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Editorial

The IBRACON Structures and Materials Journal is releasing the fourth issue of the sixth volume. In
this issue, eight articles are being published on significant topics of concrete structures and materials.
The first article draws on graphical means for fire design of concrete beams. Creep strains on rein-
forced concrete columns are addressed in the second article.

Chloride accelerated tests are the topic for the next article, focusing on the influence of silica fume,
water/binder ratio and concrete cover thickness. The fourth article discusses the use of X-ray microto-
mography for evaluation of the effects of varying the workability of the fresh concrete, produced by the
use of additives, on concrete pore structure and compression strength. Another article approaches the
post-cracking behavior of blocks, prisms and mini-concrete walls reinforced with vegetal fibers. The
sixth article presents a numerical analysis of prestressed hollow core slabs under long term loading.
Numerical results are compared with experimental tests performed on two series of prestressed hol-
low core slabs. The objective of the seventh article is the analysis of the spacing between supports in
the assemblage of lattice slabs.

The issue closes with an article on replacement of Portland cement by stone cutting waste and ground
waste clay brick, focusing on the hydration and packing density of cement pastes.

We would like to acknowledge the dedication of authors and reviewers, responsible for the significant
results achieved by the IBRACON Structures and Materials Journal. We are glad to welcome Prof. Dr.
Roberto Caldas de Andrade Pinto, from the Federal University of Santa Catarina, who is participating
as a new Associated Editor.

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Roberto Caldas de Andrade
Pinto, and Romildo Dias Toledo Filho
Editors

Arevista IBRACON de Estruturas e Materiais esta langando o quarto numero do sexto volume. Neste
numero estao sendo publicados oito artigos sobre temas relevantes de estruturas e materiais de
concreto. O primeiro artigo aborda meios graficos para projeto de vigas de concreto em situagao de
incéndio. Deformagoes de fluéncia em pilares de concreto armado sao tratadas no segundo artigo.

Ensaios acelerados de cloreto sdo o tema para o artigo seguinte, enfocando a influéncia da silica
ativa, a relagdo agua/aglomerante e a espessura do cobrimento de concreto. O quarto artigo discute
a utilizacdo de microtomografia de raios-X para a avaliagdo dos efeitos da variagdo da trabalhabili-
dade do concreto fresco produzida pelo uso de aditivos, sobre a estrutura de poros do concreto e a
resisténcia a compressao. Outro artigo aborda o comportamento pdés-fissuragéo de blocos, prismas
e mini-paredes de concreto reforgadas com fibras vegetais. O sexto artigo apresenta uma analise
numérica de lajes alveolares protendidas sob carregamento de longa duragdo. Os resultados numé-
ricos sdo comparados com os testes experimentais realizados em duas séries de lajes alveolares
protendidas. O objetivo do sétimo do artigo € a analise do espagamento entre apoios na montagem
de lajes trelicadas.

O numero se encerra com um artigo sobre a substituigdo de cimento Portland por residuos de corte
de pedra e de blocos ceramicos moidos, com foco na hidratagcao e na densidade de empacotamento
de pastas cimenticias.

Agradecemos a dedicagao dos autores e revisores, responsaveis pelos expressivos resultados alcan-
cados pela Revista IBRACON de Estruturas e Materiais. Temos a satisfacdo de dar as boas vindas
ao Prof. Dr. Roberto Caldas de Andrade Pinto, da Universidade Federal de Santa Catarina, que inicia
sua participagcao como Editor Associado.

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Roberto Caldas de Andrade
Pinto, e Romildo Dias Toledo Filho
Editores
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Concrete beams fire design using graphs

Dimensionamento de vigas de concreto armado
em situacao de incéndio por meio grafico

G. B. M. L. ALBUQUERQUE ?
gabriela.lins@usp.br

V. P. SILVA=

= valpigss@usp.br

Abstract

The most expeditious method for the design of concrete beams under fire situation is the tabular method, presented by the Brazilian standard
ABNT NBR 15200:2012. Albeit simple, this method constrains the engineer’s work, as it prevents him to seek alternative solutions to the few
tabulated values. Yet, the Brazilian standard allows employing more advanced methods. Hence, the purpose of this work was to perform a ther-
mal and structural analysis of beams with several widths, heights, covers and diameters/layouts of steel reinforcement (upper and lower). From
those results, graphs were constructed, associating the ratio between the applied bending moment in fire over the resistance bending moment at
ambient temperature, for the fire resisting time of each situation. These graphs also allow taking into account the redistribution of moments from
positive to negative, which will lead to savings in the solution found.

Keywords: fire, beam, concrete, design, thermal analysis.

Resumo
E——

O método mais expedito para o dimensionamento de vigas de concreto em situacédo de incéndio é o método tabular, apresentado na ABNT NBR
15200 [1]. Apesar de simples, esse método restringe o trabalho do engenheiro, uma vez que o impede de buscar solugdes alternativas aos pou-
cos valores tabelados. Contudo, a norma brasileira permite empregar métodos mais avancados. Sendo assim, o objetivo deste trabalho consistiu
em realizar uma analise térmica e estrutural de vigas com diversas larguras, alturas, cobrimentos, didmetros e disposi¢cdes de armaduras (infe-
riores e superiores). A partir dos resultados, foram construidos graficos que associam a relagdo entre o momento fletor solicitante em incéndio e
o momento fletor resistente a temperatura ambiente, ao tempo de resisténcia ao fogo de cada situacéo. Esses graficos permitem também levar
em conta a redistribuigdo de momentos, do positivo ao negativo, o que conduzira a economia na solugcao encontrada.

Palavras-chave: incéndio, viga, concreto, dimensionamento, andlise térmica.

a  Escola Politécnica da Universidade de Sdo Paulo, Sdo Paulo, SP, Brasil
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Concrete beams fire design using graphs

1. Introduction
E———

Fire structural engineering is a recent area in Brazil and the technical
standards related to this topic only use simplified methods to verify
the safety of structures subjected to this accidental action. For the
design of reinforced concrete beams in fire, the ABNT NBR 15200
[1] standard, inspired by the European standard Eurocode 2 part 1-2
[2], details only the tabular method (tables 1 and 2), in which it is only
necessary for the beams to meet the minimum dimensions in width
(b,,,,) and distance between the lower longitudinal reinforcement axis
and the heated face of the concrete (c,), as shown in figure 1. These
dimensions are a function of time required for fire resistance (TRRF),
obtained from the type of occupation/use and the height of the con-
struction. The tables that present these values are found in the Tech-
nical Instructions (IT) of the Fire Department in each Brazilian State.

The Brazilian standard ABNT NBR 15200 [1] states that in the

tabular method:

B The hypothesis of beams heating on three faces (sides and
bottom) was considered, under slabs. However, the values
may also be used in case of beams heated on four faces,
provided that their height is not less than b . and the cross-
sectional area of the beam is not less than 2 b 2

B There is a concentration of temperature close to the edges of
the underside of the beams. For this reason, on sections with
only one layer of reinforcement and width not exceeding the
b .. indicated in column 3 of table 1 and column 2 of table 2,
the distance between the longitudinal reinforcement axis of the
corner and the side concrete face in fire (c,) at the bottom of
the beams must be 10 mm larger than c, given by the afore-
mentioned tables, or for reinforced concrete, specify corner
bars with a diameter immediately higher, according to ABNT
NBR 7480 [3], to the calculated. The possibility of this alterna-
tive was demonstrated in Silva [4];

B The values shown in table 2 can only be used if the coefficient of
moments redistribution at room temperature respects the limits
set in ABNT NBR 6118 [5]. Otherwise, table 1 should be used;

m When the reinforcement bars are arranged in layers, the aver-

Figure 1 - Minimum dimensions in width
(b...) and distance between the
longitudinal reinforcement axis and the lower
face of the concrete exposed to fire (c,)

]\
)|

ey

bn’iil‘i

O

age distance to the concrete face (c,) must obey the value
C,n, tabulated. The c,  value should always be the lowest be-
tween the values indicated in equations 1 and 2.

2 ¢yl

Cim < TSIS (D
Z CypAy

Cim< —5,— A - (¢4]

Table 1 - Tabular method for designing reinforced concrete simply supported beams in fire

Combinations of b,,./c, (mm/mm)

1 p)
30 80/25 120/20
60 120/40 160/35
90 140/60 190/45
120 190/68 240/60
180 240/80 300/70

3 4
160/15 190/15 80
190/30 300/25 100
300740 400/35 100
300/55 500/50 120
400/65 600/60 140

p)
30 80/15 160/12
60 120/25 190/12
90 140/37 250/25
120 190/45 300/35
180 240/60 400/50

Table 2 - Tabular method for designing continuous beams or reinforced concrete frames in fire

Combinations of b,,,/c, (mm/mm)

- - 80
- - 100
- - 100
450/35 500/30 120
550/50 600/40 140

IBRACON Structures and Materials Journal < 2013 * vol. 6 *n°4




G. B. M. L. ALBUQUERQUE | V. P. SILVA

Figure 2 - Example of the adopted beam model

Adiabatic face

Fire on side and
bottom faces of the
beam and under the

R

Fiite elements mesh

Where: ¢, is the average distance to the concrete face for rein-
forcement bars arranged in layers; ¢, , is the distance from bar i, of
area A_, to the bottom of the beam and c, ; is the distance of bar i,
of area A, to the nearest side face.

It is also added that all tables were compiled for steel CA-25, CA-
50 or CA-60 passive reinforcement, such that, in the centroid of the
reinforcement, the temperature does not reach 500 °C (Eurocode
2 part 1-2 [2]).

As can be seen, this method, albeit practical, constrains the engineer,
since it prevents him from studying the problem and from proposing
different results. Therefore, in order to create tools to facilitate the
work and contribute to this study area in our country, the objective
of this research was to develop alternative solutions to the tabular
method, based on thermal and structural analysis, considering that
the standards also allow the use of more advanced design methods.

2. Graphic method

EE

Owing to the precision of the results, more advanced methods re-
quire specific software that are rarely used in design offices. For this
reason, the option was to conduct a thermo-structural analysis of
beams and to present the results in graphical form for ease of use.
The graphs illustrated in section 2.3 are completed in Albuquerque
[6] and Silva [7]. In this work, the Swedish Super Tempcalc software,
developed by Fire Safety Design (FSD [8]), was used.

2.1 Thermal analysis

By means of the finite element method, the thermal analysis was

Figure 3 - Field of temperatures within
a beam model

developed for models of beams with the following characteristics:

m Rectangular sections with 14 cm, 19 cm, 25 cm, 30 cm and 35 cm
in width and 40 cm, 50 cm, 60 cm and 70 cm in height, all overlaid
by a 5-cm thick and 60-cm wide slab, as illustrated in figure 2;

m Heating as per ISO 834 standard fire [9], on three faces of the
beam (side and bottom) and under the slab. The face not exposed
to the fire was considered adiabatic for safety purposes (figure 2);

m Physical and thermal parameters of the concrete, variable
with temperature, in compliance with the equations indicated
in ABNT NBR 15200 [1]: thermal conductivity (A, ©), specif-
ic heat (cp, 0) for 1.5% relative moisture and derisity (P, 6),
adopting p = 2400 kg/m® at room temperature, according to
ABNT NBR 6118 [5];

m Heat transfer coefficient by convection (a ) equal to 25 W/m2°C
and resulting emissivity (¢) on the faces exposed to fire 0.7,
recommended values in ABNT NBR 15200 [1];

m Domain discretized by a mesh of four-node rectangular ele-
ments with sides of 0.005 m. Time step, the increment of time
for the thermal analysis, taken equal to 0.002 h, the value that
led to satisfactory results for preliminary thermal analysis for
time intervals of usual fires and boundary conditions (FSD [8]).

About the dimension of the slabs, a relatively small thickness was

considered for safety purposes, because the beams that will be

sized through the graphs will have, at least, 5-cm thick slabs,
which is the lowest value indicated by ABNT NBR 6118 [5] with
respect to solid slabs, in this, case the roof ones, not cantilever.

Considering that the increase in thickness is directly proportional

to the mass of concrete that absorbs heat, the beams that have

thicker slabs will be in a less critical situation when compared to

Figure 4 — Reinforcements inserted in a model beam: one positive layer;
two positive layers; one negative layer; two negative layers

e
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Concrete beams fire design using graphs

Figure 5 — Equilibrium of forces in a reinforced concrete section at room temperature
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those that were used in the development of the graphic method.
Thus, from these input data previously mentioned, the temperature
field with respect to the time for the beams under slabs was deter-
mined (figure 3).

2.2 Structural analysis

For this analysis, the following were considered:

m Partial factors for strength (y, and v,) equal to 1.4 (concrete)
and 1.15 (steel) for room temperature and equal to 1.0 (y,;and
Y,4) for both materials in fire situation, following ABNT NBR
6118 [5] and ABNT NBR 15200 [1], respectively;

B Reducer of the design value of the compressive strength of
concrete at room temperature (a) equal to 0.85 and in fire situ-
ation (a;) equal to 1.0, according to ABNT NBR 6118 [5] and
FIB/CEB [10], respectively;

m Reinforcement diameter of 10 mm, 12.5 mm, 16 mm, 20 mm and
25 mm, arranged in one and two layers, positive and negative, with
covers of 25 mm, 30 mm and 40 mm (figure 4); CA-50 steel; number
of reinforcements possible for each width, according to the values of
minimum free spacing between the faces of the longitudinal bars, as
proposed by ABNT NBR 6118 [5]; stirrups diameter of 5 mm;

m For the purposes of processing, the characteristic strength of
concrete to compression (f,) equal to 25 MPa was admitted.
However, due toa simplification favorable to safety, adopted in
the calculations made by Super Tempcalc, the results presented
in 2.3 are independent of the value of f . Therefore, it is only rec-
ommended that this value be less than or equal to 50 MPa, since

high-strength concrete is outside the scope of this research.

m Effects of thermal deformations are neglected, according to ABNT
NBR 15200 [1]. Furthermore, no limit specific strains were imposed
both on concrete and on steel (FSD [8]). Introducing this informa-
tion in the structural module of Super Tempcalc and from the tem-
perature field generated in the thermal analysis, parameter y was
determined, indicated in equation 3, as a function of heating time.

MR i
H=—-7F 3
M., (3)

Where: y is the relative moment; M_'e Mg correspond to the
design resistance bending moments of the concrete section, at
room temperature and in fire situation, respectively, both with no
consideration of limit strains.

Such moments were determined by the equilibrium of forces, the only
hypothesis of calculation of the program (equations 4 and 5 / figures 5
and 6). It is worth noting that the peak stress was considered in each
one of the compressed concrete finite elements and, in the same way,
total plastic strain was considered for the steel in the reinforcements,
disconsidering the compatibility between deformations.

Mpq = a fq Z Agz 4)

=1

Figure 6 — Equilibrium of forces in a reinforced concrete section in fire situation
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mfj

Mpg i = O feq s 2 Koo Ag Zis (5)

=1

Where: a and a, are reducers of the design values of the compressive
strength of concrete at room temperature and under fire conditions,
respectively; f_, and f . are the design strength to compression of
the concrete at room temperature and in fire, respectively; k_, is the
strength reduction factor at temperature 6 of the compressed finite
element j; ch is the area of the compressed finite element j; z and z,
are the distances between the CG of the compressed finite element
j and the horizontal line that goes through the CG of the reinforce-

ments at room temperature and under fire situation, respectively.
2.3 Results

The graphs presented herein, which consist of results from the more ad-
vanced method for sizing, depend on parameter p shown in equation 6.

Msq s
__Sdfi 6
M= (6)

Where: Mg, is the design applied bending moment in case of fire

and M, is the design resistance bending moment of the concrete
section at room temperature.

Safety is met when M, < M, .. Therefore, assuming Mg, = M, in
parameter p provided by Super Tempcalc, it is possible to find the
maximum time for fire resistance (TRF) of the structural element.
Note that, moreover, for simplicity, M"., is replaced by M_, in the
expression of y, where M, is the design value, i.e., the one in
which limit strains are imposed on materials, which can be inserted
by the engineer as input since, for M, < M_ /', the graphs remain
in favor of safety.

The expression for the ultimate accidental combination of actions rec-
ommended by the ABNT NBR 8681 [11] (equation 7), in which the ef-
fects of thermal strains are neglected, can be used for calculating Mg ..

Rd ’

m n
Fan=12 ) Fot0.7 ), WoF oy 1)

i=1 j=1

Where: F  is the design value of action in accidental combination;
Fex is the characteristic value of permanent action i; F,, is the
characteristic value of variable action j and y, is the combination
factor used to determine the reduced values of the variable actions
(according to ABNT NBR 8681 [11], for accidental combinations, in
which the main action is fire, reduction factor y, can be reduced by
multiplying it by 0.7, as indicated in the equation under analysis).

The following are some results compiled (figures 7a to 8r).

Figure 7a - TRF x 1. for beam with positive moment,
b,=19cm,40<h <60 cm, c =25 mm, C 25 -C 50,
CA 50 and reinforcements in 1 layer

1,0 ~ — 2010
09 \ ‘:‘ N z¢12,l;uou

g Y 2016

AN

0,8 \ \\ \
0,7 \\
oe N

’ N | N == ==3d100u 410

2 05 \ ‘\ - ou 5¢°10 ou

04 \ SN 312,50u

g \ ‘\ N 4¢12,50u
0,3 S 3¢160u 2620
0,2 S~o ? = ou 2425

S S N O A e i T~ | — —i4160u3¢20
! = ou 325

0,0 T T T T 1

30 60 90 120 150 180
TRF (min)

Figure 7c - TRF x L for beam with positive moment,
b,=19 cm, 40 <h <60 cm, ¢ =40 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 7b - TRF x u for beam with positive moment,
b,=19 cm, 40 <h <60 cm, ¢ = 30 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 7d - TRF x 1 for beam with positive moment,
b,=25cm, 40 <h <60 cm, c =25 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Besides parameter y, the variables related to the determina-
tion of TRF are: position of the moment (positive or negative),
the beam width (b ), height (h), cover thickness (c), concrete
and steel categories and distribution of reinforcement (1 or 2
layers).

2.4 Moments redistribution

The structural behavior of beams in fire depends crucially on how
they are supported. Simply supported beams are more susceptible
to thermal action, as they do not have the ability to redistribute their

Figure 7e - TRF x L for beam with positive moment,
b,=25cm,40<h <60 cm, c =30 mm,
C 25- C 50, CA 50 and reinforcements in 1 layer
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Figure 8b — TRF x 1 for beam with negative moment,
b,=19cm, 40 <h <50 cm, ¢ = 30 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 7f - TRF x . for beam with positive moment,
b,=25cm, 40 <h <60 cm, c =40 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8c - TRF x u for beam with negative moment,
b, =19 cm, 40 <h <50 cm, ¢ =40 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8a - TRF x i for beam with negative moment,
b,=19 cm, 40 <h <50 cm, ¢ =25 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8d - TRF x 1 for beam with negative moment,
b,=19 cm, 50 <h <60 cm, ¢ = 25 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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moments and create a favorable situation for fire resistance, unlike  are able to support higher negative moments, while the lower fi-
continuous beams that have this property. bers, with reduced strength due to the exposure to fire, will support
A continuous beam is exposed to fire by the underside of its spans,  an also reduced positive moment. Therefore, there may be a redis-
while the top remains relatively cool. This situation is favorable,  tribution of moments from positive to negative (figure 9).

since the upper fibers of the beam, with small strength impairment,  The graphic method presented here allows incorporating the redistribu-

Figure 8e - TRF x u for beam with negative moment, Figure 8h — TRF x i for beam with negative moment,
b, =19 cm, 50 < h <60 cm, ¢ = 30 mm, b, =19 cm, h2 60 cm, c = 30 mm, C 25 - C 50,
C 25 - C 50, CA 50 and reinforcements in 1 layer CA 50 and reinforcements in 1 layer
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Figure 8f - TRF x 1 for beam with negative moment, Figure 8i - TRF x 1 for beam with negative moment,
b, =19 cm, 50 < h <60 cm, ¢ =40 mm, b,=19cm, h=60cm, c =40 mm, C 25 - C 50,
C 25- C 50, CA 50 and reinforcements in 1 layer CA 50 and reinforcements in 1 layer
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Figure 8g - TRF x |1 for beam with negative moment, Figure 8j - TRF x L for beam with negative moment,
b, =19 cm, h =60 cm, ¢c =25 mm, C 25 - C 50, b, =25 cm, 40 <h <50 cm, ¢ = 25 mm,
CA 50 and reinforcements in 1 layer C 25 - C 50, CA 50 and reinforcements in 1 layer
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Concrete beams fire design using graphs

tion of moments for continuous beams infire. For this, itis only necessary 2.5 Application example

to apply the coefficient of redistribution () in the positive applied bending

moment in case of fire (M, ;") and calculate the negative applied bending  In the static scheme of the beam, “L” is the span length and “p,” the
moment in case of fire (M) imposing the equilibrium of forces. Inthe  characteristic value of the uniformly distributed load. The cross-sec-

following section, further details on this subject are presented. tion was taken according to the models used in the graphic method,
Figure 8k — TRF x | for beam with negative moment, Figure 8n - TRF x 1 for beam with negative moment,
b, =25 cm, 40 <h <50 cm, ¢ = 30 mm, b, =25cm, 50 < h <60 cm, c =30 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 81 - TRF x u for beam with negative moment, Figure 8o - TRF x . for beam with negative moment,
b,=25cm, 40 < h <50 cm, c =40 mm, b, =25cm, 50 < h <60 cm, ¢ =40 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8m - TRF x . for beam with negative moment, Figure 8p — TRF x 1 for beam with negative moment,
b,=25cm, 50 <h<60cm, c=25mm, b,=25cm, h2=60cm, c =25 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8q - TRF x 1 for beam with negative moment,
b,=25cm, h2=60cm, c =30 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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Figure 8r - TRF x 1 for beam with negative moment,
b,=25cm, h =60 cm, c =40 mm,
C 25 - C 50, CA 50 and reinforcements in 1 layer
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considering one beam under a 5-cm thick, 60-cm wide slab (for se-
curity), as illustrated in Figure 10. 25 mm of cover, stirrups diameter
of 5 mm, concrete f, equal to 25 MPa and steel f, equal to 500
MPa were stipulated. Due to the symmetry of the spans, calculations
were performed only for a portion of the structure.

The redistribution of moments at room temperature, from negative to
positive, was performed according to ABNT NBR 6118 [5]. Analyz-

ing the position of the neutral line in section (x), its relationship with
the redistribution coefficient (8) and considering a structure of fixed
nodes, the maximum allowed redistribution was 25% (& = 0.75).
The diagrams of the design bending moments and the results of the siz-
ing at room temperature, before and after the redistribution of moments,
for the beam under study are shown in figures 11 and 12. In the two
cases, both the positive and negative sections are in domain 2.

Heated bars

Figure 9 — Redistribution of applied moments in a continuous beam exposed to fire
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Figure 10 - Static sketch of beam and cross-section
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(126 kKN m

70 KN m
L=6m

Figure 11 - Diagram of design bending moments and reinforcement bars
at room temperature before the redistribution of moments
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Figure 12 - Diagram of design bending moments and reinforcement bars at room temperature
after the redistribution of moments

A* = 30125

A =4012,5

From the adopted steel section, given the redistribution, it is possible
to calculate the resistance bending moments, negative and positive,
which are needed in parameter y, used as input in the graphs.
Positive resistance bending moment (M.,"): 89 kN m

Negative resistance bending moment (M_,): 112.5 kN m

In the verification of the structure in fire situation, equation 7
was used for determining of the design value of the uniformly
distributed load. 60% permanent actions and 40% variable were
considered. It was assumed that this was a beam located in a
residential building (y, = 0.7 x 0.3 = 0.21; value recommended by
ABNT NBR 8681 [11]). The new load (p,) is shown in figure 13.

Figure 13 - Uniformly distributed load in fire
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¥y Y Y YYYY Y Y Y VY

P

L=6tm

At elevated temperatures, the concrete beams become more duc-
tile. Therefore, the coefficient of moments redistribution in fire situa-
tion can be greater than that applied at room temperature, since the
capacity of rotation of supports is increased under these conditions.
However, for simplicity and for safety, we adopted the same coef-
ficient for redistributing moments, now from positive to negative,
used in the previous analysis (& = 0.75).

Hence, we calculated the new negative moment, illustrated in
figure 14, by means of equation 8, which was also used in the cal-
culations at room temperature, but with different safety coefficients.
The diagrams of the design bending moments in fire situation, be-
fore and after the redistribution, are shown in figures 15 and 16.

Pasi L2

+
M. . _ LZ 2 MSd,fi redistributed
Sdfi redistributed — ) -pd,fi - 17

Dag L2

®)

Where: L is the span of beam; Mg, " ssribued @MY Mgy 1 editributes 7€
the design applied redistributed bending moments in fire situation,
positive and negative, respectively, and p, is the design value of
the uniformly distributed load in fire situation.
Parameters p will thus bear the following values:

Mgant 40
= 2 — =045 (A" =3012.5)

+ —
g Mpa* 89
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= Msen _ 725 oo o —ad12.5
T Mg~ 11257 (As= )

Considering the redistributed moments:

0 +
— =035 (A =3d12.5)

+
4 MSd,fi redistributed

Mpq*t -89
MSd,fi_ redistributed 102 _ -
= YR =13575=0.90 (A =40125)

From the graphs shown in figures 17 and 18, for the first case
studied, TRF* = 95 min and TRF- 2 180 min. Therefore, TRF, =
95 min. In the second case, in which the redistribution of moments
was applied, TRF* = 105 min and TRF- = 150 min. Consequently,
TRF, ..., = 105 min.

By means of the tabular method (table 2), a continuous beam with
b, =190 mm and c, = 36.25 mm (A_* = 3®12.5; lower longitudinal
reinforcement) would have, by linear interpolation, TRF, = 104
min. However, according to ABNT NBR 15200 [1], in sections with
only one layer of reinforcement and width not exceeding, as per
TRREF, value b_ indicated in column 2 of table 2 (b, = 190 mm
< b, = 273.5 mm, this value calculated by linear interpolation),

Figure 14 - Procedure for applied bending
moments redistribution in fire situation
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Figure 15 - Diagram of design bending
moments in fire before the redistribution
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some changes in design should be made: increase c,, at the bot-
tom of the beams by 10 mm or specify corner bars with a diameter
immediately above. If these changes are not met, TRF must be
recalculated, considering c, reduced by 10 mm, for safety reasons.
Therefore, in this situation, TRF, =86 min.

Figure 16 - Diagram of design bending moments
in fire after the redistribution

102 kN m

sy 0,75 x40 =30 kN m
|8
L=6m

Figure 17 — Determination of the positive time of fire
resistance (TRF) of the beam under study
by graphic means
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Figure 18 - Determination of the negative time of fire
resistance (TRF) of the beam under study
by graphic means
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As noted, the comparison of results obtained by means of graphi-
cal tools and the tabular method is not immediate, due to the large
number of variables. Due to the simplicity of the method presented
in the Brazilian standard, it is recommended, a priori, to use it for
design. If the requirements regarding the time of fire resistance
(TRF) are not met, one can use the graphic method as a tool for
solving the problem, for the satisfactory results presented in this
application example, when applied the redistribution of moments
in a fire situation.

3. Conclusions
E—

ABNT NBR 15200 [1] indicates a simple method for designing
beams under fire conditions: the tabular. This method, albeit prac-
tical, restricts the engineer’s work for not allowing alternatives for
design. From structural and thermal analysis, using the finite ele-
ment method, graphical tools were developed that allow finding
more realistic structural solutions than those prescribed by the
tabular method. Part of them we presented in this article. In fire,
the floors (slab on beams) are heated on the underside. Thus, it is
possible to redistribute part of the positive moments in the beams
for the negatives. The same graphs may also be used in the case
of employing this redistribution of moments. In the application ex-
ample, the graphical method showed that it may, in a given situa-
tion, be more economic than the tabular one.
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Dimensionamento de vigas de concreto armado
em situacao de incéndio por meio grafico

G. B. M. L. ALBUQUERQUE ?
gabriela.lins@usp.br

V. P. SILVA=

= valpigss@usp.br

Abstract

The most expeditious method for the design of concrete beams under fire situation is the tabular method, presented by the Brazilian standard
ABNT NBR 15200:2012. Albeit simple, this method constrains the engineer’s work, as it prevents him to seek alternative solutions to the few
tabulated values. Yet, the Brazilian standard allows employing more advanced methods. Hence, the purpose of this work was to perform a ther-
mal and structural analysis of beams with several widths, heights, covers and diameters/layouts of steel reinforcement (upper and lower). From
those results, graphs were constructed, associating the ratio between the applied bending moment in fire over the resistance bending moment at
ambient temperature, for the fire resisting time of each situation. These graphs also allow taking into account the redistribution of moments from
positive to negative, which will lead to savings in the solution found.

Keywords: fire, beam, concrete, design, thermal analysis.

Resumo
E——

O método mais expedito para o dimensionamento de vigas de concreto em situacédo de incéndio é o método tabular, apresentado na ABNT NBR
15200 [1]. Apesar de simples, esse método restringe o trabalho do engenheiro, uma vez que o impede de buscar solugdes alternativas aos pou-
cos valores tabelados. Contudo, a norma brasileira permite empregar métodos mais avancados. Sendo assim, o objetivo deste trabalho consistiu
em realizar uma analise térmica e estrutural de vigas com diversas larguras, alturas, cobrimentos, didmetros e disposi¢cdes de armaduras (infe-
riores e superiores). A partir dos resultados, foram construidos graficos que associam a relagdo entre o momento fletor solicitante em incéndio e
o momento fletor resistente a temperatura ambiente, ao tempo de resisténcia ao fogo de cada situacéo. Esses graficos permitem também levar
em conta a redistribuigdo de momentos, do positivo ao negativo, o que conduzira a economia na solugcao encontrada.

Palavras-chave: incéndio, viga, concreto, dimensionamento, andlise térmica.
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Concrete beams fire design using graphs

1. Introdugao

N

A engenharia de estruturas em situagao de incéndio € uma area re-

cente no Brasil e as normas técnicas relacionadas a esse tema uti-

lizam apenas métodos simplificados para verificar a seguranga das
estruturas sujeitas a essa agéo excepcional. Para o dimensionamento
de vigas de concreto armado em situagéo de incéndio, a ABNT NBR

15200 [1], inspirada na norma europeia Eurocode 2 parte 1-2 [2],

detalha somente o método tabular (tabelas 1 e 2), no qual apenas é

necessario que as vigas atendam as dimensdes minimas de largura

(b,.,) € distancia entre o eixo da armadura longitudinal inferior e a face

do concreto aquecida (c,), conforme apresentado na figura 1. Essas

dimensdes séo em fungédo do tempo requerido de resisténcia ao fogo

(TRRF), obtido a partir do tipo de ocupagéo/uso e altura da edificagao.

As tabelas que relacionam esses valores séo encontradas nas Instru-

¢Oes Técnicas do Corpo de Bombeiros (IT) de cada Estado.

A ABNT NBR 15200 [1] esclarece que no método tabular:

m Considerou-se a hipétese de vigas com aquecimento em trés fa-
ces (laterais e inferior), sob lajes. No entanto, os valores indicados
também poderao ser empregados para o caso de vigas aquecidas
nas quatro faces, desde que sua altura néo seja inferiorab_, e a
area da sec&o transversal da viga n&o seja inferiora2b 2

B Ha concentragdo de temperatura junto as bordas da face infe-
rior das vigas. Por essa razdo, em segbes com somente uma
camada de armaduras e largura ndo superior ao b, indicado na
coluna 3 da tabela 1 e coluna 2 da tabela 2, a distancia entre o
eixo da armadura longitudinal de canto e a face lateral do con-
creto exposta ao fogo (c,) no fundo das vigas deve ser 10 mm
maior que o ¢, dado pelas referidas tabelas, ou, para concreto
armado, especificar barras de canto com um diametro imediata-
mente superior, conforme ABNT NBR 7480 [3], ao calculado. A
possibilidade dessa alternativa foi demonstrada em Silva [4];

m Os valores indicados na tabela 2 somente poderdo ser utiliza-
dos se o coeficiente de redistribuicdo de momentos a tempera-
tura ambiente respeitar os limites estabelecidos na ABNT NBR
6118 [5]. Caso contrario, deve ser empregada a tabela 1;

m Quando as barras da armadura forem dispostas em camadas,

Figura 1 - Dimensdes minimas de
largura (b,;) e dist@ncia entre o eixo da
armadura longitudinal inferior e a
face do concreto exposta ao fogo (c,)

]\
)|

ey

bn’iil‘i

O

a disténcia média a face do concreto (c, ) deve obedecer o
valor ¢, . tabelado. O valor de ¢,  deve sempre ser o menor
dentre os valores indicados nas equagoes 1 e 2.

)Y C1viAsi

Cim < E—ASI (])
T A,

Cim < ﬁ <2>

Tabela 1 - Método tabular para dimensionamento de vigas biapoiadas de concreto armado
em situacdo de incéndio

Combinacoes de b,,./c, (mm/mm)

1 2 3 4
30 80/25 120/20 160/15 190/15 80
60 120/40 160/35 190/30 300/25 100
90 140/60 190/45 300/40 400/35 100
120 190/68 240/60 300/55 500/50 120
180 240/80 300/70 400/65 600/60 140
Tabela 2 - Método tabular para dimensionamento de vigas continuas ou vigas de pérticos
de concreto armado em situacdo de incéndio
TRRF Combinagdes de b, /c, (mm/mm) B,
(min) 1 2 3 4 (mm)
30 80/15 160/12 - - 80
60 120/25 190/12 - - 100
90 140/37 250/25 - - 100
120 190/45 300/35 450/35 500/30 120
180 240/60 400/50 550/50 600/40 140
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Figura 2 - Exemplo de modelo de viga adotado

Face adiabatica

Fogo nas faces
laterais ¢ inferior

daviga e sob a laje

2 9

Malha de elementos
finitos

Onde: c, , € a distancia media a face do concreto para armadura
disposta em camadas; c,, € a disténcia da barra i, de area A,
ao fundo da viga e c,,, é a disténcia da barra i, de area A_, a face
lateral mais proxima.

Acrescenta-se que todas as tabelas foram elaboradas para arma-
dura passiva de ago CA-25, CA-50 ou CA-60, procurando evitar
que, no centro geométrico do tirante tracionado, a temperatura
atingisse 500 °C (Eurocode 2 parte 1-2 [2]).

Como pode ser visto, esse método é pratico, porém, limita o
engenheiro, haja vista que o impede de estudar o problema
e propor resultados diferentes. Portanto, a fim de criar ferra-
mentas para facilitar o trabalho e colaborar com a area em
estudo no Pais, o objetivo desta pesquisa consistiu em de-
senvolver solugdes alternativas ao método tabular, com base
em analise térmica e estrutural, considerando que as normas
também permitem empregar métodos mais avancados para
dimensionamento.

si’

2. Método grafico

[

Apesar da precisao dos resultados obtidos, os métodos mais
avancados demandam programas de computador especificos, ra-
ros de serem usados em escritérios de projeto. Por essa razéo,
decidiu-se realizar uma analise termestrutural de vigas e apresen-
tar os resultados sob forma grafica para facilitar o seu uso. Os
graficos ilustrados na segéo 2.3 sdo completados em Albuquer-
que [6] e Silva [7]. Neste trabalho, empregou-se o programa de
computador sueco Super Tempcalc, desenvolvido pela Fire Safety
Design (FSD [8]).

Figura 3 - Campo de temperaturas
em um modelo de viga

2.1 Analise térmica

Por meio do método dos elementos finitos foram desenvolvi-
das analises térmicas de modelos de vigas com as seguintes
caracteristicas:

B Secdes retangulares com larguras de 14 cm, 19 cm, 25 cm, 30
cm e 35 cm e alturas de 40 cm, 50 cm, 60 cm e 70 cm, todas
superpostas por uma laje de 5 cm de espessura e 60 cm de
largura, como ilustrado na figura 2;

B Aquecimento, conforme incéndio-padrao ISO 834 [9], nas trés
faces da viga (laterais e inferior) e sob a laje. A face ndo expos-
ta ao fogo foi, a favor da seguranga, considerada adiabatica
(figura 2);

m Parametros fisicos e térmicos do concreto, variaveis com a
temperatura, conforme equagdes indicadas na ABNT NBR
15200 [1]: condutividade térmica (A 8); calor especifico (c 6)
para umidade relativa de 1,5% e massa especifica (p,8), ado-
tando-se p = 2400 kg/m® a temperatura ambiente, de acordo
com a ABNT NBR 6118 [5];

m Coeficiente de transferéncia de calor por convecgéo (a,) igual
a 25 W/m?2 °C e emissividade resultante (g ) nas faces expostas
ao fogo igual a 0,7, valores recomendados pela ABNT NBR
15200 [1];

m Dominio discretizado por malha de elementos retangulares de
quatro nés e lados de 0,005 m. Time step, incremento de tem-
po para a analise térmica, assumido igual a 0,002 h, valor que
tem conduzido a resultados satisfatérios para analises térmicas
preliminares para os intervalos de tempo de incéndios comuns
e condigdes de contorno usuais (FSD [8]).

Figura 4 - Armaduras inseridas em modelo de viga: uma camada positiva;
duas camadas positivas; uma camada negativa; duas camadas negativas

e
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Figura 5 - Equilibrio de forcas em secdo de concreto armado & temperatura ambiente

Elemento finito comprimido j

CGdo elemento

finito comprimido j

o fcd ‘&'ci

m

' Mpg*=ufy LA,z

CG das armaduras —:H

i=1
) {4 A

11

Barra 1 da armadura

Sobre a dimenséo das lajes, adotou-se uma espessura relativa-
mente pequena a favor da seguranga, pois as vigas que serao
dimensionadas por intermédio dos graficos terdo, no minimo, lajes
com espessuras de 5 cm, que consiste no menor valor indicado
pela ABNT NBR 6118 [5] no que tange a lajes macigas, nesse
caso as de cobertura ndo em balancgo.

Considerando que o aumento da espessura é diretamente propor-
cional a massa de concreto que absorve calor, as vigas com lajes
mais espessas estardo em condigdo menos critica quando com-
paradas aquelas utilizadas no desenvolvimento do método grafico.
Assim, a partir dos dados de entrada citados anteriormente, deter-
minou-se o campo de temperaturas em funcédo do tempo das vigas
sob lajes (figura 3).

2.2 Analise estrutural

Para essa analise, admitiram-se:

m Coeficientes de minoragéo das resisténcias (y, e y,) iguais a 1,4

(concreto) e 1,15 (ago) para a temperatura ambiente e igual a

1,0 (v,,€7,,) para ambos os materiais em situag&o de incéndio,

seguindo a ABNT NBR 6118 [5] e a ABNT NBR 15200 [1], res-

pectivamente;

Redutor do valor de célculo da resisténcia a compressao do con-

creto a temperatura ambiente (a) igual a 0,85 e em situagéo de

incéndio (a,) iguala 1,0, conforme a ABNT NBR 6118 [5] e o

FIB/CEB [10], respectivamente;

m Armaduras com didmetros de 10 mm, 12,5 mm, 16 mm, 20 mm
e 25 mm, dispostas em uma e duas camadas, positivas e nega-

tivas, com cobrimentos de 25 mm, 30 mm e 40 mm (figura 4);
aco CA-50; quantidade de barras possivel para cada largura,
obedecendo aos valores de espagamento minimo livre entre as
faces das barras longitudinais, propostos pela ABNT NBR 6118
[5]; estribos com didmetro de 5 mm;

Para efeito de processamento, admitiu-se a resisténcia carac-
teristica do concreto & compresséo (f,) igual a 25 MPa. Entre-
tanto, devido a uma simplificagédo favoravel a seguranga, ado-
tada nos calculos realizados no Super Tempcalc, os resultados
apresentados no item 2.3 independem do valor de f,. Assim,
recomenda-se, apenas, que esse seja menor ou igual a 50
MPa, para evitar que o concreto seja de alta resisténcia, fora
do escopo desta pesquisa;

Efeitos das deformagdes térmicas desprezados, conforme a
ABNT NBR 15200 [1]. Ademais, ndo foram impostas deforma-
¢Oes especificas limites tanto para o concreto quanto para o
aco (FSD [8]).

Introduzindo essas informagdes no modulo estrutural do Super
Tempcalc e a partir do campo de temperaturas gerado na analise
térmica, determinou-se o parametro y, indicado na equagao 3, em
fungdo do tempo de aquecimento.

Mg i

*

MRd

3)

Onde: p € o momento relativo; M 'e M, ; correspondem aos mo-

Figura 6 - Equilibrio de forcas em secdo de concreto armado em situacdo de incéndio

CGdo elemento
finito comprimido j

CG das armaduras

Elemento finto comprimado )

ot fea i Kooy Ag
mg
i Mgas = ¢ fcd,nj; 1kclﬂi A,V
o {6 K. 0 A

Barra i da armadura
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mentos fletores resistentes de calculo da segao de concreto arma-
do, a temperatura ambiente e em situagéo de incéndio, respectiva-
mente, ambos sem a consideragdo de deformagdes-limites.
Esses momentos foram definidos por meio do equilibrio de for-
¢as, hipdtese Unica de célculo do programa (equagdes 4 e 5/
figuras 5 e 6). E importante esclarecer que foi admitida a tenséo
de pico em cada um dos elementos finitos comprimidos de con-
creto e, da mesma forma, a plastificagéao total do ago nas arma-
duras, desconsiderando a compatibilidade entre deformagoes.

m
Mpg = afeq Z Agz; (4)

=1

mfj

Mgafi =0 feq s Z kc,ej Az (5>

j=1

Onde: a e a; sdo os redutores dos valores de calculo das re-
sisténcias a compressao do concreto a temperatura ambiente e
em situagé@o de incéndio, respectivamente; f_ e fcd,ﬁ sdo as re-
sisténcias de calculo a compressédo do concreto a temperatura
ambiente e em situagéo de incéndio, respectivamente; kc,ej é o fa-
tor de reducgéo da resisténcia a temperatura 8 do elemento finito

comprimido j; A € a area do elemento finito comprimido j; z e z

sdo as distancias entre o CG do elemento finito comprimido j e a
linha horizontal que passa pelo CG das armaduras a temperatura
ambiente e em situacao de incéndio, respectivamente.

2.3 Resultados

Os graficos apresentados neste item, que consistem nos re-
sultados obtidos a partir de um método mais avangado para
dimensionamento, dependem do parédmetro p apontado na
equacgao 6.

_ Mgy
Rd
Onde: M_,. é o momento fletor solicitante de calculo em situa-

Sd.fi
¢éo de incéndio e M, é o momento fletor resistente de calculo

da segao de concreto armado a temperatura ambiente.

A seguranca é atendida quando Mg, < M., .. Logo, admitindo-se
Mgy = Mgy NO paré@metro p fornecido pelo Super Tempcalc,
é possivel encontrar o tempo maximo de resisténcia ao fogo
(TRF) do elemento estrutural.

Note-se ainda que, por simplicidade, substituiu-se M," por M.,
na expresséo de p, onde M, € o valor determinado para o proje-
to a temperatura ambiente, ou seja, aquele no qual sdo impostas
deformacdes especificas limites para os materiais e que pode ser
inserido pelo engenheiro como dado de entrada, uma vez que

Figura 7a - TRF x 1 para viga com momento positivo,
b,=19cm,40<h <60 cm, c =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 7c - TRF x . para viga com momento positivo,
b,=19 cm, 40 <h <60 cm, ¢ =40 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada
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Figura 7b - TRF x 1 para viga com momento positivo,
b,=19 cm, 40 <h <60 cm, ¢ = 30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 7d - TRF x 1 para viga com momento positivo,
b,=25cm, 40 <h <60 cm, c =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Concrete beams fire design using graphs

para M., < M./, os graficos permanecem a favor da seguranga.
Para o calculo de M, ;, pode-se utilizar a express&o para combina-
¢ao ultima excepcional das agbes recomendada pela ABNT NBR
8681 [11] (equagdo 7), em que sao desprezados os efeitos das
deformagdes térmicas.

m n
Fqq=1,2 Z Feik+0,7 Z W F g (7)

i=1 j=1

Figura 7e - TRF x 1 para viga com momento positivo,
b,=25cm,40<h<60cm, c =30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8b - TRF x 1 para viga com momento negativo,
b,=19cm, 40 <h <50 cm, ¢ =30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 7f - TRF x 1 para viga com momento positivo,
b,=25cm,40<h <60 cm, c =40 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8a - TRF x 1 para viga com momento negativo,
b,=19cm, 40 <h <50 cm, c =25 mm,
C 25- C 50, CA 50 e armaduras em 1 camada
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Figura 8c - TRF x L para viga com momento negativo,
bw =19 cm, 40 < h <50 cm, ¢ = 40 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8d - TRF x i para viga com momento negativo,
b, =19 cm, 50 <h <60 cm, ¢ = 25 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada
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Onde: F, ;€ o valor de calculo da ag&o na combinagéo excepcional;
F & ovalor caracteristico da agao permanente i; FQJ._ké o valor carac-
teristico da agéo variavel j e g, € o fator de combinag&o utilizado para
determinacdo dos valores reduzidos das agdes variaveis (segundo a
ABNT NBR 8681 [11], para combinagdes excepcionais onde a agao

principal for o fogo, o fator de redugéo y, pode ser reduzido, multipli-

Figura 8e - TRF x . para viga com momento negativo,
b,=19cm,50<h <60 cm, c =30 mm,
C 25 -C 50, CA 50 e armaduras em 1 camada
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cando-o por 0,7, como indicado na equacéo em analise).

