndo totalmente preenchidos por agua) € normalmente negativo em relagdo as condi¢gdes normais de
temperatura e presséo, sendo denominado de suc¢do. Embora possa ser descrita como uma ferramenta basica de caracterizagdo de solos
ndo saturados, o uso da curva de retengdo em concretos e argamassas ainda nao foi introduzido na pratica da engenharia para a maioria dos
materiais de construgdo. Pode-se dizer, contudo, que ndo somente a permeabilidade, mas também a curva de retencdo desempenha um papel
fundamental no fluxo de dgua e substancias soluveis pelos poros do material, sendo imprescindivel o seu conhecimento, para, por exemplo,
estimar a vida Util das estruturas de concreto armado. Sao apresentados resultados de ensaios de sucgéo total pelo método do papel-filtro, os
quais permitiram determinar curvas de retengéo para corpos de prova de concreto e argamassa. Estas curvas foram ajustadas segundo o modelo
de Van Genutchen [1], o qual apresentou boa aderéncia aos valores experimentais. Nao foi possivel observar influéncia significativa da relagao
agua-cimento nas curvas de retengéo obtidas.

Palavras-chave: curva de retencéo, sucgao, papel-filtro, concreto, argamassa.
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1. Introducgao

EE

Para que o processo de fluxo ou o transporte de uma substancia
soluvel em agua possa ser simulado, é necessario o conhecimen-
to ndo somente da permeabilidade saturada do meio, mas tam-
bém de suas curvas de retengédo e de condutividade hidraulica.
A curva de retencao correlaciona o conteudo de agua de meios
porosos com o estado de energia da agua intersticial. Este estado
de energia é normalmente representado por pressdes negativas
(com referéncia a presséo atmosférica padrao) na dgua presente
nos poros do material, em decorréncia de fendbmenos como a capi-
laridade e a adsorgéao, sendo estas pressdes negativas denomina-
das de sucgdo. Embora possa ser descrita como uma ferramenta
basica de caracterizagdo de solos nao saturados, o uso da curva
de retengéo em concretos e argamassas ainda nao foi introduzido
na pratica da engenharia para a maioria dos materiais de constru-
¢ao. Além disso, as condigdes de contorno as quais esta inseri-
da a estrutura influenciam nos resultados a serem obtidos. Desta
forma, o conhecimento prévio da sucgao e de sua variagdo com
o teor de umidade, devido a evaporacéao, € de fundamental impor-
tancia para realizar uma analise, por exemplo, da penetragao de
substancias soluveis como os cloretos em pegas de concreto e
argamassa, quando submetidas a agressividade maritima.

A sucgao nos meios porosos € uma medida do estado da energia
da agua intersticial que esta associada com a sua capacidade de
reter agua, sendo normalmente expressa em termos de carga hi-
draulica (energia por peso) ou de pressao (energia por volume).
Quando a agua livre é posta em contato com um meio poroso,
como a argamassa ou o concreto, ela é retida ou absorvida por
ele, até o limite em que todos os vazios estejam preenchidos com
agua (condigao de meio poroso saturado). Para remover esta agua
do meio poroso, energia tem de ser aplicada, indo de encontro as
forcas de retengdo do material, que se originam, principalmente,
dos fendmenos de capilaridade, adsorgao e osmose. Quanto mais
secos 0s concretos e argamassas, maior sera a sua sucgéo, de
forma que, durante um processo de secagem, a agua passa a ser
armazenada nos poros de menores didmetros e na superficie das
particulas sélidas, formando o filme de agua adsorvido.

A determinagao da curva de retengédo de um meio € também re-
alizada de forma rotineira na fisica dos solos para obtengdo dos

limites de sucg¢éo, dentro dos quais se deve situar um solo no cul-
tivo de uma determinada cultura: capacidade de campo e ponto de
murcha. Na capacidade de campo (cerca de 30 kPa de succéo),
a agua intersticial comega a fluir sob o potencial gravitacional,
de forma que uma adi¢édo adicional de agua somente fara com
que a agua infiltre além dos rizomas da cultura empregada. Na
capacidade de campo (equivalente a uma sucgdo de 1500 kPa),
admite-se que a agua presente no solo se torna indisponivel para
as plantas.

Na area geotécnica, sdo varios os processos utilizados para a
determinagao da curva de retencdo. De acordo com Machado e
Presa [2], existe uma tendéncia a utilizagéo de diferentes técnicas
combinadas para a obtengédo da curva de retengao. Assim, por
exemplo, tem-se o uso da placa de sucg&o (pressao de agua, u,<0
e presséo de ar, u,=0) para baixos valores de sucgéo (até cerca
de 70 kPa), da camara de pressao para valores intermediarios (até
1500 kPa) e do papel-filtro para altos valores de sucgéo. A tabela 1
apresenta os intervalos tipicos de utilizagao de diferentes técnicas
de imposi¢cao/medida de sucgao.

Assim como nos solos, os dois principais mecanismos de retengao
de agua pelo concreto sao a capilaridade e a adsorgao. Estes me-
canismos diminuem a energia especifica do fluido de forma que,
sob a condigdo de ndo saturagdo dos poros, a pressao da agua
intersticial apresenta-se menor do que a atmosférica. Isso explica
o fendmeno da ascenséo capilar. Ascender significa galgar cotas
mais elevadas, ou seja, o fluido se desloca para uma posicao de
maior potencial gravitacional. Como todo fluido somente flui de
um maior potencial de energia para um menor, considerando-se
os termos da equagéao de Bernoulli, a pressdo da agua dentro do
meio nao saturado necessariamente deve ser menor que a atmos-
férica. Para que se trabalhe sempre com valores positivos, é co-
mum se utilizar o conceito de sucgao intersticial ou matricial, que
nada mais é do que a diferenga entre os valores de pressdo do ar
(normalmente atmosférica) e da agua, provocada pelos fendme-
nos de capilaridade e adsorg&o, ou seja: sucgdo = u, — u,, onde
u,, corresponde a press&o na fase ar e u, a presséo na fase agua.
A NBR 9779 [3] prescreve a ascensao capilar como método para
determinagdo da absorgdo de agua em argamassa e concreto
endurecidos, sendo que a amostra deve ser constituida de no
minimo trés corpos de prova, os quais poderdo ser moldados ou

Tabela 1 - Algumas das técnicas utilizadas para medida/imposi¢cdo de succdo em solos
T eenea
Papel filtro Total e matricial 10-30000
Sensor de condutividade térmica Matricial 0-400
Tensidmetros Matricial 0-70
Microtensiometros Matricial 0-1500
Técnicas de eixos Hilf Matricial 0-1500
Equiliorio de vapor Matricial 0 - 1500
Equiliorio de vapor Total 3000 - 3,0x 10°
Placas de pressdo Matricial 0-70
Psicémetros Total 500 - 8000
Fonte: Adaptado de Machado e Presa (2).
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extraidos da estrutura. A ascenséao capilar observada €, contudo, ndo
s6 o resultado do efeito conjunto da sucgéo capilar e da adsorgéo na
reducao da energia da agua intersticial, mas também o resultado do
aumento da permeabilidade a agua pelo aumento do contetido de
agua da amostra a medida que o ensaio progride.

Dessa forma, embora n&o usual na area de tecnologia do concreto, o
ideal para a modelagem do transporte de agua em concretos em si-
tuagdes nao saturadas é a obtengéo, em separado, das suas curvas
de retengdo e de condutividade hidraulica. Essa separagao, desde
que as condig¢des de contorno adequadas sejam adotadas, possibilita
a modelagem do fluxo de agua no interior do material, a qual pode
ser utilizada, por exemplo, para a previséo do tempo de chegada do
cloreto, proveniente do exterior, as armaduras do concreto armado,
criando as condi¢des adequadas para a deflagragdo de processos
de corroséo.

Conforme relatado anteriormente, quando o contetdo de um liquido
dentro de um meio poroso qualquer, expresso normalmente pela
umidade gravimétrica ou volumétrica, se modifica, ha uma mudan-
¢a no estado de energia desse fluido e na maior ou menor facili-
dade com que este se move dentro dos intersticios que em que
se encontra. A medida que o volume de agua decresce, a “segédo
de fluido” nos vazios do material torna-se progressivamente menor.
Desse modo, no processo de secagem, ha um momento em que
a continuidade entre as particulas do fluido pode ser interrompida,
ponto em que a permeabilidade praticamente se anula. Assim, no
caso de meios porosos ndo saturados, € comum haver referéncia
a uma fungdo de condutividade hidraulica, em que os valores de
permeabilidade estdo normalmente associados aos conteldos do
fluido ou ao seu estado de energia (dado normalmente pelo valor
de sucgéo) dentro do meio. Embora ndo haja um claro consenso
na literatura especializada, o termo permeabilidade aqui somente
se referira ao valor da fungéo de condutividade hidraulica para uma
condigéo de saturagao do material.

Segundo relatado anteriormente, denomina-se de curva de retengéo
de agua a relagao existente entre o conteido de agua do meio e o
estado de energia da agua intersticial. A figura 1 apresenta curvas
de retengao tipicas para solos arenosos e argilosos, de acordo com
Presa [4]. Nesta figura, a sucgao esta representada no eixo das orde-
nadas, em fungéo do logaritmo da carga hidraulica, em PF; e o conte-
udo de agua esta representado no eixo das abscissas, em fungéo da
umidade gravimétrica. Esta € uma representagao bastante utilizada
em trabalhos relacionados com a fisica dos solos, embora neste caso
a umidade volumétrica seja a mais utilizada.

Conforme se pode observar nesta figura, a curva de retengéo é de-
pendente da trajetdria (de secagem, umedecimento ou mista) segui-
da durante o ensaio. Este fendbmeno é denominado de histerese. O
fendbmeno da histerese é explicado por meio de diferentes causas,
tais como: a geometria ndo uniforme dos poros intercomunicados por
pequenas passagens, o efeito do angulo de contato, que varia em
fungao da trajetdria seguida, a ocorréncia de bolhas de ar aprisiona-
das, que influenciam a trajetéria de umedecimento, e as variagbes
de volume sofridas por expansao e retragéo. Assim, durante os pro-
cessos de redistribuicdo de umidade, podem-se encontrar, para um
mesmo solo, havendo condi¢bes de equilibrio de sucgao, diferentes
valores de umidade, de acordo com Presa [4].

Nao se encontrou na literatura a informagao de que curvas de reten-
¢ao para o concreto tenham sido determinadas a partir do método
do papel-filtro e muito poucas sdo as curvas de retengdo obtidas,

Figura 1 - Curva de retenc¢do tipica
para solos arenosos e argilosos
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Fonte: Presa (4).

independentemente do método empregado. No que tange aos mode-
los utilizados para a representagao destas curvas, aqueles propostos
por Van Genuchten [1], equagéo 1, e por Fredlund e Xing [5], equa-
Gao 2, sdo os de uso mais corriqueiro na area de geotecnia. Nestas
equagdes, a (kPa"), a (kPa), n e m s&o pardmetros de ajuste; 6_,
corresponde a umidade volumétrica saturada (igual a porosidade do
meio); 8, a sua umidade residual (ponto em que a agua intersticial se
torna descontinua) e e corresponde a base do logaritmo neperiano
(e = 2,718). Ambas as equacdes apresentam similaridades como,
por exemplo, valores de umidade ou de sucgéo, a partir dos quais
s80 necessarios grandes incrementos de sucgao ou de energia para
uma secagem adicional do meio. Estes sdo denominados valores de
umidade ou de sucgao residuais: 6, e Y, respectivamente. A equagao
proposta por Van Genuchten [1] possui como grande vantagem a sua
simplicidade; em compensagao, aquela proposta por Fredlund e Xing
[5] permite a representacao da curva de retengéo do meio até a sua
completa secagem, o que, para estes autores, ocorre para um valor
de sucgdo em torno de 1x10° kPa.

0=0,+——ro—r (1)
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Tabela 2 - Dados e composi¢coes das argamassas no estado fresco

_Propor96e§ : Relagao Cor!sumo indi_cg dg Porosidade Mas§g
(cimento:areia), dagua/cimento de cimento consisténcia %) especifica

em massa a/c (kg/m?) (mm) (kg/m?)
T-1A 1:4,167 0,650 368 167 28,5 1897
T-1B 1:3,690 0,650 397 223 29,9 1890
T-2A 1:3.377 0,550 441 162 27.0 1954
T-2B 1:2,968 0,550 476 230 27,6 1921
T-3A 1.2,5677 0,450 552 161 23.0 2056
T-3B 1:2,247 0,450 592 232 25,0 2026

sendo aproximadamente igual a 0,5 para a maioria dos solos (ndo
foram encontrados relatos do valor de p para concreto).

h{m'] 1
v
0 =0, |1- * : (03] _ 0-0,
STy Wy - @
, a

Como o conteudo de agua afeta a maior ou menor facilidade com . -

que a agua flui no meio, para que a modelagem do fluxo des- Metodos
sa substancia no meio seja possivel, € necessaria a obtengéo da
curva de condutividade hidraulica do meio, na qual a permeabi-
lidade é expressa como uma fungdo da sucgao ou do contetdo
do fluido de interesse. A partir do modelo de Mualem [6] para pre-
visdo de k(B), Van Genuchten [1], adotando como simplificagéo

2.1 Determinagdo experimental da curva
de caracteristica de succao

Em funcgéo dos elevados valores de sucgéo obtidos em concretos
e argamassas, 0 método utilizado para a determinagdo da cur-
va de retengéo correspondeu ao estabelecido pela norma ASTM
D5298 [7], concernente ao uso do papel-filtro, pois este procedi-
mento contempla faixa de medidas entre 30 a 30.000 kPa, confor-
me relatado por Silva [8].

) As tabelas 2 e 3 apresentam os tracos das argamassas e concre-
( 1 J’” tos fabricados nas duas etapas experimentais. Na primeira etapa,

m=1 —l, propde a seguinte equagdo para prever a fungdo de
n

condutividade hidraulica:

k©)=k,, -o"|1-

sat

1-o™ (3) produziram-se argamassas a partir de misturas experimentais, to-
mando-se o cuidado de pesquisar, para uma determinada relacao
agua/cimento, misturas com diferentes indices de consisténcia,
(165 + 5) mm e (225 + 10) mm, e, consequentemente, com varia-
dos consumos de cimento. Assim, foram preparadas argamassas
com relagdes agua/cimento 0,45, 0,55 e 0,65. Para cada combina-
¢ao de parametros acima, foram moldados 4 corpos de prova cilin-
dricos de argamassa de dimensdes 50 mm x 100 mm, perfazendo
um total de 24 corpos de prova (CP) de argamassa. Foi adotada

onde:

» € denominado de saturacado efetiva do solo, sendo dado pela
equacdo 4 (seguinte);

k., € a condutividade hidraulica do meio poroso saturado;

p € um parametro empirico, que foi estimado por Mualem [6] como

Tabela 3 - Dados e composi¢coes dos concretos no estado fresco

Proporcoes Relacdo Consumo indice de : Massa
: E o : : S Porosidade =
(cimento:areia), dagua/cimento de cimento consisténcia ) especifica
em massa a/c (kg/m3) (mm) - (kg/m?3)
T-4A 1:1,800:3,390 0,650 337 150 18,82 2192
T- 5A 1:1,368:2,870 0,550 405 145 18,26 2207
T- 6A 1:0,937:2,349 0,450 497 135 15,71 2276
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a metodologia prescrita no procedimento normativo [9]. Depois de
endurecidos, os CPs de cada trago foram cortados e, ap6s o des-
carte de suas extremidades, deram origem a 8 fatias, que foram
submetidas ao ensaio de sucgao pelo método do papel-filtro.

Na segunda etapa, foram fabricados concretos com uma Unica
consisténcia, abatimento de (140 £ 20) mm, e relagbes agua/ci-
mento iguais a 0,45; 0,55 e 0,65. Para cada trago, foram moldados
4 corpos de prova cilindricos de dimensées 100 mm x 200 mm,
perfazendo um total de 12 CPs. Os procedimentos de moldagem e
cura obedeceram aos critérios da norma brasileira [10]. Os corpos
de prova de cada trago foram cortados e, apds o descarte de suas
extremidades, deram origem a um total de 8 fatias, que foram sub-
metidas ao ensaio de sucgdo pelo método do papel-filtro.

a) Descrigao do ensaio

Foram utilizadas técnicas ja empregadas em solos e o ensaio pa-
dronizado pela norma [11] para se desenvolver uma metodologia,
que, a partir do uso do papel-filtro, determinasse a sucgéo de ar-
gamassas e de concretos. O método do papel-filtro baseia-se na
capacidade que meios porosos tém de absorver ou perder certa
quantidade de agua (ou outro fluido) quando estdo em contato
direto ou indireto com esta substancia, em um ambiente fechado,
a temperatura e pressao constantes, até entrarem em equilibrio
de energia. Neste instante, os valores de umidade do meio poroso
(concreto ou argamassa) e do papel-filtro sdo normalmente dife-
rentes, porém ambos possuem a mesma sucgdo. O equilibrio de
energia é suposto atingido quando nao se observam mais trans-
feréncias de agua da amostra para o papel-filtro (constancia da
massa dos elementos).

O ensaio pode ser feito mantendo-se ou nédo o contato entre o
papel-filtro e a amostra. Quando n&o ha contato, a troca de agua
entre os dois materiais porosos ¢ feita com a agua em forma de
vapor. Neste caso, ha permuta de agua, mas nao das substancias
dissolvidas na agua intersticial da amostra, medindo-se a sucgao
total (osmotica + capilar + adsorgcéo). A atmosfera formada dentro
do recipiente atua como uma membrana semipermeavel, que per-
mite apenas a troca de agua na forma de vapor, em se tratando
de solutos no volateis. No inicio do ensaio, o estado de energia
da agua na amostra, no papel-filtro e no ar do recipiente hermeti-
camente fechado, o qual é regulado pela sua umidade relativa, é
diferente. S&o estes gradientes de energia que promovem o fluxo
de agua. Ao final do ensaio, os conteudos de agua na amostra,
papel-filtro e no ar (umidade relativa), conduzem ao mesmo valor
de sucgao e o sistema entra em equilibrio.

Quando o papel-filtro é posto em contato com a amostra, ha troca
de agua na forma liquida e a sucgéo medida € a matrica (capila-
ridade + adsorg¢do), pois se permite o equilibrio na concentragao
de solutos do meio.

Nesta pesquisa foram efetuadas medidas de sucgéo total (sem
contato), tendo-se colocado o papel-filtro proximo do corpo de pro-
va, a fim de se minimizar o volume do ar entre os dois materiais
dentro do recipiente e diminuir o tempo necessario para o equili-
brio do sistema.

Outros cuidados também foram tomados devido a possibilidade
de condensagéao de vapor dentro do recipiente, o que pode acar-
retar erros de medicdo no caso de gotas de agua cairem sobre o
papel. Também houve a preocupagdo em se evitar a contamina-

Figura 2 - Recipiente lacrado, provido de
papel-filtro, anel de PVC e do corpo de prova

gao do papel-filtro por causa do contato com a mao do operador,
motivo pelo qual o uso de luvas e pingas para o seu manuseio foi
adotado. Devido a pequena massa dos papéis-filtros, uma balan-
¢a com resolugao de 0,001 g ou menor deve ser usada.

Antes da realizagdo dos ensaios propriamente ditos, as amostras
eram inicialmente saturadas e depois secadas ao ar até que atin-
gissem o valor de umidade, w, desejado. Desta forma, em todos os
ensaios seguiu-se uma trajetéria de secagem, evitando-se os efei-
tos da histerese na curva de retengéo. Apos esta etapa, o conjunto,
amostra e papel-filtro, era posto dentro do recipiente o qual era la-
crado com o uso de fita adesiva (ver figura 2). Anéis de PVC foram
utilizados para evitar o contato entre o papel-filtro e a amostra.
Ensaios preliminares foram realizados para verificar o tempo re-
querido para que o equilibrio do sistema fosse atingido. Isto foi fei-
to com a abertura periddica do recipiente e pesagem da amostra.
Um tempo minimo de 15 dias foi adotado. Durante este tempo, os
recipientes lacrados eram mantidos em uma sala com controle de
temperatura, na faixa de 20°C com variagdes de * 0,5°C, acondi-
cionados dentro de uma caixa de isopor.

Depois de atingido o equilibrio de succ¢ao entre os componentes
do recipiente, a amostra e o papel-filtro eram retirados para pesa-
gem. Observou-se que, quando os papéis eram secados em estu-
fa, antes de serem colocados dentro do recipiente junto com o cor-
po de prova, os resultados obtidos nao eram compativeis com os
da curva de calibragéo obtida por Chandler e Gutierrez [11]. Desta
forma, o uso de secagem prévia do papel-filtro deve ser evitado.
A pesagem do papel-filtro € um ponto critico do ensaio. O recipien-
te deve ser aberto e, rapidamente, com o uso de pingas, proceder
a remogéao do papel-filtro, que é colocado dentro de uma capsu-
la com massa previamente determinada, sendo o conjunto entdo
pesado em balanca apropriada. Depois de pesado o conjunto é
levado a estufa. A demora nesta operagédo pode permitir que o
papel-filtro absorva agua da atmosfera, o que interferira nas me-
didas efetuadas.
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E interessante também determinar a massa da capsula apds a
secagem do papel-filtro. Isto ocorre porque a capsula empregada
pode possuir inicialmente pequenas porgdes de p6d que acabam
por serem parcialmente volatilizados na estufa, afetando as leitu-
ras efetuadas. A secagem da amostra de concreto ou argamassa
pode ser feita de forma tradicional.

Apobs obter as massas do papel-filtro e da amostra, tanto antes
como depois de sua insergdo em estufa, e com o conhecimento
prévio dos indices fisicos dos materiais, pode-se determinar os se-
guintes parametros: a massa d’ agua contida no papel e no corpo
de prova, a massa do papel-filtro seco e a massa do corpo de pro-
va seco. De posse desses dados, com base nas relagdes de fases
dos materiais, obtém-se o teor de umidade (%) do papel-filtro e,
utilizando-se as equacgdes 5 e 6 propostas por Chandler e Gutier-
rez [11], a sua sucgao, a qual € assumida como igual a da amostra.
Cada conjunto ensaiado fornece um ponto (umidade; sucgao) da
curva de retengéo, lembrando-se que de cada trago de argamas-
sa ou concreto foram ensaiadas 8 amostras (fatias). Assim sen-
do, como cada amostra possui um valor diferente de umidade,

pode-se elaborar os graficos de curva de retengéo desses materiais.

05 - 248 logww)

s=10 0 for W 47%,

. ®)

S=10 {4"84 - (]’0622 ]Ug“f'} forr WS 470

, ' ()

onde:

w € o teor de umidade, em %, do papel-filtro e S é a sua sucgéo,
em kPa.

Neste trabalho, a equacdo empregada para o ajuste da curva de
retencdo correspondeu aquela proposta por Van Genutchen [1],
equagao 1. Nesta equacao, o conteudo de agua das amostras é

Tabela 4 - Resultados dos ensaios de suc¢cdo em corpos de prova de argamassa
Teor de umidade Teor de umidade gravimétrica . ~ Umidade
gravimétrica do do corpo de prova (%) l(":(:;i;o volumétrica, 6, do
papel filtro (%) Antes do ensaio  Apds o ensaio corpo de prova (%)

c 13,32 3,22 3,10 10264,37 619

,E\ 25,36 7,26 6,83 1829,75 13,64

3 28,41 8,13 7,69 1183,56 15,35

© < 34,26 9,09 8,48 511,55 16,94

S 10,71 3,10 3,01 14925,79 6,02

o £ 19,02 5,58 5,26 4541,30 10,50

o g\ 23,61 7,20 675 2353,27 13,48

A 25,99 8,14 7.65 1671,91 15,27

2 8 35,63 10,45 9,80 420,41 19,57
g 36,36 11,54 10,79 378,60 21,55
P 11,98 3,14 3,03 12440,62 6,04
g 12,23 311 3,03 12000,70 6,05
2 = 19,97 5,46 5,32 3963,11 10,62
g 9 'E’} 23,13 6,67 6,34 2520,18 12,65
g o L 23,42 6,92 6,56 2416,33 13,17
O & 25,50 7,65 7,20 1794,32 14,38
o 26,63 811 7,65 1592,45 15,29

5 28,45 8,28 7,82 1175,57 15,62

(E,' 32,16 8,49 8,01 691,27 15,99

g 34,81 9,45 8,93 472,80 17,83

o £ 13,34 378 3,68 10232,54 7,34

S L,OE\ 22,37 6,35 5,98 2809,86 11,94

) k 27,69 8,10 7,66 1311,75 15,29

o < 32,41 8,53 8,05 666,92 16,08
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Teor de umidade

gravimétrica do
papel filtro (%)

8 28,17
o
Il 47,07
" L
8 5 39,22
8 c 21,90
g1 8 £ 41,67
(@) ~
8 It s 38,22
5 3 iy 35,74
\g O g ),
*g < 38,21
5 > 20,57
O <
S 48,64
I
&) 35,41
< 33,13

Tabela 5 - Resultados dos ensaios de suc¢cdo em corpos de prova de concreto

Teor de umidade gravimétrica Umidade

do corpo de prova (%) volumétrica, 6, do
corpo de prova (%)

4,65 4,54 1223,89 10,23

7,36 7,16 79,73 16,12

7,16 6,96 251,53 15,67

4,71 4,54 3002,78 10,22

7,26 7,04 177.15 15,85

6,00 5,72 290,36 12,88

6,72 6,45 414,17 14,53

6,04 5,89 290,73 13,27

5,29 5,20 3637,87 11,72

7,63 6,79 73,49 15,30

6,51 6,18 433,80 13,93

6,19 6,04 601,87 13,60

expresso em termos de umidade volumétrica, 6, que corresponde
a razdo entre o volume de agua e o volume total das mesmas.
Portanto, foi necessario utilizar os valores de massa especifica
dos materiais (argamassa e concreto) para transformar os valores
de umidade gravimétrica em umidade volumétrica.

3. Resultados obtidos e analises
[

Os resultados dos ensaios de succgao total pelo método do papel-
-filtro efetuados em amostras de argamassa e de concreto en-
contram-se nas tabelas 4 e 5, respectivamente. Nessas tabelas,
pode-se verificar os valores de umidade final de cada material e o
valor de sucgéo de equilibrio calculado com o uso das equagdes

Figura 3 - Curvas de reteng¢do obtidas para
amostras de argamassa fabricadas a partir
dos tracos T-1A, T-1B, T-2A, T-2B e T-3A
12
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5 e 6, a partir da umidade final do papel-filtro. Cabe destacar que
foram apenas indicados os valores de ensaios considerados va-
lidos.

As figuras 3 e 4 apresentam os resultados obtidos para as curvas
de retencao de agua para as amostras de argamassa e de concre-
to, respectivamente. Conforme se pode observar, principalmente
para o caso dos corpos de prova de argamassa, 0s resultados
obtidos se encontram bastante proximos. Isto indica que o uso
de diferentes valores de a/c néo foi capaz de alterar a distribui-
¢ao de microporos do meio poroso. No caso dos corpos de prova
de concreto, embora os resultados obtidos mostrem um nivel de
dispersao maior, eles ainda se encontram préximos um do outro.

Figura 4 - Curvas de reteng¢do obtidas para
amostras de concreto fabricadas a partir
dos tracos T-4A, T-5A e T-6A
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Figura 5 - Correlacdo entre a succao e o teor
de umidade volumétrica de amostras de
argamassa, contemplando os tracos T-1A,
T-1B, T-2A, T-2B e T-3A
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Figura 6 - Correlacdo entre a sucgdo e o teor de
umidade volumétrica de amostras de concreto,
contemplando os fracos T-4A, T-5A e T-6A
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Desse modo, nao fica evidenciada a influéncia da relagao agua/
cimento nesse caso. Kumar [12] utilizou-se da técnica de equili-
brio de vapor para determinar curvas de retengdo de concretos
fabricados com rela¢des agua-cimento iguais a 0,40, 0,50 e 0,60.
Os resultados indicam que perfis semelhantes foram obtidos para
todas as trés misturas de concreto.

As figuras 5 e 6 mostram os resultados obtidos ajustados ao mo-
delo proposto por Van Genunchten [1]. A tabela 6 apresenta um
resumo dos parametros desse modelo, obtidos pelo uso do méto-
do dos minimos quadrados. A planilha da suite do LibreOffice@ foi
utilizada na realizagao dos ajustes.

Figura 5 — Correlagéo entre a succao e o teor de umidade volu-
métrica de amostras de argamassa, contemplando os tragos T-1A,
T-1B, T-2A, T-2B e T-3A

Hendrickx, Roels e Balen [13] executaram ensaios de sucgao pelo
método da placa de pressao, em argamassas de cal e de cimento.

As caracteristicas desses materiais e os seus valores de umidade
volumétrica na saturag&o (8,), umidade volumétrica residual (8)
e coeficiente de permeabilidade na saturagé&o (k) encontram-
-se mencionados na tabela 7. Constata-se que os os valores de
umidade volumetrica (6,=0,30 e 6=0,050) validam os resultados
desses parametros obtidos em argamassas e apresentados na
tabela 6.

Segundo Freitas, Torres e Guimaraes [14], o desenvolvimento
da curva de sucgao depende da lei de distribuigéo, dos raios dos
poros e da sua variagdo. Estes pesquisadores realizaram varios
ensaios para caracterizar a degradagao de edificios portugueses
em funcédo da umidade ascensional proveniente do solo, que por
capilaridade migra através dos materiais porosos que constituem
as paredes e pavimentos dessas construgdes. A figura 7 mostra
curvas de retengdo obtidas para diferentes materiais (concreto,
argamassa, gesso e poliuretano expandido).

Parametros

Tabela 6 - Parémetros de ajuste das curvas de retencdo de agua,
segundo o modelo de Van Genutchen (1), para argamassas e concretos

6, (Mm*. m?) 0,27799 0,17622
6, (M®. m) 0 0
n 1,29634 1,068775
m 0,22859 0,06434
a (kPa™) 0,007066691 0,0156045743
R? 94,88% 80,84%

Concretos (T-4A, T-5A e T-6A)
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Tabela 7 - Composicdo, propriedades e parémetros de
succdo de argamassas elaboradas com cal ou cimento

Dados

Aglomerante/areia (kg/kQ)
Agua/aglomerante (kg/kg)

Superficie especifica do aglomerante (m?/g)
Didmetro médio dos grdos do aglomerante (um)
0, (Mm*. m?®)

0, (m3. m?)

k. (M/s)

Fonte: Hendrickx, Roels e Balen (14).

Argamassas
Com cimento

0,112 0,218
2,016 0,907
12,0 1,30
6,03 12,50
0,33 0,30
0,130 0,050
2,27 x 107 6,17 x 107

4. Conclusoes
E——

Os resultados dos ensaios de sucgao total, realizados pelo méto-
do do papel-filtro, em corpos de prova de argamassa e de concre-
to, ndo evidenciaram de forma significativa a influéncia da relagéo
agua/cimento nesse fendmeno. Considerando a umidade volumé-
trica de 27,80% para as argamassas e de 17,62% para o concreto,
os valores minimos de sucgéo calculados para esses materiais
foram 50 Pa e 100 Pa, respectivamente. Em relagdo aos parame-

Figura 7 - Curvas de reten¢do obtidas
para diferentes materiais porosos

P, —a— PolExp. -W,,=96
—+— Gesso -W,,.=038
—4— Betio  -W,,=007

—8— Argamassa -W,_, =007

S=WIW, 4,

tros de ajuste das curvas de retengdo desses materiais, quando
comparados aos obtidos em solos, observa-se uma grande dispa-
ridade, decorrente das caracteristicas distintas existentes em suas
porosidades. De uma forma geral, as curvas de retengdo obtidas
em concretos devem se aproximar daquelas obtidas para solos
muito argilosos, capazes de reter volumes apreciaveis de agua
mesmo para altos valores de sucgao (ver figura 1).

Apesar da muito pequena quantidade de dados disponivel na li-
teratura, os valores obtidos de umidade volumétrica na saturagéo
e residual (6,=0,30 e 6,=0,050) por outros autores se encontram
proximos dos valores obtidos neste trabalho.

Assim, constata-se que foi empregada uma técnica nao usual
com sucesso, pois os valores encontrados foram satisfatorios,
motivo pelo qual se pode recomendar o emprego desses dados
em simulagdes mais adequadas, utilizando-se condigdes de con-
torno especificas.
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Abstract
E——

This paper presents an automatic procedure using the membrane theory of shells to analyse and define geometries for axisymmetric domes sub-
jected to its own weight, varying its thickness and bend radius, to obtain constant normal stresses along the structure. The procedure offers a great
advantage over the analytic solution of the problem and usual shell numerical methods when one wants to determine the dome geometry with
constant stresses, since the presented procedure has the goal stress as input value for obtaining the geometry, as opposed to the usual numerical
methods, where the reverse occurs. An example clarifies the differences between a spherical dome with constant thickness and a dome subjected
to constant stress. The convergence of the method for a specific material weight and stress for a dome are also presented.

Keywords: domes, thin shells, membrane theory, meridional stress, tangential stress.

Resumo

Este artigo apresenta um processo automatico para analise e definicdo de geometria pela teoria de membrana para clpulas de revolugéo axissi-
métricas submetidas ao peso préprio, com variagéo de espessura e raios de curvatura, de modo a obter tensdes normais tangenciais e meridio-
nais constantes em qualquer ponto da estrutura. O processo apresenta grande vantagem sobre a solugdo analitica do problema e a por métodos
numéricos usuais de casca quando se deseja determinar a geometria da cUpula em fungéo de apenas uma tensao solicitante constante, uma vez
que o processo tem como dado de entrada a prépria tenséo inicial para obtengdo da geometria, diferente dos métodos numéricos usuais, onde
ocorre o inverso. Um exemplo explicita as diferengas entre uma cupula esférica com espessura constante e uma ctpula com tensdes constantes
submetida ao peso proprio. A verificagdo da convergéncia do método para uma tensao solicitante e peso especifico do material de uma cutpula
também s&o apresentados.
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1. Introducgao

EE——

Thin shells are curved laminar structures, whose thickness is small
when compared to its other dimensions. These elements may be
subject to membrane and bending stresses, depending on its re-
straints and loadings. Axisymmetric loading structures with proper
restraint configuration can display only membrane stresses that
act in parallel to a plane tangent to the mean surface of the shell
at a given point, which can be considered the stresses equalty
distributed throughout its thickness.

Shells are a type of structure that has a wide range of applications
, including, for example, fuselages of airplanes and submarines,
metal silos, sheds covers, building structures, automotive and
aerospace components, pressure vessel , liquid tanks, missiles
and, among others, domes.

Domes are semi-spherical or similar form shells, which structure
may consist of various materials and their varied uses and archi-
tectural conceptions refer back to prehistory.

Among the advantages of the use of domes, may be mentioned the
possible large spans to be covered, low weight, high stiffness and
the possibility of geometric handling in their design, which in many
cases make them architecturally beautiful. Constructive difficulties
and the high costs may be mentioned often as drawbacks [8].

The construction of the first technically advanced domes began in
Europe with the Roman Architectural Revolution, when such struc-
tural system was often used to shape large interior spaces of tem-
ples and public buildings [12]. The material typically used in these
domes construction did not have great tensile strength, so, in order
to reduce its weight, the thickness and aggregate material would
vary as height increased, and thereby reduce regular stress in the
direction of the meridians in the completed structure. One example
is the Pantheon in Rome (Figure 1), originally built in 27 BC. With
43.4 meters porthole, the Pantheon in Rome remained the world’s
largest dome for more than a millennium and is currently the larg-
est dome in the world made of non-reinforced concrete.

The geometry of the domes directly influences its structural per-
formance. Therefore, for a given material having certain charac-
teristics, structural efficiency is directly related to the efficiency of
its shape, including its thickness and radii of curvature. There is a
trend of research in the pursuit of optimization of the geometry of
this type of structure, as can be seen in [1], [2], [3], [4] e [7]. One of
the main factors for this interest are the advances and accessibility
of computers and the development of numerical models and opti-
mization algorithms for solving such problems [1]. Solutions for nu-
merical methods with optimization algorithms are suitable for more
general cases of geometries and loads, while there is still a con-
flict between the computational cost, the accuracy of the results

Figure 1 - Section of the Rome Pantheon dome (6)
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obtained and the mathematical complexity of the solutions [3]. The
approach can also present some convergence problems, which
some analyzes have values of stresses or displacements that are
not even found in the field of real numbers [3].
This paper proposes an automatic process for the analysis and
definition of thin shells segments revolution geometry (domes)
submitted to its own weight by membrane theory with thickness
and radii of curvature variation in order to obtain meridional and
tangential stresses constant by a process of simple implementa-
tion and low computational cost. The process has advantage over
the usual numerical methods bark, such as the finite element
method, when it is desired to determine the geometry of the dome
due to a constant stress, since the process has its own initial ten-
sion as input to obtaining geometry, different from the usual numer-
ical methods, where the reverse occurs. Furthermore, the exact
analytic solution of the problem is extremely difficult, as shown in
methodology, which makes the presented process quite interesting
for solving such structures. A dome with constant meridional and
tangential stresses tends to provide a design with a good use of
the material across the dome and decrease bending moments and
shear stresses that may be significant for other types of geometry.
According to the membrane theory, the stiffness to flexure and
torsion in the shell should not be considered, which causes the
bending and torsional moments to resulting null. Under these con-
ditions, also only normal and tangential forces will request cancel
each other out the shear forces and the shell. For this theory to be
valid, it must meet the following conditions:
B The law of variation of the mean surface curvature is continuous;
The law of variation of the thickness of the shell is continuous;
The distribution of loads applied on the surface is continuous;
The forces applied to the free edges act in the corresponding
planes tangent to the mean surface;
B Support reactions are contained in tangent planes to the mean
surface.
Lamé, French engineer whose solution is sometimes also called
the Lamé problem, originally settled the general solution of the axi-

symmetric revolution cylinder thick walls problem in 1833. The
initial solution was based on a cylinder subjected to internal
pressure, which is made use of linear relationships of Hooke’s
Law. The formulation presented in this paper considers only
the equilibrium equations of the domes. Thus, no material
property is used and its use is not restricted to elastic materi-
als. However, these equations are valid for situations where
the thickness of the dome does not exceed 10% of the internal
radius, remaining the error rate small [15]. Using Lamé equa-
tions and the ones presented in this work , it can be seen by
Figure 2, the variation in tangential stress O, of revolution
walls shells subjected to internal pressure T, when there are
revolution shells with a thickness equal to 10 % of the inner
radius and the thickness of the cylinder is equal to 400 % of
the inner radius.

1.1 Objective

The objective of this paper is to present a process using the mem-
brane theory for analyzing and defining the geometry of an axisym-
metric dome subjected to its own weight, with varying thickness
and curvature radii, in order to obtain constant normal and shear
stresses.

2. Method
EE
2.1 Equilibrium equations

In the case of domes studied in this work, it is presented the equi-
librium equations of the membrane theory for thin shells subjected
to loads with revolution symmetry. For such structures, due to its
symmetry, the following characteristics are presented:
N,=N,(0):

Nyy =Ny, =0
Py =p,(9) ;
P, =03

Figure 2 - Variation of the tangential stresses on the wall of the revolution
shells, due to internal pressure in function of their thickness (11)

09 Lamémix — 10,5.p; 09,Lamémin — 9,5.p;

09 Lamémin — E-pi

540 IE——

1 http://www.mathworks.com - Student version.
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Figure 3 - Dome and infinitesimal surface element

Dome axis Dome axis
I |

dN
Ng 4+ —=2d
L atp L |

Using the equation:

p.=p.(9).

where:

.Nw — Normal force per unit of length in the direction of the merid- Io=T5.S€en @ ('I)
ian;

N, — Normal force per unit of length in the direction parallel;
N, Ny, —shear forces per unit of length;

P, — Loading tangent to the surface of the shell in the direction of On the upper side of the element:
the meridian;

P, — Loading tangent to the surface of the shell in the direction
parallel; —

p. — Loading perpendicular to the surface of the shell. N(prod(p N(prz. sen ¢ de (2>
It's possible to completely define the geometry of a dome by its
thickness /4 and the radii of curvature 1 and r, arbitrarily vari-
able (Figure 3). The radius 7, has its center of curvature lo- and on the inferior side
cated on the axis of the shell and it generates the surface of the
shell in the perpendicular direction to the tangent to the meridian.
On. the.gegmetry of the shells',, one can also.define the radius 7, (N(p+ % d(p) (r0+ %d(p) de (3)
which lies in a plane perpendicular to the axis of the shell and has acp d(p

a proportion to 7, equal to 1, =r,seng. It is assumed that the
thickness /1 is very small compared to #; and 7, and therefore
no distinction is made between the inner, middle and outer radii of  As these forces are not collinear (Figure 4), a component appears
the dome. in the direction z equal to:

Due to the symmetry of the dome there is an axisymmetric load
condition. This leads the structure to have tangential constant
forces Né, on each side of the infinitesimal element of the dome N,rodode (4)
surface, which does not occur with the meridional force N . The ¢

shear forces Nrpﬁ and N&p are canceled due to the symmetry
of the problem.

The infinitesimal element of the surface of the dome on Figure 2 is
subjected to external forces in the direction of the meridian (p(/7 )
and in the normal direction to the surface ( P, is positive entering
the dome).

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4 —————— LY
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Figure 4 - Normal component
of the meridional force N,

Dome axis
d(sz.‘/N(p rode
N(.p rode d(,p % ~.
do/2 | T —— o gtp
. n .ﬁ

\ 4

No ro de + second order terms

In the parallel direction, the forces on the element right and left are
also not collinear (Figure 5), therefore a component force appears.

Ngr;dd6 (5)

Figure 5 - Normal component
of the tangential force N,

Noride

Noridede

> de f >+ Dome axis

N\

de’2 J)\ *onde

equations (4) and (7) equal to zero and dividing the equation by
depd@ and rr,seng:

N, &z

Te B, 9)

One can determine the unknown forces on the membrane by
means of free-body analysis of whole shell, over a parallel circle.
From equation (9) writes the equation (10):

This force is horizontally projected in the mean plan of the dome.

Projecting this force in the direction tangent to the meridians:

Npr;dgd6 cos @ (6)

N
N9=-pzr2-r—;pr2 (IO)

And in the normal direction to the mean surface:

Ngr;dgd0 sen @ (7)

Taking the sum of the forces in the tangent direction to the me-
ridian in equations (2), (3) and (6) equal to zero, neglecting sec-
ond order terms and dividing the equation by dpd@, equation

(8) is shown:

d(N,ro)
ﬁ -Ngry cos @ +p,rory =0 (8)

Taking the sum of forces in the normal direction to the surface in

Figure 6 - Equilibrium diagram
of a shell segment

Resultant P
\‘.]I"-‘r' -Ix ;h
- o |o|
(8]
o/
No b

548
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Figura 7 - Diagrama de equilibrio da
forca de compressdo em um contorno

No

4——‘H
V

Moreover, substituting (10) into (8), one has:

d(Ngro) N,
B P ‘sz‘z-q Iy | T1 COS P =-Pylol'y

(1)

Substituting (1) into (11) and multiplying by seng :

d(Nq)ro)
de
-p,I'12 SEN @ COS P -p,, ryrysen’g

sen @ +Ng,rg cos @ =

(12)

where
Therefore:

d
% [(N(pro) sen @]=-ryr, sen @ (p, cos @ +p, sen ©)

(13)

Integrating both sides of equation (13):

Nyro sen @ -F(¢)-C=0

(14)

where:

F((D) = _[—rlrzsen(p(pz COS(0+p¢Sen¢))dg0

In the case of domes without an opening at the top, the constant C
is zero. So, multiplying (14) by 27 :

2mrgN,, sen @ -2mF(¢)=0 (] 5)

The vertical resultant force R due to loadings P, and pq, is
kept in balance by the vertical component of the N force. The
resultant force P (Figure 6) for domes without openings on top is
given by:

®
P=2mn fo rir; sen @ (p, cos @ +p, sen @ )de (]6)

By substituting (16) into (15) and isolating N o

P
Ny= 2mry () sen @ (] 7)

One can thus determine the membrane forces in axisymmetric
shells of revolution. The support conditions of the domes should
always be tangential to N{p, as shown in Figure 7.

From Figure 7 it can be seen that only a vertical component V
does not satisfy the equilibrium condition. It's possible to cancel the
horizontal component H . with the addition of a resilient ring for
example. However, the adoption of such device causes significant
local flexure stresses, which will not be addressed in this paper.

2.2 Spherical dome

For the analysis of a spherical dome subjected to own weight
is considered constant thickness h and the radius of curvature 7 =7,.
Consider, therefore, a radius of spherical dome # =r, =a and
constant thickness /4 subjected to own weight, with ¢ ranging
from 0° to 90°. The resultant P is given by p (own weight force
per unit of area) multiplied by A4 (infinitesimal section area), where
A is given by:

A= jdA = dA =27ryds
4

@
A= J-27msen(pa dp = A= 2ﬂazjsen¢d¢
0

0

The resultant being P = p.A , one can obtain the expression (18):

P=p 2ma® fotpsen @de = P=-2mpa®(1-cos @) (] 8)

By substituting equations (18) and (1) in (17), meridional force is:

N = =2z pa*(1-cos @)
’ 27a sen’@

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4
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Figure 8 - Tangential forces N, and meridional forces N, in function of ¢ on the spherical dome

-11.8 N/em -11,8 N/em

No No

=

R
|

e

Y
+23.6 N/em -23,6 N/em

a a
UL R -
(14 cos ) h(1+cos @)
In (9) is given:
NH :_pza_Nw
..N,=-pcosga +L
(I+cosg)

By solving the equations above, one can obtain the tangential forc-
es of the spherical dome:

N, =aq ;—cos ou o,=L ;—cos
0 =P (I+cosp) ? * h | (1+cosg) ?

Assuming a thickness , e p =0,0236 N/ cm? | it's possible to draw
of meridional and tangential forces diagrams in function of @ . The
results are shown in Figure 8.

Figure 9 - Tangential stresses 5, and meridional stresses c,, respectively (N/cm?)

550
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Figure 10 - Shell segment

Dome axis ‘

It is noticeable that from ¢ =0 to ¢ =51.827", no traction force
develops at the dome, only compressive forces.

Solving the problem using the finite element method, we obtain
a maximum compression force equal to 11,983 N/cm? and trac-
tion equal to 26,243 N/cm?. The ¢ angle at which no shear stress
develops in the direction parallel dome is approximately 52°. The
stress diagram is shown in Figure 9.

2.3 Constant stresses dome

On the constant stress dome analysis, it is considered a dome with
variable thickness subjected to own weight p .

On such domes, should not only their thick-  ness vary along the
height but also their radii of curvature, so that the meridional and
tangential stresses are equal and constant.

The weight per unit of area in the central plane of these summits
is given by:

(19)

p=vh

Therefore, p_ and p, components are given by:

p,=Yhcos@ p,=yhsenq

(20)

In the case of domes with constant stresses, the geometry of the
meridian is determined in such way that the meridional compres-
sive stresses are constant and equal to O in all directions in its
mean plane, with:

N,=N,=-ch

By replacing in (9):

21)

h 1+1 =yh
oh. = =yhcos ¢

By replacing (1) and isolating .

o

= (22)

%ro cos @ - sen @

From Figure 10 is possible to deduce the following relationship:

dro
ds=r;de ride= cos @ (23)
Replacing (23) in (22):
dro Iy COS @

(24)

de _%rocoscp-sencp

Integrating both sides of equation (24):
“ 7, COS @
Ty :_[ p : do
07, cosp—senp
o

It's obtained:

0.2
ro=- Iy —( In

(p 2
Tt = -
vy o 3)

2

Y.rg+2.tan (%) .0 |+rg

(29)

o
(0> +y%re?)

2 o2
1+tan (2) ] +

()
1 22— vri. (=
! 2 (2 +y2rs) T (2)

On top of the dome, where @ =0, the right side of equation (24)
becomes undefined. To solve this problem is necessary to use
equations (21) and (23). As on the top of the dome ¥, =7, , it fol-
lows that :
20
hn=n=——

7
Therefore, on the top of the dome:

dr, =nd¢7=2£d¢
4
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dro _ 20'
de vy

(26)

Then, the shape of the meridian of the dome with constant stress-
es can be defined by equations (24) and (26) . The variation of the
thickness of the dome can be determined by the equations (8) and
(20) , which are obtained by dividing the equation for:

27)

d
E (hry)+hr; cos @ +£hr1r0 sen @ =0

For ¢ =0, we obtain the equation (27) :
di

Ay )y =0 %o

dp dp

Replacing (22) into (27) it follows that:

cos<p+%r0 sen @

d
d_ (hro):hro Y (28)
¢ 50 COS @ -sen @

By integrating both sides from 0a Q:

(p 2
h.ry=h.ron [1-+tan (E) ] hryln

w8 o

-y.rg+2.tan (%) .0]

Figure 11 - Graphic determination of the
geometry of the dome with Constant stress (5)

Figure 12 - Geometry of the
meridian of the dome

It's possible to then determine the thickness of the dome with constant
stresses by equations (27) and (28).

The equations (25) and (29) were obtained by MathCAD computer soft-
ware. However, because of those functions, whose integrals are not
easy to get an analytical solution, it's possible to use numerical integra-
tion for its determination, in order to calculate the approximate value of
definite integrals using, for example, the trapezoidal rule and Simpson’s
Rule [10]. One can get the radius of curvature 7; and 7, by simpler
iterative process, presented by [5].

Equation (26) determines the radius at the top of the dome, as it follows:

20
7 =K=n=—
v

topo
Rearranging (21):

(P 2
h.rg=h.rg.In [1+tan (E) ] -h.rg.In

Y-Tp-tan (g)z (29)

-y.rg+2.tan (;) .0

Knowing the radius of curvature at the top, one can start the de-
termination of the dome geometry with constant stress, as shown
in Figure 11.

A gradual graphic built can be made using equation (30) starting
from the top radius 7,,,,, then following the points A, B, C , etc.
Initially ,the arc from the point O to point B is drawn. At point B the
new weight p, is calculated by equation (30), and being 7, = AB
, one can determine a new curvature radius # that results greater
than the previous radius of curvature # . The extension of the new
r, within 7, has a new center C, which have a new curvature,
larger than the previous one. The iteration of the geometry must be
made with approximately equal A@ . The lower the A, the closer
will the values obtained in relation to the exact solution be.

It can be seen from equation (30) the shape of the meridian is
determined solely by the stress that is desired as set constant
and the specific weight of the material used. Figure 12 shows
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Figure 13 - Triangle ACE for
the process automation

It is observed from Figure 14 that the presence of a load in the
direction of the meridian requires a force to equilibrate it, thus it is
imperative to have have an increase dh on the lower side of the
infinitesimal element.

The approximate equilibrium equation of the forces on the merid-
ian of the dome can be obtained in Figure 14 and is given by:
ohds + yhds’senp—o (h+dh)ds =0

Or by dividing the equation by ds :

odh = yhdsseng

In Figure 14 it is seen that dsseng = dlI , where d[ is the variation
in vertical height of the dome, starting from its top. Then :

(32)

Integrating (32):

mh=Xi+C
(e}

(33a)

or

axis of the surface of a dome subjected to own weight with con-
stant stress o =20 N / cm? and the specific weight of the material
y=0,0236 N/ cm?, with ¢ up to 70°.

The proposal automation, based on iterative process shown by [5],
is made by taking up the triangle ACE in Figure 12, shown in Figure
13. Once 7, is calculated, one chooses a A for determining

topo
radii n,n, r2,n , and so forth . The radius I’z’n is given by:

yn=Tq-U <3'|>
where
u=sec(Ag ) [s+1]+ %H

The value of 7 refers to the iteration in which it is determined the
value of 7, .

The geometry of the meridian can be obtained with no dependence
on the thickness /1, using only the equation (30). However, unlike
other thin shells of revolution, as the cylinder or closed reser-
voirs, the use alone of this equation is not sufficient to establish a
condition of constant stress across the dome.

To determine the variation of the thickness ong the dome height,
an infinitesimal element of the mean shell surface with side ds
must be considered, as shown in Figure 14.

) )
h =(Ee74 =h, eyé

(330)

hy being the thickness of the dome at the top , where /=0.

Figure 14 - Meridional equilibrium of an
infinitesimal element of the dome (5)

ohds

.yhds? sin¢

o(h + dh)ds
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Figure 15 - Variation of the thickness
h (hy,pe< Dyere) €M uMa clpula
com tensbes constantes

" B(07) = 10em

hiw)

-

h(60%) = 58.2cm

Figure 15 shows a dome subjected to its own weight with constant
stress. From equations (27) and (33), it is observed that the thick-
ness at the top of the dome is not dependent on any external fac-
tor, so 4, may have any initial value, since it depends only on its
own weight.

The automation of calculation 4 can be performed using Figure
13, wherein for each value of @, [ can be obtained by:

(34)

1 =TtopoT Zn=1 Vi -I2n-COS(N.AQ)

where 7 is the iteration number for the value of
[ for the cumulative A@.

3. Results
e

3.1 Dome with constant stress

To explain the differences between spherical domes with uni-
form thickness and domes with constant tensions subjected to
own weight, an example for comparison is presented.

The dome with constant stress o =20N/cm’ (compression
in both directions) has a thickness at the top 4, =10cm , spe-
cific weight ¥ =0,0236 N/ cm’, which results in a initial radius
of curvature at the top r,=r, =1, =1.695cm. The angle ¢
ranges from 0° up to 60°, with A@ equal to 0.1°.

The spherical dome has a constant thickness 2=10cm and
its radius of curvature is equal to the top radius of curvature of
the dome with constant stresses (» =1.695¢cm ). The specific
weight is 7 =0,0236 N/ cm’ , which angle ¢ also varies from
0° up to 60°.

Figure 16 shows the stresses diagram developed in the spher-
ical dome. Figure 17 and Table 1 show the variation of the
thickness and radius of curvature 7; and ¥, along the dome
height with constant stresses.

The meridian and the thickness of the two domes (scale 2: 1
for the radius of curvature ) are shown in Figure 18.

It is noticed that, in the example, the spherical dome has
higher compressive stresses along ¢, and tensile stresses in
the direction €. As the y / o ratio is very small, even when
considering a conservative stress, the dome radii of curvature
with constant stress always increases as @ increases, which
means that domes subjected to their own weight are higher in
relation to equivalent spherical domes with equal initial radius
when considering the same . but smaller in height when con-
sidering the same 7 . This is repeated for virtually all materi-
als used in construction. Because there are only compression
stress, the use of materials not resistant to traction is pos-
sible, and the conditions necessary to support the dome are
improved. Furthermore, the fact that there is only one solicitant
stress value in the two axes, leads to an increased structural
performance of the dome due to the better utilization of the

Figure 16 - Tangential stressess
o, and meridional stresses
o, on the spherical dome, with constant thickness and radii of curvature

Oo Oo

| -20 N/cm? 70 N/em?
e T — [
= TR 1
7 | = — —
i | ), By [ —

A " :

A AN F M
L oo s EL E—

+7 N/em? -27 N/em?
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Figure 17 - Thickness and radii of curvature of the dome with constant stress

h 1 12

I 10 cm 1695 cm 1695 cm

58,2 cm 6022 cm 2353 cm

In order to make the formulations of the membrane for domes
valid, the conditions must be met:

material.

The initial thickness of the dome with constant stress #, is
multiplied by e as ¢ increases by a factor of ¥ /o . It is no-
ticed that the inverse relation y/o is equal to half of Toopo -
Thus, A, increases exponentially in function of ¢ when [ is
greater than Viopo /2, as shown in Table 1 with ¢ >50°.

hSO,l.rO

(39)

3.2 Convergence process and limits of

geometry as shown in Figure 2. Figure 21 shows the convergence

of the maximum angle @ as a function of A@, to meet the
relation (35) .

It is observed that around A@ = 1° there is already a conver-
gence to the maximum value of @ to meet the validity of the

The results obtained by the process are dependent on the in-
put data initial stress O, specific weight of material » and
integration step A@. The higher the value A, the lower the

quality of the values obtained. Figure 18 shows the conver-
gence of 7, as A@ is reduced for the dome of the previous
example with @ =60° .

It can be seen that with A(p close to 0,1°, the radius of cur-
vature of the results begin to converge . The same is seen in
Figure 20 for the thickness h , which convergence is also true

membrane model in the example shown. The maximum value
of @ is dependent on the initial stress and the specific weight
of the material, therefore variable.

4. Conclusions
E——

This paper presents an automatic process to define the geome-

with A@ close to 0,1°. In other simulations, this same value of

try of axisymmetric domes subjected to their own weight by the
A@ seemed suitable for the convergence of the results.

Table 1 - Geometry of dome with constant stress in function of ¢ with A¢ = 0,1°

Angle Thickness Radius of curvature Radius of curvature
[0) h (cm) r, (cm) r, (cm)
0° 0

10,0 1695 1695
10° 21 10,3 1728 1704
20° 107 11,6 1866 1745
30° 252 13,5 2123 1815
40° 485 17.7 2601 1925
50° 853 27,4 3566 2092
60° 1492 58,2 6022 2359
69° 2744 254,9 14932 2810
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Figure 18 - Spherical dome and dome with constant stress
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2043
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membrane theory with varying thickness and radii of curvature, in
order to obtain constant meridional and tangential stresses.

The results show that domes subjected to own weight generally
have greater heights than the equivalent spherical ones with
the same initial radius for the same ¢, but have lower heights
for the same 7, due to the relationship 7/0‘ being so small.
Therefore, even when for a conservative initial stress, the radii
of curvature of the dome with constant stress always increase
as (0 increases.

Figure 19 - Convergence of r,
in function of Ag for ¢ = 60°

Convergéncia de r1 em fungdo de A¢ para ¢ = 60°
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Regarding the presented process, it is clear that the accuracy of
the results is a function of A@. For different configurations of
and O, it was found that the convergence of results starts with
values of A(p below 0,1°. For the validity of the membrane model,
it is assured that the equation (35) is respected in order to keep
the error of the variation of normal stress along the thickness
of the dome small. The convergence in the example shown was
around @ = 69° though this value varies with the initial data
used for the dome with constant stress.

The automatic process proposed to define the geometry of axi-

Figure 20 - Convergence of h
in function of Ag for ¢ = 60°

Convergéncia de / em fung¢do de Ag para ¢ = 60°
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Figure 21 - Convergence of the limit value
of ¢ for the validity of the membrane model
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symmetric domes with constant stress subjected to own weight is
simple to use and has a great advantage over the usual numeric
methods. The process shown is also quite interesting for solving
such structures as the analytical solutions to the problem are not
easy to obtain. The tool is shown to be adequate, therefore, for
the geometry defining of domes with constant stress for subse-
quent design.
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Abstract
E——

This paper presents an automatic procedure using the membrane theory of shells to analyse and define geometries for axisymmetric domes sub-
jected to its own weight, varying its thickness and bend radius, to obtain constant normal stresses along the structure. The procedure offers a great
advantage over the analytic solution of the problem and usual shell numerical methods when one wants to determine the dome geometry with
constant stresses, since the presented procedure has the goal stress as input value for obtaining the geometry, as opposed to the usual numerical
methods, where the reverse occurs. An example clarifies the differences between a spherical dome with constant thickness and a dome subjected
to constant stress. The convergence of the method for a specific material weight and stress for a dome are also presented.

Keywords: domes, thin shells, membrane theory, meridional stress, tangential stress.

Resumo

Este artigo apresenta um processo automatico para analise e definicdo de geometria pela teoria de membrana para clpulas de revolugéo axissi-
métricas submetidas ao peso préprio, com variagéo de espessura e raios de curvatura, de modo a obter tensdes normais tangenciais e meridio-
nais constantes em qualquer ponto da estrutura. O processo apresenta grande vantagem sobre a solugdo analitica do problema e a por métodos
numéricos usuais de casca quando se deseja determinar a geometria da cUpula em fungéo de apenas uma tensao solicitante constante, uma vez
que o processo tem como dado de entrada a prépria tenséo inicial para obtengdo da geometria, diferente dos métodos numéricos usuais, onde
ocorre o inverso. Um exemplo explicita as diferengas entre uma cupula esférica com espessura constante e uma ctpula com tensdes constantes
submetida ao peso proprio. A verificagdo da convergéncia do método para uma tensao solicitante e peso especifico do material de uma cutpula
também s&o apresentados.
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1. Introducgao

EE——

Cascas finas sdo pecas laminares curvas cuja espessura é peque-
na em relagédo as suas outras dimensoes. Estes elementos podem
estar sujeitos a esforgos de membrana e flexado, dependendo dos
vinculos nos apoios e do seu carregamento. Estruturas com car-
regamento axissimétrico e com adequada configuragdo de apoios
podem apresentar apenas esforgos de membrana que atuam pa-
ralelamente a um plano tangente a superficie média da casca em
um dado ponto, onde se podem considerar as tensdes distribuidas
uniformemente ao longo de sua espessura.

As cascas constituem um tipo de estrutura que possui uma vas-
ta quantidade de aplicagdes, incluindo, por exemplo, fuselagens
de avides e submarinos, silos metalicos, coberturas de hangares,
estruturas de prédios, componentes automotivos e aeroespaciais,
vasos de pressao, reservatorios de liquidos, misseis e, entre ou-
tros, as cupulas.

Cupulas sao cascas com formato semi-esférico ou similar, cuja
estrutura pode ser constituida de diversos materiais e seus va-
riados usos e concepgdes arquitetbnicas remetem a pré-histoéria.
Entre as vantagens do uso de cupulas, podem-se citar os grandes
vaos possiveis de serem cobertos, baixo peso, alta rigidez e pos-
sibilidade de manipulagdo geométrica na sua concepg¢ao, o que,

em muitos casos, as tornam arquitetonicamente belas. Podem-se
mencionar como desvantagens as dificuldades construtivas e o
custo muitas vezes elevado [8].

A construgd@o das primeiras cupulas tecnicamente avangadas co-
megou na Europa, com a Revolugao Arquitetdnica Romana, quan-
do tal sistema estrutural era freqlientemente utilizado para moldar
grandes espacos interiores de templos e edificios publicos [12].
Naquelas cupulas, normalmente o material usado na construgdo
ndo tinha grande resisténcia a tracéo e, para se reduzir o peso
proprio, variava-se a espessura e o material agregado a medida
que se aumentava a altura, sendo que deste modo reduziam-se
as tensbes normais na dire¢do dos meridianos na estrutura con-
cluida. Um exemplo é o Pantedo de Roma (Figura 1), construido
originalmente em 27 a.C.. Tendo 43,4 metros de vao, o Pantedo
de Roma permaneceu como a maior cipula do mundo por mais
de um milénio e atualmente é a maior clpula do mundo feita de
concreto ndo-armado.

A geometria das cupulas influencia diretamente o seu desempenho
estrutural. Portanto, para dado material com certas caracteristicas,
a eficiéncia estrutural esta diretamente ligada a eficiéncia da sua
forma, incluindo sua espessura e raios de curvatura. Existe uma
tendéncia de pesquisas na busca da otimizagao da geometria deste
tipo de estrutura, conforme pode se observar em [1], [2], [3], [4] e [7].
Um dos principais fatores para esse interesse séo os avangos e a

Figura 1 - Corte da cipula do Pantedo de Roma (6)
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acessibilidade dos computadores e o desenvolvimento de modelos
numéricos e algoritmos de otimizacdo para resolucdo de tais pro-
blemas [1]. As solugdes por métodos numéricos com algoritmos de
otimizagéo séo adequadas para casos mais gerais de geometrias e
carregamentos, enquanto que ainda exista um conflito entre o custo
computacional, a precisao dos resultados obtidos e a complexidade
matematica das solugdes [3]. O enfoque ainda pode apresentar cer-
tos problemas de convergéncia, onde algumas analises apresen-
tam valores de tensdes ou deslocamentos que nao se encontram
sequer no dominio dos nimeros reais [3].

Neste trabalho é proposto um processo automatico para analise
e definicdo de geometria de segmentos de cascas finas de revo-
lugdo (cupulas) submetidas ao peso préprio pela teoria de mem-
brana, com variagcao de espessura e raios de curvatura, de modo
a obter tensGes meridionais e tangenciais constantes por um pro-
cesso de simples implementacdo e com baixo custo computacio-
nal. O processo apresenta vantagem sobre métodos numéricos
usuais de casca, como o Método dos Elementos Finitos, quando
se deseja determinar a geometria da cipula em fungdo de apenas
uma tenséao solicitante constante, uma vez que o processo tem
como dado de entrada a propria tensao inicial para obtengéo da
geometria, diferente dos métodos numéricos usuais, onde ocor-
re o inverso. Além disso, a solugdo analitica exata do problema
é extremamente dificil, como € mostrado na metodologia, o que
torna o processo apresentado bastante interessante para solugao
de tais estruturas. Uma cupula com tensbées meridionais e tan-
genciais constantes tende a fornecer um projeto com um
bom aproveitamento do material em toda a cupula e diminuir os
momentos fletores e cortantes que podem ser significativos em
outros tipos de geometria.

Segundo a teoria de membrana, as rigidezes a flexdo e a torgéo
na casca nao devem ser consideradas, o que faz com que os mo-
mentos fletores e de torgdo resultem nulos. Nestas condigoes,
anulam-se também as forgas cortantes e a casca estara solicitada
unicamente por forgas normais e tangenciais. Para que esta teoria
seja valida, deve-se atender as seguintes condic¢oes:

A lei de variagdo das curvaturas da superficie média é continua;
A lei de variagao da espessura da casca é continua;
A distribuicdo das cargas aplicadas na superficie é continua;
As forgas aplicadas aos bordos livres atuam nos planos cor-
respondentes tangentes a superficie média;
B As reacgOes de apoio estdo contidas em planos tangentes a
superficie média.
A solugéo geral do problema de revolugao axissimétrica usando ci-
lindros de paredes grossas foi originalmente resolvido em 1833 por
Lamé, engenheiro francés, cuja solugéo por vezes também é chamada
de problema de Lamé. A solugéo inicial era baseada em um cilindro
submetido a pressao interna, onde se fazia uso das relagdes lineares
da Lei de Hooke. A formulagao apresentada neste trabalho conside-
ra apenas as equagdes de equilibrio das cupulas. Assim, nenhuma
propriedade do material é utilizada nas relagbes e seu uso ndo esta
restrito aos materiais elasticos. No entanto, estas equagdes sao validas
para situacbes onde a espessura da culpula n&o ultrapassa 10% do
raio interno, mantendo-se o erro pequeno [15]. Usando as equagdes
de Lamé e as apresentadas neste trabalho, pode-se verificar, pela Fi-
gura 2, a variagdo nas tensGes tangenciais G, das paredes das cascas
de revolugdo submetidas a press&o interna p; , quando se tém cascas
de revolug@o com espessura igual a 10% do raio interno e quando a
espessura do cilindro é igual a 400% do raio interno.

1.1 Objetivo

O objetivo deste trabalho é apresentar um processo pela teoria de
membrana para analise e definicdo de geometria de uma cupula
axissimeétrica submetida ao peso préprio, com variagéo de espes-
sura e raios de curvatura, de modo a obter tensées normais e
tangenciais constantes.

2. Meétodo
HE

2.1 Equacées de equilibrio
Nos casos de cupulas estudados neste trabalho, apresentam-se

Figura 2 - Variacdo nas tensées tangenciais nas paredes de cascas de revolucdo
submetidas a pressdo interna em fun¢do de sua espessura (11)

08 Lamémin — 9,5.p;

09, Lamémax = 10, 5.p;

09 Lamémin — E-pi
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1 http://www.mathworks.com - Student version.
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Figura 3 - Clpula e elemento infinitesimal da superficie
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as equagodes de equilibrio da teoria de membrana para cascas
finas submetidas a carregamentos com simetria de revolugéo.
Para tais estruturas, devido a sua simetria, ttm-se as seguintes
caracteristicas:

B Ny =Ny (¢);
® Ng=Ng(6);
| N(Pe =N9(p=0;
W pp =Py (¢);
B pg =0;

B py=p; ()
Onde

Forga normal por unidade de comprimento na diregéo do meridiano;
Ng - Forga normal por unidade de comprimento na diregéo do
paralelo;

Ncpe ) Ne(p — Forgas de cisalhamento por unidade de compri-
mento;

Py - Carregamento tangente a superficie da casca na diregéo do
meridiano;

pg - Carregamento tangente a superficie da casca na diregéo
do paralelo;

p, - Carregamento perpendicular a superficie da casca.