A seguir, alguns resultados compilados (figuras 7a a 8r). Além do
parametro y, as variaveis correlacionadas a determinacdo do TRF
sdo: posicdo do momento (positiva ou negativa), largura da viga
(b,), altura (h), cobrimento (c), categorias do concreto e do ago e
distribuigdo das armaduras (1 ou 2 camadas).

Figura 8h - TRF x 1L para viga com momento negativo,
b, =19 cm, h 2 60 cm, ¢ = 30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8f - TRF x 1. para viga com momento negativo,
b,=19 cm, 50 <h <60 cm, ¢ =40 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada

1,0 - C— = =210 ou 3410
09 Iy el I 0410 ou
’ S SS 2612,50u
S~
0,8 = 3¢12,50u
-~
07 2616
- 0,6 - = 3416 0u2$20
0,5
0,4
03
0,2
3020 ou 225
0,1
0,0 T T T 1
60 90 120 150 180

TRF (min)

Figura 81 - TRF x i para viga com momento negativo,
b, =25cm, 40 < h <50 cm, c =40 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8g - TRF x L para viga com momento negativo,
b, =19 cm, h =60 cm, ¢ =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada

1,0 == e==2¢10 0u
09 ~ 2612,50u
§ \\ ~ 2616 0u 3$16
0,8 Seg ou4d16 ou
07 SNl 2¢:20 ou 320
4 == ou2425
06 — — 3010 0u 4¢10
0,5 ou5¢$10 ou
3¢12,50u
04 4412,5
0,3

0,2
0,1
0,0

T
-
-
-~
~

3¢25

60 920 120 150 180
TRF (min)

Figura 8j — TRF x 1 para viga com momento negativo,
b,=25cm,40<h <50 cm, c =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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2.4 Redistribuicdo de momentos

O comportamento estrutural de vigas em situagéo de incéndio de-
pende fundamentalmente da forma como estéo apoiadas. As sim-
plesmente apoiadas s&o mais suscetiveis a acao térmica, ja que

Figura 8k — TRF x 1 para viga com momento negativo,
b,=25cm,40<h <50 cm, c =30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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ndo possuem a capacidade de redistribuir seus momentos e gerar
uma situagéo favoravel de resisténcia ao fogo, diferentemente das
continuas, que possuem essa propriedade.

Uma viga continua é exposta ao fogo pela face inferior de seus
vaos, enquanto a superior permanece relativamente fria. Essa

Figura 8n - TRF x 1 para viga com momento negativo,
b, =25 cm, 50 < h < 60 cm, ¢ = 30 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
1,0 — — — — 2¢100u4dp10ou
i Ty e P 64100u 2412,5
0,9 S<as ou4d12,5 ou
0,8 6412,50u 2416
07 oudd16 ou 2420
ole === 4420 0u 2025
Lo
0,5
0,4
0,3
02 4425
0,1
0,0 T T T 1
60 90 120 150 180
TRF (min)

Figura 81 - TRF x u. para viga com momento negativo,
b,=25cm, 40 < h <50 cm, c =40 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada
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Figura 8o - TRF x 1 para viga com momento negativo,
b,=25cm, 50 <h <60 cm, c =40 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8m - TRF x 1. para viga com momento negativo,
b,=25cm,50<h <60 cm, c =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8p - TRF x 1 para viga com momento negativo,
b,=25cm, h 260 cm, c =25 mm,
C 25-C 50, CA 50 e armaduras em 1 camada
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Figura 8q - TRF x L para viga com momento negativo,
b,=25cm, h260cm, c =30 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada
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Figura 8r - TRF x 1L para viga com momento negativo,
b,=25cm, h=60cm, c =40 mm,
C 25 - C 50, CA 50 e armaduras em 1 camada
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situagdo é favoravel, dado que as fibras superiores da viga,
com resisténcia pouco prejudicada, sao capazes de suportar
maiores momentos negativos, enquanto as fibras aquecidas da
face inferior, com resisténcia reduzida pela exposi¢édo ao fogo,
suportarao a um momento positivo também reduzido. Logo, po-
dera haver uma redistribuigdo de momentos, do positivo para o
negativo (figura 9).

O método grafico aqui apresentado permite incorporar a redistri-
buicao de momentos para vigas continuas em incéndio. Para isso,
€ necessario apenas aplicar o coeficiente de redistribuigéo (8) no
momento fletor solicitante positivo em situag&o de incéndio (Mg, ;")
e calcular o momento fletor solicitante negativo em situagdo de
incéndio (M, ") impondo-se o equilibrio de esforgos. Na segéo a
seguir sdo expostos mais detalhes sobre esse assunto.

Barras aquecidas

Figura 9 — Redistribuicdo de momentos solicitantes numa viga continua sob incéndio

Pas
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Figura 10 - Esquema estatico da viga e secdo adotada
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(126 kKN m

70 KN m
L=6m

Figura 11 - Diagrama de momentos fletores solicitantes de cdlculo e dimensionamento
a temperatura ambiente antes da redistribuicdo de momentos

| o e @

A= 4010

A, =3016

1 0,75 x 126
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Figura 12 - Diagrama de momentos fletores solicitantes de calculo e dimensionamento
a temperatura ambiente depois da redistribuicdo de momentos

A* = 30125

A =4012,5

2.5 Exemplo de aplicagao

No esquema estatico da viga, “L” € comprimento do v&o e “p,” o
valor caracteristico do carregamento uniformemente distribuido. A
secao transversal foi adotada conforme os modelos utilizados no
método grafico para dimensionamento, considerando-se uma viga
sob laje de 5 cm de espessura (a favor da seguranca) e 60 cm de
largura, como ilustrado na figura 10. Estipulou-se cobrimento de
25 mm, estribos com diametro de 5 mm, concreto com f, igual a
25 MPa e ago com f, igual a 500 MPa. Visto a simetria dos véos,
os calculos foram realizados somente para um trecho da estrutura.

Figura 13 - Carregamento uniformemente
distribuido em incéndio

Pas = 16 KN/m
¥y Y Y YYYY Y Y Y VY

P

L=6tm

A redistribuicdo de momentos a temperatura ambiente, do negati-
Vo para o positivo, foi realizada de acordo com a ABNT NBR 6118
[5]. Analisando-se a posic¢éo da linha neutra na segéo (x), sua re-
lagdo com o coeficiente de redistribuicdo (d) e, considerando-se
uma estrutura de nos fixos, a redistribuigdo maxima permitida foi
25% (6 = 0,75).

Os diagramas de momentos fletores solicitantes de calculo e re-
sultados do dimensionamento a temperatura ambiente, antes e
depois da redistribuicdo de momentos, da viga em estudo estao
representados nas figuras 11 e 12. Nos dois casos, tanto as se-
¢Oes positivas quanto negativas se encontram no dominio 2.

A partir da area de ago adotada, considerando-se a redistribuigéo,
& possivel calcular os momentos resistentes, positivo e negativo,
que serao necessarios no parametro p, utilizado como dado de
entrada nos graficos.

Momento resistente positivo (M,*): 89 kN m

Momento resistente negativo (M.,): 112,5 kN m

Na verificagdo da estrutura em situagéo de incéndio, utilizou-se
a equagao 7 para a determinagao do valor de calculo do carre-
gamento uniformemente distribuido. Foram consideradas 60% de
acgoes permanentes e 40% variaveis. Admitiu-se que se tratava de
uma viga localizada num edificio residencial (g, = 0,7 x 0,3 = 0,21;
valor recomendado pela ABNT NBR 8681 [11]). O novo carrega-
mento (p, ) esta ilustrado na figura 13.

Sob temperaturas elevadas, as vigas de concreto armado se tor-
nam mais ducteis. Portanto, o coeficiente de redistribuicdo de mo-
mentos em situagao de incéndio pode ser maior do que o aplicado
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a temperatura ambiente, uma vez que a capacidade de rotagao
dos apoios é majorada nessas condicoes.

No entanto, por simplificagdo e a favor da seguranga, adotou-se
o mesmo coeficiente para redistribuigdo de momentos, agora do
positivo para o negativo, utilizado na analise anterior (6 = 0,75).
Logo, calculou-se o novo momento negativo, ilustrado na figura
14, por meio da equacgédo 8, que também foi utilizada nos calculos
a temperatura ambiente, porém, com coeficientes de seguranca
distintos. Os diagramas de momentos fletores solicitantes de cal-
culo em situagéo de incéndio, antes e depois da redistribuigéo,
estao expostos nas figuras 15 e 16.

_ P2

+
M. LZ 2 MSd,ﬁ redistribuido
SAfi redistribuido = 5 P = —

Pasi L2

®)

Onde: L € 0 vao da Vlga; MSd,fi+redistribuido € MSd,fi-redistribuido $ao 0s mo-
mentos fletores solicitantes de calculo redistribuidos em situagao
de incéndio, positivo e negativo, respectivamente, e p,, € o valor
de calculo do carregamento uniformemente distribuido em situa-

cao de incéndio.

Figura 14 - Procedimento para redistribuicdo dos
momentos solicitantes em situa¢do de incéndio

l Mb‘-d.ﬁ_rrdis.lrubuidu
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L

Figura 15 - Diagrama de momentos fletores solicitantes
de cdlculo em incéndio antes da redistribuicdo
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Os parametros p terdo, portanto, os seguintes valores:

Msap® 40
= U 2045 (A =3D125
Mpst 89 (As )
= Msan 725 oo (ac=ad125
T Mpqs 1125 (As= )

Figura 16 - Diagrama de momentos fletores solicitantes
de cdlculo em incéndio depois da redistribuicdo
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Figura 17 - Determina¢do do tempo de resisténcia
ao fogo (TRF) positivo da viga
em estudo por meio grdfico
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Figura 18 - Determinac¢do do tempo de resisténcia
ao fogo (TRF) negativo da viga
em estudo por meio grdfico
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Considerando-se os momentos redistribuidos:

MSd,fi+ redistribuido 30
t= e = —=0,35 (A" =3d125
Mgq * 89 (s )

— MSd,fi- redistribuido — 102
Mg~ 112,5

A partir dos graficos, apresentados nas figuras 17 e 18, para a pri-
meira situagéo estudada, TRF* =95 min e TRF-= 180 min. Portan-
to, TRFViga =95 min. No segundo caso, em que a redistribuicdo de
momentos foi aplicada, TRF* = 105 min e TRF- = 150 min. Logo,
TRF,,, = 105 min.

Por meio do método tabular (tabela 2), uma viga continua com b,
=190 mm e c, = 36,25 mm (A_* = 3®12,5; armadura longitudinal
inferior) teria, por interpolagéo linear, TRFViga = 104 min. Porém,
segundo a ABNT NBR 15200 [1], em seg¢bes com somente uma
camada de armaduras e largura nao superior, conforme o TRRF,
ao b, indicado na coluna 2 da tabela 2 (b, = 190 mm <b_ =
273,5 mm, este valor calculado por interpolagéo linear) algumas
mudancas em projeto devem ser realizadas: aumentar em 10 mm
o ¢, no fundo das vigas ou especificar barras de canto com um di-
ametro imediatamente superior. Caso essas alteragdes nao sejam
atendidas, o TRF deve ser recalculado, considerando-se, a favor
da seguranga, c, reduzido em 10 mm. Portanto, nesta situagéo,
TRF,,, = 86 min.

Como observado, a comparagéo dos resultados obtidos por meio
das ferramentas graficas ao método tabular ndo é imediata, devi-
do ao grande numero de variaveis. Visto a simplicidade do método
apresentado na norma brasileira, recomenda-se, a priori, utiliza-lo
para dimensionamento. Caso as exigéncias em relagdo ao tempo
de resisténcia ao fogo (TRF) ndo sejam atendidas, pode-se recor-
rer ao método grafico como ferramenta para solugédo do problema,
visto os resultados satisfatérios apresentados neste exemplo de
aplicagédo, quando aplicada a redistribuicdo de momentos em si-
tuagao de incéndio.

=0,90 (A; =40 12,5)

3. Conclusodes

EE

A ABNT NBR 15200 [1] indica um método simples para dimensio-
namento de vigas em situagado de incéndio: o tabular. Esse mé-
todo, apesar de pratico, restringe o trabalho do engenheiro por
nao Ihe permitir alternativas para concepgao. A partir de analise
térmica e estrutural, empregando o método dos elementos finitos,
desenvolveram-se ferramentas graficas que permitem encontrar
solugdes estruturais mais realisticas do que as prescritas pelo
método tabular. Parte delas foi apresentada neste artigo. Em in-
céndio, os pisos (laje sobre vigas) sdo aquecidos na face inferior.
Assim, é possivel redistribuir-se parte dos momentos positivos
nas vigas para os negativos. Os mesmos graficos podem, tam-
bém, ser utilizados no caso de se empregar essa redistribuicéo de
momentos. No exemplo de aplicagdo, mostrou-se que o método
grafico pode, em determinada situagéo, ser mais econémico do
que o tabular.
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Abstract
E——

A concrete element when kept under sustained load presents progressive strain over time, associated to the creep. In reinforced concrete col-
umns, such deformations cause the stress increase in the steel bars of the reinforcement and may induce the material to undergo the yielding
phenomenon. The pioneering formulations about the creep effect, developed on the base of creep coefficient, are applicable, especially, when the
stress magnitude remains constant. Its application to reinforced concrete members, which exhibits change in stress magnitude, requires simplifi-
cations of which result the memory models, which have the disadvantage of requiring the storage of the stress history. To overcome the difficulties
related to the excessive demand for computer memory, State models have been developed that dispense such robustness of storage. The subject
of this work is the analysis of creep deformations in reinforced concrete columns on the base of a state model fixing its physical parameters from
results obtained through the NBR 6118/07 formulation. The results showed that, in the elapse of the phenomenon, occurs stresses transfer from
the concrete mass to the reinforcement steel bars which, in turn, have the effect of restrain the creep strains, confirming, in some cases, an im-
minent material yielding condition.

Keywords: reinforced concrete, column, creep, simulation.

Resumo

Um elemento de concreto quando mantido sob tensdo apresenta deformagao progressiva no decorrer do tempo, aditiva a deformagao imediata
ao carregamento. Em pilares de concreto armado, as deformagées por fluéncia promovem o acréscimo de tensdes nas barras de aco, podendo
induzir o material a experimentar o escoamento. As formulagdes pioneiras do efeito de fluéncia, desenvolvidas com base no coeficiente de flu-
éncia, sao aplicaveis, sobretudo, quando as tensées se mantém constantes. Sua aplicagéo a elementos de concreto armado, que apresentam
variagdes de tensdes, requer simplificagdes das quais resultam os modelos de memoaria, que tém a desvantagem de exigir o armazenamento do
historico de tensdes. Para suplantar as dificuldades ligadas a excessiva demanda de memoéria de computador, foram desenvolvidos os modelos
de estado que dispensam tal robustez de armazenamento. O objetivo deste trabalho é a analise das deformacgdes por fluéncia em pilares de
concreto armado, realizada com base em um modelo de estado, com parametros fixados a partir da formulagdo da NBR 6118/07. Os resultados
obtidos revelaram que, no decorrer do fendbmeno, verifica-se a transferéncia de esforgos do concreto para as barras da armadura de ago, que
por sua vez exercem o efeito de contengéo das deformacdes correlatas, confirmando-se, em alguns casos, o estabelecimento de uma condigéo
de iminente escoamento do material.

Palavras-chave: concreto armado, pilar, fluéncia, simulagao.
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Creep strains on reinforced concrete columns

1 Introduction

EE

The state of stresses due to sustained load, promotes strains
in concrete members which progresses over time, character-
izing the phenomenon known as creep.

Such kind of deformations results, particularly, from the vis-
cous behaviour associated to the adsorbed water layer at
the cement grains surface, in the hardened concrete (Mc-
GREGOR, 1997), apud [8].

The creep deformations are more pronounced in the first
months of the structure lifetime, when develop under higher
rates. It can extend for periods of time up to ten years, al-
though in more advanced stages, it evolves over modest rates.
There are cases in which the creep deformations can take
magnitudes greater than three times the deformation at the
instant of loading, inducing structural displacements of simi-
lar magnitude [8].

Among the relevant factors that influence the creep deforma-
tion it may include environmental moisture, the ratio of the ap-
plied stress to the concrete strength, and the reinforcement.
In the case of reinforced concrete members, the deforma-
tions due to creep can modify significantly the stress fields in
their constituents. In columns, specifically, it can promote the
stress reduction on the mass of the concrete and the stress
increase in the steel bars, which can induce the latter to ex-
perience the yielding phenomenon.

The pioneering formulations for creep deformation model-
ling were developed from the creep coefficient concept.
They are applied, in particular, to elements for which the
stresses on the concrete remain constant over time. Their
adequacy for reinforced concrete members, which exhibit
stress variations during the phenomenon, depends on the
application of simplifier artifices that result on memory mod-
els. These kinds of formulations are so named because they
demand, in its calculation, the history of stresses storage,
resulting in large-scale storage amount that can become the
modelling unfeasible.

In order to overcome the difficulties related to the storage
robustness, it was developed the state models that provide
the use, exclusively, of the stresses at the moment before the
considered instant.

The aim of this work is the simulation of the creep strain on
reinforced concrete columns, based on a state model, whose
parameters were fixed from results obtained by NBR 6118/07
formulation, focused, above all, for the analysis of the rein-
forcement and moisture rate influences on the phenomenon.

2. Modelling
—

2.1 Concrete response to loading

The numerical analysis was performed according to incre-
mental iterative procedure and finite element approach. The
adopted mathematical modelling is based on the orthotropic
nonlinear formulation proposed by Kwak and Filippou [7] in
plane state of stress, from which the constitutive matrix ele-
ments to be used are defined through equations similar to
those employed in uniaxial state of stress, however, taking as

a reference, the equivalent deformations “¢_”, that, for every
one of the principal directions are given by:

£ =£,.+D,.jej/Dii (])

“wry wEy

The “i” and “j” indexes refer to principal plane direction. The “Dij”
parameters represent the constitutive matrix elements.

For the simulation of concrete in compression it was adopted the
constitutive relationships proposed by Hognestad [3], presented
in the form:

201‘1’ €
0, = I-—— g, forg, <g;<0;e
8’P SIP
3 €, —¢€,
0;=0,|/-————" | fore, <e,<Eg,,
Ogcu_ei
ip

The parameters “cip" and “eip” represent the concrete peak stress
and its correspondent strain beyond every “i” principal direction,
and “e_" is the ultimate strain. These equations represent the hard-
ening and softening branches, OA and AB, respectively, of the
curve in figure 1.

For the representation of the concrete behaviour in tensile stress,
was adopted the smeared crack model, whose advantages are
consider the continuity of the displacement fields, and to dispense
modifications of topological character in finite element mesh, in the
course of the processing inherent to its stages of calculation, as
shown in [7].

In addition, it was adopted the multidirectional cracking pattern,
represented by a system of mutually orthogonal cracks, in which
the inclination of their plans depends on the current state of stress
and may change according the loading stage.

Figure 1 - Stress strain curve for the concrete
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The concrete behaviour, for deformations lower than that corre-
sponding to the tensile strength, segment OC of the curve in figure
1, is considered to be linear elastic. For deformations of higher
magnitude, its behaviour is plastic with softening, being represent-
ed by segment CD, defined, even, as the value of the ultimate
tensile deformation, “¢_".

The cracked concrete ultimate deformation, assuming that the stiff-

ness is uniform on the entire finite element, would be given by:

=7 ©)

€

Where the “f” e “G,” parameters represent, respectively, the tensile
strength and the fracturing energy per unit of area of concrete, the
latter defined according to the CEB-FIP model code 1990 criteria [2].
However, the cracking pattern promotes disturbance on the unifor-
mity and continuity of the mass of concrete, inducing variation of
mechanical properties within the finite element. The larger the size
of the finite element, the greater will be the variation of stiffness
in its interior. In order to compensate the errors arising from such
variations, in this work, for elements greater than 75 mm length, it
is used the proposed resource by Kwak and Filippou [7], by setting
the ultimate tensile strain from:

_2G,.In(0,075/b) /
 £.(0075-b) @)

o

to which “b” is the finite element dimension expressed in meters.
The adopted concrete deformation module is the secant modulus,
“E.", that is obtained from:

E, =085E, (5)

Where the “E_” parameter is the initial deformation modulus, that is
expressed according to [1], on the form of equation:

E,=5600f, (MPa) (6)

In which the “f_” parameter is the concrete characteristic compres-
sive strength.

The concrete ultimate stresses are defined from the failure enve-
lope proposed by Kupfer and Gerstle [6], figure 2, whose analytical
representation in biaxial compression state is:

(B,+B,)’—B,—3.65B,=0 (7)

where, B, =0,/f, and B, =0,/ f. are the principal stresses with
0 >0, >0, “f."is the concrete uniaxial compressive strength. If in
equation 7 it is considered & = 0, / 0,, the concrete peak stresses,
on the principal directions, will be given by:

_1+3.650

620 - 2
(I1+a)

fe and 6,,=0,=0.0, 8)

The strains related to peak stresses in biaxial compression state,
“ezp” and “e1p”, according to [7], are obtained from the expressions:

€,, =€, 3B, -2) and

e, =€, 1687 +22587+0.35B,)

®

O-Ip O—Zp P
where f,=—~ and fB,=—-. The parameter “c" is the
c c

corresponding deformation to the stress peak compression in uni-
axial state of stress.

For concrete subjected to biaxial state of stress, it was adopted the
constitutive relationship on incremental form proposed by Desai
and Siriwardance, (apud [7]), written by equation 10.

o B WEE 0 g,
l
d(52 272 | EI'EZ E2 0 .d£2 (]0)
1-v
dyy 0 0 (1-v)G 1y
Figure 2 — Ultimate stress envelop for concrete
in biaxial state of stresses
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On equation 10 “do,”, “do,” e “dr,,” are the stress increments on
the principal directions. The “E;'s” parameters are the tangent de-
formation modules relating to such directions and “v” is the Pois-
son’s ratio. The “G” parameter is the transversal deformation mod-

ule that is given by:

(1-v?)G=025(E,+E, -~ JE.E,) ()

In this analysis were adopted the quadratic approximation isopara-
metric finite elements.

The mass of concrete region is represented by plane eight-node
quadrilateral elements Q8, as shown in figure 3.a.

2.2 Steel response to loading

The steel behaviour is considered as elastic perfectly plastic. Due
to the great transverse flexibility of the reinforcement steel bars,
only axial stiffness is considered, and then they are simulated by
bar three-node elements L3, figure 3.b. In this way, the related
stiffness matrix “K” is expressed by:

Ll L0
K=""210 1 -1 (12)
-1 -1 2

where the parameter “E” represents the steel Young’s modulus,
which is considered equal to 210,000 MPa. “A” is the reinforcement
cross section area, while “L” represents the bar finite element length.

2.3 Creep strains
The creep strains, “e(t)”, are simulated from the state model

proposed by Kawano and Warner [5], and they are obtained by
equation 13.

ec(t)zecd(t)+8cv(t) (]3)

ecd(t):—EL .%c(r)dt and
) (14)
€, (t):—i Mcm)dr
0'0 T

Where “e_,(t)" and “¢_ (t)" are the deformations parcels due to hard-
ening and visco-elastic effects, respectively. The functions “¢(t,7)"

and “¢ (t,7)” represent their respective creep coefficients. In their
incremental versions these parcels are presented in the form:

1
Agcd(tn) = FG (tn—] )'[q)d(tn’ to) _¢d (tn—]’to )] (]5)

and,
_ q’b* —Aty /T,
Ae,, (t,)= E—G(tn_z)—ﬁcv(tn_z)ﬂ—e 1 (16)
with:

0.6
(tn _to) *

g (17)

tt,)= .
baltrto) 10+(t,—t, )0

and:

O (1,.0,)=[1-e "N 1o (18)

Where “¢",” and “¢",” are the asymptotic creep coefficient values for
those two parcels, and “T " the retardation time. “t " is the instant
for which the creep deformations are being calculated, “t_,” is the
discrete instant, immediately preceding the instant “t ", and “t” is
the concrete age at the instant of loading.

At every instant “t " the creep strains are described according:

Sc(tn)ZSC(tn—1)+A€c(tn) (I9>

Figure 3 - Finite elements: a) Plane Q8; b) bar L3
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where “4€,(, )" is the incremental strain and is obtained from:

Agc(tn)zAscd(tn)+A£cU (tn) (20)

For the purposes of this work is assumed that, during every time
interval, the stress magnitudes will remain constant. Its variation
over all period of the observation of the phenomenon is expressed
in terms of a step kind function.

3. Computer support
-

With a view to the acquisition of the results aimed at the fulfiiment
of the objectives of this work, it was employed the software named
“Andlise Constitutiva Nao-Linear” — ACNL [8]. Such program was
structured according to incremental and iterative procedure and
the Finite Elements Method (FEM), on a Nonlinear Orthotropic
Formulation in plane state of stresses[7]. It even covers, in its al-
gorithmic framework, the element formulations described in item 2.

4. Analysed models
—

The models studied are columns 3.00 m length and rectangular
cross section 0.40 m height and base that differs case-by-case,
cast in concrete C 40, reinforced with CA-50 A steel bars, figure 4.
The structural member is subjected to a gradual loading process,
by the action of a uniform distributed load along the height of the
top section, whose magnitude progresses from zero to a final value
of 40% of the ultimate compressive stress of the concrete, table 1,
taking into account the limitations, in terms of stresses, of the NBR
6118/07 creep model.

The analysis was performed on twenty-two cases, distinguished
by the cross-sectional dimension, by the reinforcement ratio and
the moisture of the environment, as shown in columns 2, 3 and 5,
respectively, on table 1.

The problem domain has been defined from the rectangle whose
horizontal dimension is equal to the column length, and the vertical

dimension is equal to its cross section height, and its discretization
was performed on the basis of plane and bar elements, both 0.10
m dimensioned, resulting the mesh composed by 120 plane and
60 bar elements, figure 5. It is observed that in this case, as it hap-
pens in the figures relating to stress and displacement fields, the
structural member is being represented with its longitudinal axis
coinciding with the horizontal direction on the plane of the page
(“x” direction).

The age of the concrete at the instant of loading was set as 30
days. It was considered that all the perimeter of the column surface
is exposed to the environment contact. The retardation time was
valued as Tv = 600 days. The asymptotic hardening creep coef-
ficient was considered as being ¢,* = 2,00, as recommended by
Kawano and Warner [5]. The asymptotic creep coefficient related
to visco-elastic effects, ¢,*, exhibit distinct values case to case,
table 1, being obtained by the difference between the total asymp-
totic creep coefficient of NBR 6118/07 and the asymptotic harden-
ing creep coefficient.

The analysis was performed according to the “Plane State of
Stresses”.

The chart in figure 6 shows the curves of the creep coefficient evo-
lution with time, drawn from results obtained by the NBR 6118/07
model and the state model adopted in this work. It is noted a good
agreement between them, confirming up that the values adopted
for the state model parameters were properly fixed.

For the purposes of assessing the creep phenomenon longevity,
the maximum age limit of concrete was set as 3000 days, which
corresponds to the time from which the creep coefficient, virtually,
stabilizes, figure 6. For the numerical simulation purposes such
period of time was discretized from instant observation at 60, 120,
250, 500, 1000, 2000 and 3000 days.

5. Program validation

EE

The program efficiency was checked from the comparison of its
results with their corresponding obtained from a simplified algo-
rithm, based on the Solid Mechanics principles. In the design of
the latter is considered, above all, the Bernoulli hypothesis accord-
ing which the sections initially planes remain in this fashion during

Figure 4 - Basic column model
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Reinforcement

Cross sectional

Table 1 - Characterization of the studied cases

Environmental

width (m) ratio (%) MRl moisture (%)
1 0.20 0.40 1320 40 1.62
2 0.20 0.40 1320 60 0.91
3 0.20 0.40 1320 80 0.14
4 0.20 0.63 1340 40 1.62
5 0.20 1.00 1388 40 1.62
6 0.20 1.58 1444 40 1.62
7 0.25 0.32 1644 40 1.59
8 0.25 0.50 1665 40 1.59
9 0.25 0.80 1700 40 1.59
10 0.25 1.26 1764 40 1.59
1 0.30 0.27 1962 40 1.56
12 0.30 0.42 1988 40 1.56
13 0.30 0.67 2029 40 1.56
14 0.30 1.05 2083 40 1.56
15 0.35 0.23 2280 40 1.54
16 0.35 0.36 2310 40 1.54
17 0.35 0.57 2346 40 1.54
18 0.35 0.90 2408 40 1.54
19 0.40 0.20 2604 40 1.52
20 0.40 0.31 2626 40 1.52
21 0.40 0.50 2668 40 1.52
22 0.40 0.79 2724 40 1.52
Figure 5 — Problem domain and finite element mesh
y Bar elements
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the loading stage and after having achieved the equilibrium for the
final load.

In the simplified model the creep strain “e,(t, , t,)" developed be-
tween the moment of loading “t,” and the first instant of analysis
“t,” is given from:

(o)
€ (1,t)= qu)(fi:to)

@)

Where “o_” is the stress on the concrete in the instant of loading,
“E,.” is the concrete deformation module at 30 days and “4(t, , t.)"

is the creep coefficient between the instants “t ” and “t,”. The strain
increase “Ae(t,, t, )" between the “t, ;" e “t,” time stage will be:

Be 1oty )= 2 0(t.1)=0( 1ty )

k-1

2

i=1

AG; (22)

E

c

oct.t)-0(t,_,.1,)]

Where “Ao;” represents the stress magnitude variation given by:
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AG;=0,-0,,

(23)

In addition, “o(t, , t)" is the creep coefficient between any instants
“t” and “t,”. Equations 21 and 22 were corrected with the purpose
to consider the steel reinforcement effect, resulting:

C™C

€ t,t,)=€,(t,,t, )—————
f,corr(] o) f(] O)ECAC+ESAS

(24)

and

ECAC
A& ;o (Bt ) =08 (14,8 ;)

EA+EA, (&)

where the “E A" and “E_A_" products represent the concrete and
the steel axial stiffness, respectively.
The strains are then obtained from:

af(ti ) = 8f,::orr(tl’ t0) + zAgf,corr(tk’tk—l) (26)
k=2

For the validation purpose were considered the cases 3 and 6,
table 1, noting up good agreement of results, figure 7. In case 6,
the differences at 60 days and 3000 days were, exceptionally, the
largest, reaching percentages about 4.5% and 6%, respectively.
For the other concrete ages of the case 6 and all ages of the case
3, the differences did not reach the percentage of 2.5%. The ob-
tained results from the program were comparatively bigger, which
can be attributed to the fact that this computational tool take into
account, distinctly of the simplified analytical algorithm, the warp-

ing of the cross sections, which, indeed, is significant in the column
top vicinity, and is intensified during creep deformations.

6. Results and discussion

EE

When the equilibrium configuration referring to final load was
reached, the axial displacements and normal stresses field took
the morphologies shown in figures 8 and 9, respectively. For all
studied cases, the displacement magnitude at the top of the col-
umn and the stress on the mass of the concrete, were about 1.85
mm and 16 MPa, respectively, table 2.

By examining the stresses field, figure 9, it may be noted that the
overall solid features, shows discrete stress variations, except
on the region near its top, which is the loading introduction zone,
where it may be observed tenuous disturbance.

The displacement curves over time has showed similar trend, reg-
istering the final values given in table 2. For cases 1, 4, 5 and
6, the creep strains evolved according the curves of figure 10. At
3000 days the corresponding fields took over distribution similar
to that presented in figure 11. The smallest increase of creep dis-
placements was about 3 mm, corresponding to 1.7 times the dis-
placement at the instant of loading that was registered for case
3, which refers to the highest moisture content. The largest creep
displacement was about 5 mm, which is 2.8 times the presented
displacement at the instant of loading, that was noted for the case
19, concerning to the lowest moisture content and the lowest rein-
forcement ratio.

Due to creep deformations the mass of the concrete experienced
stress relief. For cases 1, 4, 5 and 6, the magnitudes evolved in
accordance to the curves of figure 12. For the other cases, the
curves display similar fashion, differing mainly with regard to its
values, table 2. The stresses field have stabilised at 3000 days,
showing a similar way as illustrated in figure 13. The lower stress
relief was about 4%, registered in case 19, while the highest was
about 28%, verified to the case 6, referring to the lowest and high-
est reinforcement ratio, respectively. It is observed that the creep
strains intensified the stress disturbance at the column top region.
The stresses on the reinforcement steel bars, in the cases 1, 4, 5 and
6, evolved according the curves of figure 14, noting up vertiginous
increases, after elapsed 3000 days. For the other cases the shapes

Figure 6 — Creep coefficient over time
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of curves were similar, however, with different magnitudes, table 3.
The smallest overstress was registered to the case 3, referring to the
largest environmental moisture content, whose variation was about
164%, while the largest was observed in case 15, which corresponds
to the lowest reinforcement ratio, culminating in a variation about
277%, table 3. For cases 1, 7, 11, 12, 15, 16, 19 and 20, which are
associated with the lowest moisture content and the lowest reinforce-
ment ratio, table 1, ocurrs the proximity of the steel yielding condition,
representing imminent risk of the structural member collapse, table 3.
From the analysis of the curves in figure 15, it is noted that the creep
displacements on the column top are smaller for larger reinforcement
ratios, revealing its strain restraint effect. It should be noted that to
reinforcement ratio about 1.58% the effective creep coefficient final
value, that is defined as the ratio between the column shortening
due to creep and its value at the instant of loading, was about 2.18,
and, therefore, 40% lower than their corresponding, evaluated for
the concrete with no reinforcement, which is equal to 3.62, table 4.

With respect to the environmental moisture influence on creep dis-
placements, figure 16, it was showed its inhibiting trend on the

phenomenon intensity, given that, for the case of reinforcement ra-
tio about 0.4% and cross-section 0.20 m wide, the effective creep
coefficient was about 2.73 for moisture content about 40%, 2.23 for
moisture content about 60% and 1.65, for moisture content about
80%, so that it was observed a reduction of up to 40% on that
parameter value.

7. Conclusions

[

This work refers to the creep strains analysis in reinforced concrete
column, on the basis of a state model, from a non-linear orthotropic
formulation and the finite element approximation.

In order to the fulfilment of this subject, it was studied some cases
differentiated among themselves by the adopted reinforcement
and the environmental moisture content.

The obtained results showed that for the environmental conditions
adopted and the parameters of the cases analysed, the creep strains
virtually stabilises themselves at 3000 days of the concrete age.
Furthermore, it was noted the occurrence of stress relief in the con-

Figure 8 — Longitudinal displacement field at the instant of loading — Case 1
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Displacement (mm)

Table 2 - General results

Stress on concrete (MPa)

Case
Immediate Creep (3000 days) Immediate Creep (3000 days) Total (MPa) Percentage
1 1.85 5.06 16.0 14.6 14 8.8
2 1.85 4.13 16.0 14.9 1.1 6.9
3 1.85 3.04 16.0 15.2 0.8 5.0
4 1.85 4.81 15.9 13.9 2.0 13.3
5 1.86 451 16.1 12.9 3.2 19.9
6 1.86 4.06 16.0 11.5 45 28.1
7 1.86 5.11 16.0 14.9 1.1 6.9
8 1.85 4,92 16.0 14.3 1.7 10.6
9 1.85 4.62 16.0 13.4 2.6 16.3
10 1.86 426 16.0 12.3 3.7 23.1
1 1.85 5.13 16.0 15.1 0.9 5.6
12 1.86 4,98 16.0 14.6 14 8.8
13 1.86 4,74 16.0 13.9 2.1 13.1
14 1.85 4.39 16.0 12.8 3.2 20
15 1.85 5.13 16.0 156.2 0.8 5.0
16 1.86 5.01 16.0 14.8 1.2 75
17 1.85 4.79 16.0 14.1 1.9 1.9
18 1.86 4.50 16.0 13.2 2.8 17.5
19 1.85 5.14 16.0 156.3 0.7 4.4
20 1.85 5.02 16.0 15.0 1.0 6.3
21 1.86 4.84 16.0 14.4 1.6 10.0
22 1.85 4,57 16.0 13.5 25 15.6

Stress increase

crete according to values as greater as higher the adopted rein-
forcement ratio, agreeing with the trend reported in [4].

The analysis object of this study even pointed out the occurrence
of stress increase on the steel bars that, for lower reinforcement

Figure 10 - Creep displacement curves for
20 cm x 40 cm sections and 40% moisture content
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ratio cases, culminated with the approach of the material yielding
condition, although this aspect has not been reported in [4].

In addition, it was observed that the effective creep coefficient, de-
fined as the ratio between the column shortening due to creep and
the observed contraction at the instant of loading, assumed values
as lower as higher the reinforcement ratio, thus confirming its effect
of deformation restraint.

The obtained results corroborated the trend reported by the scien-
tific literature on the subject, with regard to the moisture content in-
fluence on the creep effect, since the related deformation observed
was as higher as smaller the value of this parameter.
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Table 3 - Normal stresses on the reinforcement steel bars

Stress in the reinforcement (MPa) Stress increase
Initial Final (3000 days) Total (MPa) Percentage

1 129.4 482.2 352.8 272.7
2 129.4 4174 288.0 222.6
3 129.4 342.0 212.7 164.4
4 129.0 464.3 335.3 259.9
5 130.0 442.8 312.8 240.6
6 129.6 409.1 279.5 215.7
7 129.8 486.6 356.9 275.0
8 129.6 472.3 342.8 264.5
9 129.2 4504 321.2 248.5
10 129.6 423.9 294.3 227.1
11 129.6 487.9 358.4 276.6
12 129.8 477.2 3474 267.7
13 129.9 459.9 330.0 254.0
14 129.5 434.3 304.7 235.3
15 129.4 488.2 358.8 2772
16 129.9 479.9 350.0 269.5
17 129.7 463.7 334.0 257.6
18 129.8 442.7 312.8 240.9
19 129.7 489.1 359.4 2771
20 129.6 480.1 350.5 2704
21 129.8 467.1 337.3 259.9
22 129.6 447.1 317.5 245.1

Table 4 - Longitudinal displacement on the column top

Displacement (mm) Creep coefficient
Initial Creep (3000 days) Effective NBR Difference (%)

1 1.85 5.06 2.73 3.62 24.5
2 1.85 4.13 2.23 291 235
3 1.85 3.04 1.65 2.14 23.1
4 1.85 4.81 2.61 3.62 28.0
5 1.86 4.51 2.42 3.62 33.1
6 1.86 4.06 2.18 3.62 39.7
7 1.86 5.1 2.76 3.59 23.2
8 1.85 4,92 2.65 3.59 26.0
9 1.85 4.62 2.50 3.59 304
10 1.86 4.26 2.29 3.59 36.1
N 1.85 5.13 2.77 3.56 222
12 1.86 498 2.68 3.56 24.6
13 1.86 4.74 2.55 3.56 28.4
14 1.85 4.39 2.37 3.56 334
15 1.85 5.13 2.78 3.54 215
16 1.86 5.01 2.70 3.54 23.6
17 1.85 4.79 2.58 3.54 26.9
18 1.86 4.50 242 3.54 31.5
19 1.85 5.14 2.77 3.52 21.1
20 1.85 5.02 271 3.52 23.0
21 1.86 4.84 2.61 3.52 259
22 1.85 4,57 246 3.52 30.0

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4 L sessssee—— 547



Creep strains on reinforced concrete columns

of Reinforced Concrete Structures Under Monotonic Loads.
Report UCB/SEMM-90/14, Berkeley, Califérnia, 1990.
[08] MADUREIRA, E.L. Simulagdo Numérica do
Comportamento Mecanico de Elementos de Concreto
Armado Afetados pela Reagao Alcali-Agregado. 2007.
Tese (Doutorado em Engenharia Civil) — Departamento

Figure 14 - Evolution of stresses in the reinforcement
for 20 cm x 40 cm sections and 40% moisture content

Stress in the Reinforcement
b=0.20m

550,0
500,0 |
~~ 450,0
0o 400,0 -
350,0 L1
¥ 300,0 |
@ 250,0
0 2000
150,0
100,0

ss ( MPa

0 500 1000 1500 2000 2500 3000
Age (Days)

e (CASE]1 e= s+ CASE4 ememem CASES5 eeeee(CASEG

Figure 15 - Creep displacements according the
reinforcement ratio for 40% moisture content

Creep Displacement

6,0

5,0

&
[=}

~
o

Displacement { mm )
°
4

1,0

00 A
0 500 1000 1500 2000 2500 3000
Age ( Days )

—=p=020% =A=p=057% =L{F p=090% =0 p=126% =eAeep=158%

de Engenharia Civil - Universidade Federal de
Pernambuco, Recife, 2007.

[09] NGO, D.; SCORDELIS, A.C. Finite Element Analysis
of Reinforced Concrete Beams. Journal of ACI, [S.1.],
vol. 64, n. 3, p. 152-163, 1967.

Figure 16 — Creep displacements according the
environmental moisture for 0.40% reinforcement ratio

Creep Displacement
b=0.20 m p=0.40%

6,0
—_—
ES,U
—

_—

= 4,0 ISPy b
Q 30 /-’-
£ 2 PSP T L LR LR A e ALk b A i
@ /.-- 1
Q 2,0 .
8
& 10
(=]

0,0

0 500 1000 1500 2000 2500 3000

Age ( Days )

U=40% w=eme=J=(0% eesse)=80%

548 EE———

IBRACON Structures and Materials Journal < 2013 * vol. 6 *n°4




Volume 6, Number 4 (August 2013) p. 537-560 * ISSN 1983-4195

REVISTA IBRACON DE ESTRUTURAS E MATERIAIS

IBRACON IBRACON STRUCTURES AND MATERIALS JOURNAL

Creep strains on reinforced concrete columns

Deformacoées por fluéncia em pilares de concreto armado

E. L. MADUREIRA 2
edmadurei@yahoo.com.br

T. M. SIQUEIRA ®
tiagosiqueira12@hotmail.com

E. C. RODRIGUES °
edmilsoncrodrigues@gmail.com

Abstract
E——

A concrete element when kept under sustained load presents progressive strain over time, associated to the creep. In reinforced concrete col-
umns, such deformations cause the stress increase in the steel bars of the reinforcement and may induce the material to undergo the yielding
phenomenon. The pioneering formulations about the creep effect, developed on the base of creep coefficient, are applicable, especially, when the
stress magnitude remains constant. Its application to reinforced concrete members, which exhibits change in stress magnitude, requires simplifi-
cations of which result the memory models, which have the disadvantage of requiring the storage of the stress history. To overcome the difficulties
related to the excessive demand for computer memory, State models have been developed that dispense such robustness of storage. The subject
of this work is the analysis of creep deformations in reinforced concrete columns on the base of a state model fixing its physical parameters from
results obtained through the NBR 6118/07 formulation. The results showed that, in the elapse of the phenomenon, occurs stresses transfer from
the concrete mass to the reinforcement steel bars which, in turn, have the effect of restrain the creep strains, confirming, in some cases, an im-
minent material yielding condition.

Keywords: reinforced concrete, column, creep, simulation.

Resumo

Um elemento de concreto quando mantido sob tensdo apresenta deformagao progressiva no decorrer do tempo, aditiva a deformagao imediata
ao carregamento. Em pilares de concreto armado, as deformagées por fluéncia promovem o acréscimo de tensdes nas barras de aco, podendo
induzir o material a experimentar o escoamento. As formulagdes pioneiras do efeito de fluéncia, desenvolvidas com base no coeficiente de flu-
éncia, sao aplicaveis, sobretudo, quando as tensées se mantém constantes. Sua aplicagéo a elementos de concreto armado, que apresentam
variagdes de tensdes, requer simplificagdes das quais resultam os modelos de memoaria, que tém a desvantagem de exigir o armazenamento do
historico de tensdes. Para suplantar as dificuldades ligadas a excessiva demanda de memoéria de computador, foram desenvolvidos os modelos
de estado que dispensam tal robustez de armazenamento. O objetivo deste trabalho é a analise das deformacgdes por fluéncia em pilares de
concreto armado, realizada com base em um modelo de estado, com parametros fixados a partir da formulagdo da NBR 6118/07. Os resultados
obtidos revelaram que, no decorrer do fendbmeno, verifica-se a transferéncia de esforgos do concreto para as barras da armadura de ago, que
por sua vez exercem o efeito de contengéo das deformacdes correlatas, confirmando-se, em alguns casos, o estabelecimento de uma condigéo
de iminente escoamento do material.

Palavras-chave: concreto armado, pilar, fluéncia, simulagao.
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1. Introducgao

EE

O estado de solicitagdes referente a carregamentos que atuam
ininterruptamente promove deformagdes em elementos de con-
creto que progridem no decorrer do tempo, caracterizando o feno-
meno conhecido por deformagéo lenta.