Pode-se definir completamente a geometria de uma cupula pela
sua espessura h e pelos raios de curvaturarq ery , arbitrariamen-
te variaveis (Figura 3). O raio ry tem seu centro de curvatura loca-
lizado no eixo da casca e ele gera a superficie da casca na diregéo
perpendicular a diregao tangente ao meridiano. Na geometria das
cascas, pode-se definir também o raio, que reside em um plano
perpendicular ao eixo da casca e tem uma relagdo com ro igual a
ro =ro .seng . Admite-se que a espessura h é muito pequena em
relagéo a rqy e ro , portanto ndo se faz distingdo entre os raios
interno, médio e externo da cupula.

Em virtude da simetria das cupulas, ha uma condi¢cdo de carre-
gamento axissimétrico. Esta situagéo leva a estrutura a ter forgas

tangenciais Ng constantes em cada lado do elemento infinitesimal
da superficie da cupula, o que ndo ocorre com a forga meridional
N(p . As forgas de cisalhamento N(pe e Ne(p se anulam devido a
simetria do problema.

Considere-se o elemento infinitesimal da superficie da cupula da
Figura 2. O elemento esta submetido a forgas externas de superfi-
cie na dire¢cdo do meridiano ( Py ) € na diregdo normal a superficie
( p, positiva entrando na cupula).

Sendo a equagao:

ro=r,.Sen @

(1)

tem-se no lado superior do elemento:

N,rod@=Ng,r;.sen @ d

)

€ no lado inferior:

©)

N+ Moy L9040 4o
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Figura 4 - Componente normal
da forca meridional N,

Eixo da cupula
|

r/; No ro do + termos ™
/ de ordem superior

Como estas forgas néo sao colineares (Figura 4), surge uma com-
ponente na diregéo z igual a:

N,rod6dep (4)

Figura 5 - Componente normal
da forca tangencial N,

] / Neride

do/2 -

Noridgdo [{/ [ T—-._ Eixo da cupule
2, w T

1

do/2 _‘J \ Noride

no nas equagdes (2), (3) e (6) igual a zero, desprezando termos
de segunda ordem e dividindo a equagéo por ded6 , tem-se a
equagao (8):

d(N ro)
#-Nerl €0S @ +pyror; =0 (8)

Fazendo-se o somatorio de forgas na direcdo normal a superficie
nas equacoes (4) e (7) igual a zero e dividindo a equagao por dedo
€ por rqroseng , tem-se:

Na direcéo do paralelo, as forgas no lado direito e esquerdo do
elemento também néo sdo colineares (Figura 5), portanto surge
uma componente de forga.

Nor;depd® (®)

Esta forga esta projetada no sentido horizontal no plano médio da
cupula. Projetando-se esta forga na diregcdo tangente ao meridia-
no, tem-se:

Ngr;dgd6 cos @ (6)

e na direcdo normal & superficie média:

Ngr;dqd0 sen @ (7)

Fazendo-se o somatério de forgas na direcdo tangente ao meridia-

N, N
Te o, )

Figura 6 - Diagrama de equilibrio
do segmento de uma casca

Resultante P

/ 10 | | \
/
/ L \\
/ AN
W
0 .
I?Z \‘\ ('p,—o N
N \( ¢
@ -
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Figura 7 - Diagrama de equilibrio da
forca de compressdo em um contorno

No

4——‘H
V

Podem-se determinar as forgas desconhecidas na membra-
na por meio da analise do corpo livre da casca toda, acima
de um circulo paralelo. A partir da equacao (9) escreve-se a
equacao (10):

(10)

Ng
Ng=-p,I;-—1;
ry

e substituindo (10) em (8), obtém-se:

d(Ngro) Ng
T_ —pzrz-qrz Iy COS P =-Pyloly (] lI)

Substituindo (1) em (11) e multiplicando por , chega-se a:
d(Ngro)
de
-p,I'1I'2 SEN P COS @ -py, ' T, sen@

sen @ +Ng,rg cos @ =

(12

onde
d (N wro)
de

tem-se portanto:

sen@+N, r,cosp= % [(NwrO )semp}

d
1 [(NoTo) sen @]=-rir; sen ¢ (p, cos @ +py sen ) (13)

Integrando-se os dois lados da equagéao (13), chega-se a:

N,ro sen @ -F(¢)-C=0

(14)

onde:
F(o) =J.'rlrzsen(l)(pzcoS(P"‘pq,sen(p)d(p

No caso das cupulas sem abertura no topo, a constante C
sera igual a zero. Entédo, multiplicando-se (14) por 2x , tem-se:

2mrgN,, sen ¢ -2nF(@)=0

(19)

A resultante vertical R devida ao carregamento p, e py, €
mantida em equilibrio pela componente vertical da forga NCP .
A resultante P (Figura 6) para cupulas sem aberturas no topo é
dada por:

@®
P=2n fo riry sen@ (p, cos @ +p, sen@)de  (16)

Substituindo a (16) em (15) e isolando N(p , tem-se:

P
Ny=-—————
¢ 2mry(@) sen @

(17)

Pode-se assim determinar as forcas de membrana em cascas de
revolugao axissimétricas.

As condigbes de suporte das cupulas deverao ser sempre tan-
genciais a forga Figura 7.

Pela Figura 7 percebe-se que apenas uma componente vertical
V ndo preenche a condi¢cao de equilibrio. Pode-se equilibrar a
componente horizontal H com a adigdo de um anel resistente
por exemplo. No entanto, a adogao de tal artificio causa tensdes
locais de flexdo significativas, o que ndo sera abordado neste
trabalho.

2.2 Cuapula esférica

Para a analise de uma cupula esférica submetida ao peso pro-
prio, considera-se a espessura h constante e o raio de curvatura
rq =ro . Considere-se, portanto, uma cupula esférica de raio rq
=rp =a e espessura h constante submetida ao peso préprio, com
¢ variando de 0° a 90°. A resultante P é dada por p (peso proprio,
forga por unidade de area) multiplicado por A (area da segéo
infinitesimal), onde A é dado por:

A= _.-dA = dA =27r,ds
?

4
A= J-27msen(pa dp = A= 2ﬂazjsen¢d¢
0

0
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Figura 8 - Forcas tangencial N, e meridional N, em fungdo do angulo ¢ na clpula esférica
No No
| -11.8 N/em -11,8 N/em
3
iy
TTh,
N
™y
[
+23,6 N/cm -23,6 N/em
Sendo a resultante P=p.A , pode-se obter a expressao (18): substituindo as equagdes (18) e (1) em (17), tem-se a for¢a ou a
tenséo meridional:
-2z pa*(1-cos @)
¢ RN sl S
P=p 2ma? fo sengpde = P=-2mpa’(1-cos @) (]8) N, 2rasen’p
_ ap _ ap

¢ O-(P

. - .
(1+cos @) h(1+ cos @)

Figura 9 - TensGes tangenciais ¢, e tensdes meridionais ¢, respectivamente (N/cm?)
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Figura 10 - Segmento de casca

Eixo da cupula ‘
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ro S/ |
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r T —dor
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Da (9) tem-se que:
Ny,=-p.a—N,

ap

SNy =— —_—
oy =—Dpcos@a+ (1+cosp)

Solucionando obtém-se a forga ou tensdo tangencial da cupula
esférica:

N, =aq ;—cos ou o,=L ;—cos
0= Ap (I+cosp) v “ b (1+cosp) ?

Supondo uma espessura h=1 cm , a=10 m e p=0,0236 N/cm? ,
traca-se os diagramas de forcas meridional e tangencial em fun-
¢ao de ¢. Os resultados séo apresentados na Figura 8.

Nota-se que de =0 até ¢=51.827 ", nenhuma forga de tragéo se
desenvolve na cupula, apenas forgas de compressao.
Solucionando o problema usando o método dos elementos finitos,
obtém-se uma forca maxima de compressao igual a 11,983 N/cm?
e de tragdo igual a 26,243 N/cm?. O angulo ¢ em que ndo ha ten-
séo tangencial se desenvolve na cupula na direcdo do paralelo é
de aproximadamente 52°. O diagrama de tensdes é apresentado
na Figura 9.

2.3 Cupula com tensoes constantes

Na analise da cupula com tensdes constantes, considera-se uma
cupula com espessura variavel submetida ao peso préprio p .
Tais cupulas devem n&o apenas variar sua espessura ao longo
da altura, mas também seus raios de curvatura, de modo que as
tensdes tangenciais e meridionais sejam iguais e constantes.

O peso por unidade de area no plano médio destas cupulas é
dado por:

(19)

p=vh

Portanto, as componentes p, e Pe sdo dadas por:

(20)

p,=Yhcos¢@ p,=yhsenq

No caso de cupulas com tensdes constantes, a geometria dos me-
ridianos é determinada de tal forma que as tensdes meridionais de
compressao sejam constantes e iguais a ¢ em todas as dire¢cdes
em seu plano médio, sendo:

N,=N,=-ch

Substituindo em (9), tem-se:

1)

h 1+1 =vh
oh. e =vh cos ¢

Substituindo (1) e isolando r4 , obtém-se:

Ip

=y (22)

5o Cos@-sen@

Da Figura 10 é possivel deduzir a seguinte relagao:

dr, (23)

ds=r;de ri;de= 05

Substituindo a (23) em (22), obtém-se:

dr, I'y COS @

(24)

d(P_%rocoscp-sen(p

Integrando-se ambos os lados da equagéo (24)

@
cos
ro = .[—7 ) ¢ d(p
0 7, COS @ —sengy
o2
obtém-se:

0.2

_— 1
)

(p 2
ro=- y.rp.tan (E) -

0.2

T e

Y.rg+2.tan (%) .0

(29)

@\?2 o? ®
In |1+t — 22— yr )l =
" +’““(2) ]+ (@2 V0 (2)

No topo da cupula, onde ¢ =0, o lado direito da equacéo (24) se
torna indefinido. Para solucionar este problema se usa as equa-
¢oes (21) e (23). Como no topo o raio rq =rp , conclui-se que:

2 2
ﬁ:rzzﬁ drozrld(p:—o-d(p

Y e
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Portanto, no topo da cupula tem-se:

dry 20
de vy

(26)

Define-se entdo a forma do meridiano da clpula com tensdes
constantes pelas equagoes (24) e (26).

A variagéo da espessura da cupula pode ser determinada pelas
equacdes (8) e (20), onde se obtém, dividindo a equagao por o :

27)

d Y
- % (hry)+hr; cos @ + Ehrﬂ‘o sen ¢ =0

Para ¢=0, obtém-se pela equagéo (27):

d dr.
L (b Vohr, = 2o
co( "o )oh do

Substituindo (22) em (27), obtém-se:

Y
d COS @ + —r( sen @
-— (hro):hro Y o
de 50 COS@-sen ¢

(28)

e integrando nos dois lados de 0 a ¢ , chega-se a:

(p 2
h.rg=h.ro.In [1+tan (E) ] -h.rg.In

Y.rp.tan (%)2 (29)

-y.rg+2.tan (%) .0

Figura 11 - Determinacdo gréfica da geometria
da clpula com tensbes constantes (5)

Figura 12 - Geometria do meridiano
da cupula

Pode-se entédo definir a espessura da cupula com tensdes cons-
tantes pelas equacgdes (27) e (28).

As equacdes (25) e (29) foram obtidas por programa computacio-
nal MathCAD. No entanto, por se tratar de fungbes cujas integrais
ndo sao faceis de obter uma solugdo analitica, € possivel usar a
integragcdo numérica para sua determinagao, de modo a calcular o
valor aproximado das integrais definidas - uma vez que nao se tem
conhecimento da expressao analitica para a sua primitiva usando,
por exemplo, a Regra dos Trapézios e a Regra de Simpson [10].
Pode-se obter os raios de curvatura rq e rp por processo iterativo
mais simples, apresentado por [5].

Da equagéo (26) se determina o raio no topo da cupula, onde:

_20
4
Rearranjando (21), chega-se a:

rlopa:ri:rZ

(30)

_[ycosep 1 .
= (e} ry

Conhecendo-se o raio de curvatura no topo, pode-se iniciar a de-
terminagao da geometria da cupula com tensdes constantes, con-
forme mostra a Figura 11.

Faz-se uma construcado grafica gradativa usando a equacao (30)
a partir do raio do topo "opo * entdo seguindo os pontos A, B, C,
etc. Inicialmente, traga-se o arco do ponto O ao B. No ponto B se
calcula o novo peso p, pela equagéo (30) e sendo ry =AB , € pos-
sivel determinar um novo raio de curvatura curvatura rq anterior.
O prolongamento do novo rq , que resulta maior que o raio de rq
no raio ro  tem um novo centro C, que tem uma nova curvatura,
maior que a anterior. A elaboracdo da geometria deve ser feita
com A@ aproximadamente iguais. Quanto menor o A@ , mais pro-
ximos serdo os valores obtidos em relagéo a solugao exata.
Percebe-se pela equagéo (30) que a forma do meridiano é de-
terminada unicamente pela tensdo que se deseja estabelecer
como constante e pelo peso especifico do material empregado.

IBRACON Structures and Materials Journal 2016 * vol. 9 +n°4
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Figura 13 - Triangulo ACE para
automatizacdo do processo

A Figura 12 apresenta o eixo da superficie de uma cupula subme-
tida ao peso proprio, com tensdo constante 0=20 N/cm? e peso
especifico do material y=0,0236 N/cm? , com ¢ até 70°.

A automatizacéo proposta, baseada no processo iterativo apre-
sentada por [5], é feita tomando-se o tridangulo ACE da Figura 12,
apresentado na Figura 13. Uma vez calculado o escolhe-se um
A@ para a determinag&o dos raios roy , Mtopo ri,rp € assimpor
diante. O raio "2,n sera dado por: '

r2,n= r{-u

1)

onde

u=sec(A@ ) [s+1]+ M

1
tan (n.A(p ) "

O valor de n
refere-se a iteracdo em que se esta determinando o valor de rp .
A geometria do meridiano pode ser obtida sem haver dependéncia da
espessura h , usando apenas a equagéo (30). No entanto, diferente-
mente de outras cascas finas de revolugdo como o cilindro ou reser-
vatdrios fechados, o uso apenas desta equagao nao é suficiente para
estabelecer uma condigao de tensbes constantes em toda a cupula.
Para se determinar a variagdo da espessura h ao longo da altura
da cupula, deve-se tomar um elemento infinitesimal da superficie
média da casca de lado ds , conforme a Figura 14.
Observa-se pela Figura 14 que a presenga de uma componente

do carregamento na dire¢cdo do meridiano necessita de uma forga
para equilibra-lo, portanto deve-se ter um incremento dh no lado
inferior do elemento infinitesimal.

A equacao de equilibrio aproximada das forgas no meridiano da
cupula pode ser obtida da Figura 14 e é dada por:

ohds + yhds’senp—o (h+dh)ds =0
Ou dividindo a equagéao por ds :
odh = yhdsseng

Pela Figura 14 é possivel observar que dsseng=dl , onde dI
€ a variagao da altura vertical da cupula, a contar do seu topo.
Chega-se entéo a:

dh vy
oo

(32)

Integrando (32), obtém-se:

mh=X1+C
(e)

(33)

ou

h=C eY% =h, ey% (33b)

Figura 14 - Equilibrio meridional de
um elemento infinitesimal da cupula (5)

ohds

.yhds? sin¢

o(h + dh)ds
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Figura 15 - Variagdo de espessura
h (hyepe< Duere) €M UMa clpula
com tensdes constantes

10¢m

! h(0%)

hiw)

-

h(60%) = 58.2cm

Sendo hg a espessura da clpula no seu topo, onde /=0 . AFigura
15 apresenta uma cupula submetida ao peso proprio com tensdes
constantes. Pelas equagbes (27) e (33), observa-se que a espes-
sura no topo da cupula ndo depende de nenhum fator externo,
portanto pode ter qualquer valor h inicial, uma vez que depende
apenas do peso proprio.

A automatizagéo do calculo de h pode ser feita usando novamente
a Figura 13, em que o valor de / para cada j pode ser obtido por:

(34)

1 =Ttopot Zn=1 Vi -I2n-COS(N.AQ)

onde n é o numero da iteragdo em que se esta obtendo o valor de
| para o Ap acumulado.

3. Resultados
e

3.1 Cupula com tensées constantes

Para explicitar as diferengas entre clpulas esféricas com espes-
sura constante e clpulas com tensdes constantes submetidas ao
peso proprio, apresenta-se um exemplo para comparagao.

A clpula com tensbes constantes 0=20 N/cm’ (compressao nas
duas diregdes) tem espessura no topo hg =10 cm , peso especifico
vy=0,0236 N/em® , 0 que resulta em um raio de curvatura inicial no
topo rq =rp =rgpo =1.695 cm . Fez-se o angulo ¢ variando ateé 60°,
com Ag igual a 0,1°.

A cupula esférica tem espessura constante h=10 cm e seu raio
de curvatura é igual ao raio de curvatura do topo da cupula com
tensdes constantes ( r = 1.695 cm ). O peso especifico é de
vy = 0,0236 N/em® ,onde também se faz a variagédo do angulo ¢
até 60°.

A Figura 16 mostra o diagrama de tensdes desenvolvidas na cu-
pula esférica. A Figura 17 e a Tabela 1 demonstram a variagédo da
espessura e raios de curvatura rq e rp ao longo da altura da ctpula
com tensdes constantes.

O meridiano e a espessura das duas cupulas (escala 2:1 em rela-
¢80 aos raios de curvatura) sdo apresentados na Figura 18.
Percebe-se que, no exemplo, a clpula esférica apresenta ten-
sbes de compressao maiores ao longo de ¢ , além de tensdes
de tracdo na direcdo 6 . Como a relagédo y/c é muito pequena,
mesmo quando se considera uma tensao solicitante conserva-
dora, os raios de curvatura da cupula com tensdes constantes
sempre aumentam conforme se aumenta @ , o que faz que com
que estas cupulas submetidas ao peso préprio sejam maiores
em altura que as equivalentes em raio inicial esféricas quando
se considera um mesmo @ , mas menores em altura quando se
considera um mesmo rg . Isso se repete para praticamente todos
os materiais usados em construgao civil. Por haverem tensoes
constantes s6 de compressao, permite a utilizagdo de materiais
ndo resistentes a tracdo e melhora as condigdes necessarias
para suporte da cupula. Além disso, o fato de haver apenas uma
tensao solicitante nos dois eixos leva a um aumento do desem-

Figura 16 - Tensdes tangenciais
o, € meridionais
c, ha cupula esférica, com raio de curvatura e espessura constantes

Oo Oo

-20 N/cm? -20 N/em?
\: |

S — —

Y |

k= ——

N N [ E—
W hi\ /
» !

+7 N/em? -27 N/em?
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Figura 17 - Raios de curvatura e espessuras da clpula com tensdes constantes

I | )
1695 cm 1695 cm

6022 em 2353 cm

penho estrutural da cupula em fungéo do melhor aproveitamento
do material utilizado.

A espessura inicial da cupula com tensdes constantes hg confor-
me se aumenta ¢ com o fator € multiplicada pelo exponencial e
y/o . Percebe-se que o inverso da relagdo y/o é igual a metade
de Mtopo - Dessa maneira, hO aumenta exponencialmente em fun-
¢do de jquando / é maior que Mtopo /2, conforme se observa na
Tabela 1 com ¢ = 50°.

3.2 Convergéncia do processo e limites
da geometria

Os resultados obtidos pelo processo apresentado séo dependen-
tes dos dados de entrada tensao inicial o , peso especifico do ma-
terial y e do passo de integracdo A@ . Quanto maior o valor de A,
menor sera a qualidade dos valores obtidos. A Figura 18 apresen-
ta a convergéncia do raio de curvatura do meridiano com ¢ = 60° .
Pode-se verificar que com rq conforme se reduz Ag para a cupula
do exemplo anterior Ag préximo a 0,1°, os resultados do raio de
curvatura comecam a convergir. O mesmo se observa na Figura
20 para a espessura h , em que a convergéncia se da também

com A@ proximo a 0,1°. Em outras simula¢des este mesmo valor
de Ag pareceu adequado para a convergéncia dos resultados.

De modo a se fazerem validas as formulagdes do modelo de mem-
brana apresentado para cupulas, devem ser satisfeitas as condi-
cOes de:

hSO,l.I‘O

(39)

conforme apresentado na Figura 2. A Figura 21 apresenta a conver-
géncia do angulo maximo de ¢ em funcéo de A¢ , de modo a atender
a relagao (35). Observa-se que a partir de Ap=1° ja ha convergéncia
do valor maximo de ¢ para a validade do modelo de membrana no
exemplo apresentado. O valor maximo de ¢ é dependente da tenséo
inicial e peso especifico do material, portanto variavel.

4. Conclusoes
E——

Este artigo apresentou um processo automatico para definicdo da

Angulo
¢

0° 0
10° 21
20° 107
30° 252
40° 485
50° 853
60° 1492
69° 2744

Tabela 1 - Geometria da clpula com tensGes constantes em funcdo de ¢ com Ag = 0,1°

h (cm)
10,0
10,3
1.6
13,5
17,7
27,4
58,2
254,9

Raio de curvatura
r, (cm)

1695 1695
1728 1704
1866 1745
2123 1815
2601 1925
3566 2092
6022 2359
14932 2810
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with constant normal stress

848

1468 [

1505

2043

Figura 18 - Cupula esférica e clpula com tensdes constantes

,I?topo = hbase = 10cm

htopo = 10cm

hvase = 58,2cm

geometria de cupulas axissimétricas submetidas ao peso proprio
pela teoria de membrana, com variagéo de espessura e raios de
curvatura, com a finalidade de obter tensdes meridionais e tangen-
ciais constantes.

Os resultados mostram que cupulas submetidas ao peso préprio
geralmente tém alturas maiores que as equivalentes em raio inicial
esféricas para um mesmo @ , mas apresentam alturas menores
para um mesmo rq devido a relagéo y/o ser muito pequena. Por-
tanto, mesmo quando se adota uma tenséao inicial conservadora,

Figura 19 - Convergéncia de rl
em funcdo de Ae para ¢ = 60°

Convergéncia de rs em fungdo de Ag para ¢ = 60"

7000

Raio de curvatura r1 (cm)

.2 -1 [i] 1 2 3
- log(Ag)

os raios de curvatura de cupula com tensdes constantes sempre
aumentam conforme se aumenta ¢ .

Com relagéo ao processo apresentado, percebe-se que a preci-
séo dos resultados é fungéo do passo A¢ . Para diferentes confi-
guracgoes de y e 0, verificou-se que a convergéncia dos resulta-
dos comega com valores de Ag abaixo de 0,1°. Quanto a validade
do modelo de membrana, assegurou-se que a relacédo (35) fosse
atendida de modo a manter o erro da variagdo da tensao normal
constante ao longo da espessura da cupula. A convergéncia no
exemplo apresentado ficou em torno de ¢ = 69°, no entanto esse

Figura 20 - Convergéncia de h
em funcdo de Ap para ¢ = 60°

Convergéncia de 1 em fungdo de Ay para ¢ = 60°

g

w
o

g

Espessura h (cm)
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w
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o

- log(Ag)
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Figura 21 - Convergéncia do valor limite
de ¢ para validade do modelo de membrana

72

70 70 69 68,9
68 69

68,95

68,954

. 66
5

S 64

62

60 60
6060

58

-2 -1 0 1 2 3
- log(Ag)

valor varia conforme os valores iniciais usados para a cupula com
tensbes constantes.

O processo automatico proposto para definicdo da geometria de
cupulas axissimétricas com tensbes constantes submetidas ao
peso proprio € de simples aplicagdo e apresenta grande vanta-
gem sobre métodos numeéricos usuais de casca. Como também
nao sao faceis de se obterem solugdes analiticas para o proble-
ma, o processo apresentado se torna bastante interessante para
solugao de tais estruturas. A ferramenta se mostra adequada, por-
tanto, para o langamento estrutural de cupulas com tensdes cons-
tantes para posterior dimensionamento.
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Abstract
E——

Alkali-aggregate reaction is a chemical reaction between cement alkalis and some reactive mineral present in some aggregates, leading to con-
crete expansion and cracking. One kind usually observed and studied in Brazil is the alkali-silica reaction, due to its fast development. There are
several methods that are effective to control and mitigate this reaction, and one of them is the partial replacement of cement by mineral additions
such as pozzolans like fly-ash, silica fume and slag. In this study, we propose the use of electrical steel slag as a partial replacement of cement,
evaluating its effectiveness by NBR 15577:2008, employing different proportions as replacement. It seems that the electrical steel slag, despite its
expansive behavior, has been effective in the control of the ASR.

Keywords: concrete expansion, alkali-aggregate reaction. alkali-silica reaction, pozzolans, steel slag.

Resumo

A reagéo alcali-agregado (RAA) é uma reacéo que ocorre entre os alcalis do cimento e alguns compostos minerais presentes em determinados
agregados, gerando consequéncias ao concreto, como por exemplo, fissuragéo. A reagdo com maiores ocorréncias registrada no Brasil € a re-
acdo alcali-silica (RAS), devido a rapidez com que esta ocorre em fungéo das formas minerais reativas envolvidas. Varios métodos estudados
ja se comprovaram eficazes para o controle desta reagdo, sendo um deles a substituicdo parcial de cimento por adigdes como as pozolanas,
dentre as quais podem ser citadas as cinzas volantes e as escérias de origem siderurgica. Neste sentido, este trabalho tem por objetivo o estu-
do da utilizagdo da escoéria de aciaria elétrica como redutor da reagdo alcali-agregado, sendo desenvolvido com base nas orientagdes da NBR
15577:2008 Agregados — Reatividade Alcali-Agregado, avaliado para diferentes proporgdes de substituicdo parcial de cimento por escéria. A
escoria de aciaria elétrica, uma pozolana nao tradicional resultante do processo de produgado do ago e de caracteristicas expansivas, teve éxito
ao reduzir a expansao da RAS.

Palavras-chave: expanséo do concreto, reacdo alcali-agregado, reacéo alcali-silica, pozolanas, escéria de aciaria.
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1. Introduction

EE

Alkali aggregate reaction (AAR) is a chemical reaction, which oc-
curs between alkalis from cement paste and some alkaline reac-
tive minerals in aggregates. This reaction form a viscous hygro-
scopic gel that fills concrete voids leading to damage and reducing
the concrete structure life span [1].

There are mainly two types of AAR, alkali-silica reaction (ASR) and
alkali-carbonate reaction (ACR), according to the aggregate reac-
tive minerals.

Alkali-silicate reaction can be classified as a specific type of ASR,
for its resemblance, because low degree of crystalline silicates
or amorphous silicates usually develop alkali-silica reaction while
highly crystalline silicates develop alkali-silicate reaction [2]. In this
sense, alkali-silicate is observed in opal, amorphous silica, chert
or chalcedony, cristobalite or tridymite, natural volcanic and boro-
silicate glasses, when reacts with cement alkalis and calcium hy-
droxide. Alkali-silica reaction and alkali-silicate reaction is the most
common type of AAR in Brazil, been found in several structures [3].
If properly identified, it is possible to minimize the expansion and
related cracking. If the aggregate is potentially reactive, replace-
ment may be considered, but cost must be evaluated. Reactive
aggregate partial replacement may reduce the potential for expan-
sion. Collins and Bareham [4] partially replaced a reactive aggre-
gate by a porous aggregate, suppressing the expansion through
the dilution of alkali concentrations by water absorbed in the po-
rous aggregate. Ducman et al [5] also employed a porous aggre-
gate, yet highly reactive. The porous structure of the aggregate
were able to accommodate the gel produced, without causing ex-
pansion or cracks in the evaluated mortar bars.

Low-alkali cement can also minimize alkali hydroxide concentra-
tion in the concrete pore solution, reducing the potential for expan-
sion. Nevertheless supplementary cementitious materials and ex-
ternal sources of alkalis like deicers and seawater, can contribute
to total alkali content of concrete [6].

The expansion reduction may also be attained by chemical addi-
tions to the concrete, like lithium compounds. Qinghan et al [7] and
Lumley [8] indicate that lithium compounds are effective to inhibit
ASR expansion, because it replaces sodium and potassium alka-
line ions in ASR gel, densifying it. Notice that, if insufficient lithium
is used, the expansion may increase, because lithium compounds
may combine with calcium hydroxide as well, producing calcium
salts and lithium hydroxide, and increasing hydroxyl ions concen-
tration in the pore solution [9]. Mo et al [10] say that some lithium
salts do not release hydroxyl ions in the pore solution as it reacts,
leading to best results.

Diamond [11] studied lithium nitrate (LINO,) as a chemical addition,
and observed that it did not increase hydroxyl ions in the concrete
pore solution, and was able to inhibit ASR expansion. Qian et al
[12] observed that lithium hydroxide and lithium salts were effec-
tive to suppress ASR but started Alkali-Carbonate Reaction. Silva
[13] observed that, beyond a threshold, lithium nitrate had no more
influence on the ASR inhibition, and, after a 30 days test, lithium
nitrate hold ASR expansion while fly-ash did not.

Mineral additions can be used as supplementary cementitious
material and suppress ASR expansion [14]. The most common
materials are natural pozzolans, fly-ash, slag, silica fume and rice
husk ash. These materials can suppress ASR expansion and also
improve some concrete properties, such as permeability, heat re-
sistance (slower conductivity rate), smaller diffusivity (due a denser
matrix) and overall durability increase [15].

Munhoz [16] verified that, as blast furnace slag, fly-ash, metaka-
olin, silica fume are mixed in concrete at increasing amounts, ex-
pansion due AAR is reduced. Silveira [17] had similar results with
rice husk ash.

Ramachandran [18] stated that mineral additions, such as natural
pozzolans, fly-ash, blast furnace slag, silica fume and rice husk
ash, would only be effective to inhibit alkali-aggregate reaction ac-
cording to their chemical composition (SiO, percentage and free
alkali ions), to the mixed amount, to the aggregate type (kind of
AAR) and to the cement alkali (Sodium, Potassium or Lithium).
Electric arc furnace steel slag is a by-product of steel production, with-
out commercial value and treated like waste, because is made of im-
purities removed during steel refining operation. Steel slag is mainly
composed by lime (calcium oxide — CaO) and magnesia (magnesium
oxide — MgO), with porous structure where water migrates, react-
ing with free calcium oxide to form lime slurry (calcium hydroxide -
Ca(OH),) that has crystalline structure and twice volume. This volume
change leads to stresses, cracks and expansion [19]. Steel slag has
high Calcium/Silicate ratio, which means that free calcium oxide has
potential to expand when mixed in concrete [20]. Notice that the con-
crete expansion due AAR is dependent on Ca content [21].

Luxan et al [22] studied the chemical stability and the mineralogi-
cal compounds of electric arc furnace slag, stating that the studied
slag may be employed as building material. Tsakiridis et al [23]
employed steel slag as raw material for the production of cement
clinker, showing that the addition of steel slag did not affect cement
sintering, the hydration process during production, and had similar
mechanical characteristics to usual Portland cement clinker. Qiang
and Peiyu [24] also pointed out that the hydration compounds of
steel slag are mainly CSH gel and lime slurry, very similar with
those of cement.

Na,O alkali equivalent* NBR 14 656
Free calcium oxide NBR NM 12
Blaine fineness NBR NM 76
Autoclave expansion ASTM C 151

(*) Na,O alkali equivalent = 0,658 K,0% + Na,O

Table 1 - Cement characteristics - CP V ARI RS

0.780 % (0.90+0.10) %
1.31 % -
4743 cm?/g (4900+200) cm?/g
0.08 % < 0.20%
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Property
Material passing through 0.075 mm sieve
Conglomerate clayey
Feldspar content of sieves 2.4 and 1.2 mm
Mica content of sieve 0.3 and 0.15 mm
Organic impurities
Source: IPT (28)

Table 2 - Standard sand characteristics

Results Limits NBR 7412:1982
0.0% < 1.0%
0.0% <0.2%
24% <15.0%
1.9% <2.0%
< 100 ppm < 100 ppm

Xuequan et al [25] developed a cement made of clinker, steel slag
and fly-ash, with cementitious properties close to Portland cement,
consuming part of the alkali during hydration, which would reduce
expansion due to AAR.

This paper evaluates the electric arc furnace steel slag as partial
replacement of Portland cement, instead of raw material for ce-
ment clinker production, aiming to suppress alkali-silica reaction,
based on the methodology established by the Brazilian standard
NBR 15577:2008 [26]. Next, we present the characteristics of the
material employed in this study and the techniques to evaluate
it. Then, the results are presented, and finally some conclusions
are drawn.

2. Materials and methods

[

The materials used were: high early strength Portland cement
with improved resistance to sulphate attack (CP V ARI RS),
with characteristics presented in Table 1 and following the fea-
tures required by NBR 15577:2008; fine grained basalt with
volcanic glass scattered throughout the rock; Brazilian stan-
dard sand — a reference sand that must be used for cement

tests, with characteristics presented in Table 2; and electric arc
furnace steel slag.

The slag has been crushed and milled in a ball mill into powder
form, using only the material passing through 0.075 mm sieve. Fig-
ure 1 presents a sample employing scanning electron microscopy
(SEM). One may notice that slag grain shows a round form, with
particle size under 10um, but most of it has size under 3um. Figure
2, obtained with the aid of a laser diffraction particle size analyzer,
shows that the particle size distribution of the slag is close to par-
ticle size distribution of the cement, meaning that the slag can be
used as a mineral addition.

To identify the composition of the slag, an X-ray diffraction was car-
ried out. The main compounds present were periclase (magnesium
oxide), quartz (silicate), lime (calcium oxide), alkalies (potassium
and sodium), dolomite (CaCO,.MgCO,) and calcite (CaCO,), that
can be verified through the diffractogram of Figure 3.