Essas deformagdes decorrem, sobretudo, da fluéncia associada ao
comportamento viscoso da camada de agua adsorvida a superficie dos
gréos de cimento no concreto endurecido (McGREGOR, 1997), apud|[8].
As deformagdes por fluéncia sdo mais acentuadas nos primeiros
meses da vida Util da estrutura, quando apresentam taxas mais ele-
vadas. Podem delongar-se por periodos de até dez anos, muito em-
bora, em fases mais avangadas, evoluam mediante taxas modestas.
Ha casos nos quais as deformagdes por fluéncia podem assumir
magnitudes superiores a trés vezes a deformacgao verificada no
instante imediato ao carregamento, induzindo movimentagées es-
truturais de similar ordem de grandeza [8].

Dentre os fatores relevantes que influenciam a deformacgao lenta
incluem-se a umidade ambiental, a razéo entre a tensao aplicada
e a resisténcia do concreto, e, a taxa de armadura.

Em se tratando de membros de concreto armado as deforma-
¢Oes devidas a fluéncia podem modificar de forma expressiva os
campos de tensdes em seus elementos constituintes. Em pilares,
especificamente, promovem o alivio de tensdes na massa de con-
creto e o acréscimo de tensdes nas barras de ago, podendo indu-
zir este ultimo a experimentar o fendbmeno de escoamento.

As formulagdes pioneiras para modelagem da deformacéo lenta
foram desenvolvidas a partir do conceito de coeficiente de flu-
éncia. Sao aplicaveis, sobretudo, a elementos para os quais as
tensdes no concreto mantém-se constantes no decorrer do tem-
po. Sua adequagéo a elementos de concreto armado, que apre-
sentam variacdes de tensdes durante o fendbmeno, depende da
aplicacao de artificios simplificadores, resultando os modelos de
memoria. Tais formulagdes recebem esta denominagdo em razao
de exigirem em sua sequéncia de calculo, o armazenamento do
histérico de tensdes, resultando em volume de armazenamento
de grande envergadura, a ponto de tornar a modelagem inviavel.

Visando suplantar as deficiéncias ligadas a robustez de armaze-
namento, foram concebidos os modelos de estado que prevéem
a consideragao, exclusivamente, das tensdes do instante anterior
ao analisado.

O objetivo deste trabalho é a simulagéo das deformagdes por flu-
éncia em pilares de concreto armado, com base em um modelo
de estado, com parametros fixados a partir de resultados obtidos
mediante a formulagdo da NBR 6118/07, voltada, sobretudo, para
a andlise da influéncia da taxa de armadura e da umidade sobre
o fendmeno.

2. Modelagem
EE

2.1 Resposta do concreto imediata ao carregamento

A analise numérica foi realizada segundo procedimento iterativo in-
cremental e aproximagao por elementos finitos. A modelagem ma-
tematica adotada pautou-se na formulagdo ortotropica nao-linear
proposta por Kwak e Filippou [7], segundo a qual os elementos da
matriz constitutiva a utilizar sdo definidos com base em equagdes se-
melhantes aquelas empregadas em solicitagao uniaxial, tomando-se,

»

porém, como referéncia, as deformages equivalentes‘e ", que para
cada um dos planos principais, sdo dadas por:
€, :£i+D,.jej/Dil. (])

e e

Os indices “i” e “j” se referem as diregdes dos planos principais. Os
parametros “Dij” representam os elementos da matriz constitutiva.
Para a simulagdo do concreto solicitado a compressao adotaram-
-se as relagdes constitutivas propostas por Hognestad [3], apre-
sentadas na forma:

Z’Gi[’ €
0, = I-——|&, para & <€;<0;e
€p 2¢,,
ei_eip
0, =0, /—-— para €, <€,;<§,
20 —¢.
cu ip

As constantes “¢, " e “c, " representam a deformagéo e a tenséo de
pico do concreto, segundo a dire¢do principal “i’, e, “¢_” a defor-
magao limite de ruptura. Essas equagdes representam os trechos
de endurecimento e de amolecimento, segmentos OA e AB, res-
pectivamente, da curva da figura 1.

Para a representagdao do comportamento do concreto solicitado a
tragdo, foi adotado o modelo das fissuras distribuidas, cujas van-
tagens séo considerar o campo de deslocamentos como se fosse
continuo, e, dispensar modificagbes de carater topolégico na ma-
Iha de elementos finitos, no decorrer do processamento inerente a
suas etapas de calculo, conforme apresentado em [7].

Além disso, foi adotado o padrao de fissuragéo multidirecional, represen-
tado por um sistema de fissuras mutuamente ortogonais rotativas, no
qual a inclinagdo de seus planos é condicionada ao estado de tensdes
corrente, podendo modificar-se conforme o estagio do carregamento.

Figura 1 - Curva tensdo deformacado
para o concreto
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O comportamento do concreto, para deformagdes de magnitude in-
ferior aquela correspondente a resisténcia a tracéo, trecho OC da
curva da figura 1, é considerado linear elastico. Para deformagdes
de magnitude superior, seu comportamento € plastico com amole-
cimento, sendo representado pelo segmento de reta CD, definido,
inclusive, conforme o valor da deformag&o ultima em trag&o, “¢_”.

A deformacgao ultima do concreto fissurado, admitindo-se a uni-

formidade da rigidez ao longo do elemento finito seria dada por:

— Z.Gf
i

€

3

o

Onde os parametros “f” e “G,” representam, respectivamente, a
resisténcia a tragéo e a energia de fraturamento por unidade de
area do concreto, este ultimo definido conforme os critérios do
CEB-FIP model code 1990 [2].

Entretanto o padréo de fissuragdo promove perturbagao na uniformi-
dade e continuidade da massa de concreto, induzindo variagéo de
propriedades mecanicas no interior do elemento finito. Quanto maior
a dimensao do elemento finito tanto maior sera a variagéao de rigidez
em seu interior. Com o objetivo de compensar os erros decorrentes
de tais variagdes, neste trabalho, para elementos de dimensao supe-
rior a 75 mm, é utilizado o recurso proposto por Kwak e Filippou [7],
definindo-se a deformagao ultima de tragao a partir de:

_2G,.In(0,075/b) ’
~ £.(0075-b) @

o

para a qual “b” é a dimenséo do elemento finito, expressa em metros.
O modulo de deformacgao adotado para o concreto sera o modulo
secante, “E.", dado a partir de:

E, =085E, (5)

onde “E_” € o médulo de deformacéo inicial expresso, segundo [1],
na forma da equagédo 6 apresentada a seguir.

E,=5600/f, (MPa) O

Sendo o “f " a resisténcia caracteristica & compressé&o do concreto.
As tensdes limite no concreto sao definidas a partir da envolto-
ria proposta por Kupfer e Gerstle [6], figura 2, cuja representacao
analitica em estado de compresséo biaxial & da forma:

(B,+B,)’—B,—3.65B,=0 (7)

onde B =01/ f,, Br=05/fe. “c,” e “c,” s&o as tensdes princi-
paiscom0 >0, >0, * Je” 6 aresisténcia a compressao uniaxial do
concreto. Fazendo-se, na Equagéo 7, o = 0,/0,, as tensbes de
pico no concreto, segundo as diregdes principais, serdo dadas por:

143650

- (l+a)2 fC € G]c:ch :(X"GZ (8)

07

As deformagdes referentes as tensdes de pico em estado de compressao
biaxial, “szp" e “s1p", segundo [7], sdo obtidas conforme as expressdes:

82p =€, (3[32 _2) €
e, =€, 1687 +22587+0.35B,)

®

Iip B, = 92p . O parametro ‘e,,” € a deformag&o

Je e
correspondente a tensdo de compressao de pico para estado
uniaxial de tensdes.
Para o concreto submetido ao estado plano de tensoées utiliza-se
a relagao constitutiva na forma incremental proposta por Desai e
Siriwardance, (apud [7]), escrita mediante:

onde B, =

dGl | El V, E1E2 0 dgl
-V
di) 0 0 (vhgne

Figura 2 - Envoltéria de ruptura do concreto
para estado biaxial de tensoes
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onde “do.”, “do,” e “dr,," s&o os incrementos de tensdes nas dire-
¢Oes principais. Os “E;s” sdo os modulos de deformagéo tangente

referentes a tais direcdes e “v” é o coeficiente de Poisson. O para-
metro “G” é o médulo de deformagéo transversal dado a partir de:

(1-v?)G=025(E,+E, -~ JE.E,) ()

Na analise em pauta foram adotados elementos finitos em suas
versdes isoparamétricas de aproximagao quadratica.

A regido da massa de concreto é discretizada a partir dos elemen-
tos planos quadrilateros de oito pontos nodais Q8, mostrados na
figura 3.a.

2.2 Resposta do aco imediata ao carregamento

O comportamento do ago é considerado elastico perfeitamente
plastico. Em razéo da grande flexibilidade transversal das bar-
ras da armadura de ago, apenas sua rigidez axial € considerada,
sendo entdo simuladas mediante os elementos lineares de trés
pontos nodais L3, figura 3.b. Desta forma, a matriz de rigidez cor-
relata, “K”, é expressa mediante:

B I 0 -1
K=""210 1 -I (12)
-1 -1 2

onde “E” representa o médulo de elasticidade do ago, considerado
igual 2 210.000 MPa. “A” é a area da segao transversal da arma-
dura, enquanto “L” representa o comprimento do elemento finito
unidimensional.

2.3 Deformagées por fluéncia
A deformagéo por fluéncia, “e ()", € simulada a partir do modelo

de estado proposto por Kawano e Warner [5], sendo dada pelas
expressoes:

.(1)=8yu(t)+e,(1) (13)

e (t)=—— .%G(T)dr e
j (14)
£, (1) =—— Mcmdr
o '0 T

Figura 3 - Elementos finitos:
a) Lineares L3 b) Planos Q8

i

Linha de elementos

barra

Onde “e_(t)” e “e_,(t)” s&o as parcelas de deformag&o devido ao
endurecimento e ao efeito visco-elastico, respectivamente. As fun-
coes “¢,(t,7)" e “0,(7,1)" representam seus respectivos coeficientes
de fluéncia. Em suas versdes incrementais as referidas parcelas
apresentam-se na forma:

1
Aecd(tn) =-0 (tn—])'[q)d(tn’ to) _q)d(tn—]’to)] (]5)

EO
A, (t _|& i )—eo(t )l 1-e*""% ] (16
e (,)=| ot =gt 1-5 1 (16
_ (ln_to)Oﬁ *
q)d(tn’to)_ ]0+(tn—l‘0)0'6 ‘q)d (]7)

O (1,1, )=[1—e "N 1o (18)

Sendo “¢’,” e "¢, os valores finais dos coeficientes de fluéncia
para as duas parcelas, e, “T,” o tempo de retardamento. “t "
é o instante para o qual as deformagdes por fluéncia estdo
sendo calculadas, “t. ;" é o instante discreto, imediatamente
anterior ao instante “t", e, “t.” € a idade do concreto na data
do carregamento.

Em cada instante “t” as deformagdes por fluéncia serdo dadas

mediante:

552 IE——
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Sc(tn):E:c (tn—])+ AE-:c (tn) (]9)

O acréscimo de deformacdes € dado pela equagéo 20, apresen-
tada adiante.

Ae (1,) =08 (1,) + A8y (1,) (20)

Para os efeitos deste trabalho admite-se que, no decorrer de cada
intervalo de tempo, as intensidades das tensées manter-se-ao
constantes. Sua variagdo ao longo de todo o periodo de obser-
vagao do fendmeno é expressa por uma fungéo do tipo degrau.

3. Suporte computacional
_——

Com vistas a aquisi¢do dos resultados voltados ao cumprimento
dos objetivos deste trabalho, foi empregado o “software” Analise
Constitutiva Nao-Linear — ACNL [8]. O programa foi estruturado
segundo procedimento iterativo incremental e o Método dos Ele-
mentos Finitos (MEF), sobre uma Formulagédo Ortotrépica nao Li-
near [7]. O programa abrange, inclusive, em sua pauta algoritmica
a formulagdo dos elementos descritos no item 2.

4. Modelos estudados
——

Os modelos estudados constituem pilares de 3,00 m de compri-
mento e secao transversal retangular com 0,40 m de altura e base
que difere de caso a caso, moldados em concreto C 40, armados
com barras de ago CA-50 A, figura 4.

O elemento estrutural € submetido a um processo de carregamen-
to gradativo, mediante a agéo de uma carga distribuida uniforme-
mente ao longo da altura da secao de seu topo, cuja intensidade
evolui de zero até um valor final da ordem de 40% da tenséo de

pico do concreto, tabela 1, atendendo as limitagbes, em termos de
tensdes, do modelo de Fluéncia recomendado pela NBR 6118/07.
A analise foi realizada sobre vinte e dois casos, diferenciados pela
dimenséao da secao transversal, pela taxa de armadura e pela umi-
dade do meio ambiente, conforme colunas 2, 3 e 5, respectiva-
mente, da tabela 1.

O dominio do problema foi definido a partir do retangulo de dimen-
sao horizontal igual ao comprimento do pilar e dimensao vertical
igual a altura de sua segéao transversal e discretizado com base
em elementos planos quadrados, e de elementos lineares, ambos
de dimenséo igual a 0,10 m, resultando a malha composta de 60
elementos lineares e 120 elementos planos, figura 5. Observa-se
que neste caso, assim como acontece nas figuras referentes aos
campos de deslocamentos e de tensdes, 0 membro estrutural esta
sendo representado com seu eixo longitudinal coincidindo com a
direcdo horizontal no plano da pagina (diregao “x”).

A idade do concreto na data do carregamento foi fixada em trinta
dias. Considerou-se que todo o perimetro da superficie do pilar
esta em contato com o meio ambiente. O tempo de retardamento
foi avaliado em T, = 600 dias. O coeficiente final de fluéncia de
endurecimento foi considerado como sendo ¢,* = 2,00, confor-
me recomendagao de Kawano e Warner [5]. O coeficiente final
de fluéncia associado aos efeitos visco-elasticos, ¢ *, apresenta
valor distinto conforme o caso, tabela 1, sendo obtido mediante
a diferenca entre o coeficiente de fluéncia da NBR 6118/07 e o
coeficiente final de fluéncia de endurecimento.

A andlise foi realizada segundo a modalidade “Estado Plano de Tensdes”.
O grafico da figura 6 mostra as curvas da evolugao do coeficiente
de fluéncia com o tempo, tragadas a partir de resultados obtidos
mediante o modelo da NBR 6118/07 e o modelo de estado empre-
gado. Constata-se boa concordancia entre elas comprovando-se
que os valores dos pardmetros do modelo de estado adotado fo-
ram apropriadamente fixados.

Para fins de avaliagao da longevidade do fenédmeno de fluéncia a
idade limite maxima do concreto foi fixada em 3000 dias, que cor-
responde a época a partir da qual o coeficiente de fluéncia pratica-
mente estabiliza-se, figura 6. Para efeito da simulagdo numérica
tal periodo de tempo foi discretizado nos instantes de observagéo
aos 60, 120, 250, 500, 1000, 2000 e 3000 dias.

Figura 4 - Modelo basico dos pilares

Barras da armadura longitudinal

Barras da armadura longitudinal

h =0,40

L=3,00

Cotas em metros
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Tabela 1 - Caracterizacdo dos casos estudados

Taxa de Carga (kN) Umidade do
armadura (%) 9 ambiente (%)
1 0,20 0,40 1320 40 1,62
2 0,20 0,40 1320 60 0,91
3 0,20 0,40 1320 80 0,14
4 0,20 0,63 1340 40 1,62
5 0,20 1,00 1388 40 1,62
6 0,20 1,58 1444 40 1,62
7 0,25 0,32 1644 40 1,59
8 0,25 0,50 1665 40 1,59
9 0,25 0,80 1700 40 1,59
10 0,25 1,26 1764 40 1,59
11 0,30 0,27 1962 40 1,56
12 0,30 0,42 1988 40 1,56
13 0,30 0,67 2029 40 1,56
14 0,30 1,05 2083 40 1,56
15 0,35 0,23 2280 40 1,54
16 0,35 0,36 2310 40 1,54
17 0,35 0,57 2346 40 1,54
18 0,35 0,90 2408 40 1,54
19 0,40 0,20 2604 40 1,52
20 0,40 0,31 2626 40 1,52
21 0,40 0,50 2668 40 1,62
22 0,40 0,79 2724 40 1,62
Figura 5 - Dominio do problema e malha de elementos finitos
VT Elementos lineares
—>{91 | 92|93 | 94 | 95|96 | 97 | 98 | 99100 10102 |103 |104 |105]106|107 |103{109 110|111 |112|113 [114 115|116 |117 | 118|119 |120
———>{61 | 62|63 |64 | 65|66 |67 |68|69 70471 | 72|73 |74 75|76 |77| 78|79 |80 |8l |82[83 |84 |85|86 |87 |88|8% |90 E
{31 |32 |33 | 34 |35 |36 | 37 |38 | 39740 [41 |42 |43 |44 |45 |46 [ 47|48 |49 |50 |51 |52 |53 |54 |55|56 |57 585960 S
——={ 1 |2 |3 |4 |5]|6|7|8|9|10[11 12|13 |14 15|16 |17|18|19 20|21 |22 |23 |24 |25|26|27|28|29 |30
T
3,00m
5. Validagao do programa
EE——
Oy
A eficiéncia do programa foi aferida a partir da comparagéo de Er(t1,t))=—"0(1,,1)) (2])
seus resultados com os seus correspondentes obtidos através de Ec
um algoritmo simplificado, elaborado com base nos postulados da

Mecanica dos Sélidos. Na concepgao deste ultimo é considerada,
sobretudo, a hipétese de Bernoulli segundo a qual as segdes ini-
cialmente planas assim permanecem no decorrer do estagio de
carregamento e apos ter sido atingida a configuragdo de equilibrio
para a carga final.

No modelo simplificado a deformagé&o por fluéncia “¢(t, , t;)” entre
o instante de carregamento “t.” e o primeiro instante de observa-

Onde “o_” € a tensdo no concreto no instante imediato ao car-
regamento, “E_” € o mddulo de deformagéo do concreto dado
pela Equagéo 5, tomado aos 28 dias de idade, e, “0(t,, t))" € o
coeficiente de fluéncia entre os instantes “t.” e “t,”. A deforma-
¢do incremental “Ae(t, , t_ )" entre os instantes consecutivos
“t,., e “t sera:
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AE ((t;,ty_y )= %[¢(’k!to)_¢(tk—1’t0)]+
- ) (22)

AC .
Z Ecl ot )00t t)]
i=1 ¢

Onde “Ao;” representa a variagéo na intensidade da tens&o dada por:

Ao, =0,-0,_;

(23)

Além disso, “o(t,, t)” € o coeficiente de fluéncia entre quaisquer
instantes “t” e “t,”.

As equagdes 21 e 22 foram corrigidas com o objetivo de consi-
derar-se o efeito da armadura de acgo, resultando as expressoes:

CAC

€, Lt )=€E-(t,t, ) —————
f,corr(] 0) j(] O)ECAC+ESAS

(24)

EcAc
Asf,corr(tk’tk—l) :Asf(tk’ tk_])

EA+EA, (25)

onde “E A" e “EA_" representam as rigidezes axiais do concreto
e do ago, respectivamente.
As deformacgdes sédo entdo obtidas a partir de:

ef(ti ) = 8f,corr(tl’ tO) + ZAEf,corr(tk’tk—l) (26)
k=2

Para efeito da validagéo foram considerados os casos 3 e 6, ta-
bela 1, constatando-se boa concordancia de resultados, figura 7.
Para o caso 6, aos 60 dias e 3000 dias as diferengas foram, ex-
cepcionalmente, maiores, atingindo os percentuais de 4,5% e 6%,
respectivamente. Para as demais idades do caso 6 e todas as ida-
des do caso 3, as diferengas nao atingiram os 2,5%. Os resultados
obtidos a partir do programa foram, comparativamente, maiores, o
que pode ser atribuido ao fato desta ferramenta computacional le-
var em conta, distintamente do algoritmo simplificado analitico, os
encurvamentos das secoes transversais, que por sinal sao signi-
ficativos na vizinhanga do topo do pilar, e acentuados no decorrer
das deformagdes por fluéncia.

6. Resultados e discussoes
E——

Uma vez atingida a configuragdo de equilibrio referente a car-
ga final, os campos de deslocamentos axiais e os de tensdes
normais assumiram as morfologias das figuras 8 e 9, respecti-
vamente. Para todos os casos estudados, as magnitudes dos
deslocamentos no topo do pilar e a tensdao na massa de concre-
to, foram da ordem de 1,85 mm e de 16 MPa, respectivamente,
tabela 2.

Examinando-se os campos de tensdes, figura 9, constata-se que
o solido apresenta, de modo global, variagdo discreta de ten-
sOes, excetuando-se a regiao da vizinhanga de seu topo, que
constitui a zona de introdugéo do carregamento, onde se perce-
be ténue perturbacao.

As curvas do deslocamento ao longo do tempo apresentaram ten-
déncia semelhante, registrando-se os valores finais indicados na
tabela 2. Para os casos 1, 4, 5 e 6, os deslocamentos por fluéncia
evoluiram conforme as curvas da figura 10. Aos 3000 dias os cam-
pos correspondentes, assumiram distribuicdo semelhante a apre-
sentada na figura 11. O menor acréscimo de deslocamentos por
fluéncia foi de 3 mm, correspondendo a 1,7 vezes o deslocamento
imediato ao carregamento, tendo sido assinalado para o caso 3,
que se refere ao maior teor de umidade. O maior deslocamento
por fluéncia foi de 5 mm, que é 2,8 vezes o valor obtido no instante
imediato ao carregamento, sendo constatado para o caso 19, con-
cernente ao menor teor de umidade e a menor taxa de armadura.
Em face das deformagdes por fluéncia a massa de concreto ex-

Figura 6 - Coeficientes de fluéncia com o tempo
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Figura 7 - Curvas dos deslocamentos
por fluéncia com o tempo
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perimentou alivio de tensdes. Para os casos 1, 4, 5 e 6, as in-
tensidades evoluiram conforme as curvas da figura 12. Para os
demais casos as curvas exibem aspecto semelhante, diferindo,
sobretudo, no tocante aos valores, tabela 2. Os campos de ten-
sbes estabilizaram-se por volta dos 3000 dias, apresentando for-
ma semelhante a ilustrada na figura 13. O menor alivio de tensdes
foi da ordem de 4%, registrado para o caso 19, ao passo que o
maior foi de 28%, verificado para o caso 6, que se referem a me-
nor e a maior taxa de armadura, respectivamente. Observa-se que
as deformacgdes por fluéncia intensificaram a perturbagéo de ten-
sbes na regiao do topo do pilar.

As tensbes nas barras da armadura de ago, casos 1, 4, 5 e
6, evoluiram conforme as curvas da figura 14, constatando-se
acréscimos vertiginosos de intensidade, apos transcorridos
3000 dias. Para os demais casos os formatos das curvas fo-
ram semelhantes, porém, com magnitudes diferentes, tabela 3.
A menor sobretensdo registrou-se para o caso 3, referente a
maior umidade ambiental, com variagdo da ordem de 164%,
enquanto a maior foi observada para o caso 15, que corres-

ponde a menor taxa de armadura, culminando em variagéo da
ordem de 277%, tabela 3. Para os casos 1, 7, 11, 12, 15, 16, 19
e 20, que estdo associados as menores umidades e taxas de
armadura, tabela 1, constata-se a proximidade da condigédo de
escoamento do aco, representando risco iminente de colapso
do elemento estrutural, tabela 3.

Analisando-se as curvas da figura 15, constata-se que os des-
locamentos do topo do pilar devido a fluéncia do concreto sédo
menores para taxas de armadura maiores, revelando seu efeito
de contencado de deformagdes. Ressalta-se que para uma taxa
de armadura de 1,58% o valor final do coeficiente efetivo de flu-
éncia, definido como a razéo entre o encurtamento da coluna
devido a fluéncia e a sua contragdo no instante imediato ao car-
regamento, é da ordem de 2,18, e, portanto, 40% inferior ao seu
correspondente, avaliado para o concreto simples, que € igual a
3,62, tabela 4.

Quanto a influéncia da umidade ambiental nos deslocamentos por
fluéncia, figura 16, observou-se sua tendencia inibidora sobre a inten-
sidade do fendmeno, haja vista que, para o caso de taxa de armadura

Figura 8 - Campo de deslocamentos longitudinais imediatos ao carregamento — Caso 1

Desl. Dir. “x” (m)
Disp_U (2-2)

Tensédo (MPa)

Figura 9 - Campo de tensées normais imediatas ao carregamento - Caso 14

Campo de Tensdes na Diregéo “x’
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Deslocamento (mm)

Tabela 2 - Resultados gerais

Tensdo no concreto (MPa)

Caso
Imediato Fluéncia (3000 dias) Imediato Fluéncia (3000 dias) Total (MPa) Percentual
1 1,85 5,06 16,0 14,6 1,4 8,8
2 1,85 4,13 16,0 14,9 1,1 6,9
3 1,85 3,04 16,0 15,2 0,8 50
4 1,85 4,81 15,9 13,9 2,0 13,3
5 1,86 4,51 16,1 12,9 3,2 19,9
6 1,86 4,06 16,0 11,5 45 28,1
7 1,86 5,11 16,0 14,9 1,1 6,9
8 1,85 4,92 16,0 14,3 1,7 10,6
9 1,85 4,62 16,0 13,4 2,6 16,3
10 1,86 4,26 16,0 12,3 3,7 23,1
1 1,85 513 16,0 15,1 09 5,6
12 1,86 4,98 16,0 14,6 14 8,8
13 1,86 4,74 16,0 13,9 2,1 13,1
14 1,85 4,39 16,0 12,8 3,2 20
15 1,85 513 16,0 15,2 0,8 5,0
16 1,86 5,01 16,0 14,8 1,2 7,5
17 1,85 4,79 16,0 14,1 1,9 11,9
18 1,86 4,50 16,0 13,2 2,8 17,5
19 1,85 514 16,0 15,3 0,7 4,4
20 1,85 5,02 16,0 15,0 1,0 6,3
21 1,86 4,84 16,0 14,4 1,6 10,0
22 1,85 4,57 16,0 13,5 2,5 15,6

Stress increase

de 0,4% e segao transversal com largura de 0,20 m, o coeficiente
efetivo de fluéncia foi de aproximadamente 2,73, a umidade de 40%,
2,23 a umidade de 60% e 1,65, a umidade de 80%, notando-se uma
reducao de até 40% para o parametro ora analisado.

Figura 10 - Curvas dos deslocamentos por fluéncia
para secdo 20 x 40 cm e teor de umidade de 40%
Deslocamento por fluéncia
b=0,20 m
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7. Conclusodes

N

Este trabalho se refere a analise das deformacgdes por fluéncia em
pilar de concreto armado, com base em um modelo de estado, a
partir de uma formulagao ortotrépica nao linear e aproximagao por
elementos finitos.

Com vistas ao cumprimento de tal objetivo foram estudados al-
guns casos diferenciados entre si pela taxa de armadura adotada
e pela umidade ambiental.

Os resultados obtidos revelaram que para as condigdes ambien-
tais adotadas e os parametros dos casos analisados, as deforma-
¢Oes por fluéncia praticamente estabilizaram-se aos 3000 dias de
idade do concreto.

Além disso, constatou-se a ocorréncia de alivio de tensdes no
concreto em indices tanto maiores quanto maior a taxa de arma-
dura adotada, concordando com a tendéncia reportada em [4].

A analise objeto deste trabalho ressaltou, inclusive, a ocorréncia
de acréscimo de tensdes nas barras de ago que, para os casos
de menores taxas de armadura, culminou com a aproximagao da
condigdo de escoamento do material, embora este aspecto nao
tenha sido reportado em [4].

Além disso, verificou-se que o coeficiente efetivo de fluéncia, de-
finido como a razéo entre o encurtamento da coluna devido a flu-
éncia e a sua contragéo no instante imediato ao carregamento,
assumiu valores tanto menores quanto maior a taxa de armadura,
confirmando, assim, o seu efeito de contengao de deformagdes.
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Desl. Dir. “x” (m)

Disp_U (=-2)

Figura 11 - Campo de deslocamentos longitudinais devido a fluéncia aos 3000 dias - Caso 19
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Os resultados obtidos corroboraram a tendéncia reportada pela litera-
Figura 12 - Evoluc;c':o das tensdes no concreto para tura cientifica sot.)re o assﬂunt.o, no.toc.ante a influéncia do t?or de umi-
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Tabela 3 - Tensoes normais na armadura

Tens@o na armadura (MPa) Acréscimo de tensco
Inicial Final (3000 dias) Total (MPa) Percentual
1 1294 482,2 352,8 272,7
2 129,4 4174 288,0 222,6
3 129,4 342,0 212,7 164,4
4 129,0 464,3 335,3 2599
5 130,0 4428 312,8 240,6
6 129,6 409,1 279,5 215,7
7 129,8 486,6 356,9 275,0
8 129,6 472,3 342,8 264,5
9 129,2 450,4 321,2 248,5
10 129,6 423,9 294,3 2271
11 129,6 4879 358,4 276,6
12 129,8 477,2 3474 267,7
13 129,9 4599 330,0 254,0
14 129,5 434,3 304,7 235,3
15 129.4 488,2 358,8 2772
16 1299 4799 350,0 269,5
17 129,7 463,7 334,0 257,6
18 129,8 4427 312,8 240,9
19 129,7 489,1 359,4 2771
20 129,6 480,1 350,5 2704
21 129,8 467,1 3373 2599
22 129,6 4471 3175 245,1
Tabela 4 - Deslocamentos longitudinais do topo do pilar
Deslocamento (mm) Coeficiente de fluéncia
Inicial Fluéncia (3000 dias) Efetivo NBR Diferenca (%)
1 1,85 5,06 2,73 3,62 24,5
2 1,85 413 2,23 2,91 23,5
3 1,85 3,04 1,65 2,14 23,1
4 1,85 4,81 2,61 3,62 28,0
5 1,86 4,51 2,42 3,62 33,1
6 1,86 4,06 2,18 3,62 39,7
7 1,86 5,11 2,76 3,59 23,2
8 1,85 4,92 2,65 3,59 26,0
9 1,85 4,62 2,50 3,59 30,4
10 1,86 4,26 2,29 3,59 36,1
N 1,85 5,13 2,77 3,56 22,2
12 1,86 4,98 2,68 3,56 24,6
13 1,86 4,74 2,55 3,56 28,4
14 1,85 4,39 2,37 3,56 334
15 1,85 513 2,78 3,54 21,5
16 1,86 5,01 2,70 3,54 23,6
17 1,85 4,79 2,58 3,54 26,9
18 1,86 4,50 2,42 3,54 31,5
19 1,85 514 2,77 3,52 21,1
20 1,85 5,02 2,71 3,52 23,0
21 1,86 4,84 2,61 3,52 25,9
22 1,85 4,57 2,46 3,52 30,0
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Abstract
E——

In developed countries like the UK, France, Italy and Germany, it is estimated that spending on maintenance and repair is practically the same
as investment in new constructions. Therefore, this paper aims to study different ways of interfering in the corrosion kinetic using an accelerated
corrosion test — CAIM, that simulates the chloride attack. The three variables are: concrete cover thickness, use of silica fume and the water/
binder ratio. It was found, by analysis of variance of the weight loss of the steel bars and chloride content in the concrete cover thickness, there is
significant influence of the three variables. Also, the results indicate that the addition of silica fume is the path to improve the corrosion protection
of low water/binder ratio concretes (like 0.4) and elevation of the concrete cover thickness is the most effective solution to increase protection of
high water/binder ratio concrete (above 0.5).

Keywords: corrosion; CAIM; silica fume, water/binder ratio; concrete cover thickness.

Resumo
E———

Em paises desenvolvidos como os do Reino Unido além da Franga, Italia e Alemanha, estima-se que o gasto com manutengéo e reparo é prati-
camente igual ao investimento em obras novas. Por este motivo, este trabalho visa estudar o efeito de formas de interferir na cinética da corrosdo
a partir da aplicagdo de um ensaio acelerado de corrosdo — CAIM, que simula o ataque por cloretos. As trés variaveis estudadas sao: espessura
de cobrimento, uso de silica ativa e relagdo agua/aglomerante. Foi constatado, pela andlise de varidncia da perda de massa das barras e do
teor de cloretos na espessura de cobrimento, que existe influéncia significativa das trés variaveis do estudo. Além disso, os resultados indicam
que a adicéo de silica ativa € o caminho para melhorar a protegdo de concretos de relagdo agua/aglomerante baixa (a/agl = 0,40) e a elevagédo
do cobrimento é o caminho mais eficiente para aumentar a protecdo das armaduras em concretos de relagdo agua/aglomerante elevada (a/agl
=0,50 e 0,60).

Palavras-chave: corrosdo; CAIM; silica ativa, relagdo agua/aglomerante; espessura de cobrimento.
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Chloride accelerated test: influence of silica fume, water/binder ratio and concrete cover thickness

1. Introduction
| .

Corrosion of reinforcement steel in concrete is a world-wide prob-
lem, resulting in high costs of rehabilitation and repair of these
structures [1, 2]. The costs of maintenance and prevention of
structures that was affected by corrosion sum 3.5-4% of the all
spending [3, 4]. The indirect costs are more complex and some-
times cannot be account [5]. In Brazil, the problems with corrosion
of reinforced concrete correspond to 3.5% by year of the Gross
National Product (GNP) [6]. About of 66.86 billons of dollar by year
are spending with the problem of corrosion, considering a GNP
equal to 1.91 trillion of dollars. Andrade & Fortes [7] believes that
18% of the spending of the GNP, around 15billions of dollars, is the
cost of the civil construction with of reinforced concrete corrosion.
The steel corrosion of the reinforced concrete is affected by many
factors like the concrete properties, time of exposure, steel rebar
superficial condition, environmental conditions which the structure
are exposed and the use of supplementary cementitious materials.
The corrosion rate of reinforcement is strongly influenced by the
concrete compressive strength. Ismail & Ohtsu [8] verified that
the corrosion rate for concretes with normal strength are highest
than concretes with high strength, that fact is correlated by the
water/binder ratio and the presence of the silica fume. Results of
the accelerated corrosion tests of concrete with different strength
performed by Abosrra et al. [9] confirm the conclusion of the first
authors, adding the premise that the corrosion rate increase with
the time of exposure.

According Xu et al. [10] the partial replacements of cement by fly
ash and silica fume are effective to delay the time of corrosion
initiation. Beyond that, although the pozzolanic reaction owing to
the addition of mineral admixtures reduces the content of calcium
hydroxide present in the pore solution, threshold of chloride does
not reduce.

Yalciner et al. [11] evaluated the concrete cover thickness influ-
ence on the bond strength in concrete specimens which were
submitted to the accelerated corrosion tests. The degradation was
higher in the high strength concrete than in normal strength con-
crete. The corrosion products were flowing to the surface of the
concrete in the specimens with a higher w/c ratio. On the other
hand, lower permeability of concretes with w/c ratio equal to 0.40
maintained expansive corrosion products around the steel bar, re-

sulting in premature cracks due the volumetric expansion. This
phenomenon contributes for the reduction of the bond strength in
high strength concretes.

For many years the researchers of all word are been develop
methods for evaluate the corrosion process. By the way, there is
not a consensus about the best and reliable test of corrosion in
reinforced concrete [12]. The half-cell potential reading [13], the
linear polarization and chloride migration [14, 15, 16] are some of
the methods for the evaluation of corrosion process, but this tech-
niques indicated only the advance of the process, not allowing to
mitigate the process in the conception phase.

In the accelerated tests, the corrosion is induced by chloride like
the accelerated corrosion test by modify immersion - CAIM (Portu-
guese acronyms) - that consist at forced penetration of chloride in
the concrete prism. This kind of test has been used by researchers
because of satisfactory results [17, 18, 19].

In this context, this article study the influence of the cover thickness
like a natural barrier to entry of chloride ions, by the CAIM test, as
well the influence of water/binder ratio and silica fume benefits in
the mitigation of steel corrosion process. The conclusions of this
paper can be used for the prevention the corrosion of reinforced
concrete in the design phase.

2. Experimental program
E——

The experimental program consisted in to submit concrete speci-
mens with an embedded steel rebar to the accelerated corrosion
test for evaluating the efficiency of concrete cover thickness as
barrier to chloride ions entrance.

2.1 Variables analyzed

The analyzed variables in this research are the water/binder ratio
(0.4; 0.5; 0.6), the concrete cover thickness (4.0; 5.0; 6.0 cm) and
the use of silica fume. Systematizing, this paper analyzes 18 vari-
ables: 3 levels of water/binder x 3 levels of concrete cover thick-
ness x 2 levels of with and without silica fume. Three specimens
to each analyzed variable were cast for the accelerated corrosion
test, resulting 54 concrete prisms. Beyond that, six cylindrical con-
crete specimens of 10cm x 20cm size were cast to evaluate the
compressive strength at 7 and 28 days, totalizing 36 specimens.

Ignition loss
3.6%

ALO,
3.1%

Si0,
17.8%

Fe,O,

242%  60.5%

Specific ansion Seting time  g35nqard
gravity P Inicial Final consistency
set  set
; 191 259 .
2.83 g/cm 0.47 mm hmin hmin 29.4 %

Table 1 - Chemical and physical characterization of high early strength Portland cement

Chemical composition

CaO MgO

4.61% 3.38%

Physical and mechanical properties

Blaine's
specific
surface area

484 cm’/g

Insoluble residue
2.2%

Total alkalies
0.70%

Free lime
1.7%

SO,

Residue on
#200 #325

Compressive strength of mortar

1day 3days 7days 28 days

02% 20%  23.0MPa 329MPa 378 MPa 46.3 MPa
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Pulverulent e
Aggregate  Materials size Fineness
Rl content m modulus
%
Fine 1.1 2.40 1.74
Coarse 0.49 19.5 7.0

Table 2 - Characterization of fine and coarse aggregates

swelling Specific gravity Bulk density
% Dry Saturated Loose Compacted
g/em’ kg/dm’
1.37 2.65 2.68 1.58 1.78
- 3.01 3.02 1.66 224

2.2 Materials

Materials were choosing according to the availability on the west
of Parana state. Fine aggregated (a sand of Parana River) and a
basaltic coarse aggregated were used in this experiment. The ce-
ment used was the CPV - ARI - RS because is the cement which
has the lowest mineral admixture quantity on its composition. Ta-
bles 1, 2 and 3 shows the principal characteristics of the materials
used.

Chemical composition of silica fume is presented in Table 4 and
its density is equal to 2.19 g/cm?®. The Muraplast FK22 superplas-
ticizer was used in the proportion recommended by the manufac-
turer, namely, 0.2 -0.3% of cement mass. Steel rebars 12.5mm
in diameter and 14.5cm long (CA-50A) supplied by Arcelor Mital
CA-50 were used in all specimens.

Mixture proportions were defined using the IPT/EPUSP method
which is known as four quadrant method. This method is based on
the adjustment of strength and workability curves taking account

the structural requirements. Mixture proportions of concrete are
given in Table 5 along with properties of fresh concrete. For study-
ing the influence of silica fume, the cement mass was partially re-
placed by silica fume at 8% of its mass and the water/binder ratio
was fixed. In the concrete proportion with water/binder ratio equal
to 0.4 was added 0.2% of superplasticizer.

2.3 Specimens

Prismatic concrete specimens of dimension 10 cm x 10 cm x 20
cm were cast with an embedded steel bar of 14.5 cm of length for
corrosion accelerate test. The steel bars were fixed according the
concrete cover thickness analyzed as show in Figure 1.

According with the accelerated test used the chlorides present on a
saline solution was induced by electricity to penetrate into the concrete
and to corrode the steel. For this, copper wires were positioned over
the bar before casting the specimens (Figure 1b). The wire thickness
was 4 mm which proves to sustain the corrosion on a preliminary test.

Coarse aggregate

Sieve size Mass Percentage (%)
(mm) retained(9)  Retained Cumulative
375 - 0 0
315 - 0 0
25 - 0 0
19.5 57 5.7 6
12.5 604.2 60.5 66
9.5 283.5 28.4 95
4.75 473 4.7 99
<4.75 6.8 0.7 100
Total 998.8 100 -

Table 3 - Particle size distribution of aggregates

Fine aggregate

Sieve size Mass Percentage (%)
(mm) retained(9)  Retained Cumulative
6.3 0.8 0.13 0
4.75 0.6 0.1 0
2.36 3.8 0.63 1
1.2 33 5.41 6
0.6 39.3 6.44 13
0.3 225.1 36.87 50
0.15 270.8 44.36 94
<0.15 37 6.06 100
Total 610.4 100 -

K,0
0.94

Fe,O,
0.06 0.3

Ca0 ALO,

P.O;
0.1

96.4 0.02

Table 4 - Chemical characterization of silica fume

Chemical composition (%)
TiO,
0.007

SO, MgO CI ZnO MnO Na,O BaO
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Table 5 - Material consumption per m® of concrete and slump

Concrete Cement Silica fume Fine aggregate =~ Coarse aggregate Water Slump
mix (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (mm)

1 510.46 - 689.12 1107.70 204.18 90

2 384.32 - 518.83 833.97 192.16 110

3 303.69 - 409.98 659.01 182.21 110

4 469.62 40.84 633.99 1019.08 187.85 90

5 353.57 30.75 477.33 767.26 176.79 100

6 279.39 24.30 377.18 606.29 167.64 110

After casting for 24 h, all concrete specimens were removed from
the moulds and then cured under saturated condition during 28
days. After that, the specimens were submitted to the accelerated
corrosion test by modified immersion.

2.4 Accelerated corrosion test by modified
immersion — CAIM

The accelerated corrosion test by modified immersion - CAIM are
an electrochemical test that was developed by researchers at
Federal University of Rio Grande do Sul (UFRGS). The original
conception was developed by Varela, Espinosa [20], and was first
used by Lima [17], after that several researchers have been using
the CAIM test [18, 19]. Given its characteristics, can be efficiently
used to obtain comparative data for corrosion protection [18].

The corrosion on this test is induced by an electrochemical way that
matches the exposure of the specimens on aggressive solutions
with the electric current to stimulate the chlorides migration. In this
test, the concrete specimens were immersed in an aqueous solu-
tion of 35g/l of NaCl which is similar to the Atlantic Ocean [19]. This
concentration helps the migration of the oxygen and chloride into the
concrete specimens. An adjustable direct current supply was used
for the accelerated corrosion process as shown in Figure 2.

The tests simulate the basic condition for corrosion starts but with
an accelerated speed. When the CAIM test was used to accelerate
the corrosion process the answers of the corrosion are given by
the oxide and iron hydroxide formation on the surface of the steel
bar that causes the longitudinal cracking. The result of CAIM al-
lows inferring relatively the quality of concrete [19].

An accelerated corrosion chamber was constructed before start the
tests. The chamber was projected to provide a saline internal envi-
ronment without change fluids with the external environment and
was made using marine plywood covered with glass plate which al-
lows monitor visually the tests. The dimensions are 90 cm x 200 cm
x 40 cm which allow test several specimens simultaneously.

The specimens were partially immersed in individual recipients
without solution renewal during the tests. The height of solution
was defined according with the concrete cover thickness of the
steel bar.

On the beginning of test the copper wire was connected with steel
bar and the positive pole of the power supply — acting as the anode
of electrochemical process. Other copper wire, without overlay was
putted on the solution of NaCl and connected with the negative
pole of the power supply — acting as the cathode of the process.
The current intensity set was of 500pA/cm? what corresponds to
approximately 24.8 mA.

Figure 1 - (a) Sketch of the specimens and container support for test,
measures in cm; (b) Detail reinforcement/spacer/wire prepared for molding
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Figure 2 - Schematic representation of CAIM test - Modified Accelerated Corrosion by Immersion

A Dawer PS — 3003 D power supply was used to apply the cur-
rent, besides of a nobreak system to provide the energy in an
emergency case. In the laboratory, the temperature was held at
23°C and 60% humidity, but inside the chamber this parameters
was not controlled.

An electrical circuit holding the specimens and the power sup-
ply was created in order to test many specimens at same time.
This option that uses an electric circuit was used regarding
the electrical rules of series resistor associations where the
electric current keeps the same for all resistors. The number of
specimens (maximum 3) that was held in a series circuit was
determined by the maximum potential range which was sup-
port by the power supply keeping the electric current defined
for this work.

The specimens were submitted to the CAIM test during 20 days.
After that the concrete specimens were maintained in environ-
ment temperature to dry by 7 days. Following the specimens
were examined visually for degradation condition and to extract
the concrete dust to measure the chloride content. The dust ex-
traction was performed with a bench drill with a scale to ensure
the concrete cover thickness.

The dust samples were sealed in plastic bags and transported to
the Concrete Laboratory of Itaipu Hydroelectric Plant to analyze
the chloride content. After the dust extraction the concrete speci-

mens were ruptured to remove the steel bar. The steel bars were
cleaned as described in ASTM A380 [21] and then weighted.

3. Results and discussions
E———

The main response variables analyzed in this paper were the steel
bar weight loss and the percentage of chloride on the thickness
cover of a concrete prism after an accelerated corrosion test, and
the compressive strength of the concrete. The results of compres-
sive strength are shown in Table 6 and were used as the charac-
terizing parameter for the concretes in the study.

3.1 Degree of corrosion measured through
the weight loss of the steel bar

The data obtained from the experimental program were first statis-
tically treated in order to identify and eliminate outliers. The data
were considered spurious when the absolute value of the response
variable subtracted from the average of its repetitions was greater
than their standard deviation. Those values were discarded and
the average was recalculated without the use of the discarded val-
ues Figure 3 shows average values of weight loss (corrosion rate)
for the three variables. The graph allows a better visualization of
the studied variables Behavior.

0.4 05
Day 7 389 28.0
28 472 38.2

Table 6 - Compressive strength of concrete (MPa)

without silica fume

Water/binder ratio

with silica fume

0.6 0.4 0.5 0.6
245 394 32.8 23.8
31.2 49.6 36.9 31.7
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Figure 3 — Weight loss of the bars x cover
thickness for different water/binder
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Analyzing Figure 3 it is possible to see the influence of the water/
binder ratio, the addition of silica fume and the thickness of coat-
ings in the weight loss of steel bars subjected to corrosion process.
The result shows that these parameters have a strong influence
on the ability to protect the steel within the concrete, which can
be used as a tool to adapt the structure to the level of durability
expected in the projects.

After elimination of the spurious values, the verification of the vari-
ables influence in the corrosion process was made by a variance

analysis (ANOVA) on the data of weight loss of bars inserted in the
specimens of concrete, with a significance level of 95%. A sum-
mary of results is described in Table 7 and the interpretation is
made in a way that the analysis factor is considered to be influent
with a 95% significance.

3.2 Influence of water/binder ratio

The results of weight loss as a function of the water/binder ratio con-
firm the expectation that the water/binder ratio has significant influ-
ence on the corrosion of steel. Figure 3 shows the increase in weight
loss of the steel bars with the increase of the water/binder ratio for
the series without silica fume, indicating that changes in this variable
implicate in significant changes in the weight loss of carbon steel
bars embedded in the bodies of proof tested with CAIM.

This behavior is due to the fact that the lower the amount of wa-
ter in the mixture is, the greater protection will be granted to the
concrete when exposed to the weather, due to the reduction in
pore size and consequent difficulty of penetration by fluids and ag-
gressive agents. This relationship is well known in the scientific
and technical fields and has been proven from studies as follows:
Lafhaj et al. [22] show that the higher the water/binder ratio is,
the greater the total porosity of the cementitious material will be.
Hedenblad [23] paper indicates that the greater the total porosity
of the cementitious material is the greater permeability it will have.
The degree of cement hydration and its porosity increased with
the increase in water/cement ratio. This was verified in the study
of Chen, Wu [24] in mortars with mix proportion of 1:2 by weight
and it was demonstrated that for a water/cement ratio of 0.4 the

Table 7 - Analysis of variance (95% significance): influence of the water/binder,
cover thickness and presence of silica fume in concrete

Cover thicknesses

With silica fume

Sum of
squares

Sum of
squares

Mean
square

Degrees of

freedom F-score

Mean
square

Degrees of
freedom

Tail
probability

Tail
probability

Water/bind H Sum of Degrees of Mean Tail

atsr/bindersatio squares freedom  square €9 popability Effect

Without  Cover thickness =2.5  155.9438 2 7797192 69.19545 5.143253 Significant
silica Cover thickness = 4.0 60.1316 2 30.0658  20.56927 5.143253 Significant
fume Cover thickness = 6.0 22.9483 2 11.47417  72.30734 5.143253 Significant
With Cover thickness =25  169.8875 2 84.94375 30.85882 5.143253 Significant
silica Cover thickness =4.0  77.15959 2 38.5798 6.873874 5.143253 Significant
fume Cover thickness = 6.0 42.5409 2 21.27047  45.53911 5.143253 Significant

Effect

Without water/binder = 0.4 2273218 2 1.136609  0.653028 5.143253  Non-significant
silica water/binder = 0.5 67.08003 2 33.54001 180.9271 5.143253 Significant
fume water/binder = 0.6 45.02897 2 2251449 27.413 5.143253 Significant

Effect

. water/binder = 0.4 21.61406 1 21.61406 24.13078 4.49400 Significant
Different  \ater/binder=05  25.48186 1 2548186 4.63315 449400  Significant
thicknesses  \ ster/binder = 0.6 3.24498 1 3.24498  0.31205 4.49400  Non-significant
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Figure 4 - Samples with silica fume
after CAIM test

degree of hydration was 68% and for a water/cement ratio of 0.6
the degree of hydration was 81%, both at 180 days of healing.
However, the study also indicated that the mortar with high water/
cement ratio has a range of large pores not present in mortar with a
low water/cement ratio. This information coincides with the classic
results shown in Powers studies [25].

Note that weight losses of the steel bars are most pronounced
when changing the water/binder ratio from 0.4 to 0.5 than from
0.5 to 0.6. This demonstrates a tendency to produce more durable
concrete water/binder relations below 0.5 will be used. The NBR
6118 [26] allows the use of water/binder ratios equal to 0.5 for
the class Ill of aggressiveness (industrial atmosphere or sea), this
recommendation would be considered lax if these results had been
obtained in the field and not in accelerated testing. Thus, this result
serves as a warning, but it is necessary to perform accelerated
experiments to better substantiate these preliminary findings. This
view is based on the fact that the accelerated degradation does not
fully reproduce the actual exposure conditions of a structure in the
environment near the ocean.

Visual analysis of the specimens after the CAIM essay allows
checking the aesthetic effects that the corrosion process causes
on the concrete. Figure 4 shows the state of degradation observed
in the specimens with the three water/binder ratios studied for a
concrete cover thickness of 4.0 cm in the presence of silica fume.
The corrosion process installed generates the formation of cor-
rosion products, which due to abundant moisture during the test,
generates spots in the surface of the specimens. It is possible to
associate the occurrence intensity of those spots in the surface
with the quality of the concrete used. It is possible to see in Figure
4 that the lower the water/binder ratio is, the less apparent effects
of corrosion on the surface of the concrete are, thus confirming the
conclusions above.

3.3 Influence of the cover thickness

The cover thickness in concrete is a very important factor to con-
trol the movement of chloride ions and penetration of substances
harmful to the concrete. It plays the role of physical protection, be-
cause it hinders the entry of aggressive agents, oxygen and mois-
ture, as well as ensuring the alkaline medium so that the reinforce-

ment has a chemical protection. Figure 3 shows the influence of
different thicknesses as a protective barrier to the steel of concrete
without silica fume.

In theory, for concretes with similar quality, the greater the cov-
er thickness is, the greater tends to be the time interval until the
chloride concentration near the steel reaches the threshold value,
since the thickness tends to work like a barrier to ions penetration.
As the specimens were exposed to the test during the same time
period, this claim can be confirmed by looking at Figure 3, where
the concrete cover decreases, there is an increase in the weight
loss of the steel bars in concrete for a water/binder ratio of 0.5
and 0.6. In mixtures with water/binder ratio equal to 0.40, there
seems to be no change in weight loss for different thicknesses of
reinforcement or at least, this effect is much smaller. It is assumed
that for this water/binder ratio, the microstructure of the concrete
is so dense that it becomes the predominant factor on the rate of
ions penetration, like indicated by studies of Medeiros, Helene [27]
and Chen, Wu [24].

The NBR 6118 [26] recommended as limits for Class IV aggres-
siveness a cover thickness of 5.0 cm and water/binder ratio of
0.45. According to results obtained in this research, there is no
need to use floor coverings larger than 4.0cm because of the con-
crete microstructure. This statement was confirmed by variance
analysis with 95% significance according to Table 7, indicating that
the variation in cover thickness (between 2.5 and 6 cm) is not sig-
nificant in the case of a water/binder ratio equal 0.4 and is signifi-
cant in the case of water/binder ratios of 0.5 and 0.6.

It is important to note that this interpretation is based strictly on the
materials used and the exposure conditions imposed in this test.
The actual exposure of a concrete structure has numerous influ-
encing factors that were not simulated in the test employed and,
therefore, the NBR 6118 should continue to be followed.

Through visual analysis, an effect observed in all specimens with
concrete cover thickness equal to 6.0 cm is the appearance of
cracks due to the expansive nature of the products originated by
corrosion (Figure 5). This phenomenon is attributed to the exces-
sive coatings used since samples of the bottom did not showed
such occurrence.

It can be concluded, based on the information and on previous
analyzes, that the higher the thickness is, the lower will be the

Figure 5 — Cracking in samples without silica fume
caused by excessive cover thickness
(cover thickness = 6.0 cm)
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weight loss of the reinforcement, but when the ratio water/binder
decreases to values close to 0.40, the pores of concrete tend to be
so dense that they alone protect against the corrosive process not
requiring an excessive thickness, which in this case could even be
harmful to the concrete. A detailed study of the concrete porosity
could support this analysis.

3.4 Influence of silica fume presence

The use of silica fume in concrete caused a decrease in weight
loss of the steel bar inserted into the concrete prism. This decrease
is attributed to the possibility of this pozzolan filling the voids pres-
ent inside the material (the filler effect associated with pozolanic
reactions), making the material more resistant to the entry of chlo-
ride. Nevertheless, it is observed that the higher the water/binder
ratio is, the less significant this effect is too, up to the point where
the presence of this addition shall not influence the weight loss of
bars inserted in concrete with water/binder ratio equal to 0.6. The
interpretation of data makes one to believe that the use of silica
fume in the dosage of concrete is more advantageous when work-
ing with specific low water/binder ratios.

The concrete with silica fume had a compressive strength very
similar to the one of concrete without silica fume, however in the
case of low water/binder ratio (in this case equal to 0.4) there is a
capacity to protect the reinforcement from corrosion by chlorides
much higher than the specimens without this addition, as shown
in Figure 3.

This is an indication that at low water/binder ratios, concrete with sil-
ica fume changes the microstructure in order to hinder the penetra-
tion of chlorides. This clearly shows that using compressive strength
as the sole determining factor for the durability of concrete may lead
to erroneous conclusions, and that other parameters are required for
a more complete analysis. Ramezanianpour and Malhotra [28] also
presents results that reinforce this issue because they compared
concrete made with the same water/binder ratio and with Brazilian
cement in Brazil equivalent to CP | - 32, with a concrete having 10 %
of silica fume as a replacement to cement mortars. The result found
indicates maintenance of compressive strength; however, there was
a clear reduction in porosity and pore refinement caused by the use
of silica fume. Moreover, this percentage of replacement resulted in
a considerable increase in resistance to penetration of chloride ions,
due to the reduction of porosity.

This was attributed by the authors to the effect of pozolanic reac-
tions caused by silica fume. It is noteworthy that Atis et al. [29]
showed in their experiment that the concrete with silica fume is
more likely to have its resistance affected by dry curing, or by the
lack of healing that occurs in many works. Meloleepszy and Deja
[30] also showed similar results studying the replacement percent-
age of 5% to 10% of silica fume with a reduction of up to 40% in
compressive strength results. Thus, one should be alert to this is-
sue: apparently silica fume produces a concrete that better blocks
aggressive agents, however, the wet curing has a more important
role than in the case of conventional concrete.

3.5 Concentration of chlorides in concrete
cover thickness

The accelerated test distorts environmental conditions and can-
not serve as a fixed parameter for comparison with data obtained

from tests performed naturally, however, it serves as a basis for
understanding the variables that influence the process and so
measures can be taken to mitigate the pathological manifesta-
tions from reinforcement corrosion. There is, however, a large
movement from researchers to try to correlate the data obtained
with accelerated tests and the degradation observed in structures
exposed to the environment.

In the accelerated corrosion essay modified by immersion (CAIM),
the electric current applied to the specimens induces the migra-
tion of chlorides present in the solution toward the steel bar in-
side the specimen. As a result, the chlorides become lodged in the
pores of the concrete. In this work, the concentration of chlorides
present in cover thickness of concrete subjected to CAIM testing
was evaluated. The counting of chloride in the powder extracted
from the concrete cover was performed using Volhard’s method
as described by Andrade [31]. The ASTM C1152-04 [16] refer-
ences titration with silver nitrate for determination of chloride ions
in samples of cement and concrete using procedures similar to
those used by Andrade [31]. On the data of chloride percentage
was applied the same preliminary treatment used to refine the data
of weight loss by corrosion. The data obtained after the preliminary
treatment are shown in Figure 6.

Figure 6 shows the behavior of chloride content for all variables of
this study. It is observed that all the curves show the same trend
observed for the weight loss of steel bars, which confirms the con-
clusions about the influence of the variables across the deposition
of chlorides in concrete.

Note that almost all specimens are with their levels of chlorides
above that one proposed by Helene [12] of 0.05% to 0.1% rela-
tive to the mass of concrete that according the author is the range
of average values more accepted among researchers as the criti-
cal corrosion limit. The Euro-International Committee for Concrete
(CEB, 1992) recommends that the chloride content in concrete
should not exceed 0.05% in relation to the mass of concrete.
Looking at Figure 6 it is possible to confirm the hypothesis that the
weight loss of the bar deteriorated through the corrosion process
by chloride is directly related to the concentration of chlorides on
the concrete cover thickness. The results demonstrate a potential

Figure 6 — Chloride content in the cover thickness
region, extracted from samples after the CAIM test

0.60 == w/b = 0.4 (without silicafume) =#=w/b = 0.4 (with silica fume)
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for studies about the interpretation of the data obtained from the
CAIM test from the viewpoint of chloride percentage, since the be-
havior of the curves is similar. With this approach, one can associ-
ate more readily results obtained in laboratory with tests performed
on the environment, since for obtaining analysis data of chlorides
it is only needed to read the content of ions during the time of
measurement, without requiring historical data, different from the
weight loss test, in which the initial weight of the bars must have
been recorded. Furthermore, the use of chloride percentage as
the response variable allows each test specimen to be monitored
throughout the test, since it is possible to perform extractions in a
part of the specimen, filling the holes collection sample punctually
with epoxy and continuing with the exposition. In the case of weight
loss, only one reading is possible, because the bar needs to be
extracted from the specimens to obtain the final result.

All accelerated test distorts the aggressive conditions, which
makes it difficult to correlate testing conditions to natural condi-
tions, and virtually impossible to estimate lifetime from analysis of
tests times. Nevertheless, CAIM essays may be useful for com-
parative analyzes that seek to identify how changes in materials
affect the corrosion process and how degradation effects evolve.
The information presented in this paper make it clear that the cur-
rent standards (national and international) still use methods based
on previous experiences with the prescription of coating thickness,
cement consumption and minimum strength for each type of ex-
posure condition. To introduce deterministic methods in standards
constitutes a major challenge for civil engineering making lifetime
analysis more precise, versatile and reliable. This is a challenge
due to the higher difficulty of control and specification, but that
would make the technology of reinforced concrete structures more
consistent, since it would open up the possibility of using, for ex-
ample, a 50 MPa concrete and adopt a cover thickness less than
the one to be used if the same structure was performed with a 25
MPa concrete.

Currently, the standards prescribe a minimum resistance and cover
thickness ignoring that the quality of the concrete cover thickness
can be very different between concretes. To get to the point of ap-
plying the reasoning embedded in deterministic methods, works to
quantify the influence of parameters such as thickness and quality
of the cover thickness, use of admixtures, compactness and other
factors that influence the protection of the steel are needed.

4. Conclusion
E—

The experimental program of this paper allows the following

conclusions:

m The CAIM method was satisfactory and is a technique with
great potential for use in comparative data of materials con-
sidering durability, it is a quick way to make comparisons and
choosing building materials;

B The three variables (cover thickness, the use of silica fume and the
water/binder ratio) had influence on the corrosion process. This
was evidenced by the weight loss of steel bars after CAIM method
and the percentage of chloride in the concrete cover thickness;

m The water/binder ratio proved to be the most important factor
controlling the movement of chloride ions. This effect is attrib-
uted to the porosity of concrete, because the lower the water/
binder ratio is lesser the mass loss of the steel bars and the
lower percentage of chloride;

B The greater the cover thickness smaller will be the mass loss
of reinforcement. However, the data show that this increase is
small for the water/binder ratio of 0.4 and very significant for
values of water/binder ratio like 0.5 and 0.6. In general, the use
of low values of cover thickness (2.5 cm) was inefficient, con-
sidering the high degree of loss of mass of reinforcement, thus
confirming the recommendations of the various standards;

m The addition of silica fume in concrete provided a decrease in
weight loss bars, and the loss level is proportional to the water/
binder ratio. The use of silica fume tends to be more advanta-
geous for concrete with lower water/binder rations and little ef-
fective for high values of the water/binder ratios;

B There is a correlation between the percentage of chloride on
concrete cover thickness and mass loss in steel bars, thus dem-
onstrating that the concentration of chloride ions is a determin-
ing factor in the process. This finding is a factor to be better
studied primarily in an attempt to relate accelerated with in situ
tests obtained in inspection works in real structures.
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Abstract
E——

In developed countries like the UK, France, Italy and Germany, it is estimated that spending on maintenance and repair is practically the same
as investment in new constructions. Therefore, this paper aims to study different ways of interfering in the corrosion kinetic using an accelerated
corrosion test — CAIM, that simulates the chloride attack. The three variables are: concrete cover thickness, use of silica fume and the water/
binder ratio. It was found, by analysis of variance of the weight loss of the steel bars and chloride content in the concrete cover thickness, there is
significant influence of the three variables. Also, the results indicate that the addition of silica fume is the path to improve the corrosion protection
of low water/binder ratio concretes (like 0.4) and elevation of the concrete cover thickness is the most effective solution to increase protection of
high water/binder ratio concrete (above 0.5).

Keywords: corrosion; CAIM; silica fume, water/binder ratio; concrete cover thickness.

Resumo
E———

Em paises desenvolvidos como os do Reino Unido além da Franga, Italia e Alemanha, estima-se que o gasto com manutengéo e reparo é prati-
camente igual ao investimento em obras novas. Por este motivo, este trabalho visa estudar o efeito de formas de interferir na cinética da corrosdo
a partir da aplicagdo de um ensaio acelerado de corrosdo — CAIM, que simula o ataque por cloretos. As trés variaveis estudadas sao: espessura
de cobrimento, uso de silica ativa e relagdo agua/aglomerante. Foi constatado, pela andlise de varidncia da perda de massa das barras e do
teor de cloretos na espessura de cobrimento, que existe influéncia significativa das trés variaveis do estudo. Além disso, os resultados indicam
que a adicéo de silica ativa € o caminho para melhorar a protegdo de concretos de relagdo agua/aglomerante baixa (a/agl = 0,40) e a elevagédo
do cobrimento é o caminho mais eficiente para aumentar a protecdo das armaduras em concretos de relagdo agua/aglomerante elevada (a/agl
=0,50 e 0,60).
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1. Introducgao
|

A corrosao de armadura é um grande problema mundial, resultan-
do em altos custos de recuperacao e reparo destas estruturas [1,
2]. Os gastos na prevencdo e manutengdo de produtos perdidos
como resultado da corrosédo atingem valores na ordem de 3,5 a
4% [3, 4]. Os custos indiretos sdo mais complexos, as vezes im-
possiveis de serem contabilizados [5]. Os problemas com a corro-
s&o do ago trazem ao Brasil um prejuizo anual de 3,5% do produto
nacional bruto (PNB) [6]. Para um PNB de 1,91 trilhdes de dolares,
tem-se um gasto de 66,86 bilhdes de délares por ano. Andrade e
Fortes [7] creditam 18% destes gastos a construgéo civil, totalizan-
do 15 bilhdes de ddlares do PNB.

A corrosao da armadura € influenciada por diversos fatores, tais
como propriedades do concreto, tempo de exposi¢éo, condigdes da
superficie da barra de ago, caracteristicas do ambiente onde a es-
trutura esta inserida e uso de materiais cimenticios suplementares.
A taxa de corrosdo da armadura € influenciada pela a resisténcia a
compressao do concreto. Ismail e Ohtsu [8] verificaram uma maior
taxa de corroséo para concretos de resisténcia normal em compara-
¢ao com concretos de alta resisténcia, atribuindo isto a baixa relagéo
agua/cimento e a presencga de silica ativa nas misturas. Resultados
de ensaios de corros&o acelerada em concretos com diferentes re-
sisténcias realizados por Abosrra et al. [9] confirmam as conclusdes
dos primeiros autores, acrescentando a conclusao de que a taxa de
corrosao aumenta quando o tempo de exposi¢cdo aumenta.
Segundo Xu et al. [10], a substituicdo parcial do cimento por cinza
voltante e silica ativa contribui para aumentar o tempo de iniciagao
da corros&o. Além disso, mesmo sabendo que a reagéo pozolani-
ca causada pelas adi¢gdes reduzem o hidréxido de célcio presente
na solugéo dos poros do concreto, a quantidade limite de cloretos
nao diminui.

Yalciner et al.[11] avaliaram a influéncia da espessura de cobri-
mento na resisténcia de aderéncia em concretos que sofreram
um processo de corrosdo acelerada. A degradacao foi maior nos
concretos de alta resisténcia do que em concretos de resisténcia
normal. Nos corpos de prova com relagéo a/c alta, os produtos da
corrosao fluiram para a superficie do concreto. Por outro lado, a
baixa permeabilidade dos concretos de relagédo a/c igual a 0,40
manteve os produtos expansivos no entorno da barra, resultando
no aparecimento de fissuras prematuras no concreto devido a ex-

pansdo volumétrica. Esse fendmeno contribuiu para a redugéo da
resisténcia de aderéncia nos concretos de alta resisténcia.
Durante muito tempo pesquisadores de todo o mundo vem de-
senvolvendo métodos para avaliagdo do processo corrosivo. No
entanto, nao existe ainda um consenso sobre quais séo os melho-
res e mais confiaveis métodos de estudo da corrosdo no concreto
armado [12]. Para avaliagéo do processo existem técnicas como
leitura de potencial de corroséo [13], resisténcia de polarizagao,
migragao e teor de cloreto [14, 15, 16], porém estas técnicas in-
dicam somente o avango do processo, ndo permitindo ainda em
fase de concepgao mitigar o ataque.

Para ensaios acelerados tem-se os ensaios de corrosao induzida
por cloretos, como a Corrosdo Acelerada por Imersdo Modifica-
da (CAIM), que consistem em submeter prismas de concreto ao
ingresso acelerado de cloretos. Este tipo de ensaio tem sido am-
plamente empregado por pesquisadores, obtendo-se resultados
satisfatorios [17, 18, 19].

Neste contexto, este artigo busca estudar a influéncia da espessu-
ra de cobrimento como barreira natural a entrada de ions cloretos
no concreto, através do ensaio CAIM, bem como a influéncia da
relagéo agua/aglomerante e da silica ativa na corrosédo de arma-
duras. As conclusdes obtidas com este trabalho podem ser usa-
das a fim de prevenir, ainda em fase de elaboracdo de projeto,
possiveis problemas ocasionados por corrosao.

2. Materiais e métodos

[

O programa experimental consistiu em submeter prismas de con-
creto com uma barra de ago inserida em seu interior a um proces-
so de corrosdo acelerado, com o objetivo de verificar sua eficién-
cia como barreira a entrada de ions cloretos.

2.1 Variaveis analisadas

As variaveis de andlise desta pesquisa sado a relagdo agua/aglo-
merante (0,4; 0,5 e 0,6), a espessura de cobrimento (4,0; 5,0 € 6,0
cm) e a presencga ou nao de silica ativa. Sistematizando, o estudo
compreende 18 variagdes: 3 niveis de relagdo agua/aglomerante
x 3 niveis de cobrimento x 2 niveis relativos a presenga ou néo
de silica ativa. Para o ensaio de corrosdo acelerada foram molda-
dos 3 corpos de prova prismaticos para cada variavel de analise,

Ignition loss
3,6%

ALO,
31%

Si0,
17,8%

Fe,O,

242%  60,5%

e EXP. Inicio Fim
especif. quente de de
pega pega
3 259 .
2,83 g/cm 0,47 mm hmin hmin 29.4 %

CaO MgO
4,61%

Blaine
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Tabela 1 - Caracterizacdo quimica e fisica do cimento CPV-ARI utilizado

Ensaios quimicos

Residuo insolavel
2,2%

CaO livre
1,7%

SO,
3,38%

Equiv. alcal
0,70%

Ensaios fisicos

#200 #325 1dia

3 dias

7 dias 28 dias

02% 20%  230MPa 329MPa 378 MPa 46,3 MPa
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Agregado Pulverulento @ méximo Mo_dulo
% mm de finura
Middo 1,1 2,40 1,74
Graudo 0,49 19,5 7,0

Tabela 2 - Caracterizagcdo dos agregados mitdo e graido

Massa especifica aparente Massa unitdria
Inchamento
% Seca Saturada Solta Compactada
g/em’ kg/dm’
1,37 2,65 2,68 1,58 1,78
- 3,01 3,02 1,66 2,24

resultando em um total de 54 prismas de concreto. Além destes,
também foram moldados 6 corpos de prova cilindricos de @ 10
x 20 cm para a determinagdo da resisténcia a compressao dos
concretos estudados, para ensaio aos 7 e 28 dias, totalizando 36
corpos de prova.

2.2 Materiais empregados

Os materiais utilizados foram escolhidos conforme a disponibilida-
de na regido oeste do Parana. O agregado miudo é uma areia na-
tural proveniente do rio Parana e o agregado graudo uma brita de
origem basaltica. Quanto ao cimento, optou-se por um CPV - ARI
— RS por ser, dentre os disponiveis no mercado, o que apresenta
menor quantidade de adigdes em sua composic¢éo. A agua utiliza-
da é proveniente da rede publica de abastecimento. As Tabelas
1, 2 e 3 apresentam um resumo das principais caracteristicas dos
materiais utilizados.

A silica ativa possui massa especifica de 2,19 g/cm?. A caracteri-

zagao quimica da silica ativa encontra-se na Tabela 4. Utilizou-se
um aditivo superplastificante de pega normal Muraplast FK 22 -
MC Bauchemie. Conforme especificagdo do fabricante, a quanti-
dade a ser utilizada é de 0,2 % a 3,0 % da massa de cimento. O
aco usado nos ensaios de corrosao acelerada foi o CA-50A ner-
vurado fornecido pela Arcelor Mittal, com diametro de 12,5 mm e
comprimento de 14,5 cm.

Para a definigdo do proporcionamento das misutras a serem
usados na pesquisa foi utilizado o método de dosagem do IPT/
EPUSP, conhecido como método dos quatro quadrantes, que se
baseia no ajuste de curvas de resisténcia e trabalhabilidade em
funcéo dos requisitos estruturais. Os tracos utilizados e os abati-
mentos obtidos estdo na Tabela 5.

Para estudar a influéncia da silica ativa, cada trago recebeu a
substituicdo de 8% da massa do cimento por silica ativa, sendo
mantida constante a relagao agua/aglomerante e o m (a + p) quan-
do relacionado ao teor total de aglomerante. O traco de relagédo a/
agl igual a 0,40 com silica ativa recebeu a adi¢édo de 0,2% de adi-

Tabela 3 - Composi¢cdo granulométrica do agregado graido e miido

Agregado graido Agregado miudo
Peneiras Massa Porcentagens (%) Peneiras Massa Porcentagens (%)
(mm) retida(g) Retida Acumulada (mm) retida(g) Retida Acumulada
375 - 0 0 6,3 0,8 0,13 0
31,6 - 0 0 4,75 0,6 0,1 0
25 - 0 0 2,36 3,8 0,63 1
19,5 57 57 6 1,2 33 5,41 6
12,5 604,2 60,5 66 0,6 39,3 6,44 13
95 283,5 28,4 95 0,3 225,1 36,87 50
4,75 473 47 99 0,15 270,8 44,36 94
Fundo 6,8 0,7 100 Fundo 37 6,06 100
Soma 998,8 100 - Soma 610,4 100 -

Tabela 4 - Caracterizagdo quimica da silica ativa utilizada

Composi¢cdo quimica (%)

K,O Fe,O,
0,94

Ca0 ALO,
006 03

P.O;
002 011

Tio, SO,
0,007 -

MgO CI ZnO MnO

0,029

Na,O0 BaO
0,17 -

96,4
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Tabela 5 - Consumo de materiais por m® de concreto e abatimento

Concreto Cimen!o Silica CIfiVO Agregado !niﬁdo Agregado gsraﬁdo Aguc:3 Abatimento
(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (mm)
1 510,46 - 689,12 1107,70 204,18 90
2 384,32 - 518,83 833,97 192,16 110
3 303,69 - 409,98 659,01 182,21 110
4 469,62 40,84 633,99 1019,08 187,85 90
5 353,57 30,75 477,33 767,26 176,79 100
6 279,39 24,30 377,18 606,29 167,64 110

tivo superplastificante No restante dos tragos ndo foi necessario
o uso de aditivos pois todos atingiram o abatimento especificado.

2.3 Corpos de prova empregados

Os corpos de prova utilizados no ensaio sao prismaticos, de dimen-
soes iguais a 10 cm x 10 cm x 20 cm e possuem uma barra de ago
de 14,5 cm de comprimento inserida em seu interior na espessura
do cobrimento definido entre as variaveis de estudo (Figura 1a).
Para garantir que as medidas do cobrimento estipulado fossem res-
peitadas, o conjunto barra/espagador/fio de cobre foi posicionado
nas férmas de madeira utlizando-se espacadores (Figura 1b).

De acordo com o ensaio acelerado proposto, os cloretos presen-
tes em uma solugéo na qual o concreto fica imerso durante o en-
saio, sdo induzidos a migrarem em diregao as barras de ago. Para
que isto ocorra, fios de cobre sdo posicionados acima das barras
da armadura, antes da moldagem dos corpos de prova (Figura
1b). Os fios utilizados possuem 4 mm de didmetro. Foi escolhido
este diametro para evitar a possivel degradacao decorrente do
contato do fio com as substancias corrosivas, conforme verificou-
-se em uma etapa preliminar de testes.

Apds a desforma, que ocorreu 24 horas depois da concretagem,
os corpos de prova foram curados sob condigao saturada durante

28 dias, e entdo submetidos ao ensaio de corrosdo acelerada por
imersdo modificada (CAIM).

2.4 Corrosao acelerada por imersao
modificada — CAIM

Para a avaliagéo do grau de corrosdo das armaduras para as seis
composigdes de concreto foi utilizado o ensaio de corrosdo acele-
rada por imersado modificada (CAIM). O CAIM é um ensaio acelera-
do de corrosao que se enquadra entre os ensaios eletroquimicos.
Sua metodologia foi desenvolvida e adaptada por pesquisadores
da Universidade Federal do Rio Grande do Sul (UFRGS). O en-
saio teve seu primeiro uso por Lima [17], a partir de uma concep-
gao original empregada por Varela, Espinosa [20] e desde entao
tem sido empregada com sucesso por varios pesquisadores, cada
qual com pequenas modificagdes nos procedimentos [18, 19].
Dada suas caracteristicas, pode ser usada de forma eficiente para
se obter dados comparativos de prote¢cao quanto a corrosao [18].
Neste ensaio, a aceleracdo da corrosao é conseguida pela indu-
Gao eletroquimica, que combina a exposigédo de corpos de prova a
solugdes agressivas, com a aplicagéo de corrente elétrica para es-
timular que cloretos migrem na diregéo da barra. No ensaio emerge-
-se 0s corpos de prova até a altura da barra, em uma solugéo de

Figura 1 - (a) Croqui das medidas dos corpos de prova e recipiente de suporte para o ensaio,
medidas em cm; (b) Detalhe do conjunto armadura/espag¢ador/fio preparado para a moldagem
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Figura 2 - Esquema de realiza¢cdo do ensaio CAIM

35g/l de NaCl, concentragéo similar a da agua do oceano atlantico
[19]. Desta forma, facilita-se o acesso ao concreto tanto do oxigé-
nio quanto do cloreto, essenciais para que o processo de corrosao
ocorra. Para aplicagéo da corrente elétrica, os corpos de prova séo
ligados a fontes de alimentagdo como mostrado na Figura 2.

O ensaio simula as condi¢gdes essenciais para se estabelecer
0 processo de corrosdo no concreto, porém com uma velocida-
de acelerada. Quando se submetem corpos de prova ao ensaio
CAIM, obtém-se como resposta o desenvolvimento e aceleragao
do processo de corrosdo do ago e como consequéncia ocorre a
formacéo de 6xidos e hidréxidos de ferro na superficie da barra,
que é expansivo e provoca a abertura de fissuras longitudinais a
armadura. Os resultados obtidos com o ensaio permitem inferir
comparativamente sobre a qualidade do concreto utilizado [19].
Antes de iniciar a execugao do ensaio foi necessario construir uma
camara de corrosao acelerada. A camara foi projetada de forma a
favorecer a criagdo de uma atmosfera salina no seu interior sem
que houvesse a liberagdo do vapor de cloretos para o ambiente
externo, sendo confeccionada em madeira compensada naval,
com tampa superior de vidro, a qual possui dimensdes (90 cm x
200 cm x 40 cm) que possibilitam o ensaio de varios corpos de
prova simultaneamente.

Durante o ensaio, as amostras ficaram parcialmente imersas. A
altura da agua foi definida conforme a espessura do cobrimento.

Os corpos de prova foram imersos em recipientes plasticos indivi-
duais, sem renovagéo da solugao durante o ensaio. No inicio do
ensaio, o fio que foi concretado junto a barra foi conectado ao polo
positivo da fonte — atuando como &nodo no processo eletroquimi-
co. Outro fio de cobre foi colocado na solugéo e conectado ao polo
negativo da fonte de alimentagao — servindo de catodo no proces-
so eletroquimico. A densidade de corrente adotada foi de 500 pA/
cm?, o que corresponde a aproximadamente 24,8 mA.

Os equipamentos empregados para aplicagao da corrente foram
fontes de alimentagédo modelo Dawer PS — 3003 D de corrente
continua. Foi utilizado também um Nobreak para garantir que,
caso houvesse falta de energia, o ensaio permanecesse em anda-
mento. O laboratério onde os ensaios foram executados apresen-
tavam controle de temperatura (23 °C) e umidade (60%), porém
dentro do aparato de ensaios nao foi feito nenhum controle de
temperatura e umidade.

Devido a necessidade de se ensaiar varios corpos de prova ao
mesmo tempo e pelo limitado numero de fontes, houve a necessi-
dade de ligar alguns corpos em série formando um circuito. Esta
opgéao é valida uma vez que pelos conceitos de eletricidade, quan-
do se ligam resistores formando um circuito em série, a corrente
sera a mesma para todos os elementos da ligagao. A quantida-
de de corpos de prova que puderam ser ligados continuamente
(maximo 3) foi determinada pela maxima diferenca de potencial

04 05
Dias 7 389 28,0
28 47,2 38,2

Sem silica ativa

Tabela 6 - Dados de resisténcia & compressdo dos concretos (MPa)

Relagdo dgua/aglomerante

Com silica ativa

0,6 04 05 0,6
24,5 394 32,8 23,8
31,2 49,6 36,9 31,7
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Figura 3 - Perda de massa das barras x espessura
de cobrimento para as diferentes relagcoes
dgua/aglomerante
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suportada pelas fontes, mantendo-se a corrente elétrica definida
para este trabalho.

Os corpos de prova foram submetidos ao ensaio CAIM durante 20
dias. Posteriormente, os prismas de concreto foram mantidos du-
rante 7 dias a temperatura ambiente para secagem. Na sequéncia
procedeu-se a analise visual do estado de degradagéo dos corpos
de prova e a extragdo das amostras de p6 para contagem do teor
de cloretos. A extragao foi feita utilizando-se uma furadeira com
uma escala acoplada para garantia da espessura de cobrimento.

As amostras do pé do concreto foram acondicionadas em sacos
plasticos, lacradas e levadas até o Laboratério de Concreto da
Usina Hidrelétrica de Itaipu para proceder aos ensaios do teor de
cloretos. Terminada a etapa de extragdo do p6 do concreto, os
corpos de prova foram rompidos na prensa hidraulica para retirada
das barras de ago.

Apos serem retiradas do concreto, as barras passaram por um
processo de limpeza conforme procedimento descrito pela norma
americana ASTM A380 [21]. Apds limpeza completa, procedeu-se
a pesagem das barras.

3. Resultados e discussoes

[

As principais variaveis de resposta analisadas neste trabalho fo-
ram a perda de massa das barras de ago e o teor de cloretos con-
tidos nas camadas de cobrimento apds a submisséao dos corpos
de prova ao ensaio de corrosao acelerada. Moldaram-se também
corpos de prova para controle das resisténcias do concreto. Os
resultados de resisténcia a compressao estdo apresentados na
Tabela 6 e foram utilizados como parametro de caracterizagédo dos
concretos do estudo.

3.1 Grau de corrosdo medido através de perda
de massa das barras de ago

Os dados obtidos com o programa experimental foram primeira-
mente tratados estatisticamente com o intuito de identificar e elimi-
nar valores atipicos. Os dados foram considerados espurios quan-
do o valor absoluto da variavel de resposta subtraido da média

Tabela 7 - Andlise de vari@ncia para andlise da influéncia da relagcdo dgua/aglomerante,
espessura de cobrimento, presenca de silica ativa nos concretos (significancia de 95%)

Relacdo dgua/aglomerante

Concreto Cobrimento =2,5 155,9438 2
sem silica Cobrimento = 4,0 60,1316 2
ativa Cobrimento = 6,0 22,9483 2
Concretos Cobrimento =2,5 169,8875 2
com silica Cobrimento = 4,0 77,15959 2
ativa Cobrimento = 6,0 42,5409 2

Espessura de cobrimento

Concretos a/agl=0,4 2,273218 2
sem silica a/agl=0,5 67,08003 2
ativa a/agl=0,6 45,02897 2

Presenca de silica ativa

_ a/agl=04 21,61406 1
Variando o a/agl =05 25,48186 1
cobrimento a/agl=0,6 3,24498 1

F critico
7797192  69,19545 5,143253 Signif.
30,0658 20,56927 5,143253 Signif.
1,47417  72,30734 5,143253 Signif.
84,94375 30,85882 5,143253 Signif.
38,5798  6,873874 5,143253 Signif.
21,27047  45,53911 5,143253 Signif.

F critico Efeito
1,136609  0,653028 5,143253 Nd&o signif.
33,54001 180,9271 5,143253 Signif.
22,51449 27413 5,143253 Signif.

F critico
21,61406  24,13078 4,49400 Signif.
25,48186 4,63315 4,49400 Signif.
3,24498 0,31205 4,49400 Nd&o signif.
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Figura 4 - Corpos de prova com
silica ativa, apés ensaio CAIM

de suas repeticdes era maior que o desvio padréo. Esses valores
foram descartados e a média foi recalculada sem a utilizagdo dos
valores descartados. A Figura 3 apresenta valores médios de per-
da de massa (grau de corroséo), para as trés variaveis de estudo.
O grafico permite uma melhor visualizagdo do comportamento das
variaveis de estudo.

Analisando a Figura 3 pode-se verificar a influéncia da relagao
agua/aglomerante, da adigdo de silica ativa e da espessura de
cobrimento na perda de massa das barras de ago submetidas ao
processo corrosivo. O resultado evidencia que estes parametros
exercem forte influéncia na capacidade de protegéo do ago dentro
do concreto, podendo ser usados como ferramenta de adequagao
da estrutura ao nivel de durabilidade objetivado nos projetos.
Apds a eliminagdo dos valores espurios, a verificagdo da influén-
cia das variaveis no processo de corrosao foi feita por meio de
uma analise de variancia (ANOVA) nos dados de perda de massa
das barras inseridas nos corpos de prova de concreto, com nivel
de significancia da analise de 95%. Um resumo dos resultados
encontra-se descrito na Tabela 7 e a interpretagao é feita de forma
que o fator em andlise é considerado de influéncia com 95% de
significancia sempre que F for maiordoque o F .

3.1.1 Influéncia da relagdao agua/aglomerante

Os resultados de perda de massa em fungéo da relagdo agua/
aglomerante confirmam o que ja era esperado, ou seja, que a rela-
¢éo agua/aglomerante exerce influéncia significativa na corrosédo
do ago. A Figura 3 mostra o incremento na perda de massa das
barras de ago com o aumento da relagdo agua/aglomerante para
as séries sem silica ativa, indicando que mudancgas nesta variavel
implicam em alteracgdes significativas na perda de massa das bar-
ras de ago carbono embutido nos corpos de prova submetidos ao
ensaio CAIM. Este comportamento se deve ao fato de que quanto
menor for a quantidade de agua na mistura, maior sera a protegao
oferecida ao concreto quando exposto as intempéries, devido a
redugao no tamanho dos poros e consequente dificuldade de pe-
netracao de fluidos e de agentes agressivos. Esta relagéo é bem
conhecida no meio técnico e cientifico e tem sido comprovada
a partir de estudos como segue: Lafhaj et al. [22] mostram que
quanto maior a relagéo a/c, maior a porosidade total do material

cimenticio. O estudo de Hedenblad [23] indica que quanto maior a
porosidade total do material cimenticio, maior a sua permeabilida-
de. O grau de hidratagédo do cimento e sua porosidade aumentam
com a elevagao da relagdo agua/cimento. Isso foi verificado no
estudo de Chen, Wu [24] em argamassas de trago 1:2 em massa
e ficou demonstrado que para a relagdo agua/cimento 0,4 o grau
de hidratacéo foi de 68% e para a relagdo agua/cimento de 0,6 o
grau de hidratagéo foi de 81%, ambos aos 180 dias de cura. Po-
rém, o estudo também indicou que a argamassa com relagédo a/c
elevada apresenta uma faixa de poros maiores, nao presente na
argamassa com baixa relagéo a/c. Esta informacao coincide com
os resultados classicos apresentados nos estudos de Powers [25].
Nota-se que as perdas de massa das barras de ago s&o mais pro-
nunciadas quando da passagem da relagdo agua/aglomerante 0,4
para 0,5, do que 0,5 para 0,6. Isto demonstra uma tendéncia de que
para produzir concretos mais duraveis sejam utilizadas relagoes a/
agl abaixo de 0,5. A NBR 6118 [26] permite que seja utilizada uma
relacdo a/agl igual a 0,5 para a classe de agressividade Il (atmos-
fera industrial ou marinha), recomendagéo esta que poderia ser
considerada pouco rigorosa, caso estes resultados tivessem sido
obtidos em campo e ndo em ensaios acelerados. Desse modo, este
resultado serve de alerta, mas é necessario realizar experimentos
nao acelerados para fundamentar melhor estas constatagoes preli-
minares. Este ponto de vista se baseia no fato de que a aceleragdo
da degradagéo adotada nao reproduz totalmente as condigbes re-
ais de exposi¢do de uma estrutura em ambiente proximo ao mar.
A analise visual dos corpos de prova apos o ensaio CAIM permite
verificar os efeitos estéticos que o processo de corrosao provoca
sobre o concreto. A Figura 4 apresenta o estado de degradacao
observado nos corpos de prova com as trés relagdes agua/aglo-
merante estudadas para uma espessura de cobrimento de 4,0 cm
com a presenga de silica ativa.

O processo de corrosao instalado gera a formagao de produtos de
corrosao, que devido a umidade abundante durante o ensaio gera
manchas na superficie dos corpos de prova. Pode-se associar a
intensidade de ocorréncia destas manchas na superficie com a
qualidade do concreto utilizado. Verifica-se através da Figura 4
que quanto menor a relagdo agua/aglomerante menor os efeitos
aparentes da corrosao sobre a superficie do concreto, confirman-
do-se assim as conclusdes obtidas anteriormente.

Figura 5 - Fissuragcéo em corpos de prova
(cobrimento=6,0 cm) sem silica ativa
devido ao cobrimento excessivo

ajagl = 0.6
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3.1.2 Influéncia da espessura de cobrimento

O cobrimento da armadura no concreto € um fator muito importan-
te de controle da movimentagao dos ions cloreto e da penetragéo
de substancias nocivas ao concreto. Ele desempenha o papel de
protecao fisica, pois dificulta a entrada de agentes agressivos,
oxigénio e umidade, além de garantir o meio alcalino para que a
armadura tenha a protecéo quimica. A Figura 3 mostra a influéncia
das diferentes espessuras de cobrimentos como barreira protetora
ao ago para concretos sem silica ativa.

Pela teoria, para concretos com qualidade similares, quanto maior
a espessura de cobrimento, maior tende a ser o intervalo de tem-
po até que a concentracao de cloretos junto ao aco atinja o valor
limite, uma vez que este cobrimento tende a funcionar com uma
barreira a penetragédo dos ions. Como os corpos de prova foram
submetidos a exposicdo durante o mesmo periodo de tempo, a
afirmagao pode ser confirmada quando se analisa a Figura 3, na
qual se constata que conforme o cobrimento do concreto diminui
tem-se um acréscimo na perda de massa das barras de ago nos
concretos de relagdo agua/aglomerante 0,5 e 0,6. Nas misturas
de relagéo agua/aglomerante 0,40, parece ndo haver alteragdes
na perda de massa das armaduras para diferentes espessuras de
cobrimento ou pelo menos este efeito € bem menor. Supde-se que
para esta relagdo agua/aglomerante, a microestrutura do concreto
encontra-se tdo densa que predomina sobre a velocidade de pe-
netragdo dos ions, como indicam os estudos de Medeiros, Helene
[27] e Chen, Wu [24].