Table 3 shows the slag chemical composition obtained by X-ray
fluorescence spectrometer, while Table 4 shows its apparent (bulk)
density and volumetric instability, evaluated with Brazilian standard
NBR 11582:2012 [27]. Notice that the slag did not show expansion,
but it was only evaluated until 7" day.

100 um

HL D6,3 x1,0k

Figure 1 - Scanning electron microscopy of crushed steel slag (1000x e 2000x)

HL D6,3 x2,0k 30 um
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Figure 2 - Particle size distribution of slag
and cement by laser diffraction
particle size analyzer

-+-5teel Slag

4-Cement

Cumulative Undersize Percent (%)

16
Diameter in um

32

Following NBR 15577:2008, parts 4 and 5, three mortar bars
(25+£0,7 mm by 25+0,7 mm by 285 mm) were cast for each mixture,
with mix design by mass of 1 part of cement, 2.25 parts of selected
aggregate (either fine grained basalt or standard sand), and water/

Table 3 - Steel slag chemical composition by
X-ray fluorescence spectrometer
Fe,O, (%) 30.7
SIO, (%) 24.1
CaO (%) 21.3
ALO, (%) 7.0
MgO (%) 6.3
MnO (%) 4.0
Cr,0, (%) 1.1
TiO, (%) 0.9
P205 (%) 0.5
Na,O (%) 0.4
K,O (%) 0.4
SO, (%) 0.4
BaO (%) 0.4
V,0, (%) 0.1
SrO (%) 0.1
Zr0,, Nb,O,, ZnO, CI (%) <0.1
Basicity 1.85
Free CaO 0.97

Figure 3 - Steel

slag diffractogram
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Table 4 - Steel slag
characteristics

Apparent (bulk) density
Expansibility (NBR 11582)

3.76 g/cm3
0mm

binder ratio of 0.47. Twelve different mixtures were prepared con-
taining 0, 10, 20 and 30% by mass replacement of cement by slag.
Three mortars were mixed without reactive aggregate and without
slag, only with standard sand and Portland cement, for reference.
The cement replacement ratio is shown in Table 5.

The specimens were cured in a moisture room for a period of
24 hours. After that, mortars received identification tags and the
initial length of each specimen was measured. The specimens
were then stored in a climatic chamber with temperature of 80°C
immersed in distilled water. After another measurement was
taken, the specimens were immersed in a 1N sodium hydroxide
(NaOH) solution, at a temperature of 80°C. Expansion rate is
increased due temperature, while the sodium hydroxide solution
provides enough alkaline ions. Following NBR 15577:2008, the
specimens were measured at 8, 16, 22 and 30 days.

3. Results and discussion
E———

Figure 4 presents the average expansion measured in all specimens.
The relative expansion is obtained by the following expression:

R=10054 5 (1)

4

where R is the percentage reduction of mortar expansion, E, is the
average expansion of the mortar without mineral addition (without
slag - %) and E; is the average expansion of mortars with mineral
addition (%). Results are presented in Figure 5.

Figures 4 and 5 show that slag was able to reduce expansion due
AAR. Nevertheless, it should be employed with caution. Good re-
duction is achieved with 20% of cement replacement by slag, with
expansion of 0.12% at 16 days and 0.15% at 30 days.

According to NBR 15577-1:2008, a mineral addition is considered

Figure 4 - Mortar expansion
with and without steel slag
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el without admixtures —esles 10% slag ====20% slag ====30% slag ==s==Standard sand

effective only if expansion is under 0.10% at 16 days, which was
not attained by any of the proposed replacements. It worth notice,
nevertheless, that the expansion was reduced about 40%, as seen
in Figure 5. Probably the basaltic aggregate is highly reactive to

Figure 5 - Percentage reduction (R) of mortar
expansion, related to mortar without slag
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Table 5 - Cement replacement ratio
1 2.25 0.47
e _ Sg@ _ Water@ |
0% (Reference) 146.67 330.00 68.93
10% 132.00 14.67 330.00 68.93
20% 117.34 29.33 330.00 68.93
30% 102.66 44,01 330.00 68.93
Sand (no reactive) 146.67 330.00 68.93
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HL D8,0 x800 100um

alkalis, and it might be interesting to test the replacement with a
less reactive aggregate, as stated by the Brazilian standard.

It is also worth point out that the expansion in mortar with 30%
of cement replacement by slag was reduced about 25% at 16
days, but expansion is observed after 30 days. Figure 6 shows
a scanning electron microscopy made in a mortar with 30%
of cement replacement. The first and second sub-image, with
zoom of 800x and 1500x, show a slag grain, with reaction rim.
The third sub-image shown an aggregate grain, with no re-
action rim, indicating that the reaction is probably restrained,
maybe even suppressed. Latter expansion could then be
caused by free calcium oxide [20].

A point to be clarified remains, in which the excess calcium rather
than assist in expansion as would be expected (see [21] for ex-
ample), reduced the alkali-aggregate reaction.

Figure 6 - Microscopy of mortar specimens with 30% replacement
by steel slag (800x, 1500x, and 2500x)

HL D11,0 x1,5k 50 um

HL D11,1x25k  30um

4. Conclusions

N

Evaluation of the effectiveness of the use of steel slag in reducing
expansion due to alkali-aggregate reaction has been studied. The
fine grained basalt with volcanic glass scattered throughout the
rock was highly reactive, with expansion of 0.86 mm (0.29%) at 30
days in the accelerated mortar-bar test set by Brazilian standard
NBR 15577:2008.

Regarding the steel slag addition, it is observed that at 16 days
there was significant reduction in the mortar expansion due AAR
with 10% and 20% of cement replacement, setting almost 54%
of expansion reduction. Despite it, expansion is above the limit of
0.10% set by Brazilian standard NBR 15577:2008. Furthermore,
expansion still develops the end of the measurement, at 30 days,
which implies that the reason behind expansion is still there.

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4
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It has been considered that the reason for the expansion is the ex-
cess of free calcium oxide and magnesium oxide, since no reaction
rim or gel bags were observed in the specimens with 10, 20 or 30%
of cement replacement by steel slag.

In this sense, we conclude that a steel slag with high content of cal-
cium oxide (CaO) may have opposite effect to the expected, which
may mitigate AAR yet expansion still develop due the presence of
free calcium oxide and magnesium oxide.
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Abstract
E——

Alkali-aggregate reaction is a chemical reaction between cement alkalis and some reactive mineral present in some aggregates, leading to con-
crete expansion and cracking. One kind usually observed and studied in Brazil is the alkali-silica reaction, due to its fast development. There are
several methods that are effective to control and mitigate this reaction, and one of them is the partial replacement of cement by mineral additions
such as pozzolans like fly-ash, silica fume and slag. In this study, we propose the use of electrical steel slag as a partial replacement of cement,
evaluating its effectiveness by NBR 15577:2008, employing different proportions as replacement. It seems that the electrical steel slag, despite its
expansive behavior, has been effective in the control of the ASR.

Keywords: concrete expansion, alkali-aggregate reaction. alkali-silica reaction, pozzolans, steel slag.

Resumo

A reagéo alcali-agregado (RAA) é uma reacéo que ocorre entre os alcalis do cimento e alguns compostos minerais presentes em determinados
agregados, gerando consequéncias ao concreto, como por exemplo, fissuragéo. A reagdo com maiores ocorréncias registrada no Brasil € a re-
acdo alcali-silica (RAS), devido a rapidez com que esta ocorre em fungéo das formas minerais reativas envolvidas. Varios métodos estudados
ja se comprovaram eficazes para o controle desta reagdo, sendo um deles a substituicdo parcial de cimento por adigdes como as pozolanas,
dentre as quais podem ser citadas as cinzas volantes e as escérias de origem siderurgica. Neste sentido, este trabalho tem por objetivo o estu-
do da utilizagdo da escoéria de aciaria elétrica como redutor da reagdo alcali-agregado, sendo desenvolvido com base nas orientagdes da NBR
15577:2008 Agregados — Reatividade Alcali-Agregado, avaliado para diferentes proporgdes de substituicdo parcial de cimento por escéria. A
escoria de aciaria elétrica, uma pozolana nao tradicional resultante do processo de produgado do ago e de caracteristicas expansivas, teve éxito
ao reduzir a expansao da RAS.

Palavras-chave: expanséo do concreto, reacdo alcali-agregado, reacéo alcali-silica, pozolanas, escéria de aciaria.
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1. Introducgao

EE

A reacao alcali-agregado (RAA) é uma reagéo quimica originada
a partir da jungao dos alcalis do cimento e certos tipos de mine-
rais reativos presentes nos agregados. Essa reagao pode ou nao
resultar em um gel expansivo, o qual ao se dispor nos vazios do
concreto e na superficie do agregado em contato com a pasta de
cimento pode resultar em fissuras generalizadas e desta forma
comprometer a qualidade da estrutura [1].

Usualmente a RAA é dividida segundo a composigéo mineraldgica
reativa do agregado, em reagédo alcali-silica (RAS) e reagéo alcali-
-carbonato (RAC).

A reagao alcali-silicato, comumente observada no Brasil, pode ser
classificada como um tipo especifico da RAS por suas semelhan-
¢as, pois os silicatos com baixa cristalinidade em geral promovem
a reagao alcali-silica e os de melhor cristalizagdo desencadeiam a
reacgdo alcali-silicato [2]. Assim a reacgéo alcali-silicado é, em ge-
ral, observada em opalas, silica amorfa, calceddnica, cristobalita e
tridimita, além de vidros naturais ou vulcanicos e artificiais (pyrex).
A RAS foi identificada em diversas obras de grande porte no Bra-
sil, como pode ser visto no trabalho de Couto [3].

Diversas agbes podem ser realizadas para minimizar os efeitos da
RAA. A agéo mais eficiente é a substituicdo do agregado por outro
nao reativo, mas os custos para tal operagao podem tornar a exe-
cugao da obra inviavel. Nao obstante misturar um agregado reativo
com um nao reativo pode minimizar os efeitos. Collins e Bareham
[4] constataram que os ions metalicos s&o diluidos pela agua ab-
sorvida pelos agregados porosos, levando a redugédo da expansao.
Ducman et al [5] utilizaram um agregado altamente reativo, porém
bastante poroso. Os poros se mostraram suficientes para acomodar
todo o gel formado, sem provocar danos ao concreto.

Outra agéo interessante é empregar cimento de baixa alcalinida-
de, reduzindo a disponibilidade de ions alcalinos. No entanto esta
medida pode ser ineficaz caso existam outras fontes de ions alca-
linos, como de adi¢des e aditivos, assim como sais degelantes e
agua do mar [6].

O emprego de adi¢gdes quimicas pode levar a resultados expres-
sivos, como os sais de litio. Para Qinghan et al [7] e Lumley [8], o
litio participa da formagao do gel mais ativamente que os ions me-
talicos sdédio e potassio, sendo seu produto nao expansivo, visto
que o litio reduz o esqueleto da parte solida do gel, dificultando a
absorcéo da agua. Porém seu uso deve ser cauteloso. Os sais de
litio, assim como o hidréxido de litio, carregam consigo ions hidro-
xila, e, ao participar dos produtos de hidratacao, liberam este ions
hidroxila para os poros do concreto, aumentando o pH do ambien-
te [9]. Interessante notar que, para Mo et al [10], o emprego do sal

de litio ndo promove aumento na concentragao de ions hidroxila, o
que contribuiria para sua eficacia.

Ao mesmo tempo, o litio entra na composigao do C-S-H, deixando
mais ions metalicos alcalinos em solugéo, aumentando o potencial
reativo do sistema. Assim sendo, quando a quantidade de litio for
pequena, além de haver mais alcalis nos poros do concreto, néo
sobraram ions de litio para participar da formagao do gel de silica.
Além dos sais de litio, Diamond [11] estudou a adi¢do de nitrato de
litio (LiNO,). O nitrato de litio ndo aumenta a concentrag&o de ions hi-
droxila (e, por consequéncia, ndo aumenta o pH) por ndo se dissolver
na agua de amassamento. Assim a quantidade adicionada pode ser
menor, respeitando a parte que sera absorvida durante a hidratagéo
do concreto. Qian et al [12] observaram que o hidroxido de litio e
outros sais de litio foram eficientes no combate a reacgao alcali-silica,
porém causaram aumento ou até iniciaram a reagao alcali-carbonato.
Silva [13] observou que, a partir de um limite, a adicdo de nitrato de
litio ndo mais alterava sua eficiéncia, e que, em testes de mais de 30
dias, a mistura com nitrato conseguiu manter sua redugdo, em con-
traste ao observado com a adi¢édo de cinza volante.

De qualquer forma, a agédo mais empregada para minimizar e até
suprimir a reagao alcali-agregado é substituir parcialmente o ci-
mento por adigbes minerais, principalmente materiais pozolanicos
[14]. Dentre esses materiais pode-se citar as pozolanas natu-
rais, a cinza volante (fly-ash), cinza de casca de arroz, escoéria
de alto forno e o fumo de silica (silica ativa) como sendo as mais
comuns. Além de combaterem a expanséo causada pela reagao
alcali-agregado, a adigéo de materiais pozolanicos melhora outras
propriedades do concreto, como, por exemplo, a permeabilidade,
a resisténcia ao calor, a difusividade (devido a densificagcao da
matriz) e o tamanho da zona de transi¢édo, devido a presenga de
particulas sélidas menores [15]. Munhoz [16] verificou que, confor-
me o aumento do teor de adigdes de escéria de alto-forno, cinza
volante, metacaulim e de silica ativa, a expansédo devido a RAA
é reduzida, assim como Silveira [17], que analisou os efeitos da
adigéo de cinzas de casca de arroz.

Cabe ressaltar que, de acordo com Ramachandran [18], a eficacia
com que as misturas de pozolanas naturais, cinza volante, cinza
de casca de arroz, escéria de alto forno e silica ativa previnem os
efeitos da reagéo alcali-agregado, vai depender da composigao
quimica das misturas (como porcentagem de SiO, e ions alcali-
nos livres), a quantidade adicionada, o tipo de agregado (o tipo de
reagao que sera combatida) e o tipo de alcalis no cimento (Saédio,
Potassio ou Litio).

Dos produtos com caracteristicas pozolanicas, a escéria de acia-
ria, resultante do processo de produgéo do ago, é considerada
um subproduto sem valor para comercializagcao e tratada como

Propriedade

Equivalente alcalino em Na,O* NBR 14 656
Oxido de cdilcio livre NBR NM 12
Area especifica Blaine NBR NM 76
Expansibilidade em autoclave ASTM C 151

(*) Equivalente alcalino em Na,O = 0,658 K,0% + Na,O

Tabela 1 - Caracteristicas do cimento empregado - CP V ARI RS

Resultado

0,780 % (0,90£0,10) %
1,31 % -
4743 cm?/g (4900+200) cm?/g
0,08 % < 0,20%
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IBRACON Structures and Materials Journal 2016 * vol. 9 +n°4



L. SOUZA | E.R.ZOLETT | R. CARRAZEDO

Determinacdo
Material fino passante na peneira 0,075 mm
Conglomerados argilosos
Teor de feldspato entre peneiras 2,4 e 1,2 mm
Teor de mica entre peneiras 0,3 e 0,15 mm

Impurezas orgénicas
Fonte: IPT (28)

Tabela 2 - Caracteristicas da areia empregada

Resultados Limites NBR-7412/82
0,0% < 1,0%
0,0% <0,2%
2,4% <150%
1,9 % <20%
< 100 ppm < 100 ppm

refugo, pois é composta por elementos que nao séo importantes
para a constituicdo do ago. A escoéria de aciaria é caracterizada
pela sua composicdo de 6xidos como o oxido de calcio (CaO) e
6xido de magnésio (MgO), e apresenta uma estrutura porosa, por
onde migra a agua, reagindo com o oxido de calcio livre e ori-
ginando o hidréxido de calcio (Ca(OH),), cuja estrutura cristalina
tem maior volume, aumentando cerca de 99% do volume inicial.
Esse aumento de volume deforma a estrutura cristalina ja definida
da escoria de aciaria, gerando tensdes de tracao que, posterior-
mente, geram microfissuras e expansdo [19]. No concreto a alta
relagdo Ca/Si da escdria de aciaria faz com que haja cal livre com
potencial de expanséao [20], lembrando que o calcio é imprescindi-
vel para o processo expansivo do gel [21].

A escoéria de aciaria é objeto de estudo para emprego na cons-
trucdo civil. Luxaan et al [22] realizaram estudos de estabilidade
quimica e mineralégica em escorias produzidas em fornos de arco
elétrico, observando que nao ha impeditivos para emprego como
material de construgéo. Ja Tsakiridis et al [23] utilizaram a escoria
de aciaria como substituicao parcial de matéria prima na produgao
do clinquer de cimento Portland, tendo obtido por meio de ensaios
fisicos e mecanicos que a substituicdo ndo afeta de forma nega-

tiva a qualidade de um cimento. Qiang e Peiyu [24] corroboram o
estudo anterior ao concluir que a escoria de aciaria tem hidratagao
similar ao cimento, quando devidamente particularizada, forman-
do compostos de C-S-H e hidroxido de calcio.

E interessante observar que Xuequan et al [25] empregaram a
escoria de aciaria, juntamente com cinza volante (fly ash), para
producédo de um cimento com propriedades cimenticias condizen-
tes, inclusive consumindo parte dos alcalis durante a hidratagao, o
que leva a reducéo da expansao devido a reagdo alcali-agregado.
Este artigo apresenta uma avaliagdo quanto o emprego da es-
coria de aciaria elétrica na minimizagdo da expanséo decorrente
da reagao alcali-agregado, baseado nos métodos de ensaio esta-
belecidos pela NBR 15577:2008 [26], ou seja, como substituicao
parcial do cimento, ndo na produgéo do clinquer. A segunda parte
do artigo apresenta as caracteristicas dos materiais empregados e
as técnicas para realizar os ensaios. A terceira parte apresenta os
resultados obtidos e na quarta as conclusdes do estudo.

2. Materiais e programa experimental
E—

Para elaboragéo dos trabalhos foram utilizados os métodos de ensaio

100 um

HL D6,3 x1,0k

Figura 1 - Microscopia da escéria de aciaria elétrica moida (1000x e 2000x)

HL D6,3 x2,0k 30 um
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Figura 2 - Granulometria a laser
da escéria de aciaria e do
cimento empregado
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20
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estabelecidos pela NBR 15577:2008 e os materiais empregados fo-
ram: cimento CP V ARI RS, que contém caracteristicas semelhantes
ao recomendado pela NBR 15577, conforme pode ser observado
na Tabela 1; agregado basaltico de granulacéo fina, contendo vidro

Tabela 3 - Composi¢do quimica da escéria,
por espectrometro de fluorescéncia de raio X

Composi¢cdo quimica

Fe,O, (%) 30,7
SiO, (%) 24,1
CaO (%) 21,3
ALO, (%) 7.0
MgO (%) 6,3
MnO (%) 4,0
Cr,O, (%) 1.1
TiO, (%) 0.9
P205 (%) 05
Na,O (%) 0.4
K,O (%) 0.4
SO, (%) 04
BaO (%) 04
V,0O, (%) 0,1
SrO (%) 0,1
2r0,, Nb,O,, ZnO, ClI (%) <0,1
Basicidade 1,85
CaO livre 0,97

Figura 3 - Difracdo de raio X da escéria de aciaria
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Tabela 4 - Composicao fisica
da escoéria

Composicdo fisica

Massa especifica aparente
Expansibilidade (NBR 11582)

3,76 g/cm?
0mm

vulcanico disseminado na matriz; areia normal brasileira, adquirida
no IPT, com caracteristicas apresentadas na Tabela 2; e escoria de
aciaria elétrica. A escoria foi moida em um moinho de bolas, sendo
separado o material passante da peneira 0,075 mm. Sua microscopia
¢é vista na Figura 1. Percebe-se que os gréos de escoria apresentam
formas nao-lamelares e distribuicdo granulométrica com didmetros
inferiores a 10um, com grande quantidade de grdos com didmetro
inferior a 3um. Na granulometria a laser, apresentada na Figura 2,
percebe-se que o residuo tem granulometria semelhante ao cimento
empregado, adequado para uso como adigao mineral.

Na difragao de raio X, apresentada na Figura 3, os principais com-
positos observados séo o periclasio (6xido de magnésio), quartzo
(silica), cal (6xido de calcio), alcalis (potassio e sédio), dolomita
(CaC0,.MgCO,), e calcita (CaCO,).

Na sequéncia, as Tabelas 3 e 4 apresentam as principais caracte-
risticas da escoria de aciaria empregada. Interessante notar que
no ensaio de expansibilidade, realizado conforme as recomenda-
coes da NBR 11582:2012 [27], nao apresentou expansao. No en-
tanto o ensaio foi avaliado apenas até o 7° dia.

Apos a separagao dos materiais necessarios foi dado inicio aos
ensaios, seguindo as recomendagdes da NBR 15577:2008, partes
4 e 5. As quantidades de agregados reativos indicados pela norma
utilizada dizem respeito a moldagem de trés barras prismaticas de
argamassa, de seg¢ao quadrada com (25+0,7) mm de lado e 285
mm de comprimento. Para dosagem da argamassa foi utilizada
uma parte de cimento para 2,25 partes, em massa, de agregado
classificado, e relagdo agua/aglomerante (cimento + escéria) igual
a 0,47 em massa. Assim, foram moldadas trés barras prismaticas
de argamassa para cada percentual de substituicdo de cimento
por escoria, bem como barras de referéncia (apenas com cimento
e agregado reativo) e ainda barras com cimento e areia. Um resu-
mo é apresentado na Tabela 5.

Apds a moldagem, as barras foram colocadas em repouso por 24
h em cura umida. Decorrido o periodo de cura, as mesmas foram
identificadas e feita uma leitura orientativa por meio de um reldgio

Figura 4 - Expansdo das barras
de argamassa
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comparador de comprimento.

Posteriormente as barras foram colocadas em um recipiente com
agua destilada, suficiente para imergi-las totalmente, onde as
mesmas permaneceram cobertas por 24 horas em estufa aque-

Figura 5 - Redugdo de expansdo (R),
relativa as barras sem adicGo
de escéria de aciaria
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o © ©

-]

Redug¢do da Expansdo (%)

Tempo (Dias)

109 e5cOMa =200 esciria =@ 307% escdria

Tabela 5 - Tracos e substituicoes empregados

Traco/substituicéo ] e ” el
 Escoio@

0% (Ref) 146,67 330,00 68,93

10% 132,00 14,67 330,00 68,93

20% 117.34 29,33 330,00 68,93

30% 102,66 44,01 330,00 68,93

Areia 146,67 330,00 68,93
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Figura 6 - Microscopia dos prismas de argamassa para
substituicdo de 30% de escéria (800x, 1500x, e 2500x)

HL D11,0 x1,5k 50 um

HL D11,1x25k  30um

cida previamente a 80,0°C . Em seguida foi efetuada uma nova
medic¢ao e entdo colocadas em um recipiente de inox coberto, com
solucdo suficiente de NaOH, com concentragéo de 4%, para que
ficassem totalmente imersas e retornadas a estufa regulada em
80,0°C. A temperatura acelera as reagdes, enquanto que a solu-
¢éo fornece ions alcalinos suficientes, tornando possivel a identifi-
cagao de resultados em um curto espago de tempo.

Seguindo o prescrito pela norma, foram efetuadas leituras aos 8,
16, 22 e 30 dias, contados a partir da moldagem, para registro das
reagOes apresentadas em cada amostra.

3. Resultados e discussoes
[

Ao término das atividades em laboratério foi possivel constatar
expansao ja nas primeiras medic¢des. A Figura 4 apresenta grafi-

camente a evolugdo da expansdo média pelo tempo. O percentual
de expansao foi obtido pela seguinte expressao:

Rzlooﬁ

()

4

em que R é a porcentagem de redugéo da expanséo, E, € a ex-
pansdo média das barras sem adigéo (%) e E, é a expansdo me-
dia das barras com adicéo (%). Os resultados s&do apresentados
na Figura 5.

Pode-se observar na Figura 5, assim como na Figura 4, que a
escoria de aciaria foi efetiva na redugdo decorrente da reagao
alcali-agregado, devendo, no entanto, ser empregada com critério.
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Das barras com adi¢cdo, o menor percentual de expansao média
foi observado na barra com 20% de substituigdo, com 0,12% aos
16 dias e 0,15% aos 30 dias.

Segundo especificagdes da NBR 15577-1, apenas quando a ex-
pansao for menor que 0,10% aos 16 dias houve a mitigacao da
reagéo, o que nao foi atingido pelas substituicbes propostas. No
entanto, conforme pode ser observado na Figura 5, houve redu-
¢ao contundente na expans&o, na ordem de 40%. E provavel que
0 agregado possua potencial reativo muito elevado, e, como a
prépria norma reporta, € interessante realizar analise, neste caso,
com agregados de menor reatividade.

Outro ponto a ser observado é que a barra com substituigdo de
30% apresentou significativa redugdo da expansdo aos 16 dias,
porém aos 30 dias foi observada expansao. Microscopia eletronica
por varredura foi empregada nas barras com 30% de substituicao
de cimento por escéria de aciaria, que pode ser vista na Figura 6.
As duas primeiras imagens, a uma aproximacgao de 800x e 1500x
respectivamente, apresentam uma particula da escéria, com uma
aparente borda de reagéo. Na terceira imagem, de uma particula
de agregado, ndo ha qualquer indicio de borda de reagao (gel),
indicando que a expansao por reagao alcali-agregado foi contida,
talvez até mitigada. A causa provavel da expansao, entao, seria o
6xido de calcio livre [20].

Fica um ponto a ser elucidado, em que o excesso de calcio, ao
invés de auxiliar na expansao como seria esperado (vide [21], por
exemplo), conteve a reagao alcali-agregado.

4. Conclusoes

EE

O estudo realizado permitiu a avaliagéo da eficacia do emprego da
escoria de aciaria na redugéo da expansao decorrente da reagao
alcali-agregado. O agregado basaltico, que contem vidro vulcanico
disseminado na matriz, se mostrou reativo, apresentando expan-
séo de 0,86 mm (0,29%) aos 30 dias, acima do limite estabelecido
pela norma NBR 15577:2008.

Com relagao as adigbes, observa-se que aos 16 dias ocorreu re-
ducéo significativa da expansao das barras moldadas com 10% e
20% de escéria de aciaria, obtendo redugéo de quase 54%. Nao
obstante a redugéo nao levou a expansao inferior ao preconiza-
do por norma, de 0,10%. Ademais, é importante observar que a
expansao continua a se desenvolver até a idade de 30 dias de
ensaio, o que implica que o agente que desenvolve a expansao
néo foi contido.

E levantada a hipdtese de que a expansdo tenha decorrido por
excesso de o6xido de calcio livre e de 6xido de magnésio, pois néo
foram observadas bordas de reagao ou bolsas de gel nos corpos
de prova com teor de 10, 20 e 30% de escoria.

Estes fatos levam a conclusdo de que uma escéria com alto teor
de 6xido de calcio (CaO) pode ter efeito inverso ao esperado, po-
dendo mitigar a RAA, mas mesmo assim expandir pela existéncia
de o6xido de calcio livre e 6xido de magnésio.
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Abstract
E——

This paper presents the use of the technique of digital image correlation for obtaining the elasticity modulus of concrete. The proposed system
uses a USB microscope that captures images at a rate of five frames per second. The stored data are correlated with the applied loads, and a
stress-strain curve is generated to determine the concrete compressive modulus of elasticity. Two different concretes were produced and tested
using the proposed system. The results were compared with the results obtained using a traditional strain gauge. It was observed a difference in
the range of 4% between the two methods, wherein this difference depends on some parameters in the case of the DIC results, as focal length
and a video capture resolution, indicating that DIC technique can be used to obtain mechanical properties of concrete.

Keywords: experimental testing, concrete strain, concrete structures.

Resumo

O presente artigo apresenta o uso da técnica de correlagdo de imagem digital para a obtencdo do médulo de elasticidade do concreto. O sistema
proposto utiliza um microscépio USB que capta as imagens a uma taxa de 5 quadros por segundo. Posteriormente, os dados armazenados sao
compatibilizados com as cargas aplicadas e a curva tensado-deformagéo é gerada para determinacdo do médulo de elasticidade longitudinal do
concreto a compressao. Dois concretos distintos foram produzidos e ensaiados utilizando o sistema proposto. Os resultados foram comparados
com os obtidos com a metodologia tradicional, que utiliza Clips Gauges. Foi observada uma diferenca na faixa de 4% entre os dois métodos,
sendo que essa diferenga depende de alguns parametros no caso dos resultados do DIC, a distancia focal e a resolugéo do video, indicando que
a técnica de correlacdo de imagem digital pode ser utilizada para a obtencéo de propriedades mecéanicas do concreto.

Palavras-chave: andlise experimental, deformagéo do concreto, estruturas de concreto.
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Concrete modulus of elasticity assessment using digital image correlation

1. Introduction

E

An evaluation of the concrete compressive modulus of elasticity is
obtained directly from the stress-strain curve experimentally. Nor-
mal techniques, such as the Brazilian standard (NBR 8522 [1]) and
the American standard (C469 [2]), suggest methods for concrete
strain determination using an electrical resistance strain gauge, a
demec mechanical strain gauge and a compressometer. An electri-
cal strain gauge is the most widely used method for concrete strain
determination (HUANGJ3]). However, the adhesion of the strain
gauge in a concrete sample requires time and attention from the
workers, and the adhesion is not reused and results in a technique
that is unsustainable. Additionally, the use of a strain gauge deter-
mines the size of the concrete samples for this application. Con-
sequently, a strain gauge cannot be attached to smaller or larger
parts unless the size is specified by the strain gauge producers.

In recent decades, new technologies, such as acoustic emission
(HUANG et al. [4] and KORENSKA et a.l.[5]), digital image cor-
relation (CHU et al. [6],SUTTON et al.[7], BRUCK et al.[8], LUO et
al. [9], HUANG et al. [10], SANTOS et al.[11]) and shearography
(HUNG [12], HUANG et al.[13]), have been used for certain me-
chanical parameters of concrete, including the elasticity modulus.
Among these techniques, digital image correlation (DIC) has
gained rapid recognition. The DIC technique has several advan-
tages, including accuracy, dynamics and the rapid analysis of data.
This technique uses speckle patterns (natural or artificial) as infor-
mation carriers. By matching the surface speckles captured be-

fore and after a deformation or displacement using a correlation
function, adequate speckle displacement can be easily obtained
(SUTTON et al.[14]).

The use of the DIC technique has been widely accepted in struc-
tures engineering because it is an important method for characteriz-
ing the mechanical response of homogenous (LAGATTU et al. [15],
LOCKWOOD et al. [16], REYNOLDS and REYNOLDS[17], YAN and
SUTTONI18]) and heterogeneous materials (PETERS and RAN-
SON[19], CHOI and SHAH [20], PAN et al. [21], MCCORMICK and
LORD [22], SUTTON et al.[23] undergoing nominally planar defor-
mation, especially when evaluating the fracture behavior (CORR et
al. [24], HELM [25], SUBRAMANIAN et al.[26], WU et al. [27]. When
using the DIC technique for an evaluation of the elasticity modulus
of concrete, the work of ROBERT et al. [28] was the first to demon-
strate excellent correlation between the results obtained for the DIC
technique with the results obtained by the traditional method. Other
work which also made this comparison was to HUANG et al.[3]. In
this study, HUANG et al.[3] used two high-resolution CCD cameras
equipped with long working distance lens. The proposed system that
is presented in this paper uses a single USB microscope.

Using the principle of DIC, the motion estimated for each point is
obtained from the expansion of the imaging system (correlation in
mm/pixel). According to PAN et al.[21] and SUTTON et al. [29], this
estimate only depicts the real point of movement if two require-
ments are met: (a) the sample surface must be at an angle of 90
degrees to the sensor pickup and remain in this position during
loading; (b) the image should not suffer from geometric distortion.

Figure 1 shows images of a random pattern of a surface captured

4 & s s .
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Figure 1 - Object deformed texture pattern and “overall dimensions”
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IBRACON Structures and Materials Journal 2016 * vol. 9 +n°4



A.H. A. SANTOS | R.L.S. PITANGUEIRA | G. O.RIBEIRO | E. V. M. CARRASCO

Cylinder
Concrete Sample
AL
EMIC
Compression
Machine

N\

fo

Figure 2 - System that captures digital images
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before and after deformation. To determine the displacement of
point A, a region near this point is chosen in the reference image
(Figure 1a) and in the combined deformed image (Figure 1b). The
centroid of the selected rectangular area is used as a reference
point for measuring the relative displacements. Additionally, the
vertices of the rectangle are used by the image processing soft-
ware to check the rotation and/or translation of the point.

After capturing the images and the definition of the reference
points, subroutines are processed using specific software to store
the displacements as rotations (image by image) or as generating
coordinates (x, y) (point by point), which are converted using the
ratio of pixels per unit length and are adopted as “overall dimen-
sions” as shown in Figure. 1.

This article aims to evaluate the DIC technique for obtaining the
elasticity modulus of concrete. Next, specimens of concrete,
which were prepared for two different compositions, were used
for the test of uniform axial compression. The DIC technique re-
sults were compared with the results obtained using the strain
gauge methods.

The DIC technique was applied using the USB microscope (800x)
and specific software. The elasticity modulus of the concrete was
determined using the stress-strain diagram.

2. Material and methods

EE

According to Pan et al.[21], the DIC technique consists of three
consecutive steps: (a) The preparation of the sample surface and
the experiment, (b) The recording images from the planar surface

of the sample before and after the application of the load, (c) The
processing of images acquired using appropriate algorithms to ob-
tain the desired displacements and deformations.

Figure 2 shows the schematic setup of the proposed system for
monitoring the deformation of the concrete. A single high-resolu-
tion USB microscope was used to capture images in a region (2.0
cm x 1.5 cm). The USB digital microscope (800x) has an image
sensor of 1.2 megapixels and a video capture resolution of 1280
x 960 pixels. The rate of capture of the images is five frames per
second and is recorded in an AVI video format no compression.
The lighting is generated by an LED lamps’ microscope.