A NBR 6118 [26] recomenda como valores limites para a clas-
se de agressividade |V espessura de cobrimento de 5,0 cm e
relagdo agua/aglomerante de 0,45. Conforme os resultados ob-
tidos nesta pesquisa, ndo ha necessidade de se usar cobrimen-
tos maiores do que 4,0 cm, para concretos expostos a condigao
imposta no ensaio usado neste trabalho, quando a relagdo agua/
aglomerante for de 0,40. Esta afirmacao foi confirmada pela ana-
lise de variancia com 95% de significancia, conforme Tabela 7,
indicando que a variagdo na espessura cobrimento (entre 2,5 e
6 cm) ndo é significativa no caso de relagdo agua/aglomerante
de 0,4 e é significante nos casos das relagdes agua/aglomerante
de 0,5€e0,6.

E importante salientar que esta interpretagdo ¢ baseada estritamente nos
materiais utilizados e nas condigdes de exposi¢ao impostas neste
ensaio. A exposicao real de uma estrutura de concreto armado
tem indmeros fatores de influéncia ndo simulados no ensaio em-
pregado e, por isso, a NBR 6118 deve continuar sendo seguida.
Por meio da andlise visual, um efeito verificado em todos os cor-
pos de prova com espessura de cobrimento igual a 6,0 cm é o
aparecimento de fissuras devido ao carater expansivo dos produ-
tos originados pela corroséo (Figura 5). Atribui-se este fendbmeno
ao excessivo cobrimento utilizado, uma vez que as amostras de
cobrimento inferior ndo apresentaram tal ocorréncia.

Pode-se concluir, com base nas informagdes e analises anteriores
que, quanto maior o cobrimento menor sera a perda de massa
das armaduras, porém quando se reduz a relagdo a/agl a valores
proximos de 0,40, os poros do concreto tendem a encontrar-se tao
densos que por si s6 ja apresentam protegdo frente ao proces-
SO corrosivo ndo necessitando assim de cobrimentos excessivos,
sendo neste caso até mesmo nocivo a sua utilizagdo. Um estudo
aprofundado sobre a porosidade dos concretos podera fundamen-
tar melhor esta analise.

3.1.3 Influéncia da presencga de silica ativa

O emprego de silica ativa no concreto provocou um decréscimo na
perda de massa das barras inseridas no interior do concreto. Atri-
bui-se este decréscimo a possibilidade desta pozolana preencher
os vazios presentes do interior do material (pelo efeito filer asso-
ciado as reagdes pozolanicas), tornando o material mais resisten-
te ao ingresso de CI-. Apesar disto, observa-se que quanto maior
a relagdo agua/aglomerante menos significativo fica este efeito,
até o ponto onde a presencga desta adigao passa a nao influenciar
a perda de massa das barras inseridas no concreto (relagéo a/ag|
= 0,6). A interpretagéo dos dados faz crer que o uso de silica ati-
va na dosagem do concreto é mais vantajoso quando se trabalha
com concretos de baixa relagcdo agua/aglomerante.

O concreto com silica ativa teve uma resisténcia a compressao
muito semelhante ao concreto sem silica ativa, porém, no caso de
baixa relagao a/agl (neste caso a/agl=0,4) verifica-se uma capaci-
dade de proteger a armadura da corrosao por cloretos muito supe-
rior do que a série de corpos de prova sem esta adi¢gdo, conforme
observado na Figura 3.

Este € um indicativo que para baixas relagbes agua/aglomeran-
te, a silica ativa muda a microestrutura do concreto de forma a
dificultar a penetragéo de cloretos. Isto deixa evidente que utili-
zar a resisténcia a compressao como unico fator determinante
de durabilidade do concreto armado pode induzir a conclusées
errdneas, sendo entdo necessarios outros parametros de analise
para uma conclusao mais completa. O estudo de Ramezanian-
pour e Malhotra [28] também apresenta resultados que corrobo-
ram esta questao, pois eles compararam concretos de referéncia,
confeccionados com a mesma relagdo agua/aglomerante e com
um cimento equivalente no Brasil ao CP | — 32, com um concreto
com 10 % de silica ativa em substituicdo ao cimento. O resultado
encontrado indica uma manutengéo da resisténcia a compressao,
porém, houve uma clara reducéo da porosidade e um refinamento
dos poros provocado pelo uso da silica ativa. Além disso, este
percentual de substituigdo resultou em uma elevagao considera-
vel da resisténcia a penetragdo de ions cloretos, embasado pela
redugdo da porosidade. Este fato foi atribuido pelos autores ao

Figura 6 - Teor de cloretos até a altura do
cobrimento, extraidos dos corpos de
prova submetidos ao ensaio CAIM
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efeito das reagdes pozolanicas provocadas pela silica ativa. Vale
salientar que Atis et al. [29] mostram em seu experimento que o
concreto com silica ativa apresenta maior tendéncia a sua resis-
téncia ser afetada pela cura seca, ou auséncia de cura, que ocorre
em muitas obras. Meloleepszy e Deja [30] também evidenciaram
resultados semelhantes estudando percentuais de substituicao de
5% e 10% de silica ativa, com reducao de até 40% nos resultados
de resisténcia a compressao. Desse modo, deve-se ter um alerta
para esta questédo: aparentemente a silica ativa produz um con-
creto que bloqueia melhor os agentes agressivos, porém, a cura
Umida passa a ter um papel mais importante do que no caso do
concreto convencional.

3.1.4 Concentragao de cloretos na espessura de cobrimento

O ensaio acelerado distorce condigbes ambientais ndo podendo
servir como um parametro fixo para comparagéo com os dados ob-
tidos em ensaios realizados naturalmente, porém, servem de base
para o entendimento das variaveis que influenciam no processo e
assim é possivel tomar medidas de mitigagao das manifestagdes
patolégicas provenientes da corrosao de armaduras. Existe, no
entanto, um grande movimento por parte dos pesquisadores em
tentar relacionar os dados obtidos com ensaios acelerados e a
degradacgéo observada em estruturas expostas ao ambiente.

No ensaio de corroséo acelerada por imersdo modificada (CAIM),
a corrente elétrica aplicada sobre os corpos de prova induz a mi-
gragao dos cloretos presentes na solugdo em diregao a barra de
aco presente no interior do corpo de prova. Como consequéncia
disto, os cloretos se alojam nos poros do concreto. Neste trabalho,
avaliou-se o teor de cloretos presente na espessura de cobrimento
dos concretos submetidos ao ensaio CAIM. A contagem de clo-
retos foi realizada no pé extraido do concreto de cobrimento dos
corpos de prova utilizando o método de Volhard conforme descrito
por Andrade [31]. A ASTM C1152-04 [16] referencia a titulometria
com nitrato de prata para a determinagao de ions cloretos total
em amostras de cimento e concreto utilizando-se procedimentos
similares ao adotado por Andrade [31]. Foi aplicado sobre os da-
dos do teor de cloretos 0 mesmo tratamento preliminar utilizado
para refinar os dados da perda de massa por corrosdo. Os dados
obtidos apds o tratamento preliminar estédo expostos na Figura 6.

A Figura 6 mostra o comportamento do teor de cloretos para as
variaveis de estudo deste trabalho. Observa-se que todas as cur-
vas mostram a mesma tendéncia observada para a perda de mas-
sa das barras de ago, o que ratifica as conclusdes a respeito da in-
fluéncia das variaveis frente a deposigao de cloretos no concreto.
Nota-se que praticamente todos os corpos de prova estdao com
seus teores de cloretos acima daquele proposto por Helene [12]
de 0,05% a 0,1% em relagdo a massa de concreto e que segundo
0 autor é a faixa de valores médios mais aceitos entre pesquisa-
dores como um limite critico de corrosédo. O Comité Euro-Interna-
cional do Concreto (CEB, 1992) recomenda que o teor de cloretos
em concreto armado néo deva ultrapassar 0,05% em relacéo a
massa de concreto.

Analisando a Figura 6 pode-se confirmar a hipétese de que a per-
da de massa das barras deterioradas através do processo de cor-
rosdo por cloretos ¢ diretamente relacionada com o teor de cloretos
no cobrimento do concreto. Os resultados demonstram um poten-
cial para estudo no que se refere a interpretacdo dos dados obti-
dos com o ensaio CAIM sob a ética do teor de cloretos, uma vez

que o comportamento das curvas ¢ similar. Por esta abordagem,
podem-se associar mais facilmente os resultados obtidos em la-
boratério com ensaios realizados no ambiente, uma vez que para
obtengao dos dados de analise de cloretos é necessaria somente
a leitura do teor de ions no momento da medigdo, sem necessida-
de de dados histéricos, diferente do ensaio por perda de massa,
no qual as massas iniciais das barras deverao ter sido registradas.
Além disso, o uso do teor de cloretos como variavel de resposta do
ensaio permite que cada corpo de prova seja monitorado ao longo
do ensaio, uma vez que € possivel executar a extragdo em uma
parte do corpo de prova, preencher os furos de coleta de amostra
pontualmente com epoxi e prosseguir com a exposi¢ao. No caso
da perda de massa, so6 € possivel uma leitura, pois a barra precisa
ser extraida dos corpos de prova para o resultado final.

Todo ensaio acelerado distorce as condigdes de agressividade,
o que torna dificil correlacionar as condigbes de ensaio com as
condi¢des naturais, e praticamente impossibilita a estimativa de
vida util a partir de analise de tempos de ensaios. Apesar disto,
ensaios como o CAIM podem ser Uteis para andlises comparati-
vas, que buscam identificar como variagdes nos materiais afetam
0 processo corrosivo e como evoluem os efeitos da degradagéo.
As informagdes expostas neste artigo deixam claro que as normas
atuais (nacionais e internacionais) ainda usam os métodos basea-
dos em experiéncias anteriores com a prescri¢cdo de cobrimentos,
consumo de cimento e resisténcia mecanica minimos para cada
tipo de condigéo de exposicao. Introduzir os métodos determinis-
tas nas normas constitui-se um grande desafio para a engenharia
civil tornando a analise de vida Util mais precisa, versatil e confia-
vel. Este é um desafio pela maior dificuldade de controle e espe-
cificagao, mas isso tornaria a tecnologia de estruturas de concreto
armado mais coerente, uma vez que abriria a possibilidade de se
utilizar, por exemplo, um concreto de 50 MPa e adotar um cobri-
mento menor do que se a mesma estrutura fosse executada com
um concreto de 25 MPa.

Atualmente, as normas fixam um minimo de resisténcia e de cobri-
mento ignorando que a qualidade do cobrimento de um concreto
pode ser muito diferente do outro. Para chegar ao ponto de aplicar
o raciocinio embutido nos métodos deterministas, trabalhos na li-
nha de quantificar a influéncia de parametros como espessura e
qualidade do cobrimento, uso de adigbes, compacidade e outros
fatores de influéncia na protegédo do ago sdo necessarios.

4. Conclusoes

EE

O programa experimental deste trabalho permitiu obter as seguin-

tes conclusdes:

m A metodologia CAIM mostrou-se satisfatéria e apresenta-se
como uma técnica com grande potencial de uso para dados
comparativos de durabilidade de materiais, pois € um meio ra-
pido de produzir comparagdes e balizar tomadas de decisdes
de obras importantes;

B As trés variaveis estudadas (espessura de cobrimento, uso de
silica ativa e relagao agua/aglomerante) apresentaram influén-
cia no processo de corrosado. Isto foi constatado pela perda de
massa das barras apds o CAIM e pelo teor de cloretos na es-
pessura de cobrimento;

B A relagdo agua/aglomerante mostrou-se como o fator mais im-
portante no controle de movimentagao de ions cloretos. Atribui-se
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este efeito a porosidade do concreto, pois quanto menor a relagéo
agua/aglomerante menor a perda de massa das barras e menor o
teor de cloretos no interior do concreto.

m Quanto maior a espessura de cobrimento menor a perda de
massa das armaduras. No entanto, os dados mostram que este
incremento é pequeno para a relacdo agua/aglomerante de 0,4
e muito significante para os valores de relagao agua/aglome-
rante de 0,5 e 0,6. De um modo geral, a utilizacdo de baixos
valores de espessura de cobrimento (2,5 cm) mostrou-se ine-
ficiente, se considerarmos o alto grau de perda de massa das
armaduras atingido, confirmando assim as recomendagdes das
diversas normas;

B A adigao de silica ativa no concreto proporcionou um decrés-
cimo na perda de massa das barras, sendo o nivel de perda
proporcional a relagao agua/aglomerante. O uso da silica tende
a ser mais vantajoso para concretos de relagdes agua/aglome-
rante baixas e pouco efetivo para valores elevados de relagao
agua/aglomerante;

m Existe uma correlagao entre o teor de cloretos e a perda de
massa nas barras de ago, demonstrando-se assim que a
concentragdo de ions cloreto € um fator determinante para o
processo. Estudos devem ser elaborados, principalmente na
tentativa de relacionar ensaios acelerados com os ensaios de
campo em trabalhos de inspegéo em estruturas reais.
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Abstract
E——

The useful life of concrete is associated with the penetrative ability of aggressive agents on their structures. Structural parameters such as poros-
ity, pore distribution and connectivity have great influence on the properties of mass transport in porous solids. In the present study, the effect of
varying the workability of concrete in fresh state, produced through the use of additives, on pore structure and on the mechanical compressive
strength of hardened concrete was assessed. The pore structure was analyzed with the aid of X-ray microtomography, and the results obtained
were compared to the total pore volume calculated from data derived from helium and mercury pycnometry tests. A good approximation between
the porosity values obtained through the two techniques was observed, and it was found that, regardless of concrete consistency, the samples
from the surface of the specimens showed a percentage of pores higher than those taken from the more inner layers.

Keywords: concrete, workability, porosity, X-ray microtomography.

Resumo
E——

A vida util dos concretos esta associada a capacidade de penetragao de agentes agressivos em suas estruturas. Pardmetros estruturais como
porosidade, distribuicdo e conectividade de poros tém grande influéncia nas propriedades de transporte de massa em solidos porosos. No pre-
sente estudo avaliou-se o efeito da variagéo da trabalhabilidade do concreto no estado fresco, produzida pelo uso de aditivos, na estrutura de
poros e na resisténcia mecanica a compresséo do concreto endurecido. A estrutura de poros foi analisada com o auxilio de um microtomdégrafo
de raios X, e os resultados obtidos foram comparados com o volume total de poros calculados a partir de dados provenientes de ensaios de pic-
nometrias de hélio e mercurio. Observou-se boa aproximagado entre os valores de porosidade obtidos pelas duas técnicas, tendo-se constatado
que, independente da consisténcia do concreto, as amostras provenientes da superficie dos corpos de prova apresentaram um percentual de
poros superior do que aquelas retiradas de camadas mais internas.
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1. Introduction

In the study of concrete microstructure, porosity is particularly
important in that it influences many of its properties, such as
hardness, modulus of elasticity, compressive strength and per-
meability [1, 2].

The pore distribution system of concrete is strongly influenced by
its production factors, such as dosage [3] and cure. The infinite
variations in the productive process impede the creation of precise
models to predict their behavior.

There are many consolidated techniques for the measurement
and characterization of pore structure, such as mercury intrusion
porosimetry (MIP), nitrogen adsorption and scanning electron mi-
croscopy (SEM). However, the use of these techniques in isolation
is not capable of promoting a more accurate understanding of this
structure [2, 4]. Besides this, each technique has its associated er-
ror, its analysis range and sample preparation standard, and these
variables can become a complicating factor in the analysis and
comparison of results. In this sense, the use of X-ray microtomog-
raphy (u-CT) has contributed by facilitating the study of the pore
structure of materials

The p-CT is an imaging technique that allows for the gathering of
three-dimensional data on the internal microstructure of materials
(such as density, pore structure and porosity), which does not re-
quire the special preparation of samples. Although its creation and
use are not recent, [5] it was only in the last decade that studies
involving its application in the investigation of the pore structure of
cementitious materials began to be released [1, 2, 4, 6, 7].

This study aimed to verify the effect of the variation of concrete
workability in fresh state, produced by the use of additives, in the

Table 1 - Properties of CP Il 40 cement used
Residue in the Screen ABNT 200 (%) 0.35
Blaine specific surface (cm?/g) 4,700
True specific mass (g/cm®) 298
Water of normal consistency (%) 32.8
Time to start of hardening (hours) 3.12
Time to end of hardening (hours) 4.75
Loss on ignition (%) 3.8
Sulphuric anhydride - SO, (%) 25
Insoluble residue (%) 0.8
Compressive strength - 3 days (MPa) 234
Compressive strength - 7 days (MPa) 35.2
Compressive strength - 28 days (MPa) 49.0

pore structure and mechanical compressive strength of hardened
concrete. In the investigation of pore structure, the X-ray microto-
mography (u-CT) technique was used. In order to compare results,
the porosity of the concretes were also calculated through the ratio
between bulk density, obtained by mercury pycnometry, and solid
fraction density, obtained through the pycnometry test with helium
gas [8, 9].

Two concrete mixtures were produced, named concrete Type 1
and Type 2, and were designed to achieve different workabilities
through the respective use of plasticizing additives based on modi-

Fine aggregate

Table 2 - Granulometry of aggregates used

Accumulated

: : Percentage Retained Accumulated
Diameter of particle : percentage
(mm) retained retained percentage per<-:entoge
(%) o (%) retained (%)
(%)
25 - - - 0
19 - - 7.8 8
12.5 - - 56.6 64
9.5 - - 27.6 92
6.3 0 0 7.1 99
4.75 0.6 1 - 99
2.36 2.1 3 - 99
1.18 8.5 11 - 99
0.6 24.1 35 - 99
0.3 49.5 85 - 99
0.15 129 98 - 99
<0.15 2.3 100 0.6 100
Maximum size
characteristic (mm) 24 25
Fineness module 2.32 6.96

Coarse aggregate
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Table 3 - Characterization of aggregates used

Property Aggregate
Fine Coarse
Specific mass (g/cm?) 2.6 2.7
Unit mass (g/cm®) 1.3 1.4
Sprayed material (%) 04 0.5
Rate of Clay in lumps (%) 0.1 -
Organic impurity (ppm) <300 -

fied hydroxycarboxylic compounds and sulfonated polinaftaleno,
while maintaining the same proportions of the constituent solids
and water/cement ratio (w/c). Both concretes were cured in a moist
chamber until rupture. Type 1 concrete was also subjected to cur-
ing submerged in fresh water, in order to examine the efficacy of
curing in a moist chamber.

2. Materials and experimental program
E——

2.1 Cement

For the proportioning of concrete, a Brazilian cement was used
with the addition of blast furnace slag (CP Il 40), whose technical
specifications are described in the Brazilian standard NBR 5735
[10]. Its main physical, chemical and mechanical properties are
presented in Table 1.

2.2 Aggregates

The fine aggregate used was natural quartz sand, and the coarse
aggregate was obtained by the crushing of calcite rocks.

The results of the particle size tests and characterization of aggre-
gates can be seen in Tables 2 and 3, respectively.

2.3 Filler

Limestone filler was used with maximum particle size passing
through a sieve with a mesh of 44 pm. Table 4 shows the main
physical and chemical properties of the limestone filler used in
this study.

2.4 Chemical additives

The Type 1 concrete was prepared by use of a plasticizer based on

Table 4 - Properties of limestone filler used

Property Value

Blaine specific surface (cm’/g) 3,095
Specific mass (g/cm®) 2.73
Mean particle diameter (um) 90

Calcium oxides — CaO (%) 55.04
Loss on ignition = PCC (%) 4194
Other oxides (%) 3.02

modified hydroxycarboxylic compounds. For the production of the
Type 2 concrete, a plasticizer based on poly naphthalene sulfonate
was used.

2.5 Proportioning of concrete

For the dosing of specific Type 1 and Type 2 concretes, a similar
dosing was determined, differentiated only by the type and quantity
of plasticizer additive used to attribute the different workabilities.
The additive dosage used in each proportion was enough to confer
a reduction of 60 mm for Type 1 concrete and 100 mm for Type 2
concrete (ASTM C 143).

The specific concrete proportions produced are described in Table
5, where the weight ratio of solid components is presented in the
format cement/filler/sand/gravel.

2.6 Molding and curing of specimens

A total of 14 cylindrical specimens (100 x 200) mm were made,
with 8 test specimens being produced with Type 1 concrete and
6 test specimens with Type 2 concrete, whose respective de-
forming was done 48 and 24 hours after casting. The deliber-
ate demoulding of the Type 1 concrete required 48 hours to be
performed because the additive used delayed the hardening of
the material.

After the demoulding, 6 test specimens of each type of concrete
were kept in a moist chamber (wet cure), with temperature con-
trolled at 23 £ 2 °C and relative humidity (RH) greater than 95%,
until the moment of mechanical testing of compressive strength.
These 2 remaining test specimens of Type 1 concrete were kept
in a moist chamber for a period of 24 hours, before being sub-
merged in fresh water (submerged cure) until they completed
28 days.

Fraction of cement Water/cement
(kg/m®) ratio
Type 1
Type 2 340 0.54

Table 5 - Specification of concrete dosage

Proportion of Fraction of Slump
solid constituents additive (I/m’) (mm)
. . ) 2.04 60

1:053:2.14:2.70 136 100
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Table 6 - Compressive strength of concrete analyzed

Compressive strength (MPa)

Age
(days) Type 1 — Moist cure
7 26.9
14 37.2
28 46.5

Type 1 - Submerged cure

Type 2 — Moist cure

- 244
= 37.6
47.0 46.0

2.7 Characterization tests of the concretes
Compressive strength

Compression tests were performed on pairs of specimens at ages
7, 14 and 28 days for test specimens that underwent moist curing,
and at 28 days for the 2 test specimens that were submitted to sub-
merged curing. The tests were conducted with a constant loading
rate of (0.45 + 0.15) MPa/s, and the compressive strength results
were obtained within an experimental error of 5%.

Obtaining samples

The characterization of pore structure, by X-ray microtomography
(u-CT) and helium and mercury pycnometry was performed on
samples taken from specimens aged 28 days [9, 11, 12], cured in
a moist chamber and by submersion in fresh water. The samples
were extracted from the specimen with the highest mechanical
compressive strength.

To obtain the samples, each sample was cut transversally, with
the aid of a circular saw, so as to obtain slices about 1 cm thick,
discarding the first 2 inches of each end. Fragments of mortar,
with average size between 0.5 cm and 1.0 cm, were collected
from the surface and the internal region of the specimen slic-
es. This slicing procedure was necessary to facilitate the selec-
tive extraction of fragments.

Helium pycnometry

The actual density of the investigated material was obtained by he-
lium pycnometry [8, 9] in Quantachrome equipment model MVP-1.
For each analysis situation, the sample was prepared from 70
grams of fragments from the surface and inner layers of the speci-
men, in a proportion close to 50%. The material was sprayed in a
pot mill to obtain a particle size less than 75 um. After the com-
minution stage, each sample was kept in an oven at 80 °C for a

period of 3 hours, before being divided into fractions of approxi-
mately 3 grams.

After being weighed on an analytical balance, the fractionated ma-
terial was transferred to the sample compartment of the equipment
where it underwent a process of degassing by repeated purging
with helium to remove any impurities present. Next, there were
five consecutive readings of pressure, which were recorded in the
measuring chamber before and after gas expansion. Using these
values, the actual density was calculated with its respective error,
obtained by the standard deviation of the readings.

Mercury pycnometry

For each situation analysis, a sample of about 6g was obtained
from the quartering of 96 g fragments extracted from the surface
and inner layers of the specimen, in a proportion close to 50%. The
samples were kept in an incubator at 80 °C for a period of 3 hours.
The test was performed using a glass volumetric flask with a ca-
pacity of 25 ml. The volume of liquid displaced after immersion of
the sample in the flask filled with mercury was measured and then
the volumetric density of each sample analyzed was calculated [8,
9], with the error being calculated from the standard deviation of
five consecutive weighings of the sample, empty receptacle, re-
ceptacle filled with Hg, and receptacle with Hg - sample introduced.

X-ray microtomography

To carry out readings in the SkyScan 1172 microtomograph, one
fragment of mortar from the surface was selected with the other
coming from the inner layers of each specimen analyzed. Because
this technique is based on obtaining two-dimensional projections
of the analyzed object while it is rotated, the selection of fragments
of more regular geometry was deemed appropriate.

Each fragment was positioned in the sample compartment of
the equipment and fixed with modeling clay. The samples in-
vestigated were rotated at angles up to 180°, adopting a step

Concrete

Table 7 - Results obtained from helium and mercury pycnometry tests

Density (g/cm’)

Actual

Type 1 - moist cure 2.66 £0.04 2.04 £0.03 24 + 1
Type 1 - submerged cure 2.57 +0.05 1.97 £0.02 23+2
Type 2 - moist cure 2.58 +0.03 2.02 £ 0.06 191

H {-)
Volume Porosity (%)
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Table 8 - Porosity of pore structure of the concretes through p-CT

sample Porosity (%)
P Type 1 - Moist cure Type 1 - Submerged cure Type 2 - Moist cure
Inner 16005 18.6+0.8 15.0+04
Surface 32.8+04 33206 2501
Mean value 244 +09 2601 2001

of 0.40°. Through the projections acquired and the Nrecon and
CTAnN software the morphological parameters were obtained, as
well as the three-dimensional representation of the structures
scanned. To calculate the mean porosity of the materials stud-
ied, one hundred two-dimensional sections throughout the vol-
ume analyzed were considered.

3. Results
| .

3.1 Compressive strength

Table 6 presents the compressive strength results of the test spec-
imens for different analysis situations proposed.

It is noted that the variation in concrete consistency (Type 1 and
Type 2) did not affect the compressive strength of the speci-
mens. The same is verified for specimens subjected to moist and
submerged curing of Type 1 concrete.

3.2 Helium and mercury pycnometry

Table 7 shows the true density, bulk density and porosities of the
samples analyzed.

The porosity results for the different processes of Type 1 concrete
curing presented very close values. Type 2 concrete, submitted to
moist cure, had lower porosity than Type 1 concrete with the same
curing conditions.

As the samples are composed of fragments from both the surface
and inner layers of the specimens, the data obtained provide an
overall average for the material studied.

3.3 X-ray microtomography

Table 8 shows the porosity results for the internal and outer con-
crete samples analyzed as well as the mean of these results.

Analysis by u-CT showed very close average porosity percentages
for the two Type 1 concrete curing processes, and a lower percent-
age for Type 2 concrete. In isolated analysis, the samples extract-
ed from the surface of the specimens showed considerably higher
porosity than the samples removed from inside the test specimens.
Table 9 presents two parameters, on the pore structure of the ma-
terials analyzed, generated by p-CT.

The open pores directly affect the permeability of fluids in the ma-
terial, while its mechanical strength is influenced by the open and
closed pores [13]. In the analysis of open porosity, the readings
obtained for the internal samples were discarded, since pores
that were initially closed could have opened during the fragmen-
tation of the material, but they would not effectively contribute to
system permeability.

For samples taken from the surface of the specimens, results show
that Type 2 concrete had an open porosity percentage slightly
higher than Type 1 concrete, both being submitted to moist curing.
For the two Type 1 concrete curing types, values were quite close.
Fragmentation is characterized by the breakdown of connectivity.
The more negative the fragmentation rate (IF) the greater pore
connectivity will be, favoring system permeability.

The porosity, open porosity and fragmentation rate of the samples
analyzed were obtained by means of image processing performed
by Nrecon and CTAnN software.

Comparing the results of Type 1 and Type 2 concretes, submitted to
moist cure, only the surface sample varied, with Type 1 concrete show-
ing greater pore connectivity. For the different Type 1 concrete curing
processes, there is greater connectivity for the surface samples.

Apart from the quantitative results, the technique provides for a
qualitative analysis of pore structure by observation of the gener-
ated images.

The tomographic process consists of rotating the specimen at
equal angles until completing a 180° or 360° turn while it is sub-
jected to a beam of X-rays. At each step, various frames are cap-

Table 9 - Parameters on pore structure of the concretes through y-CT

Sample Open porosity (%) Index of pore fragmentation (pm")
Type 1 Inner - 0.02+ 0.01
moist cure Surface 79+ 04 -0.02+ 0.01
Type 1 Inner - 0.011+ 0.001
submerged cure Surface 7.6x0.6 -0.013+ 0.001
Type 2 Inner - 0.02+ 0.01
moist cure Surface 9.0+ 20 0.01+0.01
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INHER

Figure 1 - Images generated from sections of the internal and external Type 1 concrete samples

SURFACE

tured to finally generate an image. After this capturing, the images
are reconstructed so that they may be viewed in 3D [14]. Figure 1
shows recent clips of two-dimensional projections obtained from
the internal and external samples of the Type 1 concrete, where
it is possible to see that the image generated from the external
sample has larger pores than those from the internal sample.

The computerized microtomography creates a complete recon-
struction of the sample in the form of a 3D image from the 2D
stacking sessions [15]. These, in turn, are obtained through a re-
construction algorithm applied to the projections taken from the
sample [14]. For three-dimensional reconstruction and obtainment
of data on the microstructure, specific image processing software
is used, which is able to calculate diverse morphometric parame-
ters, such as those presented. Figure 2 shows a three-dimensional
reconstruction of one of the concrete samples.

4. Discussions
e

The sampling method applied to pycnometry tests provided poros-
ity results that characterize a global average for the specimen ana-
lyzed. In contrast, the method applied to microtomography testing
promoted an isolated analysis of surface and inner layer porosity
of the test specimens.

Comparing the global porosity results provided by pycnometry with
the mean from the microtomography results, some proximity of val-
ues was noted, as shown in Figure 3

This proximity shows a good correlation between the two tech-
niques. In this way, in order to determine porosity, the helium and
mercury porosity pycnometry may be used along with the p-CT for
results validation.

The two techniques demonstrated a lower mean porosity for Type
2 concrete, compared to Type 1 concrete, both subjected to moist
curing. However, porosity results for the inner layers of the two
concretes, obtained by p-CT, fall within the same value range,
Therefore, the variation of mean porosity had a higher value for
Type 1 concrete due to a more pronounced porosity of the test
specimen surface layer.

Apparently, the difference in consistency of Type 1 and Type 2
concretes influenced the surface porosity of the specimens, with
no large variations in the internal porosity and mechanical strength
results. The fact that the concrete’s mechanical strength is signifi-
cantly affected by the porosity of the internal structure [16] helps
to explain the reason why the difference in concrete porosity did
not have an impact on results obtained for specimen compressive
strength, since lower values are normally expected for more po-
rous concretes.

The two techniques also provided percentages very close to mean
porosity for the different processes of Type 1 concrete curing. The
U-CT demonstrated proximity of values for the surface porosity of
concrete submitted to moist and submerged cure.

Determining the total porosity of the materials is not enough to
evaluate the level of system absorption, since this porosity also
covers isolated pores, without inter-connectivity, which do not
contribute to external agents penetrating the inner mass. There-
fore, it is important to jointly evaluate the connectivity parameters
and percentage of open porosity, both provided by the y-CT. An
example of this is the surface sample of the Type 2 concrete
which, despite having mean porosity lower than that of the Type
1 concrete, had a higher percentage of open pores, however with
lesser connectivity.
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Nevertheless, for a better evaluation of the permeability and ab-
sorption level of the system, further testing for these specific pur-
poses would be recommended.

5. Conclusions

N

It was verified that the compressive strength of concrete was not
affected by the workability difference conferred on the material by
the addition of plasticizing additives. However, this plasticity differ-
ence produced variations in the porosity of the hardened concrete,
as was shown by the pycnometry and X-ray microtomography
testing. The greater plasticity, conferred on the Type 2 concrete,
may have contributed to better material densification, with a con-
sequent reduction in porosity.

There was a good approximation of porosity results obtained from
helium and mercury pycnometry when compared to those obtained
by p-CT. Therefore, for the sampling methodology adopted, the
use of two techniques together was preferred as a form of validat-
ing results.

The differentiation of the curing process applied to Type 1 concrete
did not have a significant influence on the compressive strength of the
specimens at the age of 28 days. The same was observed for porosity.

According to y-CT analyses, it was found that the porosity of the
inner layers of Type 1 and Type 2 concrete had very close values
and the porosity of the surface layer was greater for the Type 1
concrete. For both concretes studies, the samples extracted from
the surface of the specimens showed greater porosity than those
from the inner layers. Despite Type 2 concrete having an open
porosity percentage a little higher than that of Type 1 concrete,
its pore connectivity is much lower, which indicates that Type 2
concrete could be less susceptible to the penetration of external
agents, resulting in greater material durability. However, supple-
mentary testing would be needed to prove this theory.
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Abstract
E——

The useful life of concrete is associated with the penetrative ability of aggressive agents on their structures. Structural parameters such as poros-
ity, pore distribution and connectivity have great influence on the properties of mass transport in porous solids. In the present study, the effect of
varying the workability of concrete in fresh state, produced through the use of additives, on pore structure and on the mechanical compressive
strength of hardened concrete was assessed. The pore structure was analyzed with the aid of X-ray microtomography, and the results obtained
were compared to the total pore volume calculated from data derived from helium and mercury pycnometry tests. A good approximation between
the porosity values obtained through the two techniques was observed, and it was found that, regardless of concrete consistency, the samples
from the surface of the specimens showed a percentage of pores higher than those taken from the more inner layers.

Keywords: concrete, workability, porosity, X-ray microtomography.

Resumo
E——

A vida util dos concretos esta associada a capacidade de penetragao de agentes agressivos em suas estruturas. Pardmetros estruturais como
porosidade, distribuicdo e conectividade de poros tém grande influéncia nas propriedades de transporte de massa em solidos porosos. No pre-
sente estudo avaliou-se o efeito da variagéo da trabalhabilidade do concreto no estado fresco, produzida pelo uso de aditivos, na estrutura de
poros e na resisténcia mecanica a compresséo do concreto endurecido. A estrutura de poros foi analisada com o auxilio de um microtomdégrafo
de raios X, e os resultados obtidos foram comparados com o volume total de poros calculados a partir de dados provenientes de ensaios de pic-
nometrias de hélio e mercurio. Observou-se boa aproximagado entre os valores de porosidade obtidos pelas duas técnicas, tendo-se constatado
que, independente da consisténcia do concreto, as amostras provenientes da superficie dos corpos de prova apresentaram um percentual de
poros superior do que aquelas retiradas de camadas mais internas.

Palavras-chave: concreto, trabalhabilidade, porosidade, microtomografia de raios X.
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1. Introducgao
EE

No estudo da microestrutura do concreto, a porosidade tem espe-
cial destaque por influenciar muitas de suas propriedades como
dureza, médulo de elasticidade, resisténcia a compressao e per-
meabilidade [1, 2].

O sistema de distribuicao de poros do concreto é fortemente in-
fluenciado pelos seus fatores de produgédo, como dosagem [3]
e cura. As infinitas variagdes no processo produtivo dificultam a
criagdo de modelos precisos de predigao de seu comportamento.
Existem muitas técnicas consolidadas para mensuragao e carac-
terizagdo da estrutura de poros, a exemplo da porosimetria por
intrusao de mercurio (MIP), adsorgao de nitrogénio e microsco-
pia eletrénica de varredura (SEM). Contudo, a utilizagao destas
técnicas de forma isolada nédo é capaz de promover uma com-
preensdo mais apurada desta estrutura [2,4]. Além disto, cada
técnica possui seu erro associado, sua faixa de analise e padrao
de preparagéo da amostra, e estas variaveis podem se tornar um
fator complicador durante a analise e comparagao dos resulta-
dos. Neste sentido, o uso da microtomografia de raios X (u-CT)
tem contribuido de modo a facilitar o estudo da estrutura de po-
ros dos materiais.

A p-CT é uma técnica de imagiologia tridimensional que permite
a obtencéo de dados sobre a microestrutura interna de materiais
(como densidade, estrutura de poros e porosidade), a qual nao
demanda preparacéo especial das amostras. Apesar de sua cria-
cao e utilizagdo ndo serem recentes [5], somente na Ultima dé-
cada estudos envolvendo sua aplicagao para investigagdo sobre
a estrutura de poros de materiais cimenticios comegaram a ser
difundidos [1, 2, 4, 6, 7].

Tabela 1 - Propriedades do cimento
CP lll 40 utilizado

Residuo na peneira ABNT 200 (%) 0,35
Superficie especifica Blaine (cm?/g) 4700
Massa especifica real (g/cm®) 2,98
Agua de consisténcia normal (%) 32,8
Tempo de inicio de pega (horas) 3,12
Tempo de fim de pega (horas) 4,75
Perda ao fogo (%) 3,8

Anidrido sulfarico - SO, (%) 2,5
Residuo insollvel (%) 0,8
Resisténcia d compressdo-3 dias (MPa) 234
Resisténcia d compressdo-7 dias (MPa) 35,2
Resisténcia d compressdo-28 dias (MPa) 49,0

O presente trabalho buscou verificar o efeito da variagdo da tra-
balhabilidade do concreto no estado fresco, produzida pelo uso
de aditivos, na estrutura de poros e na resisténcia mecanica a
compressao do concreto endurecido. Na investigagéo sobre a
estrutura de poros, foi utilizada a técnica de microtomografia de
raios X (u-CT). Para fins de comparacado de resultados, as po-
rosidades dos concretos também foram calculadas pela relagéo
entre densidade aparente, obtida por picnometria de mercurio,
e densidade da fragdo solida, obtida pelo ensaio de picnometria
com gas hélio [8, 9].

Tabela 2 - Granulometria dos agregados utilizados

Agregado mitdo Agregado graido
Porcentagem Porcentagem Porcentagem Porcentagem
Didmetro de particula : retida . retida
retida retida
(mm) (%) acumulada %) acumulada
(%) (%)
25 - - - 0
19 - - 7.8 8

12,5 - - 56,6 64

9,5 - - 27,6 92

6,3 0 0 7,1 99

4,75 0,6 1 - 99

2,36 2,1 3 - 99

1,18 8,5 11 - 99

0,6 24,1 35 - 99

0,3 49,5 85 - 99

0,15 12,9 98 - 99

<015 2,3 100 0,6 100

Dimensdo mdaxima
caracteristica (mm) 24 25
Médulo de finura 2,32 6,96
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Tabela 3 - Caracterizacdo dos agregados utilizados

Propriedade Agregado
Miido Graido
Massa especifica (g/cm®) 2,6 2,7
Massa unitéria (g/cm®) 1,3 14
Material pulverizado (%) 04 0,5

Teor de argila em torrdes (%) 0,1 -
Impureza orgénica (ppm) <300 -

Foram produzidas duas misturas de concreto, denominadas con-
creto Tipo 1 e Tipo 2, concebidas para atingir trabalhabilidades
distintas através da respectiva utilizagdo de aditivos plastificantes
a base de compostos hidrocarboxilicos modificados e polinaftale-
no sulfonado, e mantendo-se as mesmas proporg¢des dos consti-
tuintes solidos e relagéo agua/ cimento (a/c). Ambos os concretos
foram curados em camara umida até a idade de ruptura. O concre-
to Tipo 1 foi também submetido a cura submersa em agua potavel,
no intuito de se averiguar a eficacia da cura em camara umida.

2. Materiais e programa experimental
E——

2.1 Cimento

Para a dosagem dos concretos, foi utilizado um cimento brasileiro
com adigdo de escoéria de alto forno (CP Il 40), cujas especifi-
cagdes técnica encontram-se descritas na norma brasileira NBR
5735 [10]. Suas principais propriedades fisicas, quimicas e meca-
nicas sao apresentadas na Tabela 1.

2.2 Agregados

O agregado miudo utilizado foi uma areia natural quartzosa, e o
agregado graudo foi obtido mediante britagem de rochas calciti-
cas.

Os resultados dos ensaios de granulometria e caracterizagéo dos
agregados podem ser vistos nas Tabelas 2 e 3, respectivamente.

2.3 Filler

Foi utilizado filler calcario com dimensao maxima de grao passan-
te pela peneira com malha de 44 ym. A Tabela 4 apresenta as
principais propriedades fisicas e quimicas do filler calcario utiliza-
do nesse estudo.

Tabela 4 - Propriedades do filler calcario utilizado

Propriedade Valor

Superficie especifica Blaine (cm?/g) 3.095
Massa especifica (g/cm®) 2,73
Didmetro médio de particula (um) 90

Oxidos de Cdlcio - CaO (%) 55,04
Perda ao fogo — PCC (%) 41,94
Outros o6xidos (%) 3,02

2.4 Aditivos quimicos

O concreto Tipo 1 foi preparado mediante utilizagdo de plastifi-
cante a base de compostos hidrocarboxilicos modificados. Para a
producéo do concreto Tipo 2 foi utilizado um plastificante a base
de polinaftaleno sulfonado.

2.5 Dosagem do concreto

Para a dosagem dos concretos Tipo 1 e Tipo 2, foi determinado um
trago similar, diferenciado apenas pelo tipo e quantidade de aditivo
plastificante utilizado para conferir as distintas trabalhabilidades.

A dosagem de aditivo utilizado em cada trago foi suficiente para
conferir um abatimento de 60 mm para o concreto Tipo 1 e de 100
mm para o concreto Tipo 2 (ASTM C 143).

As especificagdes de dosagem dos concretos produzidos encon-
tram-se descritas na Tabela 5, onde a proporgéo em peso dos com-
ponentes solidos & apresentada no formato cimento/filler/areia/brita.

2.6 Moldagem e cura dos corpos de prova

Foi confeccionado um total de 14 corpos de prova cilindricos de
(100 x 200) mm, sendo 8 CPs produzidos com o concreto Tipo
1 e 6 CPs com o concreto Tipo 2, cujas respectivas desformas
foram realizadas em 48 e 24 horas apos a moldagem. A desforma
do concreto Tipo 1 necessitou ser realizada com 48 horas pois o
aditivo utilizado retardou o endurecimento do material.

Apo6s a desforma, 6 corpos de prova de cada tipo de concreto
foram mantidos em cadmara umida (cura umida), com temperatura
controlada em 23 £ 2 °C e umidade relativa (UR) maior que 95%,
até o momento da realizagao dos ensaios mecanicos de resistén-
cia a compresséo. Os 2 CPs restantes do concreto Tipo 1 foram
mantido na cdmara Uumida por um periodo de 24 horas, sendo en-

Mist FracGo de cimento Relagdo
s (kg/m’) Ggua/cimento

Tipo 1

Tipo 2 340 0.54

Tabela 5 - Especificacdo de dosagem dos concretos

Propor¢do dos Fracdo de Abatimento
constituintes sélidos aditivo (I/m°) (mm)
. . . 2,04 60
1:053:214:2,70 136 100
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Tabela 6 - Resisténcia & compressdo dos concretos analisados

Resisténcia & compressdo (MPa)

Idade

(dias) Tipo 1 — Cura Gmida
7 26,9
14 37,2
28 46,5

Tipo 1 — Cura submersa

Tipo 2 — Cura Umida

- 24,4
- 37,6
47,0 46,0

tdo submergidos em agua potavel (cura submersa) até completa-
rem a idade de 28 dias.

2.7 Ensaios de caracterizagdo dos concretos
Resisténcia a compressao

Os ensaios de compressao foram realizados em pares de corpos
de prova nas idades de 7, 14 e 28 dias para os CPs submetidos a
cura Umida, e aos 28 dias para os 2 CPs submetidos a cura sub-
mersa. Os testes foram conduzidos com uma velocidade de car-
regamento constante de (0,45 + 0,15) MPa/s e os resultados das
resisténcias foram obtidos dentro de um erro experimental de 5 %.

Obtengdo de amostras

A caracterizagdo da estrutura de poros, por microtomografia de
raios X (u-CT) e picnometrias de hélio e mercurio, foi realiza em
amostras extraidas de corpos de prova com idade de 28 dias [9,
11, 12], curados em camara Umida e por submersao em agua po-
tavel. As amostras foram extraidas do corpo de prova que apre-
sentou maior resisténcia mecanica a compressao.

Para obtengdo das amostras, cada corpo de prova foi cortado no
sentido transversal, com o auxilio de uma serra circular, de modo
a se obter fatias de aproximadamente 1 cm de espessura, sen-
do desprezados os primeiros 2 centimetros de cada extremidade.
Fragmentos de argamassa, com dimensdao média entre 0,5 cm e
1,0 cm, foram coletados da superficie e regido interna das fatias
dos corpos de prova. Este procedimento de fatiamento foi neces-
sario para facilitar a extragao seletiva dos fragmentos.

Picnometria de gas hélio
A densidade real dos materiais investigados foi obtida através da

picnometria de gas hélio [8, 9], em equipamento Quantachrome
modelo MVP-1.

Para cada situagdo de analise, a amostra foi preparada a partir de
70 gramas de fragmentos provenientes da superficie e de cama-
das interiores do corpo de prova, em propor¢ao proxima a 50 %.
O material foi pulverizado em moinho de panela até a obtengao de
uma granulometria inferior a 75 um. Apos a etapa de cominuigao,
cada amostra foi mantida em estufa a 80 °C por um periodo de
3 horas, sendo em seguida quarteada de modo a se obter uma
fragdo de aproximadamente 3 gramas.

Apods pesagem em balanga analitica, o material fracionado foi trans-
ferido para o compartimento de amostras do equipamento onde
sofreu um processo de desgaseificacdo por meio de repetidas pur-
gas com gas hélio, para remogéo de eventuais impurezas presen-
tes. Em seguida, foram registradas cinco leituras consecutivas das
pressdes na camara de medida antes e apds a expanséo do gas.
Utilizando estes valores, a densidade real foi calculada com seu
respectivo erro, obtido por meio do desvio padrao das leituras.

Picnometria de mercurio

Para cada situagao de analise, uma amostra de aproximadamente
6 g foi obtida a partir do quarteamento de 96 g de fragmentos ex-
traidos da superficie e de camadas internas do corpo de prova, em
proporgao préxima a 50 %. As amostras foram mantidas em estufa
a 80 °C por um periodo de 3 horas.

O ensaio foi realizado utilizando um frasco volumétrico de vidro com
capacidade para 25 ml. Foi medido o volume de liquido deslocado
apods imersao da amostra no frasco preenchido com mercurio e en-
tao calculada a densidade volumétrica de cada amostra analisada
[8, 9], sendo o erro calculado a partir do desvio padréo de cinco pe-
sagens consecutivas da amostra, recipiente vazio, recipiente cheio
com Hg e recipiente com Hg com amostra introduzida.

Microtomografia de raios X

Para a realizagao das leituras no microtomégrafo SkyScan 1172,
foi selecionado um fragmento de argamassa proveniente da su-

Concreto

Tabela 7 - Resultados obtidos a partir dos ensaios de picnometria de hélio e mercurio

Densidade (g/cm’)

Real

Tipo 1 - cura Umida 2,66 0,04 2,04 +0,03 24 + 1
Tipo 1 - cura submersa 2,57 0,05 1,97 £ 0,02 232
Tipo 2 - cura Umida 2,58 £ 0,03 2,02 £ 0,06 19+1

H 0,
Volumétrica Porosidade (%)
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Tabela 8 - Porosidade dos concretos obtidas por meio de u-CT

Amostra Porosidade (%)
Tipo 1 - Cura Gmida Tipo 1 — Cura submersa Tipo 2 - Cura Gmida
Interna 160+0,5 18,6 0,8 15,0+ 0,4
Supeirficie 328+04 332+0,6 250+ 1
Valor médio 24,4 £ 0,9 26,01 200+ 1

perficie e outro oriundo de camadas internas de cada corpo de
prova analisado. Pelo fato desta técnica se basear na obtencgéo
de projegdes bidimensionais do objeto analisado enquanto ele &
rotacionado, foi conveniente a selegéo de fragmentos com geome-
tria mais regular.

Cada fragmento foi posicionado no compartimento de amostras do
equipamento e fixado com massa de modelar. As amostras inves-
tigadas foram rotacionadas em angulos de até 180°, adotando-se
um passo de 0,40°. Através das proje¢des adquiridas e dos soft-
wares Nrecon e CTAnN, foram obtidos parametros morfoldgicos,
bem como representagéo tridimensional das estruturas escane-
adas. Para o calculo da porosidade média dos materiais estuda-
dos, foram consideradas cem se¢des bidimensionais ao longo do
volume analisado.

3. Resultados
E———

3.1 Resisténcia a compressao

A Tabela 6 apresenta os resultados de resisténcia a compresséo
dos CP’s para as diferentes situa¢des de analise propostas.

E observado que a variagdo da consisténcia dos concretos (Tipo 1
e Tipo 2) ndo interferiu na resisténcias a compressao dos corpos
de prova. O mesmo é verificado para os corpos de prova submeti-
dos a cura umida e cura submersa do concreto Tipo 1.

3.2 Picnometrias de hélio e mercurio

Na Tabela 7 sdo apresentadas as densidades real e volumétrica e
porosidades das amostras analisadas.

Os resultados de porosidade para os distintos processos de cura do
concreto Tipo 1 apresentaram valores muito préximos. Ja o concre-
to Tipo 2, submetido a cura Umida, apresentou porosidade inferior
ao do concreto Tipo 1 com mesma condigao de cura.

Como as amostras analisadas sdo compostas por fragmentos
provenientes tanto da superficie quanto de camadas internas dos
corpos de prova, os dados obtidos retratam uma média global dos
materiais estudados.

3.3 Microtomografia de raios X

Na Tabela 8 sdo apresentados os resultados de porosidade para
as amostras internas e externas dos concretos analisados, bem
como a média destes resultados.

A andlise por p-CT demonstrou percentuais médios de porosidade
muito proximos para os dois processos de cura do concreto Tipo 1
e um percentual mais baixo para o concreto Tipo 2. Nas analises
isoladas, as amostra extraidas da superficie dos corpos de prova
apresentaram porosidade consideravelmente maior que as amos-
tras retiradas do interior do CP.

Na Tabela 9 sé&o apresentados dois parametros, acerca da estru-
tura de poros dos materiais analisados, gerados pelas p-CT.

Os poros abertos afetam diretamente a permeabilidade de fluidos
no material, enquanto sua resisténcia mecanica é influenciada pe-
los poros abertos e fechados [13]. Na analise sobre porosidade
aberta, as leituras obtidas para as amostras internas foram des-
prezadas, uma vez que poros que a principio eram fechados po-
dem ter ser tornado abertos durante a fragmentacdo do material,
porém os mesmos nao teriam efetiva contribuicdo na permeabili-
dade do sistema.

Para as amostras retiradas da superficie dos corpos de prova, os
resultados mostram que o concreto Tipo 2 apresentou percentual
de porosidade aberta um pouco maior que o do concreto Tipo 1,
ambos submetidos a cura umida. Para os dois tipos de cura do
concreto Tipo 1, houve uma grande proximidade dos valores.

A fragmentagdo é caracterizada pela ruptura da conectividade.
Quanto mais negativo for o indice de fragmentacéo (IF) maior sera a
conectividade dos poros, favorecendo a permeabilidade do sistema.

Amostra Porosidade aberta (%)
Tipo 1 Interna -
cura Umida Superficie 7,9+ 04
Tipo 1 Interna -
cura submersa Superficie 7,6 0,6
Tipo 2 Interna -
cura Umida Superficie 9,020

Tabela 9 - Parametros sobre estrutura de poros dos concretos por meio de U-CT

indice de fragmentagdo dos poros (um’")
0,02+ 0,01
-0,02+ 0,01

0,011+ 0,001
- 0,013+ 0,001

0,02+ 0,01
0,01£ 0,01
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INTERNA

Figura 1 - Imagens geradas a partir de se¢cées das amostras internas e externas do concreto Tipo 1

EXTERNA

A porosidade, porosidade aberta e indice de fragmentacdo das
amostras analisadas, foram obtidas por meio de processamento
das imagens realizado pelos softwares Nrecon e CTAnN.
Comparando os resultados dos concretos Tipo 1 e Tipo 2, sub-
metidos a cura Umida, tem-se uma diferenciacéo de valor apenas
para a amostra de superficie, sendo que o concreto Tipo 1 apre-
sentou maior conectividade de poros. Para os distintos processos
de cura do concreto Tipo 1, ha uma maior conectividade para as
amostras de superficie.

Além dos resultados quantitativos, a técnica permite uma ana-
lise qualitativa da estrutura de poros pela observagao das ima-
gens geradas.

O processo tomografico consiste em girar o corpo de prova em
passos de angulos iguais até completar uma volta de 360°, en-
quanto o mesmo & submetido a um feixe de raios X. A cada passo,
sdo adquiridos varios quadros gerando-se, no final, uma imagem.
Apos a captura das imagens as mesmas sao reconstruidas, para
que possa ser possivel sua visualizagao 3D [14]. A Figura 1 nos
mostra dois recortes de projecdes bidimensionais obtidas para a
amostra interna e externa do concreto Tipo 1, onde é possivel
observar que a imagem gerada a partir da amostra externa apre-
senta poros maiores que os presentes na amostra interna.

Os microtomografos computadorizados fazem a reconstrugao
completa da amostra na forma de uma imagem 3D a partir do em-
pilhamento de sessbes 2D [15]. Estas, por sua vez, sdo obtidas
através de um algoritmo de reconstrugao aplicado as projegdes
tomadas da amostra [14]. Para a reconstrugéo tridimensional e ob-
tengédo de dados sobre a microestrutura sao utilizados softwares
especificos de processamento de imagem, capazes de calcular
diversos parametros morfométricos tais como os apresentados.

Na Figura 2 é apresentada a reconstrucao tridimensional de uma
das amostras de concreto.

4. Discussoes

T

O método de amostragem aplicado aos ensaios de picnometria
forneceu resultados de porosidade que caracterizam uma média
global do corpo de prova analisado. Em contrapartida, o método
aplicado ao ensaio de microtomografia promoveu uma analise iso-
lada da porosidade da superficie e camadas internas do CP.

Ao se comparar os resultados globais de porosidade fornecidos pe-
las picnometrias com a média dos resultados da microtomografia,
é observada uma proximidade de valores, conforme demonstrado
na Figura 3. Esta proximidade mostra uma boa correlagéo entre as
duas técnicas. Desta forma, para a determinagdo da porosidade,
as técnicas de picnometria de hélio e mercurio podem ser usadas
conjuntamente com a Y-CT para validagao dos resultados.

As duas técnicas demonstraram uma menor porosidade média
para o concreto Tipo 2, em comparagao ao concreto Tipo 1, am-
bos submetidos a cura Umida. Entretanto, os resultados da poro-
sidade para as camadas internas dos dois concretos, obtidas pela
u-CT, se mostram dentro de uma mesma faixa de valor. Assim, a
variagao na porosidade média assumiu um valor mais alto para
o concreto Tipo 1 devido a uma porosidade mais acentuada da
camada superficial do corpo de prova.

Aparentemente, a diferenca de consisténcia dos concretos
Tipo 1 e Tipo 2 mostrou exercer influéncia na porosidade da
superficie dos corpos de prova, ficando a porosidade interna e
a resisténcia mecanica a compressao sem grandes variagdes
de resultados. O fato de a resisténcia mecéanica do concreto
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ser significantemente afetada pela porosidade de sua estrutura
interna [16], ajuda a explicar o motivo pelo qual a diferenga de
porosidade dos concretos ndo impactou nos resultados obtidos
para a resisténcia a compressao dos corpos de prova, uma vez
que normalmente séo esperados valores mais baixos para con-
cretos mais porosos.

As duas técnicas também forneceram percentuais muito proximos
de porosidade média para os distintos processos de cura do con-
creto Tipo 1. A pu-CT demonstrou uma aproximagao de valores
para a porosidade da superficie dos concretos submetidos a cura
Uumida e submersa.

Determinar a porosidade total dos materiais ndo € suficiente para
avaliar o nivel de absorg¢do do sistema, uma vez que esta poro-
sidade engloba também poros isolados, sem interconectividade,
0s quais ndo contribuirdo para penetragdo de agentes externos
para o interior da massa. Desta forma, € importante avaliar, con-
juntamente, os parametros de conectividade e percentual de po-
rosidade aberta, ambos fornecidos pela py-CT. A exemplo disto
tem-se a amostra de superficie do concreto Tipo 2 que, apesar
de apresentar uma porosidade média inferior a do concreto Tipo
1, apresentou maior percentual de poros abertos, entretanto com
uma menor conectividade.

Contudo, para uma melhor avaliagédo sobre a permeabilidade e ni-
vel de absorgao do sistema, seria indicada a realizagao de ensaios
complementares especificos para estes fins.

5. Conclusoes
E——

Foi verificado que a resisténcia a compressao do concreto néo
foi afetada pela diferenga de trabalhabilidade conferida ao ma-
terial pela adigao de aditivos plastificantes. Entretanto, esta di-
ferenga de plasticidade demonstrou produzir variagbes na po-
rosidade do concreto endurecido, como foi demonstrado pelos
ensaios de microtomografia de raios X e picnometrias. A maior
plasticidade, conferida ao concreto Tipo 2, pode ter contribuido
para um melhor adensamento do material, com consequente
reducao da porosidade.

Houve uma boa aproximacéo dos resultados de porosidade obti-
dos a partir dos ensaios de picnometria de hélio e mercurio com
os obtidos pela y-CT. Desta forma, para a metodologia de amos-
tragem adotada foi conveniente o uso das duas técnicas em con-
junto, como forma de validagéo dos resultados.

A diferenciagdo do processo de cura aplicado ao concreto Tipo 1
ndo produziu influéncia significativa na resisténcia a compressao

Figura 2 - Representacdo tridimensional de amosira de concreto utilizada nesse estudo
Modelos 3D baseados nos testes de Y-CT

(45%) (407

Y Y
+
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Figura 3 - Valores de porosidade obtidos por h-CT
e ensaios de picnometrias de hélio e mercurio
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26% 25%

25%
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Tipo 1 - cura Umida Tipo 2 - cura Umida

Tipo 1- cura submersa

dos corpos de prova na idade de 28 dias. O mesmo é observado
para a porosidade.

De acordo com analises do p-CT, foi constatado que as porosi-
dades das camadas mais internas do concreto Tipo 1 e Tipo 2
apresentaram valores muito proximos e a porosidade da cama-
da superficial foi maior para o concreto Tipo 1. Para ambos os
concretos estudados, as amostras extraidas da superficie dos
corpos de prova apresentaram maior porosidade que aquelas
provenientes de camadas mais internas. Apesar do concreto
Tipo 2 ter apresentado um percentual de porosidade aberta um
pouco maior que o do concreto Tipo 1, sua conectividade de
poros € bem menor, o que nos da indicios de que o concreto
Tipo 2 possa ser menos suscetivel a penetragdo de agentes ex-
ternos, corroborando para uma maior durabilidade do material.
Entretanto, para comprovagéo desta teoria seriam necessarios
ensaios complementares.
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Abstract
E——

Structural masonry using concrete blocks promotes the rationalization of construction projects, lowering the final cost of a building through the elimination of
forms and the reduction of the consumption of reinforcement bars. Moreover, production of a block containing a combination of concrete and vegetable fiber
sisal results in a unit with properties such as mechanical strength, stiffness, flexibility, ability to absorb energy, and post-cracking behavior that are compa-
rable to those of a block produced with plain concrete. Herein are reported the results of a study on the post-cracking behavior of blocks, prisms, and small
walls reinforced with sisal fibers (lengths of 20 mm and 40 mm) added at volume fractions of 0.5% and 1%. Tests were performed to characterize the fibers
and blocks and to determine the compressive strength of the units, prisms, and small walls. The deformation modulus of the elements was calculated and
the stress—strain curves were plotted to gain a better understanding of the values obtained. The compression test results for the small walls reinforced with
fibers were similar to those of the reference walls and better than the blocks and prisms with added fibers, which had resistances lower than those of the
corresponding conventional materials. All elements prepared with the addition of sisal exhibited an increase in the deformation capacity (conferred by the
fibers), which was observed in the stress—strain curves. The failure mode of the reference elements was characterized by an abrupt fracture, whereas the
reinforced elements underwent ductile breakage. This result was because of the presence of the fibers, which remained attached to the faces of the cracks
via adhesion to the cement matrix, thus preventing loss of continuity in the material. Therefore, the cement/plant fiber composites are advantageous in terms
of their ductility and ability to resist further damage after cracking.

Keywords: vegetable fiber, post-cracking behavior, structural masonry.

Resumo
E——

A alvenaria estrutural com blocos de concreto promove a racionalizagao da construgéo, com redugéo do custo final da edificacdo, por meio da eliminacéo
de férmas e da redugdo do consumo de armaduras. Além disso, produzir um bloco com a combinagéo de concreto e fibra vegetal de sisal resulta em uma
unidade que apresenta caracteristicas mais apropriadas de resisténcia mecanica, rigidez, ductilidade, capacidade de absorgéo de energia e comportamen-
to pos-fissuragéo, em comparagao com o bloco produzido com o concreto simples. O presente trabalho avalia 0 comportamento pés-fissuragéo de blocos,
prismas e pequenas paredes de concreto reforgado com fibra de sisal de comprimento 20 e 40 mm, e fragéo volumétrica de 0,5 e 1%. Foram realizados
os testes de caracterizagéo da fibra e do bloco, e os ensaios de resisténcia a compressao axial das unidades, dos prismas e das pequenas paredes. O
maodulo de deformagao dos elementos foi calculado e foram tragados os diagramas tensao-deformagéo para uma melhor interpretacéo dos valores obtidos.
Os resultados do ensaio a compressao das pequenas paredes reforgcadas com fibras foram similares aos valores das paredes de referéncia, apresentando
melhor desempenho que os blocos e prismas com adi¢&o de fibras, cujas resisténcias foram inferiores aos convencionais. Todos os elementos com adicdo
de sisal mostraram um ganho da capacidade de deformagao conferida pelas fibras, observado nos diagramas tensao-deformagéo. O modo de ruptura
dos elementos de referéncia foi caracterizado por uma fratura brusca e os reforcados tiveram um rompimento ductil. Isso foi produzido pelas fibras, que
mantiveram as faces das fissuras unidas em razdo da aderéncia com a matriz cimenticia, ndo permitindo a perda da continuidade do material e tornando
0s compositos vantajosos em termos de ductilidade e capacidade de resisténcia residual apos a fissuragéo.

Palavras-chave: fibra vegetal, comportamento pds-fissuragao, alvenaria estrutural.
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1. Introduction

EE

The growing study of new materials with good performance and
low cost has led to the use of vegetable fibers as replacements
for synthetic fibers that are typically employed as reinforcement in
composites. Tropical countries such as Brazil have an abundance
and diversity of vegetable crops, and thus a large supply of fibers,
enabling their use in construction elements. The overall goal is to
improve the physical and mechanical properties of construction
materials to be able to build higher performing structures.

Several studies have been developed with respect to the fibrous
residues from agroindustry, including sisal fibers, banana peels,
and the pulp from eucalyptus trees, among others. Noteworthy
is the work of Holmer Savastano Jr. [1], who showed that agri-
cultural waste can be used as a raw material for the reinforce-
ment of alternative cementitious matrices and determined that
optimal physical performance and adequate structural integrity
in manufactured concrete elements could be obtained. Priscilla
Pereira [2] evaluated the addition of piagava fibers to concrete for
the manufacture of blocks and prepared a unit with higher tensile
strength and optimal conditions for use. Ventura [3] performed
bending tests on three different locations in concrete specimens
reinforced with sisal fiber, demonstrating that the composite had
a greater capacity for deformation than a conventional compos-
ite. The aim of Marcelo de Souza Picango [4] was to study the ef-
fect of the addition of curaua fiber, sisal, coir, and jute to cementi-
tious composites with the view of replacing asbestos. The results
indicated that the fibers conferred higher ductility and resilience
after matrix cracking.

The interest in the use of vegetable fibers as reinforcement materi-
als in concrete is linked to their low cost, high availability, and low
energy consumption for production. In addition to the economic
benefits, vegetable fibers improve the mechanical performance of
these materials, such as increasing the tensile strength, controlling
the opening and propagation of cracks, and reducing the stiffness
of composites, thus making them more ductile and able to undergo
greater deformations without loss of integrity (Savastano) [1].

1.1 Sisal fiber

Sisal is a plant resistant to dry weather and intense sun exposure
and is cultivated in tropical and subtropical regions. It is a common
plant in northeastern Brazil, with nearly a million workers directly
dependent on this plant for their livelihoods.

Currently, Brazil is the largest producer of sisal in the world, and
the state of Bahia is responsible for 80% of the nation’s fiber pro-
duction. The sisal is formed into fiber sheets that, after beneficia-
tion, are intended mainly for use in the rope and craft industries
for the manufacture of twine, bags, some types of fabrics, rein-
forcing wire cable, pipes, nets, and carpets. Although the use of
the fiber is most popular in the industry manufacturing rope, its
value can be increased if used as a reinforcement for compos-
ites. Among other advantages, one can point to its abundance
in Brazil, ease of cultivation, biodegradability, the fact that it is a
renewable resource, and its good properties such as thermal and
acoustic insulation. These factors coupled with its high tough-
ness, abrasion resistance, and low cost make sisal one of the
most studied natural fibers.

Because of a high incidence of permeable pores, including gaps
and lumens, vegetable fibers, including sisal fibers, have a smaller
apparent density than their actual density and also a high water
absorption (greater than 90%), which affects their adherence to
cementitious matrices (Savastano [5]).

The loss of ductility in moist and alkaline environment, high water
absorption and the heterogeneity of their physical and mechanical
properties are the most important factors that adversely affect the
performance of vegetable fibers, when applied to reinforcement
matrices based on Portland cement.

Sisal fibers, despite having characteristics that may negatively af-
fect the reinforcement of Portland cement pastes, also have other
favorable attributes that contribute to the good performance of
such composites. These positive factors can be better leveraged
with the development of improved production techniques and ap-
propriate conservation of these fibers.

1.2 Composite materials

A composite is typically formed of two phases: the matrix and the
reinforcing element. Matrices consist of agglomerates and mineral
aggregates that result in concrete, mortar, or pastes according to
the specific application. In simplified form, the reinforcing compo-
nents impart additional strength by transferring and homogeneous-
ly distributing forces throughout the matrix. In addition, the fibers
act as obstacles that inhibit the propagation of cracks, leading to
progressive ruptures by partially absorbing the energy associated
with them, thus ensuring that the capacity of an element is retained
(Caetano et al. [6]).

Furthermore, parameters such as quantity, relative volume, length,
shape, and orientation of the fibers influence the performance of
the composite materials.

With a higher quantity of fibers, the number of microcracks inter-
cepted by the fibers increases, improving the strength and tough-
ness. The performance of the set improves because the propaga-
tion of cracks is slowed and the maximum tension is increased
because of the increase in the mechanical strength. The mechani-
cal strength is also enhanced because the load imposed on the
matrix is partially transferred to the fibers, which then absorb some
of the internal tension.

On the other hand, increasing the amount of fiber is intrinsically
linked to a reduction in the workability of the mixture due to the ab-
sorption of water and the wettability, which can cause consistency
problems (Caetano et al. [6]).

1.3 Mechanism of rupture in masonry elements

In masonry walls or prisms, forces of all types may occur,
such as compression, tensile, bending, and shear forces.
The function of the mortar is to uniformly absorb and transmit
these forces.

Medeiros [7] cites Hilsdorf theory to explain the rupture of typical
vertically loaded masonry walls built with blocks seated using lat-
eral completion of the horizontal joints, which occurs through the
propagation of vertical cracks in the upper wall thickness. Accord-
ing to this theory, also known as the Tensile Transverse Fracture
Mechanism, rupture is caused by the difference in stiffness be-
tween the mortar and block. Because of this difference, when the
wall is subjected to compression, the deformation of the laterally
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Figure 1 - Mechanism break Hilsdorf
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confined mortar causes transverse tension in the blocks (Figure 1).
According to Soldérzano [8], authors such as Lenczner (1972),
Sutherland (1981), and Sinha & Hendry (1987) show full agreement
that bi- and triaxial stresses produced in masonry are subjected
to compressive stress. These forces occur because of the differ-
ent deformation moduli of the materials used for the construction of
the prisms and walls. According to the abovementioned theory, the
mortar is less rigid than the blocks; i.e., it has a greater deformation
under load and tends to be expelled. Accordingly, the deformation
induced in a mortar produces lateral tensions tangential to the plane
of the joint that are restricted by the masonry units. These are thus
subjected to traction lateral stresses that cause rupture through the
development of cracks parallel to the axis of loading.

Figure 2 shows the state of the triaxial compression stress in the
mortar and the lateral axial traction in the blocks.

Figure 2 - Strains on the block and the mortar
joint when subjected to axial compression

Table 1 - Type series of blocks manufactured

Classification Fiber
block content
structural (%)
BE - -

BE20 - 0,5% 0,5 20
BE40 - 0,5% 0,5 40

BE20 - 1% 1 20

BE40 - 1% 1 40

For concrete masonry, the rupture usually occurs because of trac-
tion in a block under relatively low compressive stress, and the
lateral traction is the dominant strain in the biaxial state. Thus, the
function of existing fibers in concrete blocks is of reinforcement.
The fibers allow the transfer of tensile forces, decrease crack prop-
agation, control crack opening, and can help delay the rupture of
masonry units.

Thus, the main objectives of this research were to evaluate the
post-cracking behavior of blocks, prisms, and small concrete walls
reinforced with sisal fiber through axial compression tests and de-
termination of the deformation modulus.

2. Materials and experimental program
———

The composites were produced using sisal fibers provided by Si-
sal Weaving (Tecsal, State of Bahia, Brazil). These Type 3 sisal
fibers are used to make general yarns and Bale Twine, a type of
agricultural yarn, for export. Sisal fibers with lengths of 20 mm and
40 mm were incorporated at volumetric fractions of 0.5% and 1%
in concrete. The density, water absorption, and moisture content of
the fibers were determined.

Blocks of concrete with and without fibers were manufactured with
a characteristic strength of 4 MPa at Tatu Precast (Limeira, Sao
Paulo, Brazil). Five series were produced in total, with the first se-
ries as a reference. The remaining series were differentiated by
the added fiber content compared to the volume of concrete and
length of the fibers. Table 1 presents the nomenclature for the
building blocks in each series.

Axial compression tests were performed on the blocks, prisms, and
small walls constructed using the concrete with and without added
fibers according to NBR 12118: 2007 [9] for the blocks, NBR 8215:
1983 [10] for the prisms, and NBR 8949: 1985 [11] for the small walls.
The equipment used for the tests belonged to the Structures Labora-
tory of the School of Engineering of Sao Carlos (EESC) at the Uni-
versity of Sdo Paulo (USP). A total of 90 blocks (18 per series), 60
prisms, (12 per series), and 15 walls (three per series) were tested.
The modulus of deformation was calculated for the prisms and
small walls in accordance with the requirements of the ACI 530-92
standard [12]. According to this standard, the modulus is given by
the slope of the secant line on the stress—strain diagram between
5% and 33% of the rupture strain.

A linear variable differential transformer (LVDT) was used
for the measurements. Two displacement transducers were

(el @
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Figure 3 - Front and plan view of the location displacement transducers prisms

used for the prisms and four for the small walls to create a
maximum measurement field for a displacement of 20 mm
and a resolution of 0.001 mm. The speed of the enforcement
displacement was 0.005 mm/s, and the measurements were
recorded every 1.5 s using the SYSTEM 5000 data acquisi-
tion and storage system.

Figures 3 and 4 contain the illustrations of the instrument and lo-
cations of the displacement transducers on the prisms and small
walls, respectively.

Testing of the compressive strength of the blocks was achieved
using an ELE brand Autotest 2000 press with a capacity of 2000
kN that was equipped with two supporting plates (Figure 5). The

blocks were air dried and tested using power control at a constant
speed of 2.03 kN/sec.

The prisms and small walls were tested in a servo-controlled IN-
STRON 8506 instrument with System 5000 for data acquisition
(Figure 6). These elements were tested with displacement control
and a constant speed of 0.005 mm/s. A 35-mm-thick steel plate
and a steel profile were placed on the tops of the prisms and small
walls, respectively, to generate the uniform distribution of the load.
Only one type of mortar was used for the fabrication of the prisms
and small walls. The mortar was a mixture of cement, lime, and sand,
and is the most suitable for use in masonry structures. The British
Standard BS 5628: Part 1: 1992 [13] prescribes traces for medium

40

VDT 1
LYD[T 3

VDT 1
LvD[| 4

60

p— P
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Figure 4 - Front and plan view of the location displacement transducers small walls
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and low resistance. A medium resistance mortar was chosen with a
trace volume of 1:0.5:4.5 for cement, lime, and sand, respectively.

Figure 5 - Test of resistance to
compression of the blocks

For a better understanding of the results and to obtain satisfactory
conclusions, a statistical analysis of the influence of fiber addition
on the compressive strength of the blocks, prisms, and small walls
was also conducted using the program OriginPro 7.5.

2.1 Block manufacturing process

The materials used to manufacture the blocks were CPV ARI PLUS
cement, gravel, stone powder, and sand. In compliance with the
company’s environmental policy, a recycled aggregate was used
as a replacement for 30% of the natural aggregates. The recycled
aggregate originated from recyclable elements rejected by quality
control, the remains of fresh concrete, and units damaged during
transport and storage (Figure 7).

The blocks were produced on an industrial scale in the TATU
factory and were precast using the same trace for each type of
unit in which all inputs—with the exception of the cement and fi-
bers—were measured in volume. The sisal fibers and cement were
weighed separately and placed directly into the mixer. Adjustment
of the water content of the trace for each series of blocks was per-
formed on the basis of a visual evaluation by the molding operator.
The blocks were produced in a Piorotti BLOCOPAC 1300 vibro-
press for different production times. The use of this type of equip-
ment allows for the production of units with high strength, good
workmanship, low cement consumption, and good compaction of
the concrete.

The order of presentation of the materials followed the appropri-
ate sequence for the equipment used. Initially, the amount of all

Figure 6 - Test of resistance to compression of the prisms and small walls

P |
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Figure 7 - Aggregates used to manufacture the blocks
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aggregates was determined. After the introduction of the cement
and fibers (for the blocks containing fibers), the material was mixed
for about 1 min. Water and additives were then added, and the final
blend was mixed for approximately 3 min.

The molding of the blocks was achieved by adjusting the feeding
times, vibration, agitation, and demolding of the vibro-press. In de-
fining these times, the experience of the molding operator was es-
sential. After completion of the pressing, the freshly molded blocks
were transferred to cure chambers. Thermal curing was achieved
overnight and consisted of a cycle lasting 4-5 h at a constant tem-
perature of 60° C.

3. Results and discussion
S —

The results are presented with their respective analyses. The val-
ues are displayed in tables that include the mean, standard devia-

tion (Sd), and coefficient of variation (CV) for each of the samples.
Statistical tests included an analysis of variance (ANOVA) test with
one factor and an ANOVA with two factors. The first test indicated
that if there were any statistically significant differences between
the compressive strength of the blocks, prisms, and small walls
as a result of the small addition of fibers. On the other hand, the
second test indicated if the length and volume content of the fi-
bers influenced the compressive strength of the blocks, prisms,
and small walls.

Table 2 lists the physical properties of the fibers. The low apparent
density and high water absorption are common characteristics of
vegetable fibers because of the large number of permeable pores,
including gaps and lumens.
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Table 2 - Physical characterization of sisal fiber

Real Apparent Water

Values density density absorption
(kg/m’) (kg/m’) 24h (%)

Average 970,62 740,22 139
Sd 31,42 30,52 0,59
CV (%) 3,24 4,12 5,68

Savastano [1] obtained apparent density values of sisal fiber be-
tween 400 and 500 kg/m3, which are lower than those obtained for
the fibers used in this study. The values for the maximum water
absorption over 24 h were also lower than those reported by To-
ledo Filho [14] and Savastano [1] (193% and 151%, respectively).
The results of the density for both saturated and air-dried blocks
with and without the added fibers are presented in Table 3. The
values for the blocks containing the sisal fibers are smaller than
those for the blocks without fibers. This difference results because
the fibers and voids introduced by them act as air-entrainment
agents.

3.2 Compressive strength of the blocks
Table 4 shows the average and characteristic compressive

strengths, (f,,) and (f,,), respectively, of the blocks. The testing
was performed 28 days after the blocks and elements were made.

As can be seen from the results of the compression tests, the
blocks containing sisal fibers showed an average decrease of
41% in resistance compared with that of the reference blocks. The
ANOVA performed on these results indicated that the average val-
ues for the reference and fiber-containing samples were different.
In particular, the compressive strength of the blocks without the
added fibers was significantly higher than that of the blocks with
the added fibers at a 95% confidence level.

This result can be linked to the lower densities of the blocks con-
taining the fibers. It is also likely that other factors contributed to
the strength reduction, such as weak interactions between the fi-
bers and cement matrix, causing damage to the structure of the
material. In addition, it was difficult to mold, press, and compact the
dry concrete containing the added sisal, which may have led to the
formation of defects in the blocks.

With respect to the characteristic strength, all blocks met the criteria
for the 4-MPa class, which had been requested by the manufactur-
er. In Table 4, it can be observed that the blocks with 20-mm-long
fibers had a higher resistance than the blocks with 40-mm-long
fibers. This result may be related to the fact that the smaller fibers
were better accommodated and distributed in the relatively small
blocks compared with the larger fibers. On the basis of the ANOVA
test with two factors, it was concluded that the length influenced
the compressive strength of the reinforced blocks; the units con-
taining 20-mm-long fibers exhibited a higher resistance compared
with the units containing 40-mm-long fibers for a given fiber con-
tent at a significance level of 0.05.

Finally, the resistance of the blocks with a fiber content of 0.5%
and 1% were similar for both fiber lengths. The resistance of the
blocks with 1% fiber content was slightly greater than that for the
blocks containing 0.5% fibers. However, the two-way ANOVA test

Density air dried (g/cm®)

Table 3 - Specific density of the blocks with and without fiber

Block type
Average C.V (%) Average C.V (%)
BE 2,18 0,04 1,63 2,33 0,01 0,20
BE20-0,5% 2,12 0,01 0,65 2,27 0,02 0,67
BE40-0,5% 2,08 0,01 0,67 2,26 0,01 0,31
BE20-1% 2,11 0,05 0,03 2,28 0,03 1,48
BE40-1% 2,13 0,03 1,15 2,33 0,01 0,61

Density saturated (g/cm’)

Table 4 - Compressive strength of the blocks

Compressive strength of the blocks (MPa)

Block type
Average resist. (f,,) (MPa) S, (MPa) C.V (%) Charact. strength (f,) (MPa)
BE 11,26 1,06 9,42 9,43
BE20-0,5% 711 0,48 6,79 6,25
BE40-0,5% 6,00 0,61 10,24 481
BE20-1% 716 1,22 13,03 6,10
BE40-1% 6,43 0,78 12,12 5,22
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Table 5 - Compressive strength of prisms
with and without fiber addition

Average
resist. (f) S, (MPa) C.V (%)
(MPa)

PR 519 1,02 14,56
PR20-0,5% 3,49 0,41 11,67
PR40-0,5% 3,25 0,35 10,86

PR20-1% 4,37 041 9,34
PR40-1% 3,82 0,75 13,69

Table 6 - Compressive strength of small
walls with and without fiber addition

Average
resist. (f,) S, (MPa) C.V (%)
(MPa)
MN 3,08 0,70 22,68
MN 20-0,5% 2,95 0,37 12,41
MN 40-0,5% 2,96 0,19 6,57
MN 20-1% 3,30 0,31 9,49
MN 40-1% 3,07 0,22 7,04

showed that there was no statistical difference in the average val-
ues for the compressive strength of the blocks with 0.5% and 1%
added fiber.

3.3 Compressive strength of the prisms

The values for the compressive strength of the prisms correspond
to the gross area (f) and are presented in Table 5.

According to the statistical analysis, there were significant differ-
ences between the means of the five samples. In particular, the
compressive strength of the prisms without the added fibers was
greater than that of the prisms containing fibers at a confidence
level of 95%. In fact, the prisms reinforced with fibers showed an
average decrease of 28% in resistance compared with the resis-
tance of the prisms without any fibers.

Furthermore, the prisms with 20-mm-long sisal fibers showed
better performance and greater resistance than the prisms with
40-mm-long fibers at a given fiber content. The two-way ANO-
VA test showed that the fiber length influenced the compressive
strength of the reinforced prisms. Thus, the prisms containing
20-mm-long fibers exhibited higher strength than the prisms con-
taining 40-mm long fibers 40 mm fibers for the same fiber content
at a significance level of 0.05.

With respect to the volume fraction of fibers, the prisms with 1%
added sisal fibers of the same length exhibited higher performance.
This factor was more significant in prisms than in blocks, and thus,
the fibers contributed more to the bearing capacity of the element.
As a result, the fiber content actually influenced the compressive
strength of the prisms.

3.4 Compressive strength of the small walls

The results of the tests on the compressive strength of the small
walls in relation to the gross area (f ) are shown in Table 6. Note
that no significant change in the compressive strength of the small
walls was observed when blocks containing sisal fibers were used,
and the values very close to or even higher than those obtained
for the smaller walls constructed with blocks that did not contain
any fibers were obtained. In fact, the elements consisting of blocks
with 1% added 20-mm-long fibers had a higher resistance than
the walls constructed of blocks without the added fibers. In addi-
tion, according to the ANOVA test, the means of the samples were
similar at a significance level of 0.05.

This result may be associated with the mechanical behavior of the
blocks and elements, which differs for each type of component and
element tested. Larger tensile stresses appear in the walls mainly be-
cause of the lagged vertical joints. Under this type of stress, the fibers
act as efficient reinforcement. The horizontal tensile stresses were
lower in the prisms than in the walls because they were generated
solely due to the difference in the rigidity of the blocks and mortar.
Moreover, in the prisms, and particularly in the blocks, the compres-
sion test is always characterized by a certain confinement effect that
contributes to a reduction in the tensile stresses in the units.

The ANOVA test revealed that neither the length nor the fiber con-
tent significantly influenced the compressive strength. Thus, it can
be concluded that the increase in the compressive strength of the
elements with added 20-mm-long fibers was not statistically signifi-
cant in comparison with the fiber elements containing 40-mm-long
fibers for a given fiber content. The same conclusion can be drawn

Type f, Def. module
of prisms (MPa) (E,) (MPa)
PR 5,19 5283,86
PR20-0,5% 3,49 3528,03
PR40-0,5% 3,25 3084,64
PR20-1% 4,37 4484,49
PR40-1% 3,82 3916,51

Table 7 - Module deformation of the prisms with or without addition of fiber

. Def. 33% Def. last
A ) (%o)
377,15 713 0,28 1,18
534,07 15,13 0,31 2,10
460,61 14,93 0,55 393
560,42 12,49 0,31 2,22
389,01 9,93 0,32 2,20
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Type of fo Def. module Def. 33% Def. last
small walls (MPa) (E..) (MPa) (%o) (%o)
MN 3,08 5332 541,23 9,56 0,19 1,30
MN 20-0,5% 2,95 4720 487,65 11,54 0,23 1,68
MN 40-0,5% 2,96 4444 698,32 10,45 0,25 1,71
MN 20-1% 3,30 5243 419,69 12,47 0,20 1,47
MN 40-1% 3,07 4347 578,36 11,98 0,22 2,01
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for the increase in the compressive strength with the added fiber
content from 0.5% to 1.0% for fibers of the same length.

3.5 Deformation modulus and stress—strain curves
for the prisms and small walls

The deformation modulus was calculated for the prisms and small
walls in accordance with the requirements of ACI 530-92 [12]. Ac-
cording to this standard, the modulus is given by the inclination of
the secant line in the stress—strain curve between 5% and 33% of
the breaking strain.

The results for the modulus of deformation of the prisms (E ) are
presented in Table 7. Notably, both strain and modulus refer to the

gross area of the elements. The Def. 33% column shows the de-
formation at 33% of the breaking strain, and the Def. Last column
indicates the deformation at the moment of breakage.

The rigidity of the prisms containing the added fibers was lower
than that of the prisms without the fibers. The deformation modulus
of the prisms with the added fibers underwent an average reduc-
tion of 28% compared with the values for the prisms that did not
contain any fibers. In the study conducted by Picanco [4], the same
tendency was observed in composites with added vegetable fibers
The stress—strain curves were drawn and organized by type of
prism in Figure 8.

According to the diagrams, there is variation in the results, and thus,
it impossible to determine the deformability and effect of the pres-

Figure 9 - Stress-strain curves of each type of small walls
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Figure 10 -Fragile break of the blocks
without the added fiber

et

ence of the fibers in the blocks. This variation may be associated
with the loading and unloading cycles, which were only performed
up to 10% of the failure load expected for the prisms. It is probable
that the execution of the cycles up to 30% of the ultimate load would
lead to a reduction in the variability and enable analysis of the data.
In the PR20-1% graph, it can be observed that stress concentra-
tion occurred at one side of the prism, causing crushing and tensile
stresses in the meter positioned on the opposite side. This result
can be verified by the tie formed in the stress—strain curve near
the rupture.

Although the stress—strain curves of the prisms could not be used
to better visualize the results, note that most reinforced elements
showed extension of the post-peak curves. Thus, it can be said that
there was a gain in capacity for the absorption of deformation and
that the addition of the fibers was advantageous with respect to im-

Figure 11 - Ductile break for the blocks
with the added fiber

proving the ductility and resilience of residual matrix after cracking.
Table 8 shows the results for the modulus of deformation for the
small walls (Epp). There was a small decrease in the rigidity of the
walls with the addition of fibers to the blocks compared with that
of the walls constructed with blocks that did not contain fibers.
This reduction was equal to approximately 12%, considering the
overall average.

The stress—strain curves for the small walls are arranged in Figure
9 according to each sample type. No marked difference was ob-
served in the compressive strength of the walls for different sam-
ples. Thus, it can be clearly noted that the addition of sisal fibers to
the blocks used to construct these elements contributed to a gain
in the deformation capacity.

According to Savastano [1], cracks begin to form at the time of
composite failure, but their growth is constrained by the presence
of fibers. When the cracks begin to join, the sum of their effects in-
fluences the toughness of the element due to large deformation of
the material. In this case, there is an explanation for the increased
toughness afforded by the addition of fibers because they are re-
sponsible for incorporation of voids and discontinuities; these fi-
bers can absorb an increased amount of energy during cracking
while at the same time limiting the spread of the cracks.

Figure 12 - Ductile break of the prisms
with the added fiber
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Figure 13 - Fragile break of the prisms
without the added fiber

3.6 Rupture type for the elements

It was observed during the compression tests that an instant col-
lapse occurred in the nonreinforced units (Figure 10). In contrast,
the blocks reinforced with sisal fibers did not undergo a brittle frac-
ture, as shown in Figure 11.

The same behavior was observed for the prisms. The elements with

Table 9 - First cracking load and
breaking load of small walls

First cracking  Breaking :
sr:\miv(:us load ®) load (P p 5 g"g/o)
(kN) (kN) S

MN 261,26 340,16 77,06
MN 20-0,5% 263,29 318,54 82,43
MN 40-0,5% 275,04 327,13 84,05
MN 20-1% 332,95 364,56 91,33
MN 40-1% 302,51 339,06 89,22

added sisal fibers experienced a ductile rupture, with the fragments
remaining linked by the fibers due to their adhesion to the matrix
(Figure 12). However, a sudden rupture occurred in the elements
without fibers, which is characteristic of brittle behavior (Figure 13).
The parts of the reinforced elements, even after they were broken,
were held together by the fibers, and thus, the elements did not
lose their continuity and the breaks were progressive. According to
Campos [15], this behavior indicates that the fibers were capable
of joining the faces of the cracks. As a result, they imparted a cer-
tain load capacity after cracking, although small, that contributed
to an increase in the toughness of the elements containing them.
Another advantage of using the fibers as a reinforcement material
in concrete is delayed cracking, which leads to improved system
performance. Table 9 shows the first cracking load and its relation-
ship to the ultimate strength of the small walls. As observed, the
first cracking load of the walls containing the fibers occurred at a
higher percentage relative to the final strain, and there was a delay
in the cracking of these elements.

3.7 Cracking of the prisms and small walls

In the prisms, in most cases, vertical cracks developed along the
lateral septa. The cracks were initiated near the mortar joints and

Figura 14 - Typical break of the prisms under compression
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Figure 15 - Crack of propagation vertical traction

)
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spread throughout the height of the element, with breakage by
traction in the region near the joint. Figure 14 shows the typical
crack formation for each type of prism.

According to Mohammed [16], because the mortar is less rigid than
the blocks, which is true in most cases, there is a tendency for the
mortar to deform more than the units. However, this deformation is
prevented by the adherence to the other components, which gives
rise to tensile stresses in the units transverse to the vertical axis
of compression. With respect to cracking of the walls, vertical ten-
sile cracks were observed that started at the vertical joints and pro-
gressed to the cutting blocks, leading to their rupture (Figure 15).
The appearance of this type of cracking can be explained by the
presence of vertical joints in these elements. In general, there were
vertical cracks along the lateral septa, with breakage occurring be-
cause of transverse traction in the blocks, as illustrated in Figure 16.
In most of the small walls without fibers and also in some of the
small walls with the added fibers, crushing occurred between the
horizontal and vertical joints (Figure 17).

4. Conclusions

[

m According to statistical studies, blocks containing fibers experi-
enced a decrease of 41% in the average compressive strength
compared with that of the reference blocks because of flaws
in the material structure, although they exhibited the desired
level of resistance. The reinforced prisms showed better per-
formance than the reinforced blocks with an average decrease
of 28% in strength compared with the reference prisms. In turn,
the small walls with sisal fibers had a mean reduction of just 3%
in the resistance compared with that of the standard elements.

B The small walls best represent the typical failure mode in ma-
sonry, in which larger tensile stresses appear in the units be-
cause of the lagged vertical joints. Under this type of stress, the

fibers act as efficient reinforcement and can effectively contrib-
ute to the improvement of the resistant capacity of the material.

B Because sisal has a low deformation modulus, its functions main-
ly after matrix cracking. It enables greater energy absorption and
imparts some ability to absorb loads after cracking, which helps
to increase the toughness and ductility of the material.