For the image processing was developed an software using the
LabVIEW platform. This software was divided into four parts: 1)
Digital Image Acquisition; 2) Data Input; 3) the image process-
ing and 4) Results presentation. In the first stage, images of the
specimen, which is already subjected to axial loading, are captured
using the USB Microscope 800x. These images are stored in the
software memory. In the second step, on first captured image is
performed the marking of the area of interest to be studied, from
points of interest (Figure 3). These points have a ratio pixel / mm
that is transferred to the software memory. The area of interest's
center of mass is the reference for the displacement measure-
ments, while the vertices of the area of interest’s rectangle are the
references used by the processing routines to indicate whether
there was rotation or not at the selected point on the surface of the
specimen during the test. The point of interest’s shape is stored in
the software memory by contrast variation of pixels and its distance
from the area of interest’s center of mass.
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Figure 3 - Determination of analysis points
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In the third step, the software calculates, frame to frame, the move-
ments of translation and rotation of the points of interest. The de-
termination of these points coordinates is performed using two
specific routines implemented in the software for processing im-
ages, which are: shift invariant and rotation invariant. The first rou-
tine considers that occurs only small rotations of the area of inter-

est during image processing and that these rotations are up to by
four degrees. The second routine considers that will have rotations
above four degrees of the area of interest. After the image process-
ing matrices are generated with the coordinates (x, y) to the area of
interest’s center of mass displacement in each processed image.
These displacements are measured in pixels. The last part of the

Figure 4 - Grading curve for (a) fine aggregate, (b) coarse aggregate limestone
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Coarse

Concrete aggregate

(kg/m?3)
400 1200
400 1200

Table 1 - Cement characteristics - CP V ARI RS

600
600

Water
(kg/m?3)
220 0,50 40
220 0,55 S8

software searches for these matrices and converts the distance
from pixels to millimeters. Stress - strain curve are generated from
these matrices and load cell data.

Ten standard cylindrical concrete samples that have a 100-mm di-
ameter and a 200-mm length were produced.

The specimen is under uniform axial compression, which is calcu-
lated using the ratio between the load and the initial cross-section-
al area of the specimen (Figure 2). The longitudinal strain of the
concrete cylinder is obtained from the relative displacement (3) in
the axial direction of two points, is used as the basis of measure-
ment AL) and is located on the surface on the specimen surface in
the cylinder generatrix. Using the stress-strain diagram, the elastic-
ity modulus of the concrete is determined.

In this paper the surface of the specimen cylindrical is not at angle
of 90 degree to the sensor as indicated by PAN et al. [21] and
SUTTON et al.[29]. However, for calculation of the deformation us-
ing the DIC was used the average value between pairs of points
within the monitored area, so that the distortion occurred can
be disregarded.

The studied region was prepared prior to testing by sanding the
surface and was sprayed with black and white speckles to pro-
vide a good contrast image. A template with points spaced at 0.5
mm is generated. The test can be performed without any surface
preparation, but the assurance of the monitoring points will be de-
pendent on the randomness of the medium. The focal length of the
microscope was 5 cm with an optical zoom of 200 times (200x).
Next, the obtained digital scale was approximately 2 pum/pixel in
both image directions. This ratio is suitable for determining defor-
mations that are uniform and constant, when the precision of the
deformation attainable is from 153 pne.

The proposed method uses samples that were created with a con-
crete mixture. Both were produced by coarse aggregate limestone,
river sand and cement (CP Il - E32). No additives were included in
the mixture. Figure 4 shows the grading curves of the coarse and
fine aggregates, which have a maximum diameter (¢, ) of 2.4 mm
and 12.5 mm, respectively.

The two types of concrete are denoted by L, and L,. The mix pro-
portions are listed in Table 1. The compressive strength test was
performed, and the samples were healed outdoors for 28 days and
were protected from direct sunlight.

The average compressive strength that was determined at 28 days
(f, 28) was 40 MPa (for L, concrete) to 33 MPa (for L, concrete).
Following a standard concrete testing method indicated by techni-
cal standards [1,2], specimens were prepared with a surface flat-
ness of contact using sulfur-based capping. The axial compres-
sion tests were performed using a servo-hydraulic machine EMIC,
Model PC 200. When the cylinder sample was compressed, a se-
ries of images was captured and analyzed. To determine the elas-

tic modulus, the elastic section of the stress-strain curve was con-
sidered in the narrow range between 0.5 MPa and was 30% of the
ultimate concrete strength. The data of the compressive strength
were previously estimated using the uniaxial compression test,
and the strength data were used to determine the ultimate loading
for the cylinder specimens and to determine the static modulus of
elasticity in compression. The value of 0.5 MPa is used to ensure
a uniform contact between the specimen and the machine, which
leads to an approximate initial deformation of 0.0001 mm / mm

Figure 5 - Real setup of the experiment using a
servo-hydraulic machine EMIC, Model PC 200
and an USB microscope (800x). The sample is
also affixed with traditional strain gauges
(mechanical extensometer)
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Loading and unloading cycles were performed to stabilize the test
at a rate of 0.45 MPa/s for intervals of 30 seconds between loading
and unloading.

Using the system of data capture called SPIDER 8, the displace-
ments’ information and the applied loads were stored in time. The
images captured by the microscope were simultaneously stored
on a hard disk in parallel. Once, the data capture system and the
microscope are decoupled the variable “time” was adopted as the
parameter compatibility information.

The compatibility was performed using an electronic spreadsheet,
where, before performing the assay, the simultaneity of the system
clocks data capture and the USB microscope was done. Addition-
ally, an equivalent definition for the sampling frequency of the nu-
merical data (5 Hz) and for the rate of image capture (5 fps) was
performed before the test. Figure 5 shows a photograph of the
experiment assembly.

In addition to the USB microscope (800x), traditional strain gauges
(Clip Gauges) were installed diametrically (i.e., opposite the sur-
face of the specimen) to obtain the deformation, and the results
were used for comparison with the proposed method.

3. Results and discussion

EE

Figure 6 shows the deformation versus the time curves for the
fourth specimen of concrete L1 obtained from the USB microscope
and the traditional strain gauges. The loading and unloading cy-
cles are very evident in the curves (Figure 6). This variation was
captured by the DIC technique even though the reference length
(AL = 13 mm) of the image was different from the reference length
of the traditional strain gauges (AL = 100 mm). The difference be-
tween the two curves can be attributed to the non-homogeneity of
the composite material as well the difference between the refer-
ence length adopted for each of the methods for calculating the
deformation.

The DIC technique has always presented a greater deformation
than the traditional strain gauges (Figure 6). For the highest stress
levels, this difference is reduced. The difference percentage be-
tween the curves at point Ais 6,5% and at point B is 47.8%.

An improved fitting in the curves for the highest stress may dem-
onstrate that the DIC technique enhances their sensitivity as the
deformation increases.

Figure 7 shows typical stress-strain curves for the cylindrical con-
crete sample CP4 - L, that is obtained from the USB microscope
and the traditional strain gauges. The resulting curves are very
similar to each other. The horizontal shift in the axis of the de-
formation is a direct consequence of the difference observed and
discussed in Figure. 5.

The dispersion of the data (Figure 7) that occurred in the load-
ing and unloading cycles could be related to the fact that the test
is held at the same stress level for 30 seconds to stabilize. The
cycles may vary because of the apparatus oscillation in the load,
which occurs to maintain the stress. For this sample, the difference
between the values of the elasticity modulus for the DIC technique
and the traditional strain gauges was approximately 3%.

For the other samples, similar curves were obtained, and the aver-
age of the elasticity modulus and the standard deviation was cal-
culated (Table 2).

For concrete L,, the average elasticity modulus that was obtained
using the DIC technique was 30.56 GPa, and the average elastic-
ity modulus that was obtained using the traditional strain gauges
was 29.49 GPa. For concrete L, the average elasticity modulus
obtained using the DIC technique was 28.75 GPa, and the aver-
age elasticity modulus that was obtained using the traditional strain
gauges was 27.97 GPa. The values obtained for the two types of
gauges are similar. The difference between these values for the L,
concrete was 3.63%, and the difference between these values for
the L, concrete was 2.8%. This divergence can be attributed to the
differences of the analysis points, the difference between the refer-
ence lengths (AL) used to compute the strain for each method and
the very characteristic of the inhomogeneous concrete.

For table 2, it is noticed that to DIC strain values using a microscope,
thus with a small “optical” strain gauge size (13 mm, of same order
of the mean size of the coarse aggregates), has very similar results
with a large strain gauge size (100 mm). Analyzing the traditional
strain gauge it is observed that it utilizes two diametrically opposed
measures, so that the result is an average between these two val-

Figure 6 - Curve deformation
versus time for specimen CP4 - L,
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Figure 7 - Stress-strain curve for a 28-day
cylindrical concrete sample CP4 - L,
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Type strain
gauge

L
Elasticity
modulus

Table 2 - Comparative data between the results obtained using
the DIC technique and the traditional strain gauges (MPa)

Concrete type

Standard
deviation

CP1 31541 30557 1431 CP1 29221 28748 1460
CP2 28317 30557 1431 CP2 27580 28748 1460

DIC CP3 31811 30557 1431 CP3 26800 28748 1460
CP4 29398 30557 1431 CP4 31015 28748 1460

CP5 31719 30557 1431 CP5 29127 28748 1460

CP1 30763 29487 1072 CP1 30283 27971 1542

T CP2 29084 29487 1072 CP2 28284 27971 1542
strain CP3 28376 29487 1072 CP3 25576 27971 1542
gauges CP4 28446 29487 1072 CP4 28446 27971 1542
CP5 30767 29487 1072 CP5 27267 27971 1542

L
Standard

ues, which minimizes the possible effect of bending that can occur
in the test. In the case of DIC as the monitored area (the reference
length AL = 13 mm) is small, the effect of bending is practically non-
existent. In order to validate this hypothesis the test was performed
using DIC repeatedly changing the position of the microscope. The
values found for the same specimen were different, but within the
range of the standard deviation shown in Table 2. This result shows
that the response DIC, even though localized, representing the mac-
roscopic behavior of the axial compression test.

The results showed that the DIC technique provides values equiv-
alent to the values obtained using traditional strain gauges as
well as significant advantages. The first major advantage is that
the DIC technique can be used without surface preparation or for
the preparation of only a small region. Currently, no dependence
exists for the randomness of the medium for this technique. The
second major advantage is that the dynamics and flexibility of the
DIC technique can be applied for studies in which the electrical
strain gauge or mechanical strain gauge are not possible, includ-
ing samples of various sizes. The third advantage includes the ac-
curacy of the system, which can be improved in accordance with
the situation by changing both the focal length and the focus area
to achieve greater precision. Finally, the proposed system offers
low-cost, easy use and sustainability because the hardware can
be reused indefinitely.

4. Conclusions

EE

A method for obtaining the concrete strain and displacements us-
ing a USB microscope (800x) and for determining the concrete
elasticity modulus of compression has been proposed and vali-
dated in this paper. The values obtained by the proposed system
were of the same order of magnitude of the values generated using
the traditional strain gauge. A difference of up to 4% was found for
the values of the modulus of elasticity.

New tests will be performed to improve this analysis. For example,

a system will be developed for coupling the load to the images
without the need for human intervention. In addition, the installa-
tion of other microscopes simultaneously will enable the identifica-
tion of strains in the longitudinal and transverse plane as well as
the outside shooting plane.

Generally, the digital image correlation technique is a technology
with a wide range of applications in structures engineering and can
be used with any type of material, such as wood and steel.
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Abstract
E——

This paper shows the analysis performed on the corrosion parameters of three groups of reinforcing steel bars, two of these coated by electroplat-
ing process with Zinc (Zn) and Zinc-Nickel (Zn-Ni), and the other without any coating. It was used reinforced concrete specimens, which ones
were grouped and then subjected to two different corrosion accelerating methods: aging wetting/drying cycles and salt spray exposure. Corrosion
potential was measured to qualitative monitoring of the process and, after the end of the tests, corrosion rate was estimated by measuring the
mass loss, to quantitative analyses. As it was expected, coated bars presented a better performance than the average bars regarding the corrosion
resistance in chloride ions containing environments. It was also observed that the drying/ NaCl solution wetting cycles seems to be more severe
than salt spray fog apparatus with respect to the acceleration of corrosion process.

Keywords: electroplating, zinc, reinforced concrete, corrosion.

Resumo

O presente trabalho avaliou os pardmetros de corrosédo das barras de ago revestidas com Zinco (Zn) e com a liga Zinco-Niquel (Zn-Ni), por ele-
trodeposicao, comparando-as com as tradicionalmente utilizadas, sem revestimento. Para isso, utilizaram-se amostras de concreto armado que
foram submetidas a ensaios acelerados de corrosado por agao de cloretos (cAmara de névoa salina — “salt spray” e ciclos de imersao e secagem).
O potencial de corrosdo das armaduras foi medido para monitoramento qualitativo do processo e, apés o fim dos ensaios, estimaram-se as taxas
de corrosao das barras, através da perda de massa, para analise quantitativa. As barras revestidas com Zn e Zn-Ni se mostraram mais resisten-
tes a corrosao, quando comparadas com as barras convencionais, em ambientes com forte agéo de cloretos e o envelhecimento por ciclos se
mostrou muito mais eficiente na aceleragédo do processo de corrosao.

Palavras-chave: eletrodeposicao, zinco, concreto armado, corrosao.
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Effects of the zinc and zinc-nickel alloys electroplating on the corrodibility of reinforced concrete rebars

1. Introduction

N

Corrosive processes in reinforced concrete structures put at risk
the integrity of their users and have become usual in Brazil, main-
ly in coastal constructions since most of Brazil's population lives
along the coast [1]. It is estimated that around 5% of a nation’s
GDP (Gross Domestic Product) are spent solving corrosion relat-
ed problems. In Brazil specifically, this costs exceeds 10 billion of
reais per year [2].

Frequently, the durability of the reinforced concrete structures is
overlooked, but this matter is extremely important and should be
paid more attention. Yeomans [3] says that good practices, such as
the correct positioning of the reinforcing bars in the moulds and the
assuring of a right pouring, compaction and curing of the concrete
structures would be enough to ease the corrosion problems. How-
ever, due to the perceivable deficiencies in Brazilian construction
processes, it is still frequent the appeal for techniques that improve
the concrete/reinforcement bars interface.

Among the most used techniques, the application of galvanic coat-
ings with metals more noble than steel in the reinforcing bars has
a special place. The zinc (Zn) is the metal more frequently used in
these coatings [3], mainly because of its ability to create a dense and
adherent protective film on the bar surface, causing the corrosion
rates to become lower than the ones observed in ferrous materials.
It is also common to add other components to the Zinc coating,
such as cobalt (Co), iron (Fe) and nickel (Ni), forming the alloys Zn-
Co, Zn-Fe and Zn-Ni, which present better properties when com-
pared to the pure Zinc coatings. In this context, the compounds
based in Zn-Ni are drawing more interest regarding the protection
against corrosion due to the presenting of superior chemical and
mechanical properties [4].

There are two main methods to make the Zinc protective layer:
hot dip galvanizing and electroplating. In the first one, the steel
bar is immersed in molten Zinc, while in the second one ions of
a more noble metal are deposited on the substrate due to the
application of an electric current. This last method is a quite com-
mon process in the industry, producing a layer that is extremely
thin and relatively free of pores, avoiding material waste [5-7].
The thickness of the coating is influenced by some factors, for
instance the current density, the salt concentration, the bath tem-
perature, the presence of additives and the nature of the base
metal [8]. Furthermore, the electroplating method does not gener-
ate intermetallic alloys like the hot dip galvanizing method, pro-

viding a more homogenous and thin coating that will not affect
mechanic properties of its substrate [9].

There are various techniques to evaluate and assess the corro-
sion, and among the most used ones we have the electrochemical
techniques, which can be used both in field and inside a laboratory.
More specifically, the assessment of the potential of corrosion is
one of the electrochemical techniques that allows us to record the
changes in the electrochemical process of corrosion (due to the
considerable variation in the potential), what ends up being a very
interesting way to monitor reinforced concrete structures. Howev-
er, the values measured by this method indicate only the balance
between the anodic and cathodic reactions, not offering any infor-
mation regarding the real velocity of the bars corrosion [10].
Nevertheless, the assessment of the corrosion potential enables
the mapping of the regions of the reinforced concrete structure
where the corrosion process has begun. Due to this, its applica-
tion is becoming more and more frequent [4]. Based on reference
values provided by the United States standard ASTM C-876/91
(“Standard Test Method for Half-Cell Potentials of Uncoated Re-
inforcing Steel in Concrete”), it is possible to have an idea of the
corrosion process situation.

The mentioned standard informs the potential reference ranges re-
garding the type of electrodes used to gather the values. According
to the table 1, for the calomel electrode, which was used in this re-
search, itis given the range of values where there is a probability of
less than 10% of occurrence of corrosion, thus indicating a passive
state (E_, > -0.124 V), an unsureness of corrosion state (-0.124
>E_. >-0.247 V), and a probability higher than 90% of corrosion
occurrence (E < -0.247 V).

It is important to remember that the standard provides guidelines
for the analysis of reinforcing bars made of steel only, without any
type of coating. Since the interpretation of the results from the
electrochemical procedures will be influenced by the change in the
potentials of Zinc, Zinc-Nickel and steel, it is fundamental to know
how to interpret these Zinc and Zn-Ni values, because the stan-
dard corrosion and passivation ranges do not suit them [4].

As it was observed before by Sherine et al. [11] and Panek et
al.[12], when steel is electroplated with Zinc, its potential of corro-
sion regarding the saturated calomel electrode gets lower values
to indicate high probability of corrosion, that is below -1.043 V, and
passivation state, which is above -0.650 V. Still according to Panek
et al. [12], the potential of corrosion that indicates high probability
of corrosion of the steel electroplated with a Zinc-Nickel alloy is

Type of eletrode

SHE* >0,118V
Cu/CuSO,, Cu? )
(ASTM C876) >-0.200 V
Hg.Hg,Cl,/KCl ]
(saturated sol.)** >-0.124V
Ag.AgCI/KCI (M) . 0104V

Table 1 - Probability of corrosion of the steel bars according to its potential for each electrode

Probability of corrosion occurence

10% - 90%

* Standard Hydrogen Electrode; ** Saturated Calomel Electrode, used in this research.

0.118 Vto-0.032V <-0.032
-0.200 V to -0.350 V <-0.350
-0.124V 10 -0.274V <-0.274
-0.104 V t0 -0.254 V <-0.254

500 IE——
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Table 2 - Potential of corrosion zones indicating the high probabilities of corrosion or passivation
according with the surface condition (using as reference the SCE)

Potential that indicates passivation (V)

Conventional steel bar >-0.124 <-0.274
Electroplated with Zn >-0.650 <-1.043
Electroplated with Zn-Ni (56%) >-0.550 <-0.953

below -0.953 V, and its passivation potential would be -0.550 V.
These values were adopted as parameters to interpret the read-
ings of corrosion potential found in the bars galvanized with Zinc
and Zinc-Nickel alloy, respectively, as it can be seen in the table 2.
This research aims to study the influence of the Zinc and Zinc-
Nickel electroplating galvanization in the corrosibility of the rein-
forcing bars embedded in the concrete. In order to make this slow
process possible to be fully studied in a short time scale, the rein-
forced concrete specimens were subjected to accelerated corro-
sion test, being monitored by the electrochemical technique of the
potential of corrosion and in the end they had the rate of corrosion
of theirs reinforcing bars estimated by the loss of mass measured
in each bar.

2. Materials and methods
[

2.1 Materials

In this research, it was used the Portland cement CP Il Z-32, brand
Poty. The crushed stone used is of basaltic origin, while the sand
is commercialized in the metropolitan region of Salvador-BA. The
steel bars used belong to the CA 50-A class (Brazilian Standard)
and have a 6.3mm diameter.

2.2 Methods
2.2.1 Characterization of the raw materials and concrete dosage
The Portland cement characterization covered parameters such

as specific surface area (SSA), which was estimated by BET using
a Micrometrics Gemini 2370 V1.02), density, using a Helium Pyc-

nometer Accupyc 1330 V2.01 from Micrometrics), and the particle-
size distribution (PSD), using a laser sedigraph Mastersizer 2000.
The sand and the crushed stone had their granulometry obtained fol-
lowing the Brazilian standard NBR NM 248:2003, and so it was to
their fineness module and Maximum aggregate size as well. The sand
density was determined by following the Brazilian standard NBR NM
52:2009, while the crushed stone density followed instructions of the
NBR NM 53:2009. The density of the cement used the Le Chatelier’s
bottle method, according to the NBR NM 23:2001.

The concrete mixing ratio adopted in this research was
1.0:1.5:1.3:0.5 (cement, sand, crushed stone, water), based in
RIBEIRO et al. [14] studies, that used the dosage method pro-
posed by ACI (American Concrete Institute). The mortar content
was of 70% and the cement consumption was of 534 kg/m?. After
mixing, a vibrating table was used to ensure efficient compaction.
Then, the concrete specimens with different types of embedded
bars (conventional and with Zinc and Zinc-Nickel coatings) were
manufactured and subjected to the tests. The fundamental charac-
teristics of the concrete, as well as their materials consumption per
cubic meter are shown in Table 3.

For the potential of corrosion measurements, it was made prismatic
specimens (50x70x90 mm3) in which were embedded the bars with
the diameter of 6.3mm. These bars were fixed in the mould waiting
for the concrete to be poured. All specimens rested for 24 hours
and then were taken off the moulds to go to the curing process for
28 days. A minimum of four specimens were tested for each type of
electrodeposited coatings, as well as reference specimens.

2.2.2 Concrete characterization

The concrete used for the preparation of the samples was

Table 3 - Materials consumption and fundamental characteristics of the concrete

Cement (kg/m?) 534

Materials Dust (kg/m?®) 801

consumption Crushed stone (kg/m?) 694

Water (kg/m?) 267

Water/cement ratio 0.5

Fundamental Dry mortar (%) 58,1
characteristics

of the concrete Water/Dry materials ratio (%) 13,2

Slump (mm) 220
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Table 4 - Composition of the electrolyte
solution used for zinc electroplating

Zinc solution (g/L)

Potassium choride 208.0
Zinc chloride 19.6
Boric acid 20.0

characterized as to its fundamental properties: workability (slump
test), apparent porosity and density, capillary water absorption and
resistance to axial compression.

The workability of the concrete was evaluated by the slump test
method, according to Brazilian NBR NM 67: 1998 standard ABNT
NBR. The apparent porosity and density were verified using the
technique based on the Archimedes principle. The samples were
weighed while they were still dry (Ms). They were then left im-
mersed in water for 24 h until they became fully saturated, after
which the immersed mass (Mi) and the wet mass (Mu) were deter-
mined. Thus, the apparent porosity (PA) and the apparent density
(D,) were calculated according to equations (1) and (2)

it ()

%P, =100 —
u— Mi

Ms (2>

D, =p,.———
1= Py Mu— Mi

Table 5 - Composition of the electrolyte solution
used for zinc-nickel alloy electroplating

Zinc-10% Nickel Solution (g/L)

Nickel chloride 34.5
Ammonium chloride 150.0
Zinc chloride 38.5
Boric acid 20.0

The p, is the liquid density (in this case, the water, p, = 1.0 g/lcm®
at 25°C). The specimens used in the test, in a number total of five,
all had 28 days of age.

Checking the water absorption by capillary of the mortar is very
important because excessive absorption of water is an indicator
of a greater diffusion of elements and solutions to the interior of
the material which, consequently, increases the chances of occur-
rence of rebar corrosion.

The specimens used in the test, in a number total of 3, all had
28 days of age. The procedure was carried out according to the
NBR 9779 standard. The capillary absorption coefficient is thus es-
timated, which represents the weight of water absorbed by square
meter of mortar in contact with water according to the square root
of time to reach this level of absorption. Numerically, this value
corresponds to the slope of the plot straight from the “absorption
(kg.m) x square root of time (minutes®®)” graph until it reached the
point of saturation, according to equation 3.

A=SAT ®)

Figure 1 - Representation of electric circuit used for the bars electroplating
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The values of axial compression correspond to the average of
three values obtained 28 days after molding, and were obtained
with an Contenco HD-120T testing machine and a load of 1.5 mm/
min. The specimens that presented an error of more than 5% were
excluded and replaced by others, following the procedure estab-
lished by the Brazilian NBR 5739:2007 standard.

2.2.3 Zinc and zinc nickel electroplating

The galvanization process chosen in this research was the electro-
plating one. It was assembled an electric circuit for the Zinc or Zinc
Nickel electrolytes of the electrolyte solution to be deposited on
the steel bar due to an electric current applied. The compositions
of these two solutions, proposed by PEDROZA [18] studies, are
presented in the tables 4 and 5.

Before the electroplating process, the bars were cleaned with an
iron brush and then bathed with distilled water and ethylic alcohol
in order to remove any speck that would stick onto its surface, as-
suring the efficiency of the deposition.

Besides the bars to be coated, the assembled circuit comprises a
power supply and a carbon electrode, which was also immersed
into the electrolyte solution to close the circuit. A multimeter was
a component of the circuit as well so the current could be double
checked. The circuit can be seen in figure 1.

Unlike the hot dip galvanizing process, which deposits thicker lay-
ers, above 80 um [4, 19] and in accordance with ASTM A767-09:05
standard (Standard Specification for Zinc-Coated (Galvanized)
Steel Bars for Concrete Reinforcement), a typical coating of zinc
obtained by electrodeposition does not exceed 20 micrometers. In
this study, a cover thickness of 5um was used, in order to obtain
comparative results and verify the effectiveness of coatings , even
with layers of small thickness .

Aiming to achieve a 5um thickness coating, it was calculated the
current value of 314.6 mA. The duration of the immersion was also
calculated to be 9 and 8 minutes for the Zinc and Zinc-Nickel coat-
ings respectively.

According to the microphotographs showed in Figure 2, the
obtained coatings presented an uniform distribution of the

500pm - —

0001 21 Nov 2013

Figure 2 - Microphotographs of the bars surface after the Zinc (A and B)
and Zinc-Nickel Alloy (C and D) bars electroplating process
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electrodeposited ions, creating a homogeneous layer in each case,
but with different morphologies for each case. While the Zinc coat-
ing exhibited a surface formed by flat grains randomly scattered
and of various sizes, the Zinc-Nickel coating presented spherical
same sized grains distributed all over the surface, as it was previ-
ously observed in other researches [6,13].

2.2.4 Potential of corrosion measurement

The steel bars were weighted by an analytic scale with 0.01g of
accuracy. Then, it was used a tape to mark the area that would be
exposed to the attack of the aggressive agent (around 15.8 cm?®),
as it can be seen in Figures 3a and 3b. These bars were fixed in a
way that these areas would be at the centre of the concrete speci-
mens, as showed in the Figure 3d.

The verification of the corrosion potential happens along the test
of accelerated chloride induced corrosion. The electrochemical cell
used in these tests was formed by two electrodes, one of them be-
ing the steel bar embedded in the concrete specimen (coated or
not) and the other one was the saturated calomel electrode, to be
used as reference.

Before performing the measurements, the specimens had their
reading side wetted by placing a wet sponge on it during 1 minute.
This wet sponge was soaked with an electric conducting solution,
which was made according to the United States standard ASTM
C-876/91 (“Standard Test Method for Half-Cell Potentials of Un-
coated Reinforcing Steel in Concrete”), having 5ml of a neutral de-

tergent for 1 litre of water and presenting a conductivity of 0.15 +
0.02 mS/cm. Finally, the readings demand the SCE to be placed
touching the sponge at the middle of the specimen side, as it is
shown in the figure 4.

The corrosion tests started after 63 days curing, when the speci-
mens presented weight constant (which means that they all had a
weight variation of less than 1.0g in 24 hours) and when the poten-
tial of corrosion pointed to the formation of a passive layer on the
surface of the steel bars (E_ >-0.124 V, for the conventional bars;
E,,. >-0.650V, for zinc coated bars; and E_ > -0.550 V, for zinc-
nickel coated bars). These values indicate that there is a probabil-
ity of less than 10% for the corrosion to occur using the SCE and
are based on the US standard ASTM C 876/91. They also indicate
the formation of this oxide passive film.

In other researches [14-16], it was considered necessary to define
a specific age when to start the accelerated corrosion tests. These
authors related this specific age to the stabilization of the concrete
hydration process, defining 63 days [14, 16] and 80 days [15] as
the amount of time needed for the concrete micro structure to pres-
ent a good development and a satisfactory hydration level.

After reaching the potential that indicates passivation, the speci-
mens were divided in two groups and each one was subjected to
an accelerated corrosion process: i) aging cycles of half-immersion
and drying, ii) Salt spray exposure.

In the first process, the specimens were halfimmersed in a solu-
tion containing 3% of sodium chloride (NaCl) for 2 days and then
are moved toalaboratory oven at50°C for 5 days. During the first

Figure 3 - (A) and (B) Scheme of delimitation of the bars exposed area; (C)
and (D) Position of bars inside the concrete specimen (adapted from SANTOS (11))
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half-cycle, the solution level is kept at the middle of the bar
exposed area inside de concrete specimen. In this condition,
the chloride penetration happens firstly due to the capillary
absorption, since the concrete samples are initially dry, and
then due to diffusion when the pores are completely saturated,
being accelerated by the water evaporation that takes place
in the non-immersed area of the specimens. According to MC-
CARTER apud SANTOS [11], there is a relation between the
saturation level and the capillary suction forces in a porous
material. Thus when there is a dry and exposed region, these
suction forces will be greater, pulling faster the solution into
the concrete specimen.

The 3% NaCl concentration was adopted because of its similarity
with the sea water concentration. That was checked before starting
the half-immersed part of the aging cycles and corrected if neces-
sary. Besides, the NaCl solution was changed after 4 cycles.

At the end of each part of the cycle, the potential of corrosion (E_ )
was measured along with the weight of the specimens. The po-
tential measurements were to probe what was the condition of the
bars regarding its passivation/corrosion state, while the weighting
was to verify its saturation level.

Through the analysis of the corrosion potential results, it was ob-
served if the bar were in passive or active state of corrosion, using
for this the values referred to the SCE. This test was ended when
two consecutive cycles would give potential below the one that
indicates high probability of corrosion.

For its turn, in the salt spray test the concrete specimens were place
inside a salt spray chamber (Equilam SS600e) under conditions sta-
blished by the ASTM B-117 (“Standard Practice for Operating Salt
Spray (Fog) Apparatus”). As oriented by the standard, the saline so-
lutions must have a NaCl concentration of 5%, its pH must stay be-
tween 6.5 and 7.2 and the inner temperature to be kept at 35°C. Pe-
riodical measurements of the potential of corrosion were performed
in order to verify how the corrosion process was.

After the ending of both tests, the bars were extracted from the
specimens, cleaned following the orientations of the ASTM G-1/03
and then weighted so the loss of mass could be found by compar-
ing with the weight of them before embedding them in the speci-
mens. Then, the corrosion rate (CR) was calculated following the
equation 4.

o )

R =
AT.D

Where K = constant (for CR in um/year, K=8.76 x 107; for CR in g/
m2.year, K=8.76 x 107.D); W = loss of mass (g); A = exposed area
(cm?); T = duration of exposure (h); D = density (for CA-50 steel, D
= 7.85 g/cm?). In this research, A = 15.83 cm? e T = Time that the
tests lasted.

3. Results and discussion
E——

3.1 Materials characterization

The Portland cement used in this research presented a specific
surface area of 0.425 m?/g and its density was of 2.98 Kg/dm?®. The
sand density was of 2.63 Kg/dm?, and its fineness Modulus 1.52,

Figure 4 - Measurement of the potential
of corrosion being performed (14)

being classified as fine sand. The crushed stone obtained a density
of 2,79 Kg/dm?® and its maximum aggregate size was of 9.5 mm
and classified as “stone 0”. The granulometric distributions can be
seen at the figure 5.

3.2 Concrete characterization

The concrete used for the preparation of the samples was charac-
terized as to its fundamental properties: workability (slump test),
apparent porosity and density, capillary water absorption and resis-
tance to axial compression. The results are presented in Table 6.

3.3 Corrosion Potential

The corrosion potential of the bars subjected to the wetting-drying
aging cycle was assessed in the end of each immersion and drying
phase and can be seen in the Figure 6.

During the test, the observed potential values behaved as ex-
pected and noted in previous related works [14], as the measures
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Proportion (cement : dust : crushed stone : water)

Table 6 - Concrete characterization

1.0:15:1.3:05

Slump 220 mm NBR NM 67:1998
Apparent porosity (18.25 + 0.45) % NBR 9778:2009
Apparent density (2.15+£0.09) g/cm? NBR 9778:2009
Capillary water absorption (0.129 + 0.019) kg/m?2.min%5 NBR 9779:2012
Axial compression resistfance (31.1 £ 0.72) MPa NBR 5739:2007

taken in the wetting cycle were much lower than the measures of
the drying cycle. This fact is explained by ROCHA [17] that shows
that temperature, humidity and saturation level directly interfere in
the electrochemical measures of the potential of corrosion, and
that interference is boosted by the chloride contamination.

In the salt spray exposure test (SSET), the parameters cited before
(temperature, humidity, saturation level) are kept constant, causing
a different behaviour in the potential of corrosion readings, as can
be seen at the figure 7.

As suggested by GONZALEZ et al. [18], the measures of the po-
tential are not conclusive by themselves due to the variety of factors
that affect it, giving only preliminary indicatives of the bars corrosion
situation. As it can be seen, the potential of corrosion of the coated
bars stayed in the uncertainty range (E_, > -1,043V, for bars coated
with Zincand E_ >-0,953V, for bars coated with Zinc-Nickel), while
the bars with no coating presented potentials in the high corrosion
probability range (E_,, < -0,274 V). Such behaviour indicates that
there is a protective effect over the reinforcing bars regarding their
despassivation when they are coated with Zinc or the Zinc-Nickel
alloy by electroplating process, what is due the delay in the change
from passive to active state of corrosion. However, as the corrosion
potential is just a qualitative test, it does not allow the coatings to be
compared regarding their protection efficiency.

3.4 Corrosion rate

The loss of mass observed in the bars after the tests of accelerated
corrosion allowed the average corrosion rates to be estimated for

each group of bars (coated with Zinc, Zinc-Nickel and uncoated), as
shown in figures 8 and 9. As expected, in both tests the galvanized
bars presented a lower corrosion rate than the uncoated ones.