B The failure mode was well characterized in all sample types
tested. The units and elements with added fibers always under-
went ductile rupture. However, sudden rupture occurred in the
elements without fibers, which is characteristic of fragile behav-
ior. Thus, the fibers united the faces of the cracks because of
adhesion with the cement matrix and prevented loss of continu-
ity of the material.
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Abstract
E——

This paper presents a numerical analysis of prestressed hollow core slabs under long term loading. The model considers the time dependence
of material and rheological properties in order to predict the actual stage of displacements, strains and stresses. It also takes into account load
changes. For the analysis, each slab is divided in a finite number of bar elements, in which the cross section is described in concrete elements,
parallel to the flexural axis, and prestressed steel elements. For the results evaluation, the effective concrete area is considered. The numerical
results are compared with experimental tests performed on two series of prestressed hollow core slabs. Each series had a different geometry,
rate and distribution of prestressing strands. Mid-span displacements were evaluated up to 127 days after initial loading. Good correlation was
achieved with both series at and below the service load level.

Keywords: numerical analysis, prestressed concrete, hollow core slabs, long term loading.

Resumo
E——

Este artigo apresenta os resultados de uma analise numérica de lajes alveolares protendidas extrudadas submetidas a carregamentos de longa
duracgdo. O modelo numérico considera os efeitos do tempo nas propriedades mecanicas dos materiais bem como nas propriedades reologicas,
de modo a prever flechas, deformacdes e tensées. O modelo leva em conta também variacdes no carregamento. Para a andlise, cada laje é sub-
dividida em um numero finito de elementos de barra cuja segao transversal é discretizada em elementos de concreto paralelos ao eixo de flexao,
e elementos de armadura passiva. Para avaliagdo dos resultados € considerada a area liquida de concreto. Os resultados do modelo numérico
foram comparados com valores medidos em ensaios de duas séries distintas de lajes alveolares protendidas. Cada série de lajes possuia dife-
rentes geometrias, taxa e distribuicdo de cordoalhas. Deslocamentos no meio do vao de cada laje foram avaliados até a idade de 127 dias apds
o carregamento inicial. Boa correlagéo foi obtida com o modelo numérico para cargas menores ou iguais as de servigo.
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Numerical analysis of prestressed hollow core slabs under long term loading

1. Introduction

EE

A hollow core slab is a precast, prestressing concrete member with con-
tinuous voids provided to reduce weight and cost. They are primarily
used as a floor deck system in residential and commercial buildings as
well as in parking structures because they are economical, have good fire
resistance and sound insulation properties, and are capable of spanning
long distances with relatively small depths. Hollow core slabs can make
use of prestressing strands, which allow slabs with depths between 150
and 260 mm to span over 9 meters.

When used in buildings, several hollow core slabs are placed next to
each other to form a continuous floor system. The small gap that is left
between each slab is usually filled with a non-shrink grout. To give the
floor a smooth finished surface, a topping slab overlay is poured on the
top surface of the hollow core slabs. This topping slab is typically 5 cm
deep. The voids in a hollow core slab may be used for electrical or me-
chanical runs. For example, routing of a lighting circuit through the cores
can allow fixtures in an exposed slab ceiling without unsightly surface
mounted conduit.

Structurally, a hollow core slab provides the efficiency of a prestressed
member for load capacity, span range, and deflection control. In addition,
a basic diaphragm is provided for resisting lateral loads by the grouted
slab assembly provided proper connections and details exist (PCI [1]).
The basic manufacturing method currently in use for the production of
hollow core slabs is a dry cast or extrusion system where a very low
slump concrete is forced through the machine. The cores are formed with
augers or tubes with the concrete being compacted around the cores.

In this scenario, the objective of this paper is to present a numerical analy-
sis of prestressed hollow core slabs under long term loading. The model-
ling considers not only the load history of hollow core slabs but also the
effects of time in the mechanical properties of the concrete. The slabs are
divided in a number of elements each having different material proper-
ties as well as load histories. The results of the numerical analysis are
compared to experimental tests performed on two series of prestressed
hollow core slabs. Each series had a different geometry and rate and
distribution of strands as well as material properties. Loads and mid-span
displacements were evaluated up to 127 days after initial loading.

2. The numerical model
|

2.1 Assumptions

In the development of the numerical modelling [2], the following

assumptions are introduced:

1. The hollow core slab, the applied loads and the deformations lie
in a plane; the plane of loads is a plane of symmetry for the slab.

2. The slab is slender, that is, its length is much larger than its
lateral dimensions.

3. Transverse and longitudinal displacements are infinitesimal.

. Only normal strains parallel to the axis of the slab are considered.

5. The geometry of the slab can vary with respect to time as well
along the length.

6. The material properties, in each section, can be different in
each element.

7. The effect of shrinkage, creep and cracking as well as the evo-
lution of the mechanical properties of the concrete with time are
taken into account.

SN

8. The losses due to steel relaxation in the strands are also
considered.
9. The applied loads vary along time.

2.2 Formulation

In the derivation of the model, the slab is divided in a number of
sections, each of one composed of elements. These elements can
have different geometrical and material properties as well load his-
tories. It is assumed that at a generic time £, the total strain in a
concrete element i is known and given by:

o) o RO e b0 0

0Ec(T) Ey | &

The total strain in this case includes the effects of the applied loads
as well creep and shrinkage. These effects correspond to the first,
second and third terms respectively of the right hand side in the
equation above. The expression for the shrinkage strain and creep
coefficient as well as the concrete tangent modulus of elasticity at
time 1 are the ones presented in NBR 6118 [3]. If a generic time in-
terval (t t,) is divided in a number of time steps, the total strain

utl

of each concrete element i in each section of the slab becomes:
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From equation (2) it can be seen that each concrete element can
have different material and load history at every time step. It is
important to point out that the creep effects are considered to the
time step (t,,,) and ¢(t"+,,t"+,)= 0.

In equation (2) the incremental stress in each concrete element
Ao, (t,, »t) can be explicitly determined if one rewrites the equation

u+l

after splitting the second summation. Thus:
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With this incremental stress, the final stress in each concrete ele-
ment at time ¢, can be obtained as:

u+l1

Acc16u+1) ZAGCl (t]’tj 1) (4)

This final stress, in each time step, has to be compared to
the concrete strength. For case of concrete in tension the
limit is defined by the concrete tensile strength f_ . If this ten-
sile strength is exceeded, the contribution of this element is
neglected.

For the stress evaluation in each element of a prestressed
strand is necessary to compute the losses of stress due to the
combination of the concrete shrinkage and creep effects as
well as the steel relaxation. According to Trevino and Ghali [4],
the stress loss due to the steel relaxation in a strand element
iis given by:

1 (t-

80 1y =00 .|l 70‘%1 for 0<(1-1, )< 4ldays*(5)
-4, |

0o i(tyty) =40 ,,, 126 for 41<(1-1,)< 12x10° days © (6)
X
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In this case, AOC ,i(c+s+r) should be determined by iterative pro-
cess. For the first attempt, consider &, = 1.

Then, the stress and strain at a strand element i at time £, are
given by:

Q =

;if Q <0, adopt Q=0

Gpi u+1’tp) s pt(tu+1’t )+A6pt(c+s+r)( +1’t ) (9)

(10)

g1”.(tu+1 ’tp): Y pi(tu+1’ tp)/Es

For each strand element i, the maximum tensile stress is equal to
the steel yield strength.

The internal axial force and bending moment in each cross section
are determined as follows:

(u+1’t0) cg (u+1’t0) ’EIGpi(tuﬂ’tp)ws(api)APi (")

where:

AG ~foaMo (A= 0.4)% for k. >0.4

preo
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G,ilty)

f ptk

N.. = 2.0 for normal relaxation steel

A =

N.. = 1.5 for low relaxation steel

Thus, the stress loss in a strand element i including the concrete
shrinkage and creep effects can be evaluated by:

AG pi(ctstr) = XG pri (t’t0 ) [ cci (t t0 )+ gcsi (t’t0 )]Es (8)

M (u+1’ ) Zoa(wl’ )yczAcl+20p1(u+1’ )cos(apz)yptApt <]2>

The equilibrium between external and internal forces in every
cross-section of the hollow core slab is given by:

Np =Npgxr

(13)

My =M gy (14)

The correct state of strain and the corresponding equilibrium posi-
tion of the slab at each time step are obtained when both equa-
tions (13) and (14) are satisfied at every cross-section. If this is
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not achieved a new strain state is introduced and the procedure
is repeated.

To ensure convergence of the iterative search process for the state
of strain which satisfies the equations (13) and (14), one must con-
sider the compressive strength of concrete and steel stress unlim-
ited. The value of these stresses should be checked at the end of
the analysis. Stresses levels above usual values for service state
level indicate insufficient cross-section dimensions.

After the equilibrium conditions are satisfied at each cross section,
the hollow core slab deflected shape can be determined. With the
strain of each concrete (equation 2) and strand (equation 10) ele-
ment in every section, the curvature in each section along the slab
is calculated. In this case the transverse displacement curvature

relationship is given by:

dzy(tu+1):_ 1
dxz r(tu+1)

The rotations are obtained by integrating the above equation. Thus:

(1)

(u+1) el(tu+1)+.[ (tu+1) (]6)
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Figure 1 — Details of the slabs cross-sections
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The transverse displacements are calculated then by:

y(tu+1): yl(tu+1)+91(tu+1)(x_xl)+ ’er (1, + D) (17)

X

Since each slab has been divided in sections and considering the
number of the first section equal to 1, the above equation is re-
placed by:

Il 1 |
yi(tu+1):yl(tu+l)+el(luﬂ)(x_x])_M) = === (Zi-l)
4 rl(tuH) ri(tuH)
(18)
[ il ]
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It is important to point out that equation (18) has to satisfy the slab
cinematic conditions.

3. Experimental program
——

In order to verify the numerical model an experimental program
was carried on. It consisted on the testing of two series of hol-
low core slabs. Each series had three specimens. In series 1,
the hollow core slabs were 1245 mm in width and 260 mm in
depth with constant hollow cores of 199 mm in diameter. They
were 10 m long and pre-tensioned with 4 seven-wire low relax-
ation strands (12.7 mm in nominal diameter) and 6 seven-wire
low relaxation strands (11.1 mm in nominal diameter). Both
strands were placed with a 30 mm bottom cover. Slabs of se-
ries 2 had the same width and length as of series 1 but with
a total depth of 210 mm; the hollow cores were 152 mm in
diameter. They had 8 seven-wire low relaxation strands of 12.7
mm in nominal diameter placed with a 30 mm bottom cover.
Both series were pre-tensioned to 75% of the ultimate strength
fpu = 1900 MPa, before the concrete was cast using dry mix
extrusion procedures. The applied prestressing force was
transferred to the concrete 20 hours after casting. The details
of the slabs cross-sections are shown in figure 1.

The concrete was produced using Brazilian type V cement
and limestone as coarse aggregate. Its concrete compressive
strength was evaluated employing the impact hammer. The im-
pact hammer is a practical method for determining the concrete
strength of slabs cast using dry mix extrusion procedures and
considerably more precise than test cylinders. This is because
the compaction of the machine cannot be accurately duplicated
in making the cylinders. The concrete strength was evaluated at
the age of 30 days for slabs of series 1 and 35 days for series
2. These ages correspond to the initial testing time in which a
uniform distributed live load was applied to each slab. The av-
erage concrete compressive strength at this age was 40.6 and
28.3 MPa for series 1 and 2 respectively. Both of these values
correspond to an average of 9 readings taken with the impact
hammer in the horizontal position on the side of each slab. The
correlation to compressive cylinder strengths was made with the

use of curves printed on a plate attached to the instrument. This
compressive strength was the only concrete mechanical prop-
erty measured throughout the study.

The hollow core slab tests were conducted in an open area at
Precon Industrial in Pedro Leopoldo, Minas Gerais. The test
set-up is shown in figure 2. The specimens were subjected to
a uniformly distributed load on a simple span. The clear span
between the supports was 9.9 m Cement bags, with a nominal
weight of 0.5 kN each, were used for the uniformly distributed
load (figure 2b). A dial-gage placed at mid-span was used to
measure the deflection.

The uniform distributed live load was applied incrementally af-
ter each slab had been placed over supports. During the first
four days, loads were incrementally applied daily. Each live
load increment corresponded to 1.52 and 1.01 kN/m for series
1 and 2 respectively. These loads were kept for approximately
114 days. After that period additional loads were applied up to
each slab series service live load (8.875 and 6.65 kN/m for se-
ries 1 and 2 respectively). Before each live load increment and
during the period of 127 days, mid-span deflections were mea-
sured. These readings were always taken early in the morning
to avoid temperature effects.

The temperature and relative humidity were measured daily
(also early in the morning) during the testing period. Their
average values were calculated and correspond to 25°C and
40% respectively.

Figure 2 - Details of the test set-up
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4. Comparative study
EE

A comparison of the numerical and experimental results is present-
ed herein. The mid-span deflection for each series was selected for
this study since it represents the overall behavior the hollow core
slabs. It is important to point out that the comparison is carried out
during a 4-month loading period in which the values of the loads
were at or below service level.

In the numerical model, the concrete properties including shrinkage
and creep effects were derived from the compressive strength mea-
sured at the initial testing time and from the temperature and rela-
tive humidity average values shown before. For a proper evaluation
of the needed parameters, the formulation prescribed in NBR 6118
sections 8.2.8, 12.3.3,A.2.2.3 and A.2.3.2 was used. For each slab,

10 cross-sections along the span were analyzed at each time step
with 50 concrete elements in every cross-section. The number of
strand elements in every cross-section corresponded to the number
of strands for each slab series: 10 for series 1 and 8 for series 2.

The results of the comparative study are presented both in tabu-
lar and graphical form. Table 1 shows the results for slabs of Se-
ries 1 while the values correspondent to slabs of Series 2 are in
table 2. The comparison between the actual and predicted overall
behavior can be quantified based on the model error y defined as the
ratio between the evaluated mid-span deflection and the measured
value. Values of y (last columns of tables 1 and 2) smaller than the
unity indicate a stiffer behavior predicted by the numerical model.
Each graph, on the other hand, shows an overall visual comparison.
The comparative study for slabs of Series 1 is well represented
in figure 3 which shows the load versus the midspan deflection

Table 1 - Results for slabs of Series 1
Uniform distributed Measured mid-span Evaluated mid-span
Specimen live load deflection deflection Model error y*
(kN/m) (cm) (cm)

0.00 0 0.000 0.000 -
1.52 0.02 0.300 0.340 1.13
3.03 1 0.650 0.820 1.26
4.55 2 0.985 1.310 1.33
6.06 3 1.350 1.820 1.35
6.06 7 1.800 2.180 1.21
6.06 10 2.000 2.260 1.13
6.06 14 2.100 2.340 1.1

Slab Al 6.06 19 2.250 2.40 1.07
6.06 22 2.225 2.430 1.09
6.06 43 2.050 2.540 1.24
6.06 60 2.100 2.590 1.23
6.06 66 2.275 2.600 1.14
6.06 78 2.375 2.620 1.10
6.06 114 2.100 2.650 1.26
7.58 19 2.450 2.980 1.22
9.09 119.02 2.750 3.330 1.21
0.00 0 0.000 0.000 -
1.52 0.02 0.600 0.340 0.57
3.03 1 0.875 0.820 0.94
4.55 2 1.200 1.310 1.09
6.06 3 1.675 1.820 1.09
6.06 7 2.100 2.180 1.04

Slab A2 6.06 10 2.225 2.260 1.02
6.06 14 2.300 2.340 1.02
6.06 16 2.325 2.370 1.02
6.06 20 2.425 2410 0.99
6.06 66 2.475 2.600 1.05
6.06 78 2.550 2.620 1.03
8.89 121.06 2.750 3.250 1.18

* Model error y = ratio between the evaluated mid-span deflection and the measured value
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Uniform distributed

Measured mid-span

Table 2 - Results for slabs of Series 1 (continuation)

Evaluated mid-span

Specimen live load (:g;s) deflection deflection Model error y*
(kN/m) (cm) (cm)

0,00 0 0.000 0.000 -
1.52 0.02 0.375 0.340 0.91
3.03 1 0.625 0.820 1.31
4.55 2 0.960 1.310 1.36
6.06 3 1.400 1.820 1.30
6.06 8 1.850 2.210 1.19
6.06 12 1.925 2.310 1.20

Slab A3 6.06 15 2,000 2.350 1.18
6.06 22 2.050 2.430 1.19
6.06 43 2.050 2.540 1.24
6.06 60 2.100 2.590 1.23
6.06 66 2.100 2.600 1.24
6.06 78 2.200 2.620 1.19
8.89 125.06 2.900 3.250 1.12

* Model error y = ratio between the evaluated mid-span deflection and the measured value

along 119 days for specimen A1. These results reveal a less stiff
behavior predicted by the numerical model throughout the load
spectrum investigated. The overall comparison for the slabs of
this Series is made based on the statistical analyses of y which
include its average (m), the standard deviation (s) as well as its
coefficient of variation (COV). The average of y is used as a mea-
sure of the conservativeness of the numerical modeling and the
coefficient of variation is taken as an indication of its accuracy.
These values are presented in table 3. The analysis of these re-
sults shows that the model predicts conservatively and accurately
the measured midspan deflections with a model error average of
1.14 and COV of 12.6 % for all the slabs of this series.

Figure 3 - Load versus midspan deflection
along 119 days for slab A1l of Series 1
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The load versus the midspan deflection along 126 days for Se-
ries 2 (slab B2) is presented in Figure 4. It can be seen that
the numerical model predicts well the observed behavior. The
statistical analysis (table 3) for this series also shows that the
numerical procedure evaluates conservatively the measured
midspan deflections. On the other hand the model was less ac-
curate in this case since the COV was equal to 25 % for all the
slabs of this series.

The overall analysis of the comparative study indicates the con-
servative bias of the numerical procedure: model error average
equals to 1.10 for all the slabs investigated. With respect to ac-
curacy, the modeling also shows good results with an overall
COV of 20 %.

Figure 4 - Load versus midspan deflection
along 126 days for slab B2 of Series 2
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The midspan deflection, temperature and relative humidity mea-
surements were taken daily at the same hour (early in the morning)
during the investigation campaign. This is an important aspect of
the research and it may be one of the reasons for the good cor-
relation achieved between the experimental and modeling results.

5. Conclusions
[
A numerical model for the analysis of prestressed hollow core slabs

under long term loading has been presented. The model considers
explicitly the geometrical changes in cross section as well as the

time dependence of the loads and of material properties in order to
predict the actual stage of displacements, strains and stresses. The
numerical results were compared with experimental tests performed
on two series of prestressed hollow core slabs. Each series had a
different geometry, rate and distribution of prestressing strands as
well as material properties. Loads and mid-span displacements
were evaluated up to 127 days after initial loading. The overall analy-
sis of the comparative study indicates the conservative bias of the
numerical procedure: model error average equals to 1.10 for all the
slabs investigated. With respect to accuracy, the modeling scheme

also shows good results with an overall COV of 20 %.

Table 2 - Results for slabs of Series 2

* Model error y = ratio between the evaluated mid-span deflection and the measured value

Uniform distributed Measured mid-span Evaluated mid-span
Specimen live load deflection deflection Model error y*
(kN/m) (cm) (cm)

0.00 0.00 0.000 0.000 -
1.01 0.02 0.400 0.500 1.25
2.02 1 0.925 1.260 1.36
3.03 2 1.550 2.020 1.30
4,04 3 2.350 2.810 1.20
4.04 7 2.875 3.460 1.20
4,04 10 3.100 3.630 1.17
4.04 14 3.225 3.790 1.18

Slab Bl 4.04 19 3.300 3.930 1.19
4,04 22 B¥325) 3.990 1.20
4.04 43 4,125 4.270 1.04
4.04 60 4.200 4.410 1.05
4.04 14 4550 4.650 1.02
5.05 125.08 4.950 5.100 1.03
6.06 125.1 5.700 5.620 0.99
7.07 125.12 6.400 6.150 0.96
0.00 0.00 0.000 0.000 -
1.01 0.02 0.225 0.450 2.00
2.02 1 0.755 1.100 1.46
3.03 2 0.885 1.750 1.98
4,04 3 1.950 2.430 1.25
4,04 7 2475 2.930 1.18
4,04 10 2.600 3.070 1.18
4.04 14 2.750 3.180 1.16

Slab B2 4.04 19 2875 3.290 1.14
4,04 22 2.975 3.330 1.12
4,04 43 3.625 3.530 0.97
4,04 60 3.825 3.620 0.95
4,04 66 3.900 3.650 0.94
4.04 78 4.075 3.690 0.91
4,04 14 4.200 3.770 0.90
6.06 126.04 4.675 4,610 0.99
8.08 126.06 6.375 5.530 0.87
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Table 2 - Results for slabs of Series 2 — (continuation)

Uniform distributed Measured mid-span Evaluated mid-span
Specimen live load ge deflection deflection Model error y*
(kN/m) (cm) (cm)

0.00 0.00 0.000 0.000 -
1.01 0.02 0.400 0.500 1.25
2.02 1 1.005 1.270 1.26
3.03 2 2.000 2.040 1.02
4.04 3 2.875 2.840 0.99
4.04 7 3.775 3.500 0.93
4.04 10 4.000 3.680 0.92
4.04 14 4.175 3.840 0.92

Slab B3 4.04 19 4.250 3.990 0.94
4.04 22 4.400 4.050 0.92
4.04 43 5.550 4.340 0.78
4.04 60 6.000 4.480 0.75
4.04 66 6.125 4.530 0.74
4.04 78 6.200 4.590 0.74
4.04 114 6.850 4.740 0.69
6.06 127.04 7.900 5.680 0.72
8.08 127.06 9.650 6.870 0.71

* Model error y = ratio between the evaluated mid-span deflection and the measured value

Table 3 - Statistical analysis of the model error ¢

Statistical parameters Series 1
of the model error y Slab Al Slab A2 Slab A3 All slabs
Average 1L 1.19 1.00 1.20 1.14
Standard deviation ¢ 0.0847 0.1493 0.1106 0.1439
COV (%) 7.10 14.93 9.18 12.61

Series 2

Slab B1 Slab B2 Slab B3 All slabs
Average | 1.14 1.19 0.89 1.07
Standard deviation ¢ 0.1208 0.3504 0.1788 0.2688
COV (%) 10.58 29.54 20.03 25.07
Series 1 + Series 2
Average 1L 1.10
Standard deviation ¢ 0.2212
COV (%) 20.03
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8. Notation
E—

The following symbols are used in this paper:
€ .(,,t,)=total strain in a concrete element i in time Zu;
€..(2,.,,1, )= total strain in a concrete element i in time fu+1;

(t,t . I
€t ”)= creep strain in a concrete element i in time ¢ ;

e..(t,t

wi(B:15) = shrinkage strain in a concrete element i in time ¢;

€ ,(t,.1>t,)= strain in a strand element i after initial losses;

Epl- (t,,,,t,)= total strain in a strand element i in time Zu-+1;

E ()= concrete tangent modulus of elasticity at time =
(NBR 6118 sections 12.3.3 and 8.2.8);

E ,, = concrete tangent modulus of elasticity at time 28 days
(NBR 6118 section 8.2.8);

E_= steel modulus of elasticity ;

Jem = average concrete tensile strength;

o(t,,7) = creep coefficient (NBR 6118 section A.2.2.3);

€ ... =maximum shrinkage strain (NBR 6118 section A.2.3.2);

Iy = initial time in which the stress state changes in a cross section;
!y = time of the prestressing force transfer to the concrete slab;
l, = time corresponding to the end of the curing period;

B.t)= function that describes the development of shrinkage
strain along the time; (NBR 6118 section A.2.3.2);

Ac ,(t;,1, ) =incremental stress in a concrete element i be-

tween times #j and #j-1;

Ao

i (t:t,) = stress loss in a strand element i due to steel relax-

ation between times ¢ and ?p;
A =stress intensity ratio in a prestressed strand;

7 = steel relaxation coefficient;

Ac .. =maximum stress loss in a strand due to steel relaxation;
Q = error coefficient of iteration process;
‘fr = steel relaxation correction coefficient;

AG

piters+r) —Stress loss in a strand element / due to the combi-
nation of concrete shrinkage and creep effects as well as steel
relaxation;

A, =area of the concrete element i;

Apl:area of the strand element j;

),; =distance from the center of gravity of concrete element i to
the top fiber of the slab cross-section;

y,; =distance from steel element i to the top fiber of the slab
cross-section;

o ,; =inclination angle of strand element / in a slab cross-section;
M, (fuwfo) = internal bending moment at time Z,+1;

Ny (tuﬂ,to) = internal axial force at time ¢, ;;

N =external axial force in a slab cross-section;

M .. = external bending moment in a slab cross-section;

.. =

tyt].

radius of curvature of a generic cross-section at time

r; (tu+l) = radius of curvature of cross-section j at time 7,47;

Q(tuﬂ) = rotation of a generic cross-section at time 7, ; ;

o, (tuﬂ) = rotation of cross-section j, at a distance j, from the
origin, at time ,.;

y(tuﬂ) = transverse displacement of a generic cross-section at
time L,.1;

Y, (tm) = transverse displacement of cross-section j, at a dis-

tance J; from the origin, at time 7,,;

AZ(,-’,-H) = longitudinal distance between cross sections i and i+1.

£22

IBRACON Structures and Materials Journal < 2013 * vol. 6 *n°4



Volume 6, Number 4 (August 2013) p. 623-660 * ISSN 1983-4195

REVISTA IBRACON DE ESTRUTURAS E MATERIAIS

IBRACON IBRACON STRUCTURES AND MATERIALS JOURNAL

Analysis of the assembling phase of lattice slabs

Analise da fase de montagem de lajes trelicadas

A. L. SARTORTI #
artur.sartorti@unasp.edu.br

A. C. FONTES ®
anacfontes89@hotmail.com

L. M. PINHEIRO ®
libanio@sc.usp.br

Abstract
E——

Lattice slabs are usual in Brazil. They are formed by precast joists with latticed bars on a base of concrete, and a cover of concrete placed at the
jobsite. The assembly of the joists and the filling elements is simple and do not require manpower with great skill, presenting low cost-benefit ratio.
However, it is precisely in assembling phase that arise questions related to the scaffold support distance. A mistake in the proper positioning can
lead to two undesirable situations. In one of them, a small space between the support lines increases the cost of scaffold, and in other an exces-
sive space can generate exaggerated displacements, and even the collapse of the slab in the stage of concreting. The objective of this work is to
analyze the bearing capacity of lattice joists in assembling phase, looking for information that is useful in defining the scaffold support distance.
Several joists were tested to define the failure modes and their load bearing capacities. The results allowed to determine equations for calculating
the appropriate distance between the support lines of the joists.

Keywords: lattice slabs; lattice joists; self-portance; support lines; buckling.

Resumo
[

Lajes trelicadas sdo usuais no Brasil. Elas sao formadas por vigotas pré-moldadas, com armadura treligada sobre uma base de concreto, e
por uma capa de concreto moldada na obra. A montagem das vigotas e dos elementos de enchimento € simples e ndo exige méo de obra com
grande habilidade, apresentando baixa relagao custo-beneficio. Entretanto, é justamente na fase de montagem que surgem questdes relativas a
distancia entre as linhas de escora. Um erro no posicionamento adequado pode levar a duas situa¢des indesejaveis. Em uma delas, um espaco
pequeno entre as linhas de escora aumenta o custo do cimbramento, e na outra, um espago excessivo pode gerar deslocamentos exagerados, e
até mesmo o colapso da laje, na fase de concretagem. O objetivo deste trabalho é analisar a capacidade portante de vigotas trelicadas, na fase
de montagem, procurando informagdes que sejam Uteis na definigdo da distancia entre as linhas de escora. Foram ensaiadas varias vigotas para
definir os modos de ruina e suas capacidades de carga. Os resultados permitiram determinar expressdes para o célculo da distancia adequada
entre as linhas de escora das vigotas.
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Analysis of the assembling phase of lattice slabs

1. Introduction

EE

Since ancient times, the art of building has been improved in or-
der to ensure economy, safety, and comfort. Therefore, it was
necessary to develop techniques that could help to transpose
the great engineering challenges, such as: support large loads,
implement elevated floors, and win large spans. In this context,
there was the need to create new systems for slabs in order to
conciliate the desired structural characteristics with the parame-
ters of economy and speed of construction. In this way, the slabs
formed by lattice joists, also called lattice joist slabs or simply
lattice slabs, acquired space and became one of the most used
systems in the Brazilian civil construction currently.

A common lattice slab is composed by lattice joists, or trussed
joists (TR), with a base of precast concrete and lattice rein-
forcement partially embedded. Among the lattice joists are
placed filling elements that reduce the self-weight and com-
plete the lower part of the slab. Over this part is placed a lay-
er of concrete called cover which concludes the ribbed slab.
Figure 1 illustrates the parts that compose an ordinary lat-
tice slab. Besides the arrangement shown in this figure, are
still found joists with flanges of concrete in bottom and top
(I section), and massive ribs.

However, a problem that persists in all configurations of lattice
joist slabs is the question of distance of the scaffold lines, which
support the slab during the transitional phase of assembly and
concreting.

The load bearing capacity of a lattice joist slab in the assembling
phase is directly connected with the resistant capacity of the parts
that compose the truss reinforcement, weld of the bars, and lattice
joist itself. The characteristics of the lattice joist are illustrated in
Figure 2. The bars of the joist are specified by the Brazilian Code

ABNT NBR 7480 (1996) [2]. In Figure 3, the dimensions of the
joists are illustrated according to the ABNT NBR 14862 (2002) [3].
Joists are indicated by a code TR, followed by five digits: the
first two represent the height of the joist, in centimeters, and
the last three represent the diameters, in millimeters, of the
upper bar, the sinusoid (diagonals), and the lower bars re-
spectively, without consideration of decimal places. Ex.:
TRO8 634 — trussed joist composed by steel with charac-
teristic yielding strength of 600 MPa, 8 cm of height, up-
per bar with 6 mm, sinusoid with 3.4 mm, and lower bars with
4.2 mm.

Both GASPAR [4] and DROPPA JR. [5] show that the diagonals in
joist reinforcement provide rigidity to the set and good conditions
of shipping and handling, in addition to resist the shear stresses
and ensure that the system is monolithic after placing the con-
crete cover. The bottom bars serve to combat the tensile stresses
resulting from bending. When necessary, should be placed ad-
ditional reinforcement to resist the tensile stresses.

Is still asserted by GASPAR [4] that the top bar is the main re-
sponsible for the stiffness in transportation and also by the maxi-
mum scaffold support distance.

ABNT NBR 14860-1 (2002) [6] in section 5.2 states that “the
spacing between scaffold support lines should be determined
in the project, considering the type of slab and the loads in the
phase of assembly and concreting”.

Although there is a recommendation that the design of the spac-
ing between support lines be done in order to guarantee safety
to the slab failure at the time of concreting, only some studies
are found in the technical literature which effectively consider the
subject, and not much give a practical orientation about the cal-
culation of the scaffold support distance.

GASPAR [4] studied the transitory phase of assembly for joists

Figure 1 - Typical cross section of lattice joist slabs. Source: adpt. BOUNASSAR (1) , p.86
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Figure 2 - Joist with lattice reinforcement.
Source: GASPAR (3), p.13
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Table 1 - Height of the lattice joists
and diameter of the bars

: Height Diameter of the bars (mm)
Joist
H)(Mm)  ypper Sinusoid  Lower

TRO6 644 60 6.00 3.40 3.40
TRO8 644 80 6.00 4.20 4.20
TR12 645 120 6.00 4.20 4.20
TR16 745 160 7.00 4.20 4.20
TR20 745 200 7.00 4.20 4.20
TR25 756 250 7.00 5.00 5.00
TR30 856 300 8.00 5.00 5.00

with 8 cm and 12 cm of height requested by a positive bending
moment. TERNI ¢z 4/ [7] carried out a finite element modeling us-
ing as a base some tests made by EL DEBS and DROPPA JR.
(2000)!, apud TERNI ez al. [7].

CARVALHO ¢ /. [8] performed an extensive literature review
about the state of the art of precast slabs with lattice joists. In
this study the researches of GASPAR [4], EL DEBS e DROPPA
JUNIOR (1999)?, and FORTE e /. (2000): are indicated.

Thus, in this work, an experimental study was developed, which
made possible to get results that can be used in the calculation of
scaffold support distance of lattice joist slabs.

The paper is about tests of positive bending moment and shear,
performed in the Laboratory of Materials and Structures of the
Adventist University Center of Sao Paulo (Centro Universitario
Adventista de Sdo Paulo), as described in the following items.
These tests led to the collapse and allowed the analysis of the
displacements and the failure modes for lattice joists, answering
the aim of the study which is to describe the failure mechanisms
and generate recommendations that can be used in the calcula-
tion of the scaffold support distance.

Figure 4 — Cross section of the joists
(dimensions in cm)
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Figure 5 - Longitudinal section of the joist
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2. Experimental analysis

|

In this item will be considered the characterizations of materials
and the tests.

2.1 Characterization of the materials
Will be characterized the lattices and the concrete bases.
2.1.1 Joists

The characteristics of the used lattice joists are indicate in the Ta-
ble 1. The trussed joist TROG6 is also considered, which was tested
in spite of not being present in the current standard of lattice re-
inforcement (NBR 14862 (2002) [10]), because it was already in-
cluded in the revision of the standard mentioned.

The cross and longitudinal sections of the lattice joists are illustrated in
the Figures 4 and 5. The cover of 1.5 cm showed in the Figure 4 was
guaranteed by spacers. The upper bar is also denominated upper flange,
the lower ones, lower flange, and the sinusoids are also called diagonals.

2.1.2 Concrete bases

The concrete bases of the joists were molded in two stages due to
the amount of available molds.

The first molding with mix-design in mass 1:2.9:2.84 : 0.65 was
madeinMarch2nd, 2012 andincludedthejoists TR16745, TR20745,
TR25756, TR30856. It was made the slump test with result of 55 mm.
The compression characteristic strength predicted for 28 days was
25 MPa. For its determination were molded six cylindrical speci-
mens of 10 cm x 20 cm.

The second molding of concrete bases with mix-design in mass 1: 2.9
:2.84 : 0.5 was in March 15th, 2012 completing the rest of the joists:
TR6634, TR08644 and TR12644. The change in the amount of water
was due to the weather variation between molding days. The slump test
gave a result of 50 mm. As in the first molding, the compression charac-
teristic strength predict for 28 days was 25 MPa. Also in this stage, six
specimens were molded to determine the concrete strength.

The procedure for molding the concrete bases consisted in four
steps: (1) wetting the molds with demoulding oil (Figure 6); (2) fill-
ing of the molds with a fresh concrete layer (Figure 7); (3) vibration
of the concrete with the aid of a rubber hammer (Figures 8); (4)
insertion of the reinforcement (Figure 9).

2.2 Characterization of tests

The tests were made on April 19th and April 20th, 2012, respec-
tively bending and shear tests.

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4
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Figure 6 - Wetting the molds with oil

2.2.1 Equipments used in the tests

The equipments used in the tests were:

m Universal testing machine servo hydraulic, capacity 1000 kN,
mark Contenco;

m Two dial gauges to measure displacements, capacity 50 mm,

precision 0,01 mm;

Two magnetic supports for the dial gauges;

Steel beam for support;

Wood devices for load application;

Neoprene plates for testing of models.

2.2.2 Bending tests

Figure 10 shows a bending test and Figure 11 represents a cor-
responding schematic drawing. The lattice joist was placed on
two movable supports (avoiding the introduction of horizontal
forces) which, on its turn, were supported on a steel beam with

Figure 8 - Vibration of the concrete

Figure 7 - Filling the molds

cross section in form of |, which served as a base for performing
the test.

The mobile supports were placed 20 cm from the extremities of
the joist, generating a theoretical span of 260 cm. The adopted
dimensions were chosen according to the capacity of the labo-
ratory and test equipments. If larger spans were used, it would
be impracticable the assembly of the tests. Very small spans

Figure 9 - Insertion of the reinforcement

’jf;m.
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IBRACON Structures and Materials Journal < 2013 * vol. 6 *n°4



A. L. SARTORTI | A.C. FONTES | L. M. PINHEIRO

Figure 10 - Bending test

in form of |, which served as movable supports that sustain the lat-
tice joist. The left movable support was placed at 60 cm from the
extremity of the joist while the right movable support was placed at
20 cm from the opposite extremity.

The loading was applied through a hydraulic cylinder on the metal-
lic beam and the fixed wood support which transferred the force
to the position at 30 cm from the left support. If the loading was
applied closer to the left support, the transference to the concrete
base of the joist could be through the alternative mechanisms of
shear strength of concrete.

Two deflection indicators were used (R1 e R2) in the application
point of the loading to measure the vertical displacements. The
load speed was 3 mm/min in the piston of the press, and two joists

of each height were submitted to this test, totalizing 14 tests.

F/2

Figure 11 - Schematic of the bending test (dimensions in cm) — base composed by a | beam

| ——
Movible support

Movible support

Steel beam

would present problems for the measuring of vertical displace-
ment. Therefore, it is noted that the obtained deflection for the
span in study is perfectly measurable, justifying the adopted
span. In the middle of this span two deflection indicators were
placed (R1 and R2) in order to measure the vertical displace-
ments at this position.

The loading speed was 3 mm/min in the piston* of the jack, and
it was applied through a hydraulic cylinder fixed in the steel
beam, in a way that the wood dispositive distributed the total
force F in two application points distant 86.66 cm from the sup-
ports (in addition to this load it was considered the self-weight
of the piece). Two specimens were tested for each lattice joist
height, totalizing 14 tests.

An important observation is that the concentrated load in the mid-
dle thirds generates a stretch of positive bending moment “almost”
constant. The “almost” is due to the presence of the distributed
self-weight. Another aspect is that in the central portion can occur
buckling of the upper bar.

2.2.3 Shear tests
Figure 12 illustrates a shear test, and Figure 13 represents a cor-

responding schematic drawing.
It was used a base composed by a steel beam with cross section

Figure 12 - Shear test

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4
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4 The equivalent static load varies with the stiffness of the piece. Those with a larger stiffness have a larger equivalent static load. It was also observed that the loading curve is nonlinear, but as a reference it can be adopted a medium
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Figure 13 - Schematic of the shear test (dimensions in cm)

F
\
Moyible Movible
supportl R1 i R2 support
Steel beam
60 30 190 20

300

Compression
strength of the
mixture of March
2nd, 2012 (in MPa)

35.42
31.78
45.95
35.56
32.47
35.81

Specimen

OO WN —

33.80
37.68
39.91
38.02
41.23
37.68

Table 2 - Strength of specimens to compression

Compression
strength of the
mixture of March
15th, 2012 (in MPa)

3. Test results
S

Will be present the test results of the specimens and the bending
and shear tests.

3.1 Concrete specimens

Six pairs of cylindrical specimens of 10 cm x 20 cm molded with the
base of the concrete joists were tested on April 25th, 2012 and pre-
sented the results summarized in Table 2. Analyzing this table it is
noted that the medium strength to compression of the specimens
molded on March 2nd, 2012 is f_ = 36.2 MPa, and on March 15th,
2012is f_ =38 MPa.

When a standard deviation of 5.5 MPa is considered (FUSCO [9]),
the characteristic strengths to compression are 27.15 MPa e 28.95
MPa respectively. Utilizing these characteristic values the concrete
modulus of elasticity was estimated by the equations 1 and 2, ac-
cording to Brazilian Code ABNT NBR 6118 (2007) [10].

Figure 14 - Graphic of applied force versus vertical displacement of the joist VT 20 F2 (lattice
joist with height of 20 cm; second sample tested to flexion). Carga means load, and 1 kgf = 10 N

VT 20 F2
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E, =5600.f, 4]

Ecs = 0385'Eci (2)

E, is the initial tangent elasticity modulus of the concrete, E _ is the
concrete secant modulus of elasticity, and f, is the characteristic
strength of concrete to compression (all in MPa).

3.2 Bending tests results

Each test generated a graphic for applied force versus vertical displace-
ment as illustrated in Figure 14 from which was obtained the maximum
force resisted by the joist and the corresponding force to limit deflection.
The obtained results in the flexion tests with positive bending moment are
synthesized in Table 3. Figures 15 to 17 illustrate buckling of the upper
bar, rupture of a welded node, and buckling of the diagonals respectively.

3.3 Shear test results

As well as for bending test, each shear test generated a graphic
of applied force versus vertical displacement, as illustrated in Fig-
ure 18, indicating the maximum force resisted by the joist. The
obtained results are summarized in Table 4, and Figures 15 to 17
illustrate the indicated types of failure.

4. Analysis of the results®
E—

For bending and shear tests, will be considered the results and its
applications.

Figure 16 - Rupture of the weld

Figure 15 - Buckling of upper bar

4.1 Bending tests

In the positive bending tests, most of the joists reached failure by
buckling of the upper bar or compressed diagonals, with exception
of the joist with 25 cm of height, which by a deficiency in the weld-
ing, broke also in the weld (Figure 16).

Figure 17 — Buckling of the diagonals

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4
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5 In this section several equations are presented. They were obtained by summation of bending moments, shear forces, and homogenization of cross section. The equation of Euler’s critical loading is also used, and in section 4.3 this

equation is adapted to make it suitable for use in this work.
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of some component of the joist or the rupture of a welded node.

pp - self-weight; PD - weight of the test device; F,,, = corresponding force to deflection of 5.2 mm (L/500); F,,

Table 3 - Bending tests results

Joist pp (kN) PD (kN) F i (KN) Fraiwe (KN) Type of failure
VT 06 F1 0.2355 0.1230 0.4100 0.8608 Buckling of the upper bar
VT 06 F2 0.2310 0.1230 0.3815 0.7667 Buckling of the upper bar
VT 08 F1 0.2275 0.1230 0.6650 1.1292 Buckling of the upper bar
VT 08 F2 0.2325 0.1230 0.6500 1.1344 Buckling of the upper bar
VT 12 F1 0.2850 0.1230 1.0635 1.3897 Buckling of the upper bar
VT 12 F2 0.2865 0.1230 1.0060 1.2456 Buckling of the upper bar
VT 16 F1 0.2605 0.1230 2.2168 2.6331 Buckling of the upper bar
VT 16 F2 0.2675 0.1230 1.9935 24128 Buckling of the upper bar
VT 20 F1 0.3100 0.1230 2.5176 3.0637 Buckling of the upper bar
VT 20 F2 0.3200 0.1230 2.7000 3.2138 Buckling of the upper bar
VT 25 F1 0.2735 0.1230 2.3877 2.9661 Buckling of the upper bar and rupture of the weld
VT 25 F2 0.2860 0.1230 2.0075 2.8193 Buckling of the diagonals and rupture of the weld
VT 30 F1 0.3380 0.1230 3.0411 4.5062 Buckling of the diagonails
VT 30 F2 0.3245 0.1230 2.7421 4.4563 Buckling of the diagonals

= force that produces the buckling

ilure

Another objective of the analysis of the results is determine
effective lengths of buckling for parts of the lattice, since
the consideration of the articulated nodes (Classic Me-
chanics) is not real in these structures. The actual length
of buckling allows the determination of a limit loading for
the structure.

Tables 5 and 6 present the values of the resisting moment
and the lengths of buckling, calculated based on test results,
according to the following procedure for buckling of the up-
per bar and buckling of the diagonals. The values shown in
Tables 5 and 6 were obtained according to the sections 4.1.1
and 4.1.2.

4.1.1 Bending test with failure by buckling of the upper bar

The resisting moment and the length of buckling will be considered
in this subsection.

a) Resisting moment

The test resisting moment is calculated by Equation 3.

PD+F
_ ppXx260 +( +2 viina )x 86.67= Pt | (3)

ensaio
8

Figure 18 — Graphic of applied force versus vertical displacement of
VT 30 V2 (lattice joist with height of 30 cm; second sample tested to shear)
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Joist pp (kN) PD (kN) Fronwe (KN)
VT 06 V1 0.2330 0.0145 1.6123
VT 06 V2 0.2320 0.0145 1.8478
VT 08 V1 0.2255 0.0145 2.1677
VT 08 V2 0.2380 0.0145 2.3358
VT 12 V1 0.2885 0.0145 2.4923
VT 12 V2 0.2750 0.0145 2.5695
VT 16 V1 0.2725 0.0145 4.3061
VT 16 V2 0.2645 0.0145 3.9242
VT 20 V1 0.3090 0.0145 3.5808
VT 20 V2 0.3195 0.0145 41217
VT 25 V1 0.2800 0.0145 3.7535
VT 25 V2 0.2820 0.0145 4.3165
VT 30 V1 0.3295 0.0145 3.8113
VT 30 V2 0.3380 0.0145 3.5237

pp = self-weight; PD = weight of the test device; F,
welded node.

failure

Table 4 - Shear test results

= force that produces the buckling of some component of the joist or the rupture of a

Type of failure

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the diagonails

Buckling of the diagonals

Buckling of the diagonals

Buckling of the diagonals
Buckling of the diagonals and rupture of the weld
Buckling of the diagonals and rupture of the weld

Buckling of the diagonals

Buckling of the diagonals

The value 260 cm is the theoretical span of the test; 86.67 cm is
the length of the middle third of the span, relative to the application
of the load; PD is the weight of the test device; PCR’test is the critical
loading that caused the buckling; and h is the height of the joist.
b) Length of buckling

Equations from 4 to 6 were used to calculate the length of buckling
when failure was by buckling of upper bar.