In the aging cycles test, the uncoated bars shower a corrosion
rate (250,40 ym/year) much higher than the galvanized with Zinc
(167,49 pm/year) and Zinc-Nickel (166,15 pym/year). These results
mean a decrease of 33.1% and 33.6% respectively in the corro-
sion rates when the average values of each group are compared,
causing the galvanized bars to have a better durability. It was also
possible to notice that the Zinc-Nickel coating presented the best
results regarding the corrosion rate, with the lowest discrepancies,
which is in agreement with the more uniform aspect of the Zinc-
Nickel distribution on the surface of the steel bar.

It is important to highlight that the adopted thickness (5 pm) of both
coatings may have influenced in the high deviation of the results,
given that usual coating thicknesses are far greater (around 100
um). It may also have contributed for a poor formation of the zinc
oxides layer that would delay the corrosion process. Besides, it
is possible that some local flaws in the coatings would provoke
corrosion type different from uniform corrosion, which is the one
assumed for the calculation of the corrosion rate.

The results obtained from the salt spray exposure tests (SSET)
(figure 6) showed much less variability, and a smaller order of mag-
nitude, what indicates this test to be less aggressive than the ag-
ing cycles test. It was found a corrosion rate of 22.50 um/year for
uncoated bars, 15.58 uym/year for zinc coated bars, and 15.40 ym/
year for zinc-nickel coated bars. One more time it is indicated the
increase of the life cycle of coated bars.

Cumulative Mass Percent (%)

Equivalent Spherical Diameter (mm) 0

Figure 5 - Particle size distribution and classification limits of the (A) dust (inferior limit)
and (B) crushed stone (4,75-12,5 mm, stone 0), used to concrete production
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Figure 6 - Evolution of the potential of corrosion during the
aging cycles test for the conventional and coated bars
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Still, it was possible to compare the efficiency of the accelerated
corrosion tests through the analysis of the corrosion rate. While
the uncoated bars presented a rate of 250.40 pm/year in the aging
cycles test, in the salt spray chamber process the average rate
was of 22.50 ym/year. The same occurs for the coated bars, where
to the first test was found corrosion rates of 167.49 ym/year (Zinc)
and 166.40 um/year, while in the salt spray test was found rates of
15.58 pm/year and 15.40 pym/year, respectively. That shows that

the test at which the corrosion is accelerated by the cycles of wet-
ting and drying is more efficient for the evaluation of corrosion in
reinforced concrete specimens.

Such difference may be explained by the scarcity of one of the in-
dispensable components for the corrosion process: oxygen. Since
the salt spray chamber is airtight sealed and the specimens are
saturated most of the time, the oxygen entrance in the specimen
becomes less effective. Therefore, some alterations in the test that

0.100

Figure 7 - Evolution of the potential of corrosion during the salt
spray exposure test for the conventional and coated bars

Steel Zinc-Nickel Zinc

-0.100

-0.300 ¢

-0.500

-0.700

-0.900

Potential of CorrosionE_ . (V)

-1.100

Passivation

—+—Reference
-&Zinc

- —+Zinc-Nickel

Corrosion

0 120 283 570 775

1076
Duration (hours)

1296 1512

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4




Effects of the zinc and zinc-nickel alloys electroplating on the corrodibility of reinforced concrete rebars

Figure 8 - Corrosion rates for the conventional
and coated bars after the ACT
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would allow more oxygen to come in may cause it to better acceler-
ate the corrosion in the reinforced concrete specimens.

4. Conclusions

EE

From the results that were found, it was possible to conclude that:

B The galvanization by electroplating is an efficient protective
method for the reinforcing steel bars in the civil construction;

B The Zinc and Zinc-Nickel coatings proved themselves to be effec-
tive as to increase the life cycle of reinforcing bars, although the
thickness adopted in this research might not have been enough to
promote a substantial increasing in the life cycle, since this thick-
ness might have interfered in the coatings performance;

B The accelerated corrosion test of wetting and drying cycles
proved to be more effective to evaluate the corrosion process
in the reinforced concrete specimens when compared with the
salt spray exposure test (SSET);

B The utilization of more refined monitoring techniques is neces-
sary to achieve a better understanding of how works the coat-
ings of zinc and zinc-nickel alloy in the reinforced concrete,
since the literature about it is rather scarce.
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Abstract
E——

This paper shows the analysis performed on the corrosion parameters of three groups of reinforcing steel bars, two of these coated by electroplat-
ing process with Zinc (Zn) and Zinc-Nickel (Zn-Ni), and the other without any coating. It was used reinforced concrete specimens, which ones
were grouped and then subjected to two different corrosion accelerating methods: aging wetting/drying cycles and salt spray exposure. Corrosion
potential was measured to qualitative monitoring of the process and, after the end of the tests, corrosion rate was estimated by measuring the
mass loss, to quantitative analyses. As it was expected, coated bars presented a better performance than the average bars regarding the corrosion
resistance in chloride ions containing environments. It was also observed that the drying/ NaCl solution wetting cycles seems to be more severe
than salt spray fog apparatus with respect to the acceleration of corrosion process.

Keywords: electroplating, zinc, reinforced concrete, corrosion.

Resumo

O presente trabalho avaliou os pardmetros de corrosédo das barras de ago revestidas com Zinco (Zn) e com a liga Zinco-Niquel (Zn-Ni), por ele-
trodeposicao, comparando-as com as tradicionalmente utilizadas, sem revestimento. Para isso, utilizaram-se amostras de concreto armado que
foram submetidas a ensaios acelerados de corrosado por agao de cloretos (cAmara de névoa salina — “salt spray” e ciclos de imersao e secagem).
O potencial de corrosdo das armaduras foi medido para monitoramento qualitativo do processo e, apés o fim dos ensaios, estimaram-se as taxas
de corrosao das barras, através da perda de massa, para analise quantitativa. As barras revestidas com Zn e Zn-Ni se mostraram mais resisten-
tes a corrosao, quando comparadas com as barras convencionais, em ambientes com forte agéo de cloretos e o envelhecimento por ciclos se
mostrou muito mais eficiente na aceleragédo do processo de corrosao.

Palavras-chave: eletrodeposicao, zinco, concreto armado, corrosao.
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1. Introducgao

N

Processos corrosivos em estruturas de concreto armado tém
ocorrido no Brasil e trazem riscos a integridade dos seus usu-
arios. Esses casos sdo ainda mais numerosos em estruturas
situadas na orla marinha, onde se concentra a maior parte da
populacéo brasileira [1]. Estima-se que cerca de 5% do PIB de
uma nagao sejam direcionados a solu¢ao de problemas relacio-
nados a corrosdo. No Brasil, esse gasto ultrapassa os R$ 10
bilhdes ao ano [2].

Muitas vezes tratada em segundo plano, a durabilidade das es-
truturas de concreto armado é de extrema importancia e merece
mais atengdo. Yeomans [3] afirma que a boa pratica nas constru-
¢des de concreto armado, utilizando-se materiais adequados ao
ambiente de exposicao, atentando-se para o correto posiciona-
mento das armaduras na férma e garantindo correto langamento,
compactagdo e cura, seria suficiente para amenizar o problema
de corrosado. Entretanto, devido a deficiéncia perceptivel em nos-
sos processos de construgdo, ainda se recorre, frequentemente,
a técnicas que melhoram a interface concreto/armadura.

Entre as técnicas mais utilizadas, destaca-se a aplicagéo de
revestimentos galvanicos na armadura, utilizando metais mais
nobres que o ago. O metal mais utilizado comercialmente para
cobrimentos galvanicos é o zinco [3], principalmente devido a
sua habilidade de formar um filme protetor denso e aderente na
superficie da armadura, tornando a taxa de corrosdo muito mais
baixa que a taxa observada em materiais ferrosos.

Ao Zinco (Zn) muitas vezes sdo adicionados outros componen-
tes, como Cobalto (Co), Ferro (Fe) e Niquel (Ni), formando ligas
Zn-Co, Zn-Fe e Zn-Ni, devido as suas melhores propriedades
em comparagado com revestimentos de zinco puro. Nesse con-
texto, os compostos com base em Zn-Ni estao atraindo um maior
interesse na area de protegado contra a corrosao, uma vez que
possuem melhores propriedades quimicas e mecanicas [4].

A protecgdo por galvanizagdo pode ser feita por dois principais
métodos: galvanizagdo: a quente e por eletrodeposigcao. Na gal-
vanizagao a quente, a barra de ago é imersa na solugéo da subs-
tancia a ser galvanizada, sob temperaturas superiores a 400° C.
Por outro lado, o processo de eletrodeposi¢cao, também conhe-
cido como galvanizagéo a frio, consiste na eletrodeposi¢cao dos
ions do metal mais nobre no substrato através da imposigéo de
uma corrente elétrica. Trata-se de um processo muito comum na

industria, capaz de gerar um revestimento relativamente livre de
poros e fino, evitando excesso de material depositado [5, 6, 7].
A espessura do revestimento € influenciada por alguns fatores
como densidade de corrente, concentragao dos sais, temperatu-
ra do banho, presencga de aditivos e pela natureza do metal-base
[8]. Além disso, diferentemente da galvanizagédo a quente, nesse
método ndo ha formagéao de ligas intermetalicas, dando origem
a um revestimento composto mais homogéneo, fino e que nao
afeta as propriedades mecanicas do seu substrato [9].

Varias sao as técnicas empregadas para a constatacéo e ava-
liagdo da corrosdo e, entre as mais utilizadas, encontram-se
as técnicas eletroquimicas, que podem ser utilizadas tanto em
laboratorio como em campo. Dentre as técnicas eletroquimicas,
cita-se o potencial de corroséo, cujo monitoramento permite re-
gistrar mudangas no processo eletroquimico de corrosao (devi-
das as variagbes bruscas de potencial), o que pode ser muito
interessante para o monitoramento de estruturas. Porém, seus
valores indicam o balango entre a reagdo anddica e catddica e
nao oferecem informagdes quantitativas, isto é, ndo é possivel
extrair informagdes sobre a velocidade real de corroséo da ar-
madura [10].

Apesar do potencial de corrosdo nao oferecer medidas quan-
titativas do estado da corroséo, permite um mapeamento das
regides com processo de corrosao iniciado e seu uso esta em
processo crescente de utilizagdo [4]. Por meio de valores de
referéncia, fornecidos pela norma americana ASTM C-876/91
(“Standard Test Method for Half-Cell Potentials of Uncoated
Reinforcing Steel in Concrete”), pode-se ter nogado do estado
do processo de corrosao.

A norma informa as faixas de potencial de referéncia de acordo
com o tipo de eletrodo. Segundo a Tabela 1, para o eletrodo de
calomelano, usado nessa pesquisa, € indicado onde existe uma
probabilidade menor que 10% de ocorréncia da corroséo, indi-
cando provavel estado passivo (E_ > -0,124 V), incerteza total
(-0,124 > E_ > -0,247 V) e a faixa de potencial que indica alta
probabilidade de ocorréncia de corroséo (E_ < -0,247 V).

E importante lembrar que tal norma nos fornece diretrizes ape-
nas para analise de armaduras de ago sem revestimento. Uma
vez que a interpretagcado dos resultados dos ensaios eletroqui-
micos sera afetada devido a mudanga de potencial entre o zin-
co, 0 zinco-niquel e o0 ago, € importante saber como interpre-
tar o potencial do eletrodo de referéncia, ja que os valores de

Tipo de eletrodo

SHE* >0,118V
Cu/CuSO,,Cu? )
(ASTM C876) 2 U
Hg.Hg,CL/KCI )
(sol. saturada)** >-0124V
Ag,AgCI/KCI (1M) >-0,104 V

Tabela 1 - Probabilidade de corros@o da armadura de aco em fun¢do
do potencial, tendo como referéncia diversos tipos de eletrodo

Probabilidade de ocorrer a corrosdo

10% - 90%

* Eletrodo normal de hidrogénio; ** Eletrodo de calomelano saturado, utilizado nesta pesquisa.

0,118V a-0,032V <-0,032
-0,200V a-0,350 V <-0,350
-0.124V a-0,274V <-0,274
-0,104V a-0,254 VvV <-0,254
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Tabela 2 - Faixas de potencial de corrosao, utilizando como referéncia o eletrodo de calomelano
saturado, indicando a maior probabilidade de corrosdo ou passivacdo das armaduras, de acordo
com a sua condicdo supefficial

Potencial indicador de passivacao (V)

Aco convencional >-0,124 <-0274
Eletfrodeposicdo de Zn > -0,650 <-1,043
Eletfrodeposicdo de Zn-Ni (6%) >-0,5650 <-0,953

referéncia sugeridos pela ASTM C-876 para a corrosédo do ago
nao sao mais aplicaveis [4].

Como ja foi observado por Sherine et al. [11] e Panek et al. [12],
quando o ago é galvanizado com zinco, seu potencial de corro-
sdo em relagdo ao eletrodo de calomelano saturado diminui e o
potencial indicador de alta probabilidade de corrosao é abaixo de
-1,043 V, enquanto a passivagao & notada em potenciais maiores
que -0,650 V. Ainda segundo Panek et al. [12], o potencial de cor-
rosao que indica alta probabilidade de corrosdo do ago galvaniza-
do com liga Zinco-Niquel é abaixo de cerca de -0,953 V, e o poten-
cial indicador de passivagao acima de -0,550 V. Tais valores foram
adotados como parametros para interpretagéo dos resultados de
potencial de corrosdo encontrados nas barras galvanizadas com
zinco e zinco-niquel, respectivamente, de acordo com a Tabela 2.
Nesse contexto, essa pesquisa visa estudar a influéncia da galvani-
zagao, por eletrodeposigao de zinco e zinco-niquel, na corrosibilida-
de das armaduras de ago no concreto armado. Para viabilizar o pro-
cesso, 0s corpos de prova foram submetidos a ensaios acelerados
de corrosao, monitorados pela técnica eletroquimica de potencial
de corroséo e estimando-se a taxa de corrosédo das armaduras ao
final dos ensaios, por meio do calculo da perda de massa.

2. Materiais e métodos
E—

2.1 Materiais

No presente estudo utilizou-se cimento CP Il Z-32, marca Poty, bri-
ta de origem basaltica e areia de jazida comercializadas na regiao
metropolitana de Salvador e barras de aco foram da classe CA
50-A, de didmetro igual a 6,3mm.

2.2 Métodos
2.2.1 Caracterizagao das matérias primas e dosagem do concreto

A caracterizagdo do cimento envolveu parametros fisicos tais
como area superficial especifica (estimados por BET, usando um
equipamento Micrometrics Gemini 2370 V1.02) e densidade (Pic-
ndémetro a Hélio Accupyc 1330 V2.01 da Micrometrics), além da
distribuicdo do tamanho de particulas (Sedigrafo a laser Master-
sizer 2000).

A areia e a brita tiveram suas granulometrias determinadas de
acordo com a NBR NM 248:2003 (Agregados - Determinagéo da
composigao granulométrica), assim como o Modulo de Finura e
a Dimensdo Maxima Caracteristica. A massa especifica da areia
foi determinada segundo a NBR NM 52:2009 (Agregado miudo -
Determinacéo da massa especifica e massa especifica aparente),
enquanto a massa especifica da brita foi determinada de acor-
do com a NBR NM 53:2009 (Agregado graudo - Determinagéo
da massa especifica, massa especifica aparente e absorgéo de
agua) e a massa especifica do cimento foi determinada pelo mé-
todo do frasco de Le Chatelier, de acordo com a NBR NM 23:2001
(Cimento Portland e outros materiais em p6 - Determinagao da
massa especifica).

O trago do concreto utilizado neste estudo foide 1,0:1,5:1,3:0,5
(cimento : areia : brita : agua), baseado nos estudos de RIBEIRO
et al. [14], que utilizaram o método de dosagem proposto pela ACI
(American Concrete Institute) . O teor de argamassa foi de 70% e
o consumo de cimento igual a 534 kg/m?®. Apds a mistura em be-
toneira, foi usada mesa vibratoria para uma melhor compactacgao.
Concretos contendo distintos tipos de armaduras (convencional e

Tabela 3 - Consumo de materiais e caracteristicas das misturas realizadas

Consumo
dos materiais

Caracteristicas
das misturas

Cimento (kg/m?) 534

Areia (kg/m?)
Brita (kg/m3)

Agua (kg/md)
Relacdo adgua/cimento
Argamassa seca (%)
Aguo/MoTeriois secos (%)
Abatimento - Slump (mm)

801
694
267
0.5
58,1
13,2
220

608 I
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Tabela 4 - Composicdo da solugdo eletrolitica
utilizada para eletrodeposicdo de zinco

Cloreto de potdassio 208
Cloreto de zinco 19,6
Acido bérico 20

revestidas por zinco e zinco-niquel) foram preparados e analisados.
As caracteristicas fundamentais do concreto utilizado, bem como
seu consumo por metro cubico sdo apresentados na Tabela 3.
Para as medidas do potencial de corrosédo foram moldados corpos
de prova prismaticos (50x70x90 mm?®) e as barras de ago, com
didametro de 6,3mm, foram inseridas no momento da moldagem.
Todos os corpos de prova foram desmoldados apds 24 horas e co-
locados em cura submersa durante 28 dias. Um minimo de quatro
corpos de prova foi testado para cada tipo de cobrimento eletrode-
positado, além da referéncia.

2.2.2 Caracterizagao do concreto

O concreto utilizado para a confecgdo dos corpos de prova foi ca-
racterizado quanto as suas propriedades fundamentais: trabalha-
bilidade (slump), porosidade e densidade aparentes, absorgéo de
agua por capilaridade e resisténcia a compresséao axial.

A trabalhabilidade do concreto foi avaliada pelo método do slump
test, de acordo com a norma ABNT NBR NM 67:1998 (“Concreto -
Determinag&o da consisténcia pelo abatimento do tronco de cone”).
Para a verificagdo da porosidade e da densidade aparentes do
concreto foi utilizada uma técnica baseada no principio de Arqui-
medes e de acordo com a NBR 9778:2009 (“Argamasse e con-
creto endurecidos - Determinacdo da absorcdo de agua, indice
de vazios e massa especifica”), em que as amostras sdo pesadas
ainda secas (Ms). A seguir, sdo imersas em agua e deixadas em
repouso por 24 horas para que haja a saturagdo das mesmas.
Apobs esse periodo, sdo determinadas a massa imersa (Mi) e a
massa umida (Mu). Assim, calculou-se a porosidade aparente (P,)
e a densidade aparente (D,), de acordo com as equagbes 1 e 2.

i (1

%P, =100
u — M1

D,=p,—2_ ()

Mu — Mi

Sendo p, a densidade do liquido com o qual se realiza o ensaio
(neste caso, a agua, p, = 1,0 g/cm?). Foram realizadas medidas
de densidade e porosidade aparentes em amostras com 28 dias
de idade e os resultados apresentados sdo uma média de cinco
resultados individuais.

Verificar a absorgao de agua por capilaridade do concreto é fun-
damental, pois uma absorcao excessiva de agua € um indicador
de uma maior difusdo de elementos e solugdes para o interior do
material o que, conseqliientemente, aumenta as chances de ocor-
réncia de corroséo na armadura.

Para a determinagéo da absorgéo de agua por capilaridade utilizou-
-se os procedimentos preconizados pela ABNT NBR 9779:2012
(“Argamassa e concreto endurecidos — Determinag&o da absorgao
de agua por capilaridade)”. Os corpos de prova utilizados, em um
total de trés, devem estar com 28 dias de idade. Inicialmente, sdo
secos em estufa por 24 horas e, apos isso, resfriados a tempera-
tura ambiente e tém suas massas determinadas.

Posicionam-se, entéo, os corpos de prova sobre suportes, preen-
chendo-se com agua a bandeja do recipiente de ensaio, de modo
que o nivel de agua permanega constante e igual a (7 + 1) mm
da base inferior do recipiente, e evitando a molhagem de outras
superficies do corpo de prova. Durante o ensaio, determina-se a
massa dos corpos de prova com intervalos de tempo normaliza-
dos e calcula-se, dessa forma, o coeficiente de absorcéo capilar
(S), que representa a massa de dgua absorvida por metro quadra-
do da argamassa em contato com a agua (A), em fungao da raiz
quadrada do tempo decorrido até atingir este ponto de absorgao
(min®%). Numericamente, este valor corresponde ao coeficiente
angular da reta proveniente do grafico “absorcdo (kg/m?) x raiz
do tempo (min®%)” até que seja atingido o ponto de saturagao, de
acordocom a equagao 3.

A=SAlt (3)

Os resultados de limite de resisténcia a compressao axial foram
obtidos de acordo com a norma ABNT NBR 5739:2007 (Concreto
— Ensaio de compressao de corpos-de-prova cilindricos), sendo
apresentados uma média de trés valores obtidos para os corpos
de prova de concreto aos 28 dias de idade, utilizando uma pren-
sa servo-controlada Contenco, modelo HD-120T. Os valores que
diferiram mais de 5% da média foram descartados e substituidos
pelos obtidos por novos corpos de prova.

2.2.3 Galvanizagao
O processo utilizado para a galvanizagéo das barras foi a eletro-

deposigdo. Nesse processo, foi montado um circuito elétrico para
eletrodepositar os ions da solugao eletrolitica na barra de ago

Tabela 5 - Composicdo da solugdo eletrolitica
utilizada para eletrodeposicdo da liga zinco-niquel

Cloreto de niquel 34,5
Cloreto de amonio 150,0
Cloreto de zinco 38,5

Acido bérico 20,0
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através da aplicagdo de uma corrente elétrica. As composi¢cdes  sdo apresentadas nas Tabelas 4 e 5.
de tais solugbes, propostas em estudos de PEDROZA [18], Antes de serem galvanizadas, as barras foram limpas com

Figura 1 - Representacdo do circuito elétrico utilizado para eletrodeposicdo
dos ions das solugcdes eletroliticas nas barras a serem galvanizadas

Solugao de Zinco

Barra de ago

FONTE

MULTIMETRO

Figura 2 - Micrografias das superficies das barras apds o processo
de eletrodeposicdo de Zinco (A) e (B) e Zinco-Niquel (C) e (D)

/7, 500m " - —

0001 21 Nov 2013

i -
SEI' 20KV WD12mm __ SS40 "x2,500°% 10
Ledma 5 p
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escovas de ago e lavadas com agua destilada e alcool, para reti-
rar quaisquer impurezas que aderissem a superficie, garantindo a
eficiéncia da eletrodeposicao.

O circuito foi montado ligando uma fonte elétrica a um eletrodo
de grafite, imerso na solugéo eletrolitica para garantir uma distri-
buigdo uniforme de corrente através da solugdo na qual a barra
também ficou imersa, sendo ligado a ela um multimetro, para
verificagado da corrente. Este multimetro foi ligado a fonte elétrica
fechando-se, assim, o circuito, conforme esquema ilustrado na
Figura 1.

Diferentemente do processo de galvanizagao a quente, que depo-
sita camadas muito mais espessas, superiores a 80 um [4, 19] e
de acordo com a norma ASTM A767-09:05 (Standard Specification
for Zinc-Coated (Galvanized) Steel Bars for Concrete Reinforce-
ment), um revestimento tipico de zinco obtido por eletrodeposi-
¢ao nao supera os 20 um. No presente trabalho, optou-se por um
cobrimento com espessura de 5um, afim de se obter resultados
comparativos e verificar a eficacia dos cobrimentos, mesmo com
camadas de pequenas espessuras.

Assim, a fim de se obter um revestimento com espessura de 5um,
calculou-se a necessidade de aplicagao de uma corrente de 314,6
mA, com tempos de eletrodeposicao de 9 e 8 minutos, para as
eletrodeposicdes de Zinco e de Zinco-Niquel, respectivamente.
De acordo com as micrografias da Figura 2, o cobrimento resul-
tante apresentou uma distribuicdo uniforme dos ions eletrodeposi-
tados, compondo uma camada superficial homogénea, entretanto,
com morfologias diferentes, de acordo com a composi¢ao da so-
lugéo eletrolitica. Enquanto o revestimento de Zinco apresentou
uma superficie formada por grdos em formato de placa, de tama-
nhos variados e mal distribuidos, o revestimento de Zinco-Niquel
apresentou uma superficie mais homogénea, composta por graos
esféricos e bem distribuidos, conforme ja foi observado em estu-
dos anteriores [6, 13].

2.2.4 Medida do potencial de corrosao

As barras de ago foram pesadas em uma balanga analitica com
precisao de 0,01 g. Em seguida, fez-se a delimitagcdo com fita iso-
lante da area na barra a ser exposta ao ataque do agente agres-
sivo (cerca de 15,83 cm?), como pode ser visto nas Figuras 3a e
3b. As barras foram posicionadas de forma que a area exposta
estivesse localizada na regido central dos corpos de prova como
pode ser visto na Figura 3d.

A verificagdo do potencial de corrosdo consiste, basicamente, em
um ensaio acelerado de corroséo pela agédo de cloretos. A célula
eletroquimica utilizada para as medidas do potencial de corrosao
foi composta pelo eletrodo de trabalho, a barra de ago do corpo
de prova prismatico e o eletrodo de calomelano saturado (ECS),
utilizado como eletrodo de referéncia.

Antes da realizagdo das medidas, os corpos de prova tinham a
face de leitura pré-umidificada por meio do posicionamento de
uma esponja umedecida em solugdo condutora sobre esta super-
ficie, durante um minuto. Esta solugéo condutora, obtida de acor-
do com a ASTM C-876/91 (“Standard Test Method for Half-Cell Po-
tentials of Uncoated Reinforcing Steel in Concrete”) contém 5mL
de detergente neutro para um litro de agua potavel e apresentou
uma condutividade de 0,15 + 0,02 mS/cm. Para a realizagdo das
medidas, o eletrodo de referéncia é posicionado sobre a barra a
ser analisada, aproximadamente no centro da area de exposigcao
da mesma e seu contato é feito por meio de uma esponja umede-
cida, de acordo com Figura 4.

O ensaio de corroséo foi iniciado apds 63 dias de cura, quando os
corpos de prova apresentaram constancia de massa (variagéo de
1,0 g em leituras consecutivas de 24 h) e quando o potencial de
corrosao medido indicou a formagéo do filme passivo na superficie
das barras de ago utilizadas (E_, > -0,124 V, para as barras de
referéncia; E__ > -0,650 V, para as barras revestidas com Zinco;

corr

Contato

elétrico Fita PVC Area de exposi¢io

—_
1,00
£

4,00

_*2,00 " 3,00 *

Figura 3 - (A) e (B) Esquema da delimitacdo da drea de exposicdo da barra e;
(C) e (D) Posicionamento da barra no corpo de prova (adaptado de SANTOS (11))
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Figura 4 - Aparato e procedimento de medida
do potencial de corrosdo da armaduras

e E_ > -0,550 V, para as barras revestidas com Zinco-Niquel).
Este valor de referéncia corresponde a uma possibilidade inferior
a 10% de ocorréncia da corroséo e formagéo do filme de 6xido
passivador da armadura, segundo a ASTM C 876/91, para o ele-
trodo de calomelano saturado, utilizado neste trabalho.

Em outros trabalhos [14-16], achou-se necessario definir uma
idade especifica, ou idade de referéncia, a partir da qual foram
iniciados os procedimentos dos ensaios acelerados de corro-
sdo. Os citados autores atrelaram a idade de referéncia a es-
tabilizagéo do processo de hidratagao do cimento e definiram a
idade de 63 dias [14, 16] e 80 dias [15] como suficientes para
que a estrutura das pastas analisadas apresentasse estrutura
fisica relativamente desenvolvida e grau de hidratagéo signifi-
cativamente elevado.

Apds atingir o “potencial de seguranga”, os corpos de prova fo-
ram submetidos a dois ensaios acelerados de corrosao: i) ciclos
de imersao e secagem e ii) cAmara de névoa salina (“salt spray”).
No primeiro método, os corpos de prova sdo submetidos a
semi-ciclos de imersdo parcial em solugdo com 3% de cloreto

de sédio (NaCl) com duragédo de dois dias e posteriores semi-
-ciclos de secagem em estufa ventilada a 50°C com duragéo
de 5 dias. Durante o semi-ciclo de imersao parcial, o nivel
da solucao de imerséao foi mantido em uma altura correspon-
dente a metade da area exposta da barra. Nesta condigao, o
ingresso de cloretos ocorre inicialmente por absorgao capilar,
ja que os corpos de prova apresentam-se inicialmente se-
cos, e por difusdo apos a saturagado dos poros, e é acelerado
devido a evaporagdo da agua através da parte exposta do
concreto. De acordo com MCCARTER apud SANTOS [15],
em um material poroso, ha uma relagao entre a forca de suc-
gao capilar e o grau de saturagao. Assim, quando existe uma
regido exposta e seca, as forcas de succao serdo maiores e
irdo resultar em um movimento da agua no interior do con-
creto mais rapido.

A concentracado de 3% de NaCl foi adotada por ser uma concen-
tragéo préxima a apresentada pela agua do mar, além de ser
a concentragao critica. A concentragédo da solugaéo de imerséao
era medida antes de iniciar cada semi-ciclo de umedecimento
e ajustada sempre que necessario. Além disso, esta solugdo
utilizada é trocada por uma nova com a mesma concentragao a
cada quatro ciclos.

Ao final de cada semi-ciclo foram medidos o potencial de corro-
séo (E_,) e a massa dos corpos de prova. O potencial de corro-
sdo foi utilizado como um indicativo da condicao de passivagao
das barras e a variagdo de massa dos corpos de prova apds
cada semi-ciclo fez-se necessaria para a avaliagao do grau de
saturagéo dos poros dos concretos analisados.

Por meio da analise dos resultados obtidos de potencial de
corrosdo (E_ ), observou-se se a barra apresenta-se em es-
tado ativo ou passivo de corrosdo, utilizando como referéncia
o eletrodo de calomelano saturado. O ensaio foi finalizado no
momento em que 2 ciclos completos e consecutivos apresen-
tassem valores de potencial de corrosao abaixo do valor critico.
No ensaio conhecido como “salt spray”, os corpos de prova
foram submetidos a uma cédmara de névoa salina (Equilam
SS600e), sob condigdes controladas segundo a ASTM B-117
(“Standard Practice for Operating Salt Spray (Fog) Apparatus”).
Conforme a referida norma, a solugdo salina utilizada deve
apresentar concentracéo de 5% de NaCl, o pH deve ser manti-
do entre 6,5 e 7,2 e a temperatura da camara em 35°C. Foram
feitas medidas periddicas dos potenciais de corrosdao para mo-
nitoramento da corrosao dos corpos de prova.

Apds a finalizagdo de cada um dos ensaios, as barras foram
extraidas dos corpos de prova, limpas de acordo com a ASTM
G-1/03 e pesadas para observar a perda de massa e comparar
com o valor verificado antes do inicio do ensaio. Assim, a taxa de
corrosao (TC) pode ser calculada, de acordo com a equacéao (4).

-2 @

T ATD

Sendo K = constante (para TC em um/ano, K=8,76.107; para TC
em g/m2.ano, K=8,76.107.D); W = perda de massa (g); A= area de
exposigdo (cm?); T = tempo de exposic¢do (h); D = densidade (para
o ago CA-50, D = 7,85 g/cm?®). No presente estudo, A = 15,83 cm?
e T =Tempo de duragéo dos ensaios.

512 I——
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3. Resultados e discussoes
E———

3.1 Caracterizagao dos materiais

O cimento Portland utilizado apresentou area superficial especifi-
ca igual a 0,425 m?/g e massa especifica igual a 2,98 Kg/dm®. A
areia apresentou massa especifica igual a 2,63 Kg/dm?, Médulo de
Finura igual a 1,52 sendo classificada como areia fina e estando
na zona utilizavel inferior (Figura 5a). A brita teve massa especi-
fica igual a 2,79 Kg/dm?® e Dimens&do Maxima Caracteristica igual
a 9,5 mm, sendo classificada como brita 4,75-12,5mm ou brita 0
(Figura 5b). As distribuicbes granulométricas dos mesmos podem
ser vistas na Figura 5.

3.2 Caracterizagao do concreto

O concreto utilizado no presente trabalho foi caracterizado aos 28
dias de idade, quanto a suas caracteristicas fundamentais: traba-
Ihabilidade (slump), porosidade e densidade aparentes, absor¢ao
de agua por capilaridade e resisténcia a compresséo axial. Os re-
sultados de caracterizagao s6 apresentados na Tabela 6.

3.3 Potencial de corrosao

O potencial de corrosdo das barras inseridas em corpos de prova
submetidos ao ensaio acelerado, através de ciclos de imersdo e
secagem, foi medido apds cada semi-ciclo e esta apresentado na
Figura 6.

Ao longo do ensaio, os valores de potencial de corrosdo apre-
sentaram comportamento esperado e percebido na literatura [14],
onde as medidas efetuadas apds o semiciclo de imersdo mostram
potenciais muito mais negativos do que as medidas apos o semi-
ciclo de secagem. Tal fato é explicado por Rocha [17], que mostra
que a temperatura, a umidade e o grau de saturagao interferem
diretamente nas medidas eletroquimicas de potencial de corrosédo
e que essa interferéncia é ainda agravada quando ha contamina-
¢ao por cloretos.

No ensaio de envelhecimento por névoa salina, as condi¢gdes des-
critas anteriormente (temperatura, umidade e grau de saturagéo)
se mantém constantes, levando a um comportamento diferente,
conforme apresentado na Figura 7.

Conforme sugere Gonzalez et al. [18], as medidas de potencial
nao séo conclusivas por si s6, devido a gama de fatores que a

Traco (cimento : areia : brita : dgua)

Tabela 6 - Caracterizacdo do concreto utilizado

1,0:1,5:1,3:0,5

Abatimento (Slump)
Porosidade aparente
Densidade aparente
Absorcdo de dgua por capilaridade
Resisténcia & compressco axial

Resultado
220 mm
(18,25 + 0,45) %
(2,15 £ 0,09) g/cm?
(0,129 £ 0,019) kg/m2.min%s
(31,1 £0,72) MPa

NBR NM 67:1998
NBR 9778:2009
NBR 9778:2009
NBR 9779:2012
NBR 5739:2007
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0,100

Figura 6 - Evolucdo dos potenciais de corroséio durante o ensaio
de envelhecimento por ciclos das barras galvanizadas e de referéncia
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influenciam, demandando o levantamento de informagdes com-
plementares, como resistividade do concreto, porém, nos for-
nece uma indicagao preliminar da situagao das barras quanto a
corrosdo. Como visto, o potencial de corrosédo das barras reves-
tidas se manteve dentro da faixa de incerteza (E_ > -1,043 V,
para as barras revestidas com Zinco e E_ > -0,953 V, para as
barras revestidas com a liga Zinco-Niquel), enquanto as barras
de referéncia, sem revestimento, apresentaram potenciais mais

eletronegativos do que o potencial indicador de alta probabilida-
de de corroséo (E_ . <-0,274 V). Tal comportamento nos indica
uma protegado das armaduras quanto a despassivagao, quando
revestidas com Zinco e Zinco-Niquel, por eletrodeposicéo, a
partir do retardo da mudanga do estado passivo para o ativo,
dado pelo revestimento, porém, por ser uma analise de carater
meramente qualitativo, ndo nos permite compara-los quanto a

eficiéncia da protegéao.

Figura 7 - Evolucdo dos potenciais de corrosdo durante o ensaio de envelhecimento
por camara de névoa salina (salt spray) das barras galvanizadas e de referéncia
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Figura 8 - Taxas de corrosdo das barras de
referéncia, galvanizadas com Zinco e com
Zinco-Niquel apés o ensaio de envelhecimento
por ciclos de imersdo e secagem
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Figura 9 - Taxas de corrosdo das barras
de referéncia, galvanizadas com zinco e
galvanizadas com zinco-niquel apds o fim
do envelhecimento por névoa salina
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3.4 Taxa de corroséo

As perdas de massa observadas nas barras apés o fim dos ensaios
acelerados nos permitiram estimar as taxas de corrosao médias,
de acordo com as condig¢des superficiais € com o ensaio ao qual foi
submetido, conforme apresentado nas Figuras 8 e 9. Como espe-
rado, em ambos 0s ensaios, as barras galvanizadas apresentaram
menor taxa de corrosao do que as barras de referéncia.

No ensaio de envelhecimento por ciclos (Figura 8), as barras sem
galvanizagéo apresentaram uma taxa de corrosao (250,40 pm/
ano) maior que as barras galvanizadas com zinco (167,49 pum/
ano) e com zinco-niquel (166,15 ym/ano). Foi possivel verificar
uma diminuigédo de 33,1% e 33,6%, respectivamente, na taxa de
corrosao pela andlise dos valores das médias, o que represen-
ta um ganho de durabilidade das pecas galvanizadas. Podemos
observar, ainda, que o revestimento de Zinco-Niquel apresentou
resultados de taxa de corrosdo levemente melhores e com des-
vio padrdo menor, apresentando um comportamento compativel
a distribuicdo mais uniforme das particulas eletrodepositadas na
superficie da barra.

E importante salientar que a espessura adotada para os filmes de
zinco e de zinco-niquel (5 um) pode ter influenciado no alto des-
vio dos resultados, visto que os revestimentos usuais de ligas de
zinco apresentam valores bem superiores (da ordem de 100 pym).
Isso pode ter contribuido para uma formagao deficiente da pelicula
de Oxidos de zinco que retardariam a corros&o. Além disso, podem
ter ocorrido falhas localizadas, contribuindo para a ocorréncia de
formas de corrosao diferentes da corrosao uniforme, a qual é pres-
suposto do calculo da taxa.

Os resultados da taxa de corrosédo para o ensaio de exposi¢ao a
névoa salina (Figura 9) demonstram uma variabilidade bem me-
nor, assim como uma ordem de grandeza bem menor, o que de-
monstra a agressividade menos acentuada desse método. Aqui,

encontrou-se uma taxa de 22,50 ym/ano para as barras conven-
cionais, 15,58 ym/ano para as barras galvanizadas com zinco e
15,40 ym/ano para as barras galvanizadas com zinco-niquel. Mais
uma vez, verifica-se o aumento da vida util da pega.

Assim, é possivel comparar as eficiéncias dos ensaios acelerados
de corroséo, a partir das medidas das taxas de corroséo. Enquan-
to as barras de referéncia apresentaram uma taxa de corrosédo
média de 250,40 um/ano no envelhecimento por ciclos, na cdmara
de névoa salina essa taxa média foi de apenas 22,50 pym/ano. O
mesmo acontece com as barras galvanizadas, que no primeiro
ensaio apresentaram taxa média de 167,49 ym/ano e 166,15 pym/
ano, enquanto no segundo ensaio essa taxa foi de 15,58 ym/ano e
15,40 ym/ano, para as barras revestidas com zinco e zinco-niquel,
respectivamente, mostrando que o ensaio acelerado por ciclos
mostra-se mais eficiente para a avaliagao de corrosao em corpos
de prova de concreto armado.

Tal diferenca pode ser justificada pela escassez de um dos com-
ponentes indispensaveis para o desencademento do processo de
corrosao: o oxigénio. Devido ao fato de a camara de névoa salina
ser vedada e os corpos de prova estarem na maior parte do tempo
saturados, a entrada de oxigénio fica debilitada, dificultando a cor-
rosao. Assim, possiveis alteragdes na sistematica do ensaio, que
permitam uma maior entrada de oxigénio, podem torna-lo mais
eficiente na aceleragéo da corrosdo em corpos de prova de con-
creto armado.

4. Conclusoes
HE

A partir dos resultados obtidos, conclui-se que:

B A eletrodeposicao € um método eficiente de protegdo das ar-
maduras de ago para a construgéao civil,

B Os revestimentos de zinco e zinco-niquel mostraram-se efi-
cazes no aumento de vida util das armaduras, apesar da
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5.

AP

espessura adotada para o trabalho ter se mostrado insuficien-
te para grandes aumentos na vida Uutil, possivelmente interfe-
rindo na performance de prote¢do dos revestimentos;

O ensaio acelerado por ciclos de secagem e umedecimento
mostrou-se mais eficiente para a avaliagdo de corrosdo em
corpos de prova de concreto armado, em comparagao ao en-
saio de exposi¢ao a névoa salina;

A utilizagédo de técnicas mais refinadas de monitoramento da
corrosao se fazem necessarias para se obter um melhor en-
tendimento do funcionamento do revestimento de ligas de zin-
co e zinco-niquel no concreto armado, visto que a literatura
sobre o tema é escassa.
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Abstract
E———

This paper presents an experimental study of the effect of partially replace of fine aggregate by sugarcane bagasse ash (CBA) in mortar mixtures
in cement reactivity at early ages. The setting times and the initial development of the ultrasonic velocity for mortars produced at various water/
cement ratios were evaluated. The objective of this study was to characterize the effects of the partial replacement of fine aggregate by sugarcane
bagasse ash in the initial process of cement hydration. Therefore, the CBA used in this study went through different beneficiation processes, by
grinding, reburning and sieving, with the objective of improve its features. The results suggest the viability of CBA use to accelerate cement hydra-
tion at early ages, with also an observed higher compressive strength.

Keywords: sugarcane bagasse ash, mortar, ultrasound, sustainability.

Resumo
[

Este trabalho apresenta um estudo experimental do efeito da utilizagcdo da cinza do bagago da cana-de-agucar (CBC) em substituicdo parcial
do agregado miudo em misturas de argamassa na reatividade do cimento em idades iniciais, avaliando-se os tempos de pega de misturas de
argamassa com variadas rela¢des agua/cimento, assim como o desenvolvimento inicial da velocidade dos pulsos ultrassénicos. O objetivo deste
trabalho é a caracterizagéo dos efeitos da substituigdo parcial de agregados miudos por cinzas do bagago da cana-de-agucar no processo inicial
da hidratagéo do cimento. Para tanto, a CBC utilizada neste estudo passou por diferentes processos de beneficiamento, através de moagem,
requeima e peneiramento, com o objetivo de melhorar suas caracteristicas. Os resultados do estudo sugerem a viabilidade do uso de CBC em
misturas cimenticias, para aceleragédo da hidratagéo nas primeiras idades e maiores resisténcias a compressao ao longo do tempo.
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Setting process on mortars containing sugarcane bagasse ash

1. Introduction

EE

Sugarcane is one of the most important crops in the world. One of its
by-product is sugarcane bagasse, which is used as fuel in cogenera-
tion boilers. Thus, the sugar and alcohol industry can be regarded
as a sustainable and energy efficient sector. The burning process
generates a waste known as sugarcane bagasse ash (SBA), which
is abundant in silica, with a potential to develop pozzolanic activ-
ity and filling effect in concrete and mortar mixtures. Considerable
amount of ashes has been produced over the years. It is expected
that their production may keep rising due to ethanol growth. The
SBA use as a cement or fine aggregate partial replacement in con-
crete mixtures reduces the environmental impacts caused by rocks
exploitation, and by sand extraction. It also reduces CO2 emissions
and waste disposal, as well as, the environmental impacts caused
by elimination of ash on soils or on other areas. To disposal ash in
sugarcane crops as fertilizer is a usual practice. Itis believed that all
sugarcane residues generated can be discharged through this pro-
cess. However, this practice ignores agrochemicals used in crops
and their permanence on soil even though this process is treated as
being environmentally correct [1].

There are several works concerning the SBA use in concrete mix-
tures as a supplementary cementitious material incorporated as par-
tial cement replacement [2-5]. The usual process of SBA treatment
through milling and re-burning aims to increase pozzolanic activity
by eliminating organic matter and increasing the amount of fine ma-
terials. However, some studies [6 -8] have reported SBA as a ma-
terial with reduced pozzolanic activity; below the minimum values
required by international standards. According to these studies, SBA
when burnt in an uncontrolled condition and at high temperatures,
shows high levels of organic matter, which indicates that it may be
more appropriate to be used as fine aggregate replacement mate-
rial in concrete mixtures. Cordeiro et al. [9] produced ultrafine ashes
to replace part of cement in high performance concrete mixtures,
reaching better rheological properties and low chloride ion penetra-
tion, with no observed decrease in compressive strength. Tantawy
et al. [10] observed an acceleration effect on the setting behavior of
mortar mixes with addition of SBA re-burnt in a muffle furnace at 700
°C for 3 hours. The porosities of their mixes were also lower due to
the ash pozzolanic effect. Frias et al. [11] evaluated bagasse ash
after re-burnt in controlled temperature, at 400°C for 20 minutes, and
at 800°C for 60 minutes. Similarly, Cordeiro et al. [12] found better
results about pozzolanic activity when SBA was re-burnt for 3 three
hours at 350°C followed by more three hours at 600°C.

Regardless the treatment process, due to its final granulometry, SBA
can alter the cement hydration process at early ages. By filling voids
between cement particles, SBA may cause a physical effect [13],
which would interfere in the hardening process of concrete mixtures
at early ages. The setting and hardening processes are important pa-
rameters when to define the times to transport and to vibrate concrete,

Figure 1 - Bagasse waste retained
in a 2.0 mm mesh sieve

to remove forms and shores, to finish the concrete surface, among
others construction activities. A possible accelerator effect may bring
some benefits, mainly related to deadlines and tight schedules.

The hydration process and microstructure formation directly influ-
ence physical and mechanical properties of concrete and mortar
mixtures [14]. It is possible to evaluate the early hydration pro-
cess and its rate indirectly by the setting times. Initial set is related
to the time when concrete changes from fluid to a solid material,
while final set is defined when concrete acquires strength. [15].
ASTM C403 [16] procedure indicates the initial and final set times
from the penetration resistance of mortar sieved from concrete
mixtures. According to Liu et al. [17], this method is not appropri-
ate to field application. One alternative to continuous monitor the
concrete physical changes at early ages is to follow the behavior
of ultrasonic waves, as cited in several studies [15, 18-20]. The
development of the ultrasonic pulse velocity, UPV, in a material is
directed related to the microstructure development. Stress waves,
such as ultrasound, travel faster in rigid materials.

This work evaluates the effect of partial replace fine aggregate by
SBA in mortar mixtures at early ages. Mortar mixtures with water/
cement ratios of 0.44, 0.48, and 0.52 were produced in the labora-
tory. For each mixture, three different SBA treatment processes
were used: grinding at a ball mill for 3 hours; grinding at a ball mill
for 10 minutes; and re-burning for three hours at 300°C followed
by three hours at 600°C. Setting times and the development of

Ashes ground in ball mill for 10 minutes

Table 1 - Classification of ash treatments

Ashes ground in ball mill for 3 hours

Ashes calcined for 3 hours
at 300°C plus 3 hours at 600°C

£18 I
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Figure 2 - Granulometry of SBA in natfura, SBA-10m and SBA-3h
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ultrasonic pulse velocity for the first 24 hours were analyzed. The
results were compared to the behavior of a reference mortar pro-
duced without fine aggregate replacement by SBA. The sugarcane
bagasse ash used in this study was collected at a major sugar-
alcohol industry in Parana State, which has a production capacity
estimated of 4.000.000 ton of sugarcane per crop.

2. Materials and experimental program
——

2.1 Sugarcane bagasse ash

Initially, SBA was oven-dried at a temperature of 100°C to remove
moisture, then sieved through a 2 mm mesh, in order to separate
wastes of sugarcane bagasse of unburned particles during a com-
plete combustion (Figure 1).

The resulting material was then either grinded for 10 minutes, or for
three hours in a ball mill. The former treatment was used only to
homogenize SBA, while the latter treatment was used to produce a
finer ash. A third treatment was also evaluated, in which SBA was
re-burnt in muffle oven at 300°C followed by three hours at 600°C,
based on Cordeiro et al. [12] studies. Table 1 presents the nomen-
clature adopted in this work concerning the applied SBA treatments.
Figure 2 presents the granulometry of raw SBA before any treat-
ment. The raw material was only sieved through a 2 mm sieve
to separate sugarcane bagasse waste (coarse and fine fibrous).
Figure 2 also depicts the SBA granulometric curve after milling in a
ball mill for 10 minutes and for three hours.

The chemical composition of sugarcane bagasse in natura is pre-
sented in Table 2. This chemical composition was determined by

Table 2 - Chemical composition of
sugarcane bagasse ash in nafura

SBA
%
Na,O 0.09
MgO 1.63
ALO, 2.53
SiO, 76.55
PO, 0.69
SO, 0.40
K,O 1.32
CaO 1.20
TiO, 0.53
MnO 0.008
Fe,O, 2.59
Co,0, 0.115
SrO 0.005
Vi(OR 0.015
Cl 0.027
PF 12.31
Total 100.00
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Counts

Figure 3 -X-ray diffractogram SBA in natura
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semi-quantitative analysis using X-ray fluorescence spectrometry.
The loss on ignition (LOI) test was carried out to determine the
percentage of non-mineral substances. LOI was also considered
on X-ray fluorescence analyses.

According to the results in Table 2, 76.55% of bagasse ashes
are composed by silica (SiO2). Regarding the loss on ignition,
the observed value of 12,31% is well above the limit value es-
tablished by ASTM C 618 [21] to be considered as a pozzolanic
material (6%).

The mineral composition of SBA in natura was determined by X-
ray diffraction technique, by using Rigaku Primini X-Ray fluores-
cence. The results are presented in Figure 3 and Table 3.

SBA pattern diffractogram revealed the presence of a highly
crystalline quartz form (SiO2), with a band of amorphous mate-
rial in phase 20 from 21 to 32°, as shown in diffraction pattern
in Figure 3.

In addition, the level of pozzolanic activity (PA) of SBA in natura
was determined according to pozzolanic activity test method NBR
12653 [22]. The observed results presented in Table 4 indicate that

Table 3 - Amorphicity level of
sugarcane bagasse ash in nafura

Chemical
formula
Quartz SiO

Level of amorphicity (%)

751
24.9

2

ashes samples reached a value of PA of 4.3 MPA, which is below
the value of 6.0 MPa indicated by NBR 12653 [22] to be consid-
ered as a pozzolanic material.

However, after SBA processed, its potential to pozzolanic activ-
ity reaching percentage strength relative to the control mortar
with the strength activity index (cement performance) of 89.4%,
87.5% and 102.3% to SBA ashes -10m, SBA-3h and sample
SBA-R, respectively. Strengh activity index greater than 75% af-
ter 28 days are indicative of a positive pozzolanic activity for SBA,
after treatment.

2.2 Mortar production

A mix of 58% of natural sand and 42% of artificial sand was pre-
pared in order to be classified in the optimal zone of use, with
finenesss modulus of 2.65. The maximum aggregate size was
4.75mm. Figure 4 presents the granulometric curves of natural

Table 4 - Pozzolanic activity index
of ash
IPA (MPa) 4.3
#325 (%) 1.4
Specific gravity (g/cm3) 2.45
Water (Q) 215

620
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and artificial sand, as well as the one for the final composition
used (58% natural e 42% artificial).

Initially, three mixtures of reference mortar (without SBA addition)
were produced with proportion, in mass, of 1:3 (cement to fine ag-
gregates), with water cement ratios of 0.44, 0.48 and 0.52. Table 5
presents the composition of the different mixtures produced. The
cement was CP V ARI (high early strength) with multifunctional
high-range water reducer to achieve the desired flowability.

Then, the mortars with SBA addition were produced. In order to
preserve the granulometric characteristics, only the fine proportion
of the fine aggregates was replaced by SBA, since SBA has a large
amount of fines on its composition. Thus, natural and artificial sand
were passed through a 150um sieve, after which the retained ma-
terial was used while the sieved material was discharged. The fine
material that passed through the 150um mesh was about 7.5% of
the total mass. This percentage was further adopted as standard
for ash addition. Table 6 presents the composition of mortar mix-
tures with SBA.

A total of 12 different mortar mixtures were produced: three refer-
ence mixes and nine mixes as a product of the combination of three
water/cement ratios (0.44, 0.48, and 0.52) and three different types
of SBA treatments. Each mixture was twice prepared. For each of
the 24 mixes, setting time experiments were performed as well as
the development of ultrasonic pulse velocity was monitored.

2.3 Experimental tests

The mortar mixes were initially tested for consistency according to
ASTM C230 flow test[23]. For each mix, 15x30 cylindrical speci-
mens were cast for the setting time tests, while 20 cm cube speci-
mens were cast for the UPV test. In all specimens, thermocouples
were placed to monitor the initial temperatures.

Figure 4 - Granulometry of natural,
artificial sand and natural
composition (58%) with artificial (42%)
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Initial and final set times were determined by the penetration resis-
tance test according to ASTM C403 [16]. Initial and final set times
corresponded to the penetration resistance of 3.5 MPa and 27.6
MPa, respectively.

The development of UPV was carried out according to Irrigaray
[20]. A 20 cm cubic device with an external wood structure of 20
mm, as shown in Figure 5, was used. In order to maintain a steady
pressure on the ultrasound transducers, these were placed at the
center of the cube specimen (10 cm height) inside a 50 mm diam-
eter hole previously made on the wood structure. A 6 mm glass

Natural sand 1.74
Artificial sand 1.26

Cement 1
Poly-functional additive 0.01
Water 0.44

Table 5 - Mixtures of reference mortar (mass)

1.74 1.74
1.26 1.26
1 1
0.01 0.01
0.48 0.52

Natural sand 1610
Arfificial sand 1.166
SBA 0.225
Cement 1
Poly-functional additive 0.01
Water 0.44

Table 6 - Mortar mixture with SBA (mass)

1610 1610
1.166 1.166
0.225 0,225
1 1
0.01 0.01
0.48 0.52
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Figure 5 - Device to monitor ultrasonic pulse velocity according to Irrigaray (20)

O ———

was placed between the concrete and the ultrasound transducers

in order to guarantee a plane surface. Prismatic ultrasound trans-

. . ) ducers of 50 mm diameter and frequency of 54 kHz were used.

Figure 6 - Consistence index of Once the cubic device was filled with mortar, the transducers were

different mortar mixtures according attached and the UPV measurement was initiated. A five minute
to ASTM C230 (23) interval was used to acquire UPV over the first 24 hours.

Consistence (mm) 3. Results and discussions
100 120 140 160 130 200 220 240 260 280 300 As expected, the consistency of the fresh mortar increased for mix-
es with higher water/cement ratio. Figure 6 presents the observed
SBA 10m S —— results for all mixes.
Table 7 lists the initial and final set times measured for all mortar
0,44 mixtures. The development of UPV over time, obtained for the dif-
SBA 3h | 048 ferent mortar mixtures are presented in Figures 7 to 9.
T EEEERE— R The recorded temperatures of each mixture during the first 24
w052 hours are shown in Figures 10, to 12. Table 8 shows the average
SBA-R | compressive strength at 28 days obtained for each mortar mixture.
e The consistency data presented in Figure 6 indicate that mixtures
with partial replacement of fine aggregate by SBA showed lower flow
! - values than the reference mixes regardless the SBA treatment.
Rt oo A Among the mixes with different types of SBA treatment addition,
the consistency of mix with re-burnt SBA (SBA-R) was the closest
to the consistency of the reference mixtures. On the other hand,

Table 7 - Initial setting time (I.S.) and final setting (F.S.)

Mixture (0.44) Mixture (0.52)

Mixture (0.48)

Ref 1 11.2 12.7 9.9 11.6 1.4 13.9
Ref 2 12.0 13.8 12.4 16.0 12.5 15.5
SBA 1-10m 7.7 10.5 8.5 11.9 7.5 9.2
SBA 2 - 10m 9.1 11.8 9.4 11.2 9.6 11.9
SBA 1-3h 7.8 1.1 9.2 11.7 9.8 11.8
SBA 2-3h 8.7 10.7 13.3 16.2 12.5 16.0
SBA1-R 8.5 10.3 8.8 10.8 8.9 104
SBA2-R 9.5 11.5 9.4 11.4 10.0 12.1
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Table 8 - Average compressive resistance
at 28 days from mortar mixtures

Fc 28 days (MPa)

Ref 45.2 43.7 42.2
SBA - 10m 52.1 46.7 43.1
SBA - 3h 53.8 48.4 46.1
SBA-R 54.1 48.8 46.4

mixtures with SBA grinded for 10 minutes (SBA-10) showed the
lowest levels of consistency.

The lower consistency of mortars with SBA indicates that this ash
has a lower granulometry as compared to the fine portion of the
fine aggregate granulometry. However, the duration of SBA grind-
ing did not appear to modify the consistency, since mixtures SBA-
3h showed a similar consistency as mixture SBA-10m. The pres-
ence of unburned material yields a mixture with lower workability,
and higher water demand. For SBA-10 m mixture, the duration of
grinding may not have been enough to reduce the organic par-
ticles, which may have caused a higher friction among them, and
thus reduced workability.

This could also explain the higher consistency for SBA-R mixtures
since reburning would enable a smaller amount of organic material.
As far as setting and ultrasound test are concerned, it is clear that
the tested mixtures were not at the same temperature. Since 24
mortar mixture were produced throughout a year, according to data
presented in Figures 10 to 12, the initial temperatures varied from
20°C to 30°C, while the maximum temperatures registered under-
went variation of 10°C among the mixtures, and also between the
same mixtures, as can be seen from the temperatures recorded for
mixes SBA-1 and SBA-2 for a w/c ratio of 0.52.

It is well known that the rate of the hardening process of cementi-
tious mixtures depends on time and on the temperature history that
the mixes are submitted to. At early ages, temperature has a great
influence on strength development [24]. Therefore, in order to com-
pensate the temperature effects, maturity functions were used to

transform actual ages to equivalent ages (te). The Freisleben-Han-
sen and Pedersen (FHP) maturity function proposed by ASTM C
1074 [25] , as reproduced in Equation 1, was used. When maturity
functions are applied, it is necessary to know the temperature de-
pendence of the mixtures, given by the apparent activation energy
(Ea). In this work, the value of 30 kd/mol for Ea was chosen. This
value lies among the ones presented in a broader study with sev-
eral mixtures [26]. For cement Type | without any supplementary
cementitious materials, the reported values are within 22 kJ/mol to
37.9 kd/mol.

5 G, (1)

Where:

te — equivalent age at the reference temperature;

Ea — apparent activation energy (J/mol);

R — universal gas constant = 8.314 J/mol-K

t — average mixtures temperature during time interval At

tr — reference temperature (20°C);

At — time interval

Thus, the setting times shown in Table 7 were recalculated for each
mixture temperature history using Equation 1 with activation en-
ergy of 30 kJ/mol. The set times at equivalent ages are presented
in Table 9.

It can be observed that, when the influence of temperature is not
taken into account, variations between the initial and final set times
for the same mixture were recorded. SBA—10m mixtures with w/c
of 0.52 showed initial set times of 7.5 and 9.6 hours, according to
Table 7. On the other hand, when temperature is considered, these
values were 9.7 and 10.5 hours at 20°C.

Results on Table 9 indicate that mixtures with ashes accelerated
setting since the initial and final set times were lower than those
of the reference mixtures, except for SBA-3h mixture with w/c of
0.48 and 0.52. In these cases, the data were similar. These results
demonstrate that when ash was added in the mixture, regardless
of the pre-treatment used, they tended to accelerate mortar hard-
ening. The ashes that were reburnt were the ones that resulted
in a larger effect on acceleration. This may be attributed to the

Mixture 0,44 (h)

Ref 1 15.3 15.7 17.6 18.1 13.5
Ref 2 16.1 15.7 18.7 18.1 13.7
SBA 1-10m 10.3 1.2 14.1 156.1 11.6
SBA 2-10m 12.1 11.2 16.1 15.1 12.2
SBA 1-3h 1.4 1.4 15.0 14.7 11.9
SBA 2-3h 11.3 1.4 14.4 14.7 14.6
SBA 1-R 9.2 9.7 11.5 12.0 10.4
SBA 2-R 10.2 9.7 12.5 12.0 10.6

Table 9 - Initial and final setting time (te at 20°C)

Mixture 0,48 (h)

15.7 13.6 16.9 16.1 14.8 19.8 18.3
16.7 13.6 16.9 13.5 14.8 16.8 18.3
11.2 11.9 16.7 9.7 10.1 12.6 13.0
11.2 1.9 16.7 10.5 10.1 13.3 13.0
1.4 13.2 16.8 14.0 14.5 17.8 18.8
1.4 13.2 16.8 15.0 14.5 19.9 18.8
9.7 10.5 13.1 13.2 13.0 15.6 15.7
9.7 10.5 13.1 12.8 13.0 15.9 15.7

Mixture 0,52 (h)
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high silica content in the ashes which changes the Ca/Si ratio, and
promotes the formation of the silica-rich phases. Also, tempera-
ture used to reburn SBA ashes reduced the amount of unburned
particles and, at early ages could promote acceleration effects as
well as increased reaction of clinquer phases. As far as w/c ratio
is concerned, it was observed that the setting process is acceler-
ated at lower values of w/c ratio.

Similarly, to the set times, the ultrasonic pulse velocities mea-
sured over the time were transformed into equivalent age at con-
stant temperature of 20°C. Figures 13 to 15 show the results.
Test of UPV were carried out on two different samples, which
implied in different temperatures to each one. By transforming
actual time in equivalent time, the UPV development curves

over time for each mortar mixture were similar, which facilitated
the identification of the behavior at early ages of each mixture
during the hardening process. The influence of SBA and its dif-
ferent treatments in the hydration of each studied mortar could
be verified.

Results of the ultrasonic pulse velocities appeared to correlate
well with the penetration test results. It is possible to observe an
acceleration effect on the development of ultrasonic pulse veloci-
ties for mixes with SBA when compared to the reference mixtures
(without ash). This would indicate acceleration on the hardening
process of such mixes. Among the ash treatments, for mixes with
w/c ratios of 0.44 and 0.48, the re-burning process was again the
treatment that resulted in a higher acceleration. For mixes with

Figure 13 - Development of ultrasonic pulse velocity in equivalent
age at 20°C for mixtures with w/c = 0.44
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Figure 14 - Development of ultrasonic pulse velocity in equivalent
age at 20°C for mixtures with w/c = 0.48
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Figure 15 - Development of ultrasonic pulse velocity in equivalent
age at 20°C for mixtures with w/c = 0.52
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wi/c ratio of 0.52, 10 min grinding was the treatment that resulted
in a higher acceleration.

Recently, there have been studies that compared the ultrasonic
pulse velocity with the final set times of mortar and concrete. Re-
inhardt and Grosse [27] and Belie et al. [28] studied the hardening
process of mortars and concretes through a continuous monitoring
of ultrasonic pulse velocities. They demonstrated that the final set
occurs around a UPV value of 1500 m/s. Thus, based on these stud-
ies, Table 10 presents the final set equivalent times (for a reference
temperature of 20°C) associated to the observed ultrasonic pulse
velocity of 1500 m/s, for all mortar mixtures. Once again, it is pos-
sible to observe the acceleration effect on final set times for mixtures
with presence of SBA.

With regard to compressive strength, the results in Table 8 suggest
that the presence of ashes in the mixtures directly influenced this
property. It was observed a higher strength in the mixtures containing
ash, an increasing about 15% to mixtures with lower water/cement
ratio, indicating the possibility of a pozzolanic effect in these mixtures

3.1 Discussion

The addition of SBA in mortar mixtures by replacing about 7.5% of
the total fine elements of fine aggregate resulted in a higher com-
pressive resistance on 28 days, and on an acceleration effect on the
early cement hydration process. Regardless of the ash treatment or
w/c ratio, this acceleration may offer substantial benefits to different
applications in building construction, especially to those which re-
quire shorter construction times or even on tight schedules.

The SBA used in this work, due to its silico content tended to solu-
bilize when in the presence of the amorphous phase. The pres-
ence of organic matter may have contributed to a delay in the hy-
drated compounds formation. In a short period, few techniques are
capable of distinguish this effect and comparative tests may help in
the phenomenon identification.

The re-burning treatment used for the SBA, although demanding more
energy to its production, could be supported. It provided benefits as-
sociated to the acceleration effect and higher compressive strength.

Table 10 - Final setting times to ultrasonic waves velocity of 1500m/s to Te at 20°C

Te at 20°C (1500m/s)
0,48 (h)

Ref 1 15.9 16.0
Ref 2 16.1 16.0
SBA 1-10m 13.2 13.5
SBA 2-10m 13.8 13.5
SBA 1-3h 14.5 13.7
SBA 2-3h 12.9 13.7
SBA T-R 9.6 10.1
SBA 2-R 10.5 10.1

13.8 152 16.2 15.7
16.7 16.2 15.1 15.7
13.4 13.0 10.6 10.9
12.6 13.0 11.2 10.9
124 13.1 15.8 154
13.8 13.1 14.9 154
11.1 10.9 13.5 13.0
10.7 10.9 12.5 13.0
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Otherwise, its use would be impractical, and as such, grinded ash
would be more appropriate to be used according to the identified need.
Among the performance of the mixtures with grinded ash, SBA -
3h, which requires a higher consumption of energy and time pro-
duction, is not justified, once its behavior in the mortar mixtures
was similar to mixes with 10 minutes grinding (SBA— 10 m). This
latter treatment requires lower energy consumption.

The incorporation of this waste material as partial fine aggregate
replacement in concrete and mortar mixtures, regardless of the
type of ash treatment, may provide several other benefits in addi-
tion to those already mentioned. A sustainable production focused
on environmental preservation, waste valuation, to increase prod-
ucts quality and production economic viability is one of the major
benefits that can be foreseen.

4. Conclusions

EE

In this study, sugarcane bagasse ashes (SBA) with different treat-
ments were used in mortar mixtures as a partial replacement for
the fine elements (less than 150um) of fine aggregates. The setting
process of these mixtures with different water/cement (w/c) was
monitored through the penetration resistance test as well as the
ultrasonic pulse velocity at early ages.

During setting, temperature control is extremely important, once
the cementitious mixtures hardening and solidification processes
can be altered. For the different temperatures observed during the
process, the maturity method was used to transform actual time
in equivalent age (te). All mortars with incorporated ash reached
higher compressive strength at 28 days, when compared to the
reference mixtures (without ash). Concerning hydration phase at
initial ages, mixtures produced with ash, showed an acceleration
effect on the hydration process, both by the penetration resistance
tests and UPV monitoring.

Mixtures with SBA re-burnt by 06 hours (03 hours at 300°C + 03
hours at 600°C), in general led to the best results. Grinding SBA
for 3 hours or for 10 minutes showed a similar behavior, i.e. only
to homogenize. It could be identified, that SBA-10m has a viable
use, since the mixtures with such ashes showed better results in
compared to the reference mixtures, despite the lower performance
in comparison to the mixtures with re-burnt ashes. This treatment
process is simple, demanding less energy and time for preparation.
The use of SBA-R is only feasible to specific buildings, in which
the acceleration hydration is crucial, as well as when a higher com-
pressive strength at 28 days is required. The inconvenience of the
SBA-10m is its workability, since it has unburned carbon materials.
The positive results achieved in this study with the use of SBA in mor-
tar mixtures were probably due to the physical filling effect and/or the
pozzolanic activity of the ashes. Further investigations of the physical
and chemical characteristics of the ashes used are in development.
The incorporation of sugarcane bagasse ashes is feasible in ce-
mentitious mixtures, which the potential to bring benefits to a sus-
tainable production focused on environmental preservation, avoid-
ing the disposal of this waste in nature.
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Abstract
E———

This paper presents an experimental study of the effect of partially replace of fine aggregate by sugarcane bagasse ash (CBA) in mortar mixtures
in cement reactivity at early ages. The setting times and the initial development of the ultrasonic velocity for mortars produced at various water/
cement ratios were evaluated. The objective of this study was to characterize the effects of the partial replacement of fine aggregate by sugarcane
bagasse ash in the initial process of cement hydration. Therefore, the CBA used in this study went through different beneficiation processes, by
grinding, reburning and sieving, with the objective of improve its features. The results suggest the viability of CBA use to accelerate cement hydra-
tion at early ages, with also an observed higher compressive strength.

Keywords: sugarcane bagasse ash, mortar, ultrasound, sustainability.

Resumo
[

Este trabalho apresenta um estudo experimental do efeito da utilizagcdo da cinza do bagago da cana-de-agucar (CBC) em substituicdo parcial
do agregado miudo em misturas de argamassa na reatividade do cimento em idades iniciais, avaliando-se os tempos de pega de misturas de
argamassa com variadas rela¢des agua/cimento, assim como o desenvolvimento inicial da velocidade dos pulsos ultrassénicos. O objetivo deste
trabalho é a caracterizagéo dos efeitos da substituigdo parcial de agregados miudos por cinzas do bagago da cana-de-agucar no processo inicial
da hidratagéo do cimento. Para tanto, a CBC utilizada neste estudo passou por diferentes processos de beneficiamento, através de moagem,
requeima e peneiramento, com o objetivo de melhorar suas caracteristicas. Os resultados do estudo sugerem a viabilidade do uso de CBC em
misturas cimenticias, para aceleragédo da hidratagéo nas primeiras idades e maiores resisténcias a compressao ao longo do tempo.
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1. Introducgao

N

A produgéo de cana-de-agucar € uma das principais atividades
agricolas no mundo. Um dos subprodutos da industria da cana-
-de-acgucar é o bagago da cana. O bagago é queimado para gerar
energia elétrica, tornando a industria sucroalcooleira autossus-
tentavel energeticamente. Esta queima gera cinzas de bagago da
cana-de-agucar (CBC), um material rico em silica, com potencial
de atividade pozolanica e de efeito de preenchimento em misturas
de concreto e argamassa. A quantidade destas cinzas produzi-
das tem aumentado significantemente nos ultimos anos e devera
seguir esta tendéncia devido a expansao da produgéo de alco-
ol combustivel. O seu uso como substituicao parcial do cimento,
ou do agregado mitdo em misturas de concreto, reduz o impacto
ambiental causado pela mineragdo de rochas, ou pela extragéo
de areia em suas jazidas e leitos de rios, diminui as emissdes de
CO, e despejos de residuos, assim como, reduz o impacto am-
biental devido ao descarte incorreto das cinzas nas lavouras ou
locais inapropriados. E comum a pratica de eliminagdo de CBC
nas plantagdes de cana-de-agUcar como fertilizante, sendo que os
produtores afirmam que este processo é capaz de dar destino a
todos os residuos dentro da prépria cadeia de produgaéo. Embora
tratada como uma iniciativa ambientalmente correta, esta pratica
ignora o uso de agrotoxicos nas plantagdes e permanéncia destes
produtos no solo [1].

Varios trabalhos sobre utilizagdo de CBC em misturas de concreto
estao voltados para a substituicao parcial do cimento nas misturas
[2 - 5]. A CBC é beneficiada através de processos de requeima e
moagem, para eliminagao de material organico e aumento da quan-
tidade de finos, com o intuito de melhorar a atividade pozolanica.
Entretanto, alguns pesquisadores [6 -8] relatam que a CBC é um
material de baixa atividade pozolanica, com indices de pozolani-
cidade inferiores aos valores minimos exigidos por normas, com
quantidade elevada de matéria organica, queimada em condicdes
nao controladas e a temperaturas muito elevadas, indicando que o
seu uso pode ser mais adequado como material substituto da areia
em misturas de concreto. Cordeiro et al. [9] produziram cinzas ultra-
finas para substituigdo de parte do cimento em misturas de concreto
de alto desempenho, conseguindo melhores propriedades reoldgi-
cas e baixa penetragao de ions cloro, sem redugao da resisténcia.
Tantawy et al. [10] queimaram CBC por 3 horas em forno mufla a
700°C, e sua utilizagdo em misturas de argamassa proporcionou
redugéo do tempo de pega e menor porosidade devido ao efeito
pozolanico da cinza. Frias et al. [11] avaliaram a queima do bagaco
em dois patamares de temperatura controlada, sendo o primeiro a
uma temperatura de 400°C por 20 minutos, e um segundo patamar
de 800°C por 60 minutos. Também com dois patamares de tempe-
ratura, Cordeiro et al. [12] identificaram que as temperaturas que
apresentaram melhores resultados de pozolanicidade foi a queima
por trés horas a 350°C seguida por outras trés horas a 600°C.

Figura 1 - Restos de bagaco retidos
na peneira de 2,0 mm

Independente do processo de beneficiamento, devido a sua gra-
nulometria final, a CBC pode alterar a taxa de hidratagédo do ci-
mento nas idades iniciais, devido ao efeito fisico de compacidade
influenciando no empacotamento da mistura, preenchendo os va-
zios entre as particulas de cimento [13], o que interfere no proces-
so de endurecimento da mistura de concreto nas primeiras ida-
des. Este processo de endurecimento € um parametro importante
para definicdo dos tempos de transporte, execugdo da vibragao
da mistura, da remocgao de formas e escoramentos, da execugao
de acabamentos superficiais, entre outras atividades construtivas.
Um possivel efeito acelerador podera trazer beneficios para obras
da construgéo civil, principalmente ao que se refere a prazos e
cronogramas apertados.

Os processos de hidratagéo e de formagéo da microestrutura in-
fluenciam diretamente as caracteristicas fisicas, mecanicas e fun-
cionais de concretos e argamassas [14]. Pode-se avaliar a taxa de
hidratagao de forma indireta utilizando-se os tempos de pega da
mistura. Entende-se como inicio e final de pega os tempos decor-
ridos para a passagem do material do estado fluido para o estado
sélido, e comego do ganho de resisténcia, respectivamente [15].
O método utilizado para a definicdo destes tempos, como descrito
pela norma ASTM C403 [16], consiste na medicao da resisténcia a
penetragéo ao longo do tempo em misturas de argamassa ou ar-
gamassa de concreto peneirado. De acordo com Liu et al. [17] este
método nao € adequado para aplicagdo em campo. Uma alternativa

Cinzas moidas em moinho
de bolas durante 10 minutos

Tabela 1 - Nomenclatura adotada para os diferentes tfratamentos das cinzas

Cinzas moidas em moinho
de bolas durante 3 horas

Cinzas Requeimadas por 3 horas
a 300 °C + 3 horas a 600 °C
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Figura 2 - Granulometrias da CBC in nafura, CBC-10m e CBC-3h
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de monitoramento continuo nas primeiras idades é a aplicagéo de
ondas ultrassénicas, como explorado em diversos estudos [15, 18 - L - .. )
20]. O desenvolvimento da velocidade do pulso ultrassoénico, VPU, Tabela 2 - CompOSIQGO qumyca _dCI cinza
em um material esta diretamente relacionado ao desenvolvimento do bagago da canq-de-agucar in natura
da microestrutura. Ondas mecanicas, como a de ultrassom, trafe-
gam mais rapidamente em materiais mais rigidos. CBC
Sendo assim, este trabalho avalia as caracteristicas apresentadas %
por argamassas nas idades iniciais, produzidas com substituicao Na,O 0,09
parcial de agregados miudos por CBC. Para tanto, trés misturas MgO 1,63
de argamassa com relagdes agua/cimento de 0,44, 0,48 e 0,52
foram testadas com a utilizagao de trés diferentes tratamentos re- ALO, 2,53
alizados com a CBC: moagem em moinho de bolas por 03 horas; SiO, 76,55
moagem em moinho de bolas por 10 minutos; e requeima por trés P,O, 0,69
horas a 300°C seguida de outras trés horas a 600°C. Os tempos 5O 0.40
de pega e o desenvolvimento da velocidade ultrassénica nas pri- - :
meiras 24 horas destas misturas foram comparados com os de KO 1.32
argamassas de referéncia, produzidas sem CBC. A CBC utilizada CaO 1,20
era proveniente da maior usina sucroalcooleira do estado do Pa- TiO, 0,53
rana, com capacidade de produgao de 4.000.000 de toneladas de MnO 0,008
cana por safra para produgéo de alcool e agucar, estando localiza-
da na regido Noroeste do Parana. Fe,0, 259
Co,0, 0,115
2. Materiais e métodos SO 0,005
EE
2.1 Cinza de bagaco de cana 0, 0015
Cl 0,027
Inicialmente, a CBC coletada foi seca em estufa a temperatura PF 12,31
de aproximadamente 100°C e passou por processo de peneira- Soma 100,00
mento, em peneira com abertura de 2mm, para separagao de

632 T IBRACON Structures and Materials Journal 2016 * vol. 9 +n°4



E. CAMARA | R.C.A.PINTO | J.C. ROCHA

Counts

Figura 3 - Difratograma de raio-X da CBC in nafura
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restos de bagago de cana que nao sofreram combustdo comple-
ta (Figura 01).

Em seguida, utilizou-se dois tempos de moagem diferentes em
moinho de bolas: 10 minutos e trés horas. A moagem curta, por 10
minutos, foi somente para homogeneizar a CBC, enquanto que a
moagem longa, por 03 horas, foi utilizada para cominuir o material,
tornando-o mais fino. Um terceiro tratamento foi adicionado, onde
a CBC passou por processo de requeima, baseado no estudo de
Cordeiro et al. [12], sendo queimada por trés horas em forno mufla
em temperatura de 300°C seguida de outras trés horas em tem-
peratura de 600°C. A Tabela 1 apresenta a nomenclatura adotada
neste trabalho para os diferentes tratamentos de CBC.

A Figura 2 apresenta a granulometria da CBC antes da execugéo
dos tratamentos de moagem e requeima, em seu estado natural
somente peneirada em peneira com abertura de 2mm para se-
paragao de restos de bagaco, junto com a granulometria da CBC
apos a moagem em moinho de bolas por 10 minutos e 3 horas.

A composicdo quimica da cinza do bagago da cana-de-agucar in
natura, conforme coletada na usina, esta apresentada na Tabela 2,

Tabela 3 - Grau de amofrficidade da cinza
do bagaco da cana-de-actcar in nafura

Férmula
quimica

Quartz SiO,
Grau de amorficidade (%)

75,1
24,9

sendo determinada em analise semiquantitativa por espectrometria
de fluorescéncia de raios-X. Paralelamente foi realizado o ensaio
de perda ao fogo (PF) para determinar a porcentagem de outras
substancias nao minerais.

De acordo com o resultado apresentado na Tabela 2, 76,55% da
cinza do bagaco da cana-de-agucar coletada é composta por sili-
ca (Si02). Quanto a perda ao fogo, o valor encontrado de 12,31%
se situa bem acima daquele limitado pela ASTM C 618 [21] (6%)
para ser classificada como material pozolanico.

A composigcao mineraldgica dos solidos presentes na CBC in na-
tura, foi determinada pelo ensaio de difragdo de Raios-X, com os
resultados apresentados na Figura 3 e Tabela 3.

A CBC revelou a presenga de uma fase altamente cristalina na for-
ma de quartzo (SiO2), como a presenga de uma banda de material
amorfo na fase 26 de 21 a 32°.

Adicionalmente, foi determinado para a CBC in natura o indice

Tabela 4 - indice de atividade pozoldnica

da cinza
cana-de-agucar
IAP (MPa) 4,3
#325 (%) 1,4
Massa especifica (g/cms?) 2,45
Agua de amassamento (g) 215

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4
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de atividade pozolanica (IAP) de acordo com NBR 12653 [22]. Os
resultados apresentados na Tabela 4 indicam que a amostra de
cinza ensaiada atingiu um valor de IAP de 4,3 MPa, inferior ao
valor de 6,0 MPa indicado pela NBR 12653 [22] para ser consi-
derada como material pozolanico. Ja o beneficiamento da CBC
apresenta um potencial para desenvolvimento da pozolanicidade,
sendo alcangado o desempenho ao cimento de 89,4%, 87,5%
e 102,3% para as cinzas CBC-10m, CBC-3h e amostra CBC-R,
respectivamente.

2.2 Producgéao das argamassas

Os agregados finos utilizados, areia natural e artificial, foram pre-
parados de forma que o médulo de finura (MF) fosse classificado
na zona étima de utilizagdo, com MF igual a 2,65, apresentando
configuracao final de 58% de areia natural e 42% de areia artificial
do total de agregados miudos. A dimensao maxima caracteristica
(DMC) ficou em 4,75mm. A Figura 4 apresenta as curvas granulo-
métricas da areia natural, areia artificial e a composigao final utili-
zada (58% natural e 42% artificial).

Inicialmente, trés misturas de argamassa de referéncia (sem adi-
¢éo de CBC) foram produzidas na proporgao, em massa, de 1:3 (1
parte de cimento para 3 partes de agregados finos), com relagao
agua cimento de 0,44, 0,48 e 0,52. Na Tabela 5 sdo apresentados
os tragos para a producgéo das diferentes misturas das argamas-
sas de referéncia. O cimento utilizado foi o CP V ARI e adicionou-
-se aditivo polifuncional.

Para as argamassas com CBC, de forma a manter as caracteris-
ticas granulométricas das misturas, somente a proporgao fina dos
agregados miudos foi substituida por CBC, ja que a CBC possui
uma grande quantidade de finos em sua composigdo. Assim, as
areias natural e artificial foram peneiradas com peneira de abertu-

Figura 4 - Granulometria das areias
natural, artificial @ composi¢cao
natural (58%) com artificial (42%)
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ra de 150pum, sendo utilizado o material retido e descartado o ma-
terial passante. Os finos das areias, passantes pela abertura de
150um, totalizou aproximadamente 7,5% da massa, sendo este
valor adotado como padréo para a adigdo das cinzas. A tabela 6
apresenta os tragos das misturas de argamassas com CBC.

No total foram confeccionadas 12 diferentes misturas de arga-
massa, sendo trés de referéncia, e as nove restantes devido
a combinacao de trés relagdes agua cimento (a/c =0,44; 0,48
e 0,52) dos trés diferentes tipos de tratamento da CBC. Cada
mistura foi repetida para a execugdo dos ensaios de pega e de

Areia natural 1,74
Areia artificial 1,26

Cimento 1
Aditivo polifuncional 0,01
Agua 0,44

Tabela 5 - Misturas de argamassas de referéncia (em massa)

1,74 1,74
1,26 1,26
1 1
0,01 0,01
0,48 0,52

Tabela 6 - Misturas de argamassas com CBC (em massa)

Areia natural 1610
Areia artificial 1,166
CBC 0,225
Cimento 1
Aditivo polifuncional 0,01
Agua 0,44

1610 1610
1,166 1,166
0,225 0,225
1 1
0,01 0,01
0,48 0,52

B34
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Figura 5 - Dispositivo para monitorar velocidades de ondas ultrassénicos
de acordo com Irrigaray (20)

U ———

velocidade de pulso ultrassénico totalizando vinte e quatro mis-

turas de argamassa.

Figura 6 - indices de consisténcia para
as diferentes misturas de argamassas
conforme ASTM C230 (23)

2.3 Ensaios experimentais

Inicialmente, logo apods a confecgdo das misturas de argamassa,
os indices de consisténcia das argamassas frescas foram deter-
minados na mesa de consisténcia, de acordo com a ASTM C230
[23]. Apds, foram confeccionados corpos-de-prova cilindricos de
15x30 cm para ensaio de pega, de 5x10 cm para ensaios a com-
pressao e corpos-de-prova cubicos de 20 cm de arestas para en-

Consisténcia (mm)
100 120 140 160 180 200 220 240 260 280 300

CBC 10m - saios de velocidade de pulso ultrassonico. Nos corpos-de-prova
para ensaio de pega e de VPU, termopares foram inseridos para o
0,44 monitoramento das temperaturas iniciais.

CBC 3h ‘ =048 O inicio e fim de pega foram determinados por meio da resisténcia
’ a penetragao, de acordo com a ASTM C403 [16]. Os tempos de
0,52 inicio e fim de pega correspondem a valores de resisténcia a pe-

CBCR W Média netragdo de 3,5 MPa e 27,6 MPa, respectivamente.
‘ Para o monitoramento do desenvolvimento das velocidades

de pulso ultrassOnico, seguiu-se o procedimento utilizado por
Irrigaray [20]. Um dispositivo com estrutura externa em ma-
deira compensada de 20 mm, com 20 cm x 20 cm x 20 cm con-
forme apresentado na Figura 5 foi utilizado. As faces onde fo-

ram posicionados os transdutores de ultrassom s&o revestidas

Tabela 7 - Tempos de inicio de pega (I.P.) e fim de pega (F.P.)

Mistura (0,44) Mistura (0,48) Mistura (0,52)

Ref 1 11,2 12,7 9.9 11.6 11.4 13,9
Ref 2 12,0 13,8 12,4 16,0 12,5 15,5
CBC 1-10m 7,7 10,5 8,5 11,9 7,5 9,2
CBC 2-10m 9.1 11,8 9.4 11,2 9.6 11,9
CBC1-3h 7.8 11,1 9.2 11,7 9.8 11,8
CBC 2-3h 8,7 10,7 13.3 16,2 12,5 16,0
CBC1-R 8.5 10,3 8.8 10,8 8,9 10,4
CBC2-R 9.5 11.5 9.4 1.4 10,0 12,1

IBRACON Structures and Materials Journal 2016 + vol. 9 +n°4



Setting process on mortars containing sugarcane bagasse ash

Mistura (0,44)

5000
4500
4000
3500
3000 +
2500
2000
1500}
1000
500
0

Velocidade {m/'s)

15

T (horas)

18

%)
=
13
|

Figura 7 - Velocidades das ondas ultrassénicas ao longo do tempo nas misturas com a/c = 0,44
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Figura 8 - Velocidades das ondas ultrassénicas ao longo do tempo nas misturas com a/c = 0,48
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Figura 9 - Velocidades das ondas ultrassénicas ao longo do tempo nas misturas com a/c = 0,52
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Figura 10 - Temperaturas ao longo do tempo nas misturas de argamassas com a/c = 0,44
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Figura 11 - Temperaturas ao longo do tempo nas misturas de argamassas com a/c = 0,48
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Figura 12 - Temperaturas ao longo do tempo nas misturas de argamassas com a/c = 0,52
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Tabela 8 - Resisténcia d compressdo média
aos 28 dias das misturas de argamassa

Fc 28 dias (MPa)

Ref 45,2 43,7 42,2
CBC - 10m 52,1 46,7 43,1
CBC -3h 53,8 48,4 46,1
CBC-R 54,1 48,8 46,4

internamente por vidro de 6,0 mm de forma a garantir uma perfeita
planicidade da superficie. Furos circulares de 50 mm de diametro na
madeira compensada, a uma distancia de 10 cm da base séo neces-
sarios para o acoplamento dos transdutores utilizados. Transdutores
circulares de didmetro 50 mm e frequéncia de 54 kHz foram utiliza-
dos. Tao logo a argamassa era confeccionada, preenchia-se o dis-
positivo, acoplavam-se os transdutores e iniciava-se a medi¢ao con-
tinua de velocidade de pulso ultrassonico. Os transdutores emitiam
pulsos ultrassonicos a intervalos regulares de 5 minutos, os tempos
de propagagao foram armazenados de forma continua até a idade
aproximada de 24 horas ap0s a confecgao da mistura de argamassa.

3. Resultados

[

Os indices de consisténcia das argamassas frescas aumentaram
com o aumento da relagdo agua/cimento, conforme esperado, tan-
to para as misturas com CBC como as de referéncia. A Figura 6
apresenta os resultados obtidos.

A Tabela 7 apresenta os tempos de inicio e fim de pega (em ho-
ras), para as diferentes misturas de argamassas.

Os resultados de velocidade das ondas ultrassénicas ao longo
do tempo, obtidos nas diferentes misturas de argamassas, estéo
apresentadas nas Figuras 7, 8 € 9.

As temperaturas de cada mistura durante as primeiras 24 horas
estdo apresentadas nas Figuras 10, 11 e 12. A Tabela 8 apresenta
os resultados médios de resisténcia a compressao aos 28 dias
das duas misturas para cada tipo de argamassa testada.

4. Analise dos resultados

[

Os dados de consisténcia apresentados na Figura 6 indicam que
as misturas com substituicao parcial do agregado miudo por CBC
com diferentes tratamentos apresentaram indices de consistén-
cias menores que as misturas de referéncia. Entre os tipos de
tratamento, indiferente da relagdo a/c, o processo de requeima,
CBC — R, melhor se aproximou da consisténcia das misturas de
referéncia. Em contrapartida, as misturas com moagem de apenas
10 minutos apresentaram os menores indices de consisténcia.
Os menores indices de consisténcia apresentados pelas argamassas
com CBC indicam que a cinza possui menor granulometria em relagéo
aos finos presentes nos agregados miudos. Entretanto, as misturas
com CBC — 3h nado apresentaram menores indices de consisténcia do
que as com CBC — 10m. A presenca de material incombusto confere
menor trabalhabilidade das particulas, demandando maior quantidade
de agua nas misturas. No caso da CBC — 10m, pode-se postular que
a moagem nao foi o suficiente para cominuir as particulas organicas,
ocasionando maior atrito entre as particulas e diminuindo a trabalhabi-
lidade da massa. Esta possivel ocorréncia também explicaria os maio-
res indices de consisténcia observados para as misturas CBC — R em
relagdo as outras misturas com cinza. A requeima possibilitaria uma
menor quantidade de material organico.

Com relagao aos ensaios de pega e de velocidade de ultrassom,
percebe-se que as misturas nao possuiam um mesmo regime de
temperatura. Como foram produzidas vinte e quatro misturas de
argamassa ao longo de um ano, conforme dados apresentados
nas Figuras 10 a 12, a temperatura inicial da mistura variou entre
20°C e 30°C, enquanto a temperatura maxima registrada também
sofreu variagdo de 10°C entre misturas e até mesmo entre uma
mesma mistura, como por exemplo as misturas CBC-1 e CBC-2
para al/c de 0,52.

Sabe-se que o endurecimento de misturas cimenticias ocorre em
fungdo do tempo e do histérico de temperaturas no qual forem
submetidas. Em idades precoces, a temperatura tem grande in-
fluéncia no desenvolvimento da resisténcia [24]. Sendo assim, de
forma a compensar o efeito de temperatura para uma analise mais
precisa do efeito das cinzas, fun¢des de maturidade foram utiliza-
das para transformar idade real em idades equivalentes (te). Para
tanto, utilizou-se a fungdo de maturidade proposta por Freisleben-

Mistura 0,44 (h)

Ref 1 15,3 15,7 17.6 18,1 13,5
Ref 2 16,1 15,7 18,7 18,1 13,7
CBC 1-10m 10,3 11,2 14,1 15,1 11,6
CBC 2-10m 12,1 11,2 16,1 15,1 12,2
CBC 1-3h 11.4 1.4 15,0 14,7 11,9
CBC 2-3h 11,3 1.4 14,4 14,7 14,6
CBC 1-R 9.2 9,7 11,5 12,0 104
CBC 2-R 10,2 9.7 12,5 12,0 10,6

Tabela 9 - Tempos de inicio e fim de pega (te a 20°C)

Mistura 0,48 (h) Mistura 0,52 (h)

15,7 13,6 16,9 16,1 14,8 19.8 18,3
15,7 13,6 16,9 18,9 14,8 16,8 18,3
11,2 11,9 15,7 9.7 10,1 12,6 13,0
11.2 11.9 15,7 10,5 10,1 1188 13.0
11.4 13,2 16,8 14,0 14,5 17,8 18,8
11.4 13,2 16,8 15,0 14,5 19.9 18,8
9.7 10,5 13,1 13,2 13.0 15,6 15,7
9.7 10,5 13,1 12,8 13,0 15,9 15,7

A/38 I
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-Hansen e Pedersen, como preconizado pela ASTM C 1074 [25]
e reproduzida na Equacgao 1. No uso desta fungdo, ha necessida-
de de se conhecer a dependéncia da mistura a temperatura dado
pela energia de ativagéo (Ea). Neste trabalho optou-se pelo valor
de 30 kJ/mol, valor intermediario aos apresentados em um estudo
amplo com diversas misturas [26]. Neste estudo para o cimento
americano tipo | sem adigdes, os valores relatados se situam entre
22 kd/mol a 37,9 kd/mol.

E

RGN )

onde:

te — idade equivalente a da temperatura de referéncia;

Ea — energia de ativagao (J/mol);

R — constante universal dos gases = 8,314 J/mol-K

t — temperatura média da mistura no intervalo Dt;

tr — temperatura de referéncia (20°C);

Dt — intervalo de tempo.

Sendo assim, os tempos de pega apresentados na Tabela 7 foram
recalculados a partir do histérico de temperatura de cada mistura,
utilizando-se a Equagao 1 com energia de ativagao de 30 kJ/mol. A
tabela 9 apresenta os resultados de inicio e fim de pega.
Percebe-se que, diferentemente dos dados da Tabela 7, sdo pou-
cas as variagdes entre os tempos de inicio e fim de pega para uma

Figura 13 - Velocidades das ondas ultrassdnicas para Te a 20°C
nas misturas com a/c = 0,44
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Figura 14 - Velocidades das ondas ultrassdnicas para Te & 20°C nas misturas com a/c = 0,48
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nas misturas com a/c = 0,52

Mistura (0,52)

Figura 15 - Velocidades das ondas ultrassénicas para Te a 20°C
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mesma mistura. Sem a consideragao do efeito de temperatura, as
misturas com relagéo agua cimento de 0,52 e cinza moida por 10
minutos (CBC—-10m, a/c=0,52) apresentaram tempos de inicio de
pega de 7,5 e 9,6 horas, conforme dados da Tabela 7. Por outro
lado, considerando o efeito da temperatura estes valores se situa-
ram entre 9,7 e 10,5 horas a 20°C.

Os dados da Tabela 9 indicam que as misturas com cinzas acele-
raram a pega ja que os tempos de inicio e fim de pega foram me-
nores que os das misturas de referéncia, com excec¢ado da mistura
CBC — 3h e alc de 0,48 e 0,52 onde os dados foram similares.
Estes resultados demonstram que as cinzas adicionadas nas mis-
turas, independente do tratamento utilizado, tendem a acelerar o
endurecimento das argamassas. A requeima da cinza foi o trata-
mento que resultou em uma maior aceleragdo. Quanto a relagao
alc, de acordo com os resultados apresentados, a tendéncia é de
aumentar o tempo de pega quanto maior a relagao utilizada.

De forma similar aos tempos de pega, as leituras de velocidades
das ondas ultrassonicas ao longo do tempo, foram transformadas

em idades equivalentes a temperatura constante de 20°C. As figu-
ras 13 a 15 apresentam os resultados obtidos.

Como ja descrito, para cada tipo de argamassa foram realizados
os experimentos duas vezes, implicando em temperaturas dife-
rentes para cada um. Apds a determinagao das idades equiva-
lentes, as curvas de desenvolvimento da VPU para cada tipo de
argamassa ficaram préximas, tornando facil a identificagdo do
comportamento de cada tipo de mistura durante o processo de
endurecimento nas idades iniciais, deixando clara a influéncia da
CBC e seus diferentes tratamentos no processo de hidratagao das
argamassas estudadas.

Os dados observados de velocidades das ondas ultrassbnicas
estdo em concordancia com os resultados do ensaio de pene-
tracdo, visto que para as misturas com cinzas, percebe-se uma
aceleragao no desenvolvimento das velocidades ultrassonicas e,
portanto, no processo de endurecimento das argamassas em re-
lagdo as misturas de referéncia (sem cinza). Quanto aos tratamen-
tos realizados nas cinzas, para as relagbes a/c de 0,44 e 0,48, a

Ref 1 15,9 16,0
Ref 2 16,1 16,0
CBC 1-10m 13,2 13,5
CBC 2-10m 13,8 13.5
CBC 1-3h 14,5 13,7
CBC 2-3h 12,9 13,7
CBC 1R 9,6 10,1
CBC 2-R 10,5 10,1

Tabela 10 - Tempos de fim de pega para velocidade de onda ultrassénica de 1500m/s para Te a 20°C

Te & 20°C (1500m/s)
0,48 (h)

13.8 15,2 16,2 15,7
16,7 15,2 15,1 15,7
13,4 13.0 10,6 10,9
12,6 13.0 11,2 10,9
12,4 13,1 15,8 15,4
13,8 13,1 14,9 154
11,1 10,9 13,5 13.0
10,7 10,9 12,5 13,0

B4 —————————————
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requeima foi novamente o tratamento que resultou em uma maior
aceleragéo no processo. Ja para a relagéo a/c de 0,52, a moagem
por 10 min resultou uma maior aceleragao do que a requeima
Ultimamente, além do uso do penetrdmetro, alguns estudos com-
param a velocidade de ondas ultrassdnicas com o tempo de fim de
pega de concretos e argamassas. Reinhardt e Grosse [27] e Belie
et al. [28] estudaram o endurecimento de argamassas e concre-
tos através do monitoramento continuo de velocidades de ondas
ultrassodnicas, concluindo que o final de pega ocorre préximo a
velocidade de 1500 m/s. Sendo assim, baseado nestes estudos, a
Tabela 10 abaixo apresenta as tempos de fim de pega associados
a velocidade das ondas ultrassénicas de 1500 m/s, relativos a ida-
de equivalente para temperatura constante de 20°C, para todas as
misturas de argamassas.

Novamente, percebe-se o efeito de aceleragdo nos tempos de fim
de pega para as misturas com a presenga de cinzas.

Com relagao a resisténcia a compressao, os resultados apresenta-
dos na Tabela 8 sugerem que a presencga de cinzas nas misturas
influenciou diretamente esta propriedade. Foram verificadas resis-
téncias superiores nas misturas com cinzas, chegando a acréscimo
superior a 15% para as misturas com menor relagcéo agua/cimento,
indicando a possibilidade de um efeito pozolanico nestas misturas.

5. Discussao dos resultados

EE

A adigédo de CBC nas misturas de argamassas em substituicdo
dos 7,5% dos finos do agregado miudo resultou em uma maior
resisténcia a compressao aos 28 dias e um efeito acelerador no
processo de hidratagao do cimento em argamassas nas primeiras
idades. Independente do beneficiamento da cinza ou da relagéo
alc, essa aceleragdo no endurecimento pode trazer beneficios
para diferentes aplicagdes em obras, principalmente para aquelas
que requerem menor tempo de execugao por necessidades estru-
turais ou cronogramas apertados.

Estes resultados indicam que a CBC utilizada neste estudo pela
constituicéo silico-aluminosa tem tendéncia a solubilizar quanto
mais importante for a presenga da fase amorfa. A presenga de
compostos organicos pode ter contribuido para o retardo na for-
magao dos compostos hidratados. Em curto periodo poucas téc-
nicas sao capazes de distinguir este efeito e testes comparativos
auxiliam na identificagdo do fenédmeno.

Quanto aos diferentes tratamentos aqui estudados para a CBC, a
requeima, embora demandando maior energia para sua produgao,
justifica-se, tendo em vista que beneficios proporcionados estdo
associados ao efeito acelerador e maior ganho de resisténcia a
compressao com a idade. Caso contrario, a sua utilizagdo seria
inviavel e as cinzas moidas poderiam atender, de acordo com a
necessidade.

Ao comparar o desempenho das cinzas moidas, a CBC — 3h, que
demanda um maior consumo de energia elétrica e de tempo para
sua produgdo, nao se justifica ja que seu comportamento em mis-
turas de argamassa no estado fresco foi similar aquelas com cin-
zas com moagem por 10 minutos e, portanto, com um consumo
bem menor de energia.

A incorporagéo destes residuos substituindo parte dos agregados
miudos em misturas de concretos e argamassas, que sdo mate-
riais amplamente utilizados nas construgdes, independentemente
do tipo de tratamento, podem trazer varios beneficios além dos ja

citados, dentre eles, uma produgao sustentavel voltada a preser-
vagao ambiental, valorizagao dos residuos, aumento da qualidade
dos produtos e viabilidade econdmica de produgéo.

6. Conclusdes

EE

No presente estudo, cinzas do bagago da cana-de-agucar (CBC)
com diferentes tratamentos foram utilizadas em misturas de ar-
gamassas cimenticias em substituicido da parcela fina (inferior
a dimensao de 150pm) do agregado miudo. Os efeitos na pega
destas misturas com diferentes relagées agua/cimento (a/c) foram
monitorados através de leituras de resisténcia a penetragéo e ve-
locidades das ondas ultrassOnicas nas primeiras idades.

Para o monitoramento da pega, o controle de temperatura tem
extrema importancia, ja que o endurecimento de misturas cimen-
ticias e o processo de solidicagéo séo afetados pela temperatura.
Para diferentes temperaturas durante o endurecimento, a determi-
nacgéo de idade equivalente (te) através de fungdes de maturidade
€ necessaria.

Todas as argamassas com incorporagao de cinzas apresentaram
maior resisténcia a compressao caracteristica aos 28 dias, em
comparacdo com as misturas de referéncia (sem cinza). Para a
fase de hidratagado nas primeiras idades das misturas com cinza,
os experimentos de resisténcia a penetragéo e leituras de velo-
cidades das ondas ultrass6nicas mostraram uma aceleragdo no
processo de hidratagéo.

As misturas com incorporagdo de CBC requeimada por 06 ho-
ras (03 horas a 300°C + 03 horas a 600°C), no geral, apresen-
taram os melhores resultados. Ja as misturas com CBC moida
por 03 horas apresentaram resultados muito proximos aos das
misturas com CBC moida por 10 minutos (somente para ho-
mogeneizac¢ao). Como concluséo, é viavel a utilizacdo da CBC
— 10m, pois apresenta melhores resultados em comparagéo as
misturas de referéncia pois, apesar de ter apresentado resul-
tados menos significativos em relagao as outras cinzas, o pro-
cesso de tratamento é simples, demandando pouca energia e
tempo de preparo.

A CBC — R somente é viavel para obras especificas, onde a ne-
cessidade de aceleragao da hidratagao € crucial, assim como uma
maior resisténcia a compressao aos 28 dias. O inconveniente da
CBC -10m é sua trabalhabilidade, por possuir material carbonatico
mais grosseiro.

Os resultados positivos alcangados neste estudo com o uso das
cinzas, provavelmente sdo devidos ao efeito fisico de preenchi-
mento e/ou a atividade pozolanica das cinzas utilizadas, ficando
como sugestdo para trabalhos futuros uma investigacdo comple-
mentar das caracteristicas fisicas e quimicas das cinzas utilizadas.
Com os resultados alcangados, conclui-se que a incorporagéo de
cinzas do bagago da cana-de-agucar € viavel em misturas de ma-
teriais cimenticios, podendo trazer como beneficio uma produgao
sustentavel voltada a preservagdo ambiental, evitando o descarte
deste residuo na natureza.
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