2
il 9L
CR,ensaio :2—SBS (4)
E f ,ensaio
T E g
ensaio s h (5)
g f sensaio

2
nE 1
B L (6)
[ ,ensaio M
ensaio
PCR'[est is the critical load that causes buckling; /, is the moment

of inertia of the cross section of upper bar; E_ is the modulus of
elasticity of the steel, assumed with value 21000 kN/cm?; £, is
effective length of buckling; M, is the bending moment relative to

the test; and h is the height of the joist.
4.1.2 Bending test with failure by buckling of the diagonals

In this subsection will be considered the shear force, the normal
force in a diagonal, and its respective length of buckling.

a)Shear force

Shear force of the test (V,

test

) is calculated by Equation 7.

=(PD+F

ensalo ruina

)% 0,5+ ppx130 (7)

PD is the weight of the test device; F,,, . is the maximum force of
the test; and pp is the self-weight of the joist.
Axial force in a diagonal

The axial force of the test in a diagonal (N

o) 1S determined by

Equation 8°.
_ I/ensai(rg ftedrico 8
ensaio _T ( )
V.. is the shear force of the test; /i is the height of the joist;

and / f.theoret 1S the theoretical length of buckling of the diagonal
(Equation 9).

Lo =i +(abenura da tzreliga =§cm )2 . [passo do 1;(’) =20cm I (9)

c) Length of buckling
The length of buckling (f £ test ) is obtained by Equations 10 e 11.

nlE.d,

CReensaio — 2 (]0)

ensaio

[ ,ensaio

n’E. I,
N

ensaio

f ensaio

(I

Es is the modulus of elasticity of the steel, assumed as 21000
kN/cm?; ID is the moment of inertia of the cross section of the
diagonal bar; and N, is the axial force in a diagonal.

In Table 5 can be noted that, for the joists with height less than or
equal 20 cm, the effective length of buckling for the upper bar is

smaller than the distance between the nodes (20 cm). This is ex-
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Analysis of the assembling phase of lattice slabs

Table 5 - Resisting moment and length of buckling obtained with
test results of the joists which presented bucking of the upper bar

JOis" pp (kN> PD (kN) Fluln (kN> Mtesi (chm) Miheore!lcul (kN'cm) M!est/Mtheorei el,teﬂ (cm) ef,!esi/zo Average

VIO6F1 02355 0.1230 0.8608  50.2867 19.7781 2.54 1254 063 .,
VIO6F2 02310 0.1230 07667  46.0626 19.7781 2.33 13.11 0.66 '
VIO8F1 02275 01230 11292 616578 26.3708 234 1308 065 .o
VIO8F2 02325 0.1230 1.1344  62.0457 26.3708 2.35 1304 065 '
VI12F1 02850 01230 1.3897  74.8154 39.5563 1.89 1454 073 o,
VI12F2 02865 01230 12456  68.6195 39.5563 173 15.18 0.76

VI16F1 02605 0.1230 26331 1279018 97.7105 131 17.48 087 ;g0
VI16F2 02675 01230 24128 1185826 97.7105 121 18.15 091

VI20F1 03100 0.1230 3.0637  148.1706 122.1381 121 18.16 091 -
VI20F2 03200 0.1230 32138 1550002 122.1381 127 17.75 0.89

VI25F1 02735 0.1230 29661  142.7549 152.6726 0.94 20.68 1.03 105
VI25F2 02860 0.1230 28193  136.7996 152.6726 0.90 21.13 1.06 '
VT 30 F1 - - - - - - - - _
VT 30 F2 - - - - - - - -

pp - self-weight; PD - weight of the test device; F,,, - force that causes buckling of some component of the joist or the rupture of a welded node;
M., — moment obtained in the test; M, - resistant moment; €., - effective length of buckling; 20 - length between welded nodes of the
upper flange, in centimeters; Average - medium value of &,,./20 for joists of same height.

plained by the stiffness that the welded node provides to this upper is small, increasing the length of buckling.

bar. In theoretical predictions, this node is considered as a perfect  Looking at Table 6, it is noted that the concrete base provides an
articulation. However, when the length of the diagonals increases  additional stiffness to the diagonals, decreasing the length of buck-
(joist with 25 cm of height) the stiffness given by the welded node  ling obtained with the test. The length of buckling of the diagonal of

Table 6 - Shear force and length of buckling obtained with the
test results of the joists which presented bucking of the diagonals

pp PD F

failure Vtes1 Ntes1 el,theore! Ntheore! N!esi/ ef,!es! ef,!est/ Avera e
(kN) (kN) (kN) (kN.cm) (kN.cm) (cm) (kN) N, (cm) &,.. -

VT 06 F1 - - - - - - - - - -
VIO6F2 - - - - - - - - - -
VT 08 F1 - - - - - - - - - -
VIOBF2 - - - - - - - - - -
VT 12 F1 - - - - - - - - - -
VI12FR2 - - - - - - - - - -
VT 16 F1 - - - - - - - - - -
VI16F2 - - - - - - - - - -
VT 20 F1 - - - - - - - - - -
VI20F2 - - - - - - - - - -
VI25F1 02735 01230 29661 16631 09054 2722 08581 106 2650 097
VI25F2 02860 01230 28193 15951 08684 2722 08581 101 2706 099
VI30F1 03380 01230 45062 24611 13074 3187 06259 209 2205 069
VI30F2 03245 01230 44563 24303 12911 3187 06259 206 2219 070

Joist

0.98
0.69

pp - self-weight; PD - weight of the test device; F,,, - force that causes buckling of some component of the joist or the rupture of a welded node;
V...~ shear force obtained in the test; N,., - normal force in a diagonal;

£,,..... - theoretical length of buckling; N, - resistant normal force; £,,., - effective length of buckling;

Average - medium value of &,,../¢,,..., for joists of same height.
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E., - concrete secant modulus of elasticity; d, ... coefficient E/E_;

product; El

test

Table 7 - Determination of the product of stiffness relating to the test

. ¢BS ¢B| Flim ECS x

Joist —om) (mm)  &N)  kN/emd) O (cm)
VIO6FI 60 42 04000 04000 820 171
VIO6F2 60 42 03815 03815 820 171
VIOBF1 60 42 06463 06463 820 186
VIOBF2 60 42 06405 06405 820 186
VI12F1 60 50 10635 10635 820 214
VI12F2 60 50 10060 10060 820 2.4
VI16F1 70 50 22168 22168 847 282
VIT6F2 70 50 19935 19935 847 2.82
VI20F1 70 50 25176 25176 847 320
VI20F2 70 50 27000 27000 847 3.0
VI25F1 70 60 23877 23877 847 36
VI25F2 70 60 20075 20075 847 36
VI30F1 80 60 30411 30411 847 480
VI30F2 80 60 27421 27421 847 480

@, - bar diameter of the upper flange; @, - diameter of the bars of the lower flange; F,,, = corresponding force to deflection of 5.2 mm (€/500);

x (cm) - center of gravity position of the homogenized section; IH - moment of inertia of the homogenized section; El,.., - theoretical stiffness
- stiffness product relating to the test; Average - average value of El,/El

(kﬂ'.héo;:z) Average

91.20 23358202 2399383 1.03 1.00
91.20 33582038 2288411 0.98

151.54 81253 3898997 1.00 0.99
151.54 3881253 3857008 0.99

324.53 8311565 6379359 0.77 0.75
324.53 8311565 6034448 0.73

768.59 19062852 13297379 0.70 0.66
768.59 19062852 11957924 0.63 '
1196.73 29681592 151017151 0.51 0.53
1196.73 29681592 61958331 0.55 '
1869.21 46360733 43225151 0.31 0.28
1869.21 46360733 20419021 0.26

3417.07 84751225 82419071 0.22 0.20
3417.07 84751225 6448368 0.19

for the joists of same height.

theoret

the joist 25 cm height is relatively larger than that of the joist with
30 cm. The possible explanation for this fact is that the failure of
the joist of 25 cm was characterized simultaneously by buckling
of upper bar, buckling of the diagonals, and eventually by rupture
of the weld. These combined effects reduced in a drastic way the
stiffness of the diagonals, approximating the effective length of
buckling of their respective theoretical value. Possibly these value
would be different if the weld execution was better.

4.1.3 Analysis of the maximum displacement (deflection)

On the Table 7 are presented the values of flexural rigidity (El),
calculated based on the results of the tests, according to the pro-
cedure described in this subsection.

a) Limit deflection

The limit deflection is calculated using the Equations 12 and 13.

2.F 0 1 260
alimite = e i S T T T 0,526‘”1 (]2)
1296 [(EI),.. 500 500
23.F. . 0° 1
EI = limite ]
e (3
E Alim

lim js the force corresponding to the deflection of 5.2 mm;
is the limit deflection obtained by the division of the span £ by 500,

equal to 5.2 mm in this case; / is the span between the supports
(260 cm); and (E ),est is the product of stuffiness relating to the test.
b)Theoretical value of (El)

The (El), . ValUE Was calculated to allow determination of the
ratio (El)../(EDyeoreica - It Was determined by homogenization of the
section in stage | (non-cracked concrete), and considering the se-
cant elasticity modulus of the concrete given by Equation 2. The
modular ratio is determined by Equation 14. The position of the
gravity center of the homogenized section and its moment of iner-
tia are obtained by Equations 15 and 16.

ES
0.5 (14
2 2 2
F)Zs(h_q’;s +C,om )+¢2“(¢§”+ Coom )}mé +h2b
— (15
B g +h b,
4 2
6 ol e I wa /
[H :%-I-%-I- q)ﬁ h+cnom_x_¢£ +¢ﬂ x_%_cnam na@+
63 |4 2] 1) 2
. hY o
b -
12 2
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Figure 19 - Cross section of the lattice joist

o T

hs

-

\ |

bs

Cnom

The variables indicated in Equations 15 and 16 are illustrated in
Figure 19: X is the position of the gravity center of the homog-
enized section with reference in the base; IH is the moment of
inertia of the homogenized section; (I)BS is the diameter of the upper
bar; 0, is the diameter of the lower flange bars; /1 is the height
of the lattice; C,,,, is the concrete cover of the lower bars always
equal to 1.5 cm in the tests; bs is the lower width of the concrete
base always equal to 11 cm in the tests; hs is the height of the
concrete base always equal to 2,5 cm in the tests.

The theoretical stiffness product (El) is given by Equation 17.

theoretical

) e (17)

In Table 7 it is observed that the concrete strength influences more
the effective product of stiffness of lower joists (less than 12 cm of
height) than the value for higher joists.

4.2 Shear test

The shear test results are shown in Tables 8 and 9. Looking at
these results it is clear that the upper bar buckling occurred in the
lowest joists (heights of 6 cm to 12 cm). For higher heights (16
cm a 30 cm) took place buckling of the diagonals. This is due to
the fact of the bucking length of the diagonals be reduced by the
embedding in the concrete base, lower height of the joists, and
stiffness of the welded node.

Table 8 refers to shear tests in which the failure occurred by buck-
ling of the upper bar. It presents values of resistant moment and
buckling length calculated in accordance with procedure indicated
in section 4.2.1.

Table 9 regarding to buckling of the diagonals, in addition to buck-
ing lengths, indicated values of shear force and axial force on the
diagonals, obtained with information presented in section 4.2.2.

4.2.1 Shear force test with failure by buckling of the upper bar

a) Resistant moment

Table 8 - Moments and lengths of buckling of the shear tests
in which the joists presented buckling of upper bar

pp PD Fl«:ilura Mthaora' Mtesi/

&) N (kN KNom) My, o Le/20 Average
VT 06 V1 0.2330 0.0145 1.6123 43.1339 19.7781 2.18 13.54 0.68 0.66
VT 06 V2 0.2320 0.0145 1.8478 49.2312 19.7781 2.49 12.68 0.63
VT 08 V1 0.2255 0.0145 2.1677 57.4921 26.3708 2.18 13.55 0.68 0.66
VT 08 V2 0.2380 0.0145 2.3358 61.9002 26.3708 2.35 13.05 0.65
VT 12 V1 0.2885 0.0145 2.4923 66.1685 39.5563 1.67 15.46 0.77 0.77
VT 12 V2 0.2750 0.0145 2.5695 68.1116 39.5563 1.72 15.24 0.76 '
VT 16 V1 - - - - - - - - _
VT 16V2 - - - - - - - -
VI 20 V1 - - - - - - - - _
VT 20 V2 - - - - - - - -
VT 25 V1 - - - - - - - - .
VT 25 V2 - - - - - - - -
VT30 V1 - - - - - - - - _
VT30 V2 - - - - - - - -

pp - self-weight; PD - weight of the test device; . - force that produces buckling of some component of the joist or rupture of a welded node;
M, - maximum moment of the test; M,...,- theoretical resistant moment; €, - effective length of buckling; 20 (cm) - length between the welded
nodes of the upper bar; Average - average value of the ratio £f,,,,, for joists of the same height.
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VT 06 V1
VT 06 V2
VT 08 V1
VT 08 V2
VT 12 V1
VT 12 V2
VT 16 V1
VT 16 V2
VT 20 V1
VT 20 V2
VT 25 V1
VT 25 V2
VT 30 V1
VT 30 V2

0,2725
0,2645
0,3090
0,3195
0,2800
0,2820
0,3295
0,3380

Table 9 - Shear and axial forces on the diagonals, and buckling lengths
of the shear tests in which the joists presented buckling of the diagonals

)
(kN)

0,0145
0,0145
0,0145
0,0145
0,0145
0,0145
0,0145
0,0145

FI‘czllure

(kN)

4,3061
3,9242
3,5808
4,1217
3,7535
4,3165
3,8113
3,5237

Vies
(kN)

3,8380
3,5050
3,2258
3,6971
3,3636
3,8506
3,4329
3,1878

N..q
(kN)

2,3132
2,1126
1,8319
2,0995
1,8313
2,0964
1,8237
1,6935

L

f,theoret

1(cm)

19,29

1929 08510 248 1224 0,63 0,62
22,72 06135 299 1315 058 056
22,72 06135 342 1228 054 '
2722 08581 213 18,63 0,68 0.66
2722 08581 244 1742 064 '
31,87 06259 291 18,67 0,59 060
31,87 06259 271 1938 0461 '

Ntheorel

(kN)

0,8510

N.../
N

2,72

theoret

I'f,!est

(cm)

11,70

Lf,!est/

Lf,!heoret

0,61

Average

pp - self-weight; PD - weight of the test device; F,
V,

test

length of buckling; Average - average value of the ratio €f,.../€

failure

fiedrico

- force that produces buckling of some bar of the joist or the rupture of a welded node;
- shear force of test; N,,,, - axial force on a diagonal; &,,...... - theoretical length of buckling; N
for joists of the same height.

- theoretical axial force; €,,., - effective

theoret

The resistant moment of the test (M ., ) was determined by Equa-
tion 18.

570 Lo X 93

=(PD+F,
22

ensaw ruina ) CR ,ensalo ( ] 8)

PDis the weight of the test device; F/mzme is the force that causes
failure; ppis the self-weight; Pcm ., Is the critical loading that
causes buckling; and 4 is the height of the joist.

b) Length of buckling

The effective length of buckling concerning the test (Ef,test ) was

calculated using the Equations 19 to 21.

n’E.I
CR,ensaio = EZ—SBS (]9)
[ ,ensaio
_T PE.I nE T
ensaio f oo (20)

n’E .1,
M

ensaio

f ,ensaio

h

@)

Py o8 the critical load that causes buckling; £, is the modulus

of elasticity of steel, with assumed the value of 21000 kN/cm?;
1, is the moment of inertia of the cross section of the upper bar;
M ., is the maximum moment relative to the test; and / is the
height of the joist.

4.2.2 Shear test with failure by buckling
of diagonals

a) Shear force
The shear force of the test ( V., ) is given by Equation 22.

1 4
19  ppX43

=(PD+F
22 110

(22)

ensalo ruina

PD is the weight of the test device; Fp.
plied force; pp is the self-weight.

b) Axial force on a diagonal

To calculate the axial force of test on a diagonal (
237 was used.

is the maximum ap-

test ) Equation

_ Vensaio E 1 Jtedrico

2.1 @)

ensaio

Vst is the shear force of the test; gftheoret is the buckling
theoretical length of the diagonal (Equation 9); h is the height
of the joist.
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c) Length of buckling
The effective length of buckling (ff,,est ) is given
24 and 25.

by Equations

2
n E.1
CR,ensaio = Z—SD = ensaio (24)
f f.ensaio
n’.E.l
gf,ensaio = |[—= (25)
ensaio

[D is the moment of inertia of the cross section of the diagonal
bars; Es is the modulus of elasticity of steel, with the assumed
value of 21000 kN/cm?, N, is the axial force of test on a
diagonal.

It is observed in Table 8 that the effective length of buckling
obtained in the test for the upper bar is smaller than the dis-
tance of 20 cm between the nodes. This is explained by the
stiffness that the welded nodes provide to the upper bar. In a
theoretical calculation these nodes are considered as perfect
articulations.

In Table 9 it is noted that the concrete base provides additional
stiffness to diagonals, decreasing the effective length of buckling
obtained through the test. Again it is noted that the welded node
with a finishing deficiency in the joist of 25 cm of height generated
a relative length of buckling larger than in the joist of 30 cm.

4.3 Application of the results

As mentioned in item 1, in the assembly of slabs with lattice joists
there is a space between the scaffold support lines. As indicated,
the main objective of this work is to provide information for calculat-
ing the maximum spacing that can be used.

The position of the support lines defines a static scheme of the
joist, where each line can be simulated as a simple support, as
illustrated in Figure 20. With this static scheme are obtained bend-
ing moments and shear forces due to self-weight of the joist, weight
of fresh concrete, filling of the slab, workers and equipments used
in the phases of assembly and concreting. These efforts must be
resisted by the joists, as it was already commented.

The resistant efforts of the lattice joist are function of the buck-
ling lengths of the bars which compose the lattice. These buckling
lengths were determined in the tests. Therefore, the application of
the test results consists in finding the resistant moment and the
resistant shear force of each joist.

The failure modes observed in the tests were: buckling of the up-
per bar under effect of positive bending moment; buckling of the
diagonals due to shear; and failure of the weld in a node, also by
effect of shear. In the sequence, are determined equations for ob-
tain resistant moments and shear forces related to buckling of the
diagonals and rupture of the weld.

4.3.1 Buckling of the upper bar due to bending moment

Figure 21 shows the internal forces scheme of a joist solicited by a
positive bending moment.

The design resistant moment (M ) and the effective length of

d,res

Figure 20 - Static scheme and effort diagrams of a joist with the supports

g9+q

L1 L2

L3 L4

~ 1 ~1 7  ~_ | “

BENDING MOMENT

SHEAR

6360 I
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Figure 21 - Internal force scheme of a joist solicited by positive bending moment

L_f,theoretical,BS = ZOCm

PCR is the critical load of buckling of the upper bar; /; is the height
of the lattice; ES is the modulus of elasticity of steel, with the as-
sumed value of 21000 kN/cm?; IBSis the moment of inertia of the
cross section of the upper bar; and Average is the value indicate
in the last column of Table 8.

Safety is guaranteed when respected the condition:

i -
- \3:’, ' Mse
A
FBI
buckling ( ¢ 1 test ) are calculated using Equations 26 to 29:
Md,res 2 MSd (30)

Md,res = PCR h (26)
Msdis the design bending moment.

o n Z'ES"[BS (27) 4.3.2 Buckling of the diagonals due to shear

CR — 2
ff’ensaio Figure 22 illustrates the scheme of internal forces of a joist sub-
jected to shear.
The value of axial force ( )V ) which compresses a diagonal is
given by Equation 31.
_mlE, I 5 2
dyres £2 - ( 8) VSd“g wwérico.D
1 ensaio N =] 7f’ e, (3])
2.h
— 5 7y — 5 Js V_ is the shear force of design; 14 is the theore |cal
=0 . = d [ theoretical ,D
ff »ensaio gf IR Média=20.Média (29) Iersmgth of buckling of the diagonal, given by Equatlon 9; and

the height of the joist.
Critical axial force P D) that causes buckling of a diagonal is
given by Equations 32 and 33.

niE._I

Per.p = gz—s (32)

[ ,ensaio

Figure 22 - Scheme of internal forces of a joist subjected to shear

Lbf,theoreticaI,BS = 200m

]

VSd
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[ ,ensaio = E f tedrico ,D Médla (33)

E_ is the modulus of elasticity of steel, with the assumed value

of 21000 kN/cm?; ID is the moment of inertia of the cross section

of each diagonal bar; £ ., is the effective length of buckling;
£ theoretical D is the theoretical length of buckling; and Average

is the value indicate in the last column of Table 9.

Safety is guaranteed when respected the condition:

P CR.D = N (34)

4.3.3 Failure of the weld

The shear force (V) relating to the weld strength of the top node of
the lattice must satisfy to Equation 35, adapted from NBR 14862
(2002) [3].

7 15154 41

40, (55)

(I)BS is the diameter of the bar which composes the superior flange
of the lattice; /1 is the height of the lattice; ¢, is the length be-
tween the nodes of the lattice, fixed in 20 cm.

Being Vsa the shear force of design in the transitory phase; safety
is guaranteed when is respected the condition:

node

Va SV (36)

4.3.4 Calculation of displacement

In the transitory phase is recommendable that the maximum dis-
placement of the joist is smaller than the value of the span divided
by 500 ( ¢ /500 )- The values of the product of stiffness (El) shall
be calculated as shown in Equation 37, using Equations 3, 15,
and 16.

(EI)=(El),,,.. .Média=E I, .Média 37)

tedrico

E s IS the concrete secant modulus of elasticity, calculated with
the characteristic strength fck,']H is the moment of inertia of the
homogenized section; and Average is the value indicated in the

last column of Table 7.

Figure 23 - Static scheme of the joist

pP=g+q

4.3.5 Example of application

This example considers the equations presented in jtems 4.3.1
to 4.3.4. The goal is to find the maximum span (* ) between
two supports for the joist TR 16 745.

a) Data of the example

Figure 23 illustrates the static scheme of the joist. A concrete
cover of 5 cm was adopted, with main inter-axis of 49 cm, and
transversal inter-axis of 129 cm. The width of the rib is 9 cm
and the filling is in expanded polystyrene (EPS) as Figure 24
illustrates. The concrete base of the joist was admitted withf[/ﬁ
= 35 MPa.

P is the total load uniformly distributed; g is the permanent
load (includes self-weight of the joist; filling, and fresh concrete
placed on the slab); ¢ is the variable load (includes workers
and equipments for concreting).

b) Loading

With the indicated characteristics a permanent load of 2.23 kN/
m? acts in the slab. A variable load of 1.50 kN/m? is adopted.
The loading for the verifications of ultimate limit state (ULS) is
considered with the coefficients of increasing for combination
of construction actions indicated in ABNT NBR 6118 [9] (Equa-
tion 38).

Figure 24 - Cross section of the main rib

Fresh concrete

‘5CITIL

m
U
(2}
16cm

Trussed

638
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pa=049.(2,23.13+1,50.1,2) = 2,30kN / mvigota  (38)

tensio =t o - Média =19.29.0.62=11.96 cm  (44)

However, the loading for verifying excessive deformation in Ser-
viceability Limit State is indicated in Equation 39, for almost perma-
nent combination of actions.

Paser =0,49.(2,23+1,50.0,4) = 1,39kN / m vigota (39)

c) Efforts in ULS
For the isostatic joist the values of the efforts are (Equation 40):

{€2 2
L 2875%10°™.0* (kN .cm  vigota)
88 (40)

=2t SO 510200 vigota

MSd

¢ is the searched span in centimeters.

d) Buckling of the upper bar due to bending moment (ULS)
This verification uses the equations from item 4.3.1. By Equation
29 is determined * f test (Equation 41), where Average value is
obtained in Table 5 for joist TR16745.

l =/ .Média =20.0,89=1780cm (4])

[ sensaio f ,tedrico

The resisting moment of design is calculated with Equation 28 and
the result is (Equation 42):

_PE Iy e 2100007 /64)
dtes ‘€2 17’802 .

f ensaio

M 16=123,36 kN.cm/ vigota (42)

The maximum value of ¢ in this verification of buckling is given by
Equation 43, using the condition:

Md,res 2 MSd
123,36 > 2,875x107.0?
¢ <207]14 cm = Valor 01

(&)

e) Buckling of the diagonals due to shear (ULS)

This verification is made with the equations from item 4.3.2. The
value of £ . is determined by Equation 33, with Average
value obtained in Table 9, for joist TR16745 (Equation 44).

The critical normal force (PCR ) which causes buckling of the diagonals

is given by Equation 32, with the result being shown in Equation 45.

. wE.I, m*.21000 (x.0,42*/64)
Dy 11961

f ensaio

=221kN  (45)

The value of the normal force of compression ( ) in the diagonal
is given by Equation 31 and the result is shown in Equation 46.

_ Voo tericap _ 115.107 £.11,96

o T 430.10°/ (kN) (46)

N

In this verification of buckling of the diagonals, the maximum value
of ¢ is given by Equation 47 using the condition:

Perp 2N

2,21>430x107°/
£ <514,18 cm = Valor 02

(47)

f) Rupture of the weld (ULS)

The maximum shear force that can be applied in the joist so there
is no weld rupture of the upper node is given by Equation 35, item
4.3.3. The result is shown in Equation 48.

_15moieh 157m0,7%.16
44 4.20

v =4,62 kN

(43)

no

Safety is guaranteed when is respected the condition:

Ve, <V
11,5107 /< 4,62
<401,74 cm = Valor 03

(49)

g) Serviceability limit state of deflection

To determine the deflection is necessary to calculate the effective
stiffness product of the joist according to Equation 37 in which the
Average value is obtained in Table 7 for joist TR16745. Equa-
tion 50 illustrates this calculation considering the concrete secant
modulus of elasticity ECS obtained with Equation 2, and the mo-
ment of inertia IH of homogenized section, with Equation 16.

(ED) =E I, Média =2816,05. 67438 . 066 = 125376967 kN.em®  (50)
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The maximum displacement of this joist happens in middle of the
span /. According to the Classical Mechanic, its value is given by
(Equation 51):

Splt 5.00139 ¢

Flecha = = =
384 El 384.1253769,67

144,10 (em) (51)

The serviceability limit state of deflection is verified when is re-
spected the condition:

Flecha, ;. = Flecha
s 1aax10700 (92)
500

¢ <240,18 cm = Valor 04

h) Maximum span

Observing the four values obtained for Y4 , it is verified under the
conditions of this example that the maximum is the relative to buck-
ling of upper bar. Therefore, the maximum span that can be used
in this case is 207.14 cm.

5. Conclusion

EE

As explained in section 1 the lattice slabs are composed of inde-
pendent elements (lattice joists and filling elements) disposed in a
way to form a panel that when it receives a concrete layer, begin to
work as a single system.

During assembly of this structure must be placed scaffold support
lines to ensure the positioning of these elements, even when the
structure is subjected to loads such as the weight of concrete cov-
er, movement of workers, equipments, etc.

The aim of this study was to provide useful data for calculating the
economic scaffold support distance which ensures safety for the
workers during the construction of the slab and results in a struc-
ture without pathologies of execution.

For this, it was necessary to carry out tests of lattice joists in labo-
ratory in order to verify the actual behavior of these elements when
subjected to loading.

It was verified that, both for the bending tests as for the shear ones,
the joists with height lower than 20 cm had failure by buckling of
the upper bar, while for greater heights, failure occurred by buck-
ling of the diagonals, except the joist of 25 cm, which presented
failure of the weld.

By analyzing Tables 5 and 8 it is concluded that the joists with low-
er height presented lengths of buckling of the upper flange smaller
than the distance of 20 cm between the nodes. Therefore, these
nodes contributed to increase the stiffness of the upper flange.

In a similar way, with Tables 6 and 9 it is noticed that the concrete
base provides an additional stiffness to the diagonals, decreasing
the effective length of buckling obtained in the test.

The lengths of buckling obtained from the tests were useful to cal-
culate the maximum compression force which can be resisted by
the respective bars of the lattice. With this maximum resistant force
to compression, it was determined the resistant moment and the
resistant shear force of each joist.

In lattice slabs with any scaffold support distance, bending mo-
ments and shear forces are generated. These efforts must be
smaller than the resistant ones. The resistant moment is always
equal for the joists of same height and the same diameters of the
bars because the length of buckling is constant for them. This
length of buckling was defined and calculated in the tests.

The deflection is determined by the elastic line of the joist, which
depends on the static scheme and the scaffold support distance.
To calculate the deflection was necessary to determine a product
of stiffness (El) that represents what occurs actually in a lattice
joist, since the theoretical value of El can not be used because the
material is not elastic and not linear and homogeneous how admit
the Classical Mechanics.

Therefore, it was determined in the test the actual value of El for
the joist, which was used to calculate the deflection in the transitory
phase of assembling and concreting of the slab. It should be em-
phasized that this deflection must be lesser than #/500, threshold
value for visual acceptability according to ABNT NBR 6118:2007
[10] in the verification of serviceability limit state relating to exces-
sive deflection.

The example detailed in item 4.3.5 demonstrates the applicability
of the results and equations given in this paper. It is noted that the
presented calculation is simple and easy for computational pro-
gramming.

This research does not close the subject and, therefore, further
tests should be done in order to refine the results and analyze
joists with bars of other diameters.
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Abstract
E——

Lattice slabs are usual in Brazil. They are formed by precast joists with latticed bars on a base of concrete, and a cover of concrete placed at the
jobsite. The assembly of the joists and the filling elements is simple and do not require manpower with great skill, presenting low cost-benefit ratio.
However, it is precisely in assembling phase that arise questions related to the scaffold support distance. A mistake in the proper positioning can
lead to two undesirable situations. In one of them, a small space between the support lines increases the cost of scaffold, and in other an exces-
sive space can generate exaggerated displacements, and even the collapse of the slab in the stage of concreting. The objective of this work is to
analyze the bearing capacity of lattice joists in assembling phase, looking for information that is useful in defining the scaffold support distance.
Several joists were tested to define the failure modes and their load bearing capacities. The results allowed to determine equations for calculating
the appropriate distance between the support lines of the joists.

Keywords: lattice slabs; lattice joists; self-portance; support lines; buckling.

Resumo
[

Lajes trelicadas sao usuais no Brasil. Elas sdo formadas por vigotas pré-moldadas, com armadura treligada sobre uma base de concreto, e
por uma capa de concreto moldada na obra. A montagem das vigotas e dos elementos de enchimento € simples e ndo exige méao de obra com
grande habilidade, apresentando baixa relagéo custo-beneficio. Entretanto, € justamente na fase de montagem que surgem questdes relativas a
distancia entre as linhas de escora. Um erro no posicionamento adequado pode levar a duas situacdes indesejaveis. Em uma delas, um espaco
pequeno entre as linhas de escora aumenta o custo do cimbramento, e na outra, um espago excessivo pode gerar deslocamentos exagerados, e
até mesmo o colapso da laje, na fase de concretagem. O objetivo deste trabalho é analisar a capacidade portante de vigotas trelicadas, na fase
de montagem, procurando informagdes que sejam Uteis na definigdo da distancia entre as linhas de escora. Foram ensaiadas varias vigotas para
definir os modos de ruina e suas capacidades de carga. Os resultados permitiram determinar expressdes para o célculo da distancia adequada
entre as linhas de escora das vigotas.
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1. Introducgao

EE

Desde os tempos mais remotos, a arte de construir vem sendo
aperfeicoada a fim de assegurar economia, seguranga e confor-
to. Para tanto, foi necessario desenvolver técnicas que pudessem
auxiliar a transpor os grandes desafios da engenharia, tais como:
suportar grandes cargas, executar pavimentos elevados e vencer
grandes vaos. Neste contexto, houve a necessidade de criar no-
vos sistemas para as lajes, a fim de conciliar as caracteristicas
estruturais desejadas com os parametros de economia e rapidez
da construgao. Desta forma, as lajes constituidas por vigotas com
armagcéo trelicada, também denominadas lajes trelicadas, adquiri-
ram espago e se tornaram um dos sistemas mais utilizados atual-
mente na construgao civil brasileira.

Uma laje treligada comum é composta por vigotas trelicadas (VT),
com uma base de concreto pré-moldado (também denominada
sapata) e armadura trelicada parcialmente embutida na sapata.
Entre as vigotas trelicadas sédo colocados elementos de enchi-
mento, que reduzem o peso-proprio e preenchem a parte inferior
da laje. Sobre esta parte € colocada uma camada de concreto,
denominada capa, que completa a laje nervurada. A Figura 1 ilus-
tra as partes que compdem uma laje treligada. Além da disposigao
mostrada nessa figura, ainda sdo encontradas vigotas com aba
inferior e superior (duplo T) e com nervuras macigas.

Entretanto, um problema que persiste em todas as configuragdes
de lajes trelicadas é a questdo do espagamento das linhas de es-
cora, que dao sustentacao a laje durante a fase transitéria de mon-
tagem e concretagem.

A capacidade portante de uma laje treligada na fase de montagem
esta diretamente ligada com a capacidade resistente das partes
que compdem a armagao trelicada, as soldas da trelica e a propria
vigota trelicada. As caracteristicas das vigotas trelicadas estao ilus-

tradas na Figura 2. Os fios que compdem a trelica devem respeitar a
ABNT NBR 7480 (1996) [2]. Na Figura 3 estao ilustradas as dimen-
sOes das trelicas conforme a ABNT NBR 14862 (2002) [3].

As trelicas sdo denominadas por um codigo TR, seguido dos se-
guintes digitos: os dois primeiros representam a altura da trelica,
em centimetros, e os trés ultimos representam os diametros, em
milimetros, respectivamente do fio superior, do sinusodide (dia-
gonais) e dos fios inferiores, sem considerar as casas decimais.
Exemplo: TR08634 — armadura trelicada composta integralmente
por ago CA60, com 8 cm de altura, fio superior com 6 mm, sinusoi-
de com 3,4 mm e fios inferiores com 4,2 mm.

Tanto GASPAR [4] quanto DROPPA JUNIOR [5] apontam que as
diagonais, na armadura trelicada, proporcionam rigidez ao conjun-
to e boas condigbes de transporte e manuseio, além de resistén-
cia as tensodes de cisalhamento e garantia de que o sistema fique
monolitico, apds a concretagem da capa de concreto. O armadura
inferior serve para combater as tensdes de tragdo decorrentes da
flexdo. Quando necessario, deve ser colocada armadura adicional
para resistir as tensdes de tragéo.

Ainda é afirmado por GASPAR [4] que o fio superior € o principal
responsavel pela rigidez no transporte e também pela distancia
maxima entre as linhas de escora.

AABNT NBR 14860-1 (2002) [6], no item 5.2, afirma que “o espa-
gamento entre linhas de escora deve ser determinado no projeto
de execugao da laje, considerando o tipo de pré-laje e as cargas
na fase de montagem e concretagem”.

Apesar de existir a recomendagéo de que o célculo do espaca-
mento entre as linhas de escora seja feito para garantir seguranca
contra a ruina da laje no momento da concretagem, somente al-
guns estudos sdo encontrados na literatura técnica que efetiva-
mente abordam o assunto, e poucos ddo uma orientagéo pratica
quanto ao célculo do espagamento entre as linhas de escora.

Figura 1 - Secdo transversal tipica de lajes com vigotas trelicadas. Fonte: adpt. BOUNASSAR (1) , p.86
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Tabela 1 - Altura das vigotas trelicada
e diémetros dos fios

: Altura Diagmetro dos fios (mm)
Vigota
(H) (mm)  syperior Sinusdide Inferiores

TRO6 644 60 6,00 3,40 3,40
TRO8 644 80 6,00 4,20 4,20
TR12 645 120 6,00 4,20 4,20
TR16 745 160 7,00 4,20 4,20
TR20 745 200 7,00 4,20 4,20
TR25 756 250 7,00 5,00 5,00
TR30 856 300 8,00 5,00 5,00

GASPAR [4] estudou a fase transitéria de montagem de vigotas
com 8 cm e 12 cm de altura, submetidas a momento fletor positivo.
TERNI et al. [6] realizaram modelagem em Elementos Finitos, utili-
zando como base os ensaios realizados por EL DEBS e DROPPA
JR. (2000)!, apud TERNI et al. [7].

CARVALHO et al. [8] fizeram uma extensa revisdo bibliografica
sobre o estado da arte das lajes pré-fabricadas com vigotas treli-
cadas. No estudo citado sao indicados os trabalhos de GASPAR
[4], EL DEBS e DROPPA JUNIOR (1999)2 e FORTE et al. (2000):.
Assim sendo, nesta pesquisa, foi desenvolvido um estudo experi-
mental que possibilitou obter resultados que podem ser aplicados
no calculo da distancia entre as linhas de escora de lajes trelicadas.
Tratam-se de ensaios de flexdo positiva e de cisalhamento, rea-
lizados no Laboratério de Materiais e Estruturas do Centro Uni-
versitario Adventista de Sdo Paulo, como descrito nos itens sub-
sequentes. Esses ensaios, conduzidos até a ruina, permitiram
a analise dos deslocamentos e dos modos de ruina de vigotas
trelicadas, respondendo ao objetivo do estudo que é descrever
0 mecanismo de ruina e gerar recomendagdes que possam ser
utilizadas no calculo da distancia entre as linhas de escora.

Figura 4 - Secdo transversal das
vigotas (cotas em cm)
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Figura 5 - Secdo longitudinal da vigota
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2. Analise experimental

N

Neste item serdo consideradas as caracterizagdes dos materiais
e dos ensaios.

2.1 Caracterizagcdo dos materiais
Serao caracterizadas as trelicas e as bases de concreto.
2.1.1 Vigotas

As caracteristicas das vigotas utilizadas estao indicadas na Tabela
1. Também é considerada a vigota TR06, que foi ensaiada mesmo
nao fazendo parte da norma atual de armaduras treligadas (NBR
14862 (2002) [3]), pois essa vigota foi incluida no projeto de revi-
séo da norma citada.

A secao transversal e a longitudinal das vigotas estéo ilustradas
nas Figuras 4 e 5. O cobrimento de 1,5 cm mostrado na Figura 4
foi garantido por espagadores. O fio superior também é denomina-
do banzo superior, os fios inferiores, banzo inferior, e os sinusoi-
des sdo também conhecidos como diagonais.

2.1.2 Bases de concreto

As bases de concreto das vigotas foram moldadas em duas eta-
pas, devido a quantidade de moldes disponiveis.
A primeira moldagem, com trago em massa 1 : 2,9 : 2,84 : 0,65foi
realizada em 2 de margo de 2012 e englobou as trelicas: TR16745,
TR20745, TR25756, TR30856. Foi realizado ensaio de abatimento
(slump test), com resultado de 55 mm. A resisténcia caracteristica a
compressao prevista para 28 dias foi de 25 MPa. Para sua determina-
¢ao foram moldados seis corpos de prova cilindricos de 10 cm x 20 cm.
A segunda moldagem das bases de concreto, com trago em mas-
sa1:2,9:2,84:0,5, foiem 15 de margo de 2012, completando o
restante das trelicas: TR6634, TR08644 e TR12644.
A mudanca na quantidade de agua foi devida a variagao climatica
entre os dias de moldagem. O slump test deu um resultado de 50
mm. Assim como na primeira moldagem, a resisténcia caracteris-
tica @ compressao prevista para 28 dias foi de 25 MPa. Também
nessa etapa, foram moldados seis corpos de prova para determi-
nar a resisténcia do concreto.
O procedimento para a moldagem das bases de concreto consis-
tiu em quatro passos:
m 1) umedecimento das formas com 6leo desmoldante (Figura 6);
W 2) preenchimento das formas com uma camada de concreto
fresco (Figura 7);
m 3) vibragdo do concreto com o auxilio de um martelo de borra-
cha (Figura 8) e

B44

Fortaleza, CE. Anais Eletronicos. 2000.

Brasileiro de Concreto, 42. IBRACON. Fortaleza, CE. Anais Eletronicos. 2000.
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Figura 6 - Umedecimento das férmas com 6leo

W 4)insercao da armadura trelicada (Figura 9).
2.2 Caracterizagao dos ensaios

Os ensaios foram realizados nos dias 19 e 20 de abril de 2012,
respectivamente ensaios de flexdo e de cisalhamento.

2.2.1 Equipamentos utilizados nos ensaios

Os equipamentos utilizados nos ensaios foram:

B Maquina universal de ensaios servo-hidraulica, capacidade
1000 kN, marca Contenco;

Dois relégios comparadores, capacidade 50 mm, precisao
0,01mm;

Dois suportes magnéticos para os reldgios comparadores;
Viga de ago para apoio;

Dispositivos de madeira para aplicagéo da carga;

Placas de neoprene para ensaio dos modelos.

Figura 8 - Vibracdo do concreto

Figura 7 - Preenchimento das formas

2.2.2 Ensaios de flexao

A Figura 10 ilustra um ensaio de flexdo e a Figura 11 representa
um desenho esquematico correspondente. As vigotas trelicadas
foram posicionadas sobre dois apoios moéveis (evitando a introdu-
gao de forgas horizontais) que, por sua vez, foram apoiados em
um perfil I, o qual serviu de base para a realizagéo dos ensaios.

Figura 9 - Inser¢do da armadura

|
o i
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Figura 10 - Ensaio de flexdo

2.2.3 Ensaios de cisalhamento

A Figura 12 ilustra um ensaio de cisalhamento, e a Figura 13 re-
presenta um desenho esquematico correspondente.

Foi utilizado um perfil | que serviu de base para os apoios moveis
que sustentavam a vigota trelicada. O apoio mével da esquerda da
vigota foi posicionado a 60 cm da extremidade, enquanto o apoio
modvel da direita foi posicionado a 20 cm da extremidade oposta.

O carregamento foi aplicado por meio do cilindro hidraulico no per-
fil metalico e no suporte fixo de madeira, que por sua vez transferiu
a forga para a posigao a 30 cm do apoio esquerdo. Se o carrega-
mento fosse aplicado mais perto do apoio esquerdo, a transferén-
cia para a base de concreto da vigota poderia dar-se através de
mecanismos alternativos de resisténcia do concreto ao cisalha-

F/2

Figura 11 - Esquema do ensaio de flexdao (cotas em cm) — base composta por uma viga |

F/2

apoig movel

Perfil Metalico
N N

Os apoios moéveis foram colocados a 20 cm das extremidades
da viga, gerando um véo teodrico de 260 cm. As dimensdes ado-
tadas foram escolhidas em fungéo da capacidade do laboratério
e dos equipamentos de ensaio. Caso fossem utilizados véos
maiores, seria inviavel a montagem dos ensaios. Vaos muito
pequenos apresentariam problemas para a medida dos deslo-
camentos verticais. Portanto, observa-se que a flecha obtida
para o vdo em estudo é perfeitamente mensuravel, justificando
0 vao adotado. No meio desse vao foram posicionados dois
relégios comparadores (R1 e R2), para medir os deslocamentos
verticais nessa posigao.

A velocidade de carregamento foi de 3 mm/min no pistdo da
prensa*, e foi aplicado por meio de um cilindro hidraulico preso
no perfil metalico, de forma que o dispositivo de madeira dis-
tribuia a forga total F em dois pontos, distantes 86,66 cm dos
apoios (além dessa carga foi considerado o peso proprio da
peca). Foram ensaiados dois exemplares para cada altura de
vigota, perfazendo 14 ensaios.

Uma observagao importante é que o carregamento concen-
trado nos tergos médios gera um trecho de momento fletor
positivo “quase” constante. O “quase” é devido a presenca
do peso proprio, que é uma carga distribuida. Outro aspecto
é que no trecho central pode ocorrer a flambagem do banzo
superior.

Figura 12 - Ensaio de cisalhamento

640 M
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Figura 13 - Esquema do ensaio de cisalhamento (cotas em cm)

F
\
apoio apoio
mével  R1 [ R2 movel
Perfil Metalico
60 30 190 20
300

mento. Foram utilizados dois relégios comparadores (R1 e R2) no

ponto de aplicagéo da carga, para medirem os deslocamentos ver-
Cea . ticais. A velocidade de carregamento foi de 3 mm/min, no pistdo da
Tabela 2 - Res@encm dos_corpos prensa, e foram ensaiadas duas vigotas de cada altura, totalizando
de prova a compressao 14 ensaios.
Resisténcia & Resisténcia & 3. Resultados dos ensaios
compressdo da compressdo da —
massada de 2 de massada de 15 de Serdo apresentados os resultados dos ensaios dos corpos de pro-
marco de 2012 (em MPa) marco de 2012 (em MPa) va e dos ensaios de flexao e de cisalhamento.
1 35,42 33,80 3.1 Corpos de prova de concreto
2 31,78 37,68

3 45,95 39,91 Os seis pares de corpos de prova cilindricos de 10 cm x 20
4 35,56 38,02 cm, moldados com o concreto da base das vigotas, foram en-
5 32,47 41,23 saiados no dia 25 de abril de 2012 e os resultados resumi-
6 35,81 37,68 dos encontram-se na Tabela 2. Analisando essa tabela, nota-

-se que a resisténcia média a compressao dos corpos de

Figura 14 - Grdfico de forca aplicada versus deslocamento vertical da vigota VT 20 F2
(vigota com trelica de altura 20 cm; segundo exemplar ensaiado d flexdo)

VT 20 F2

350,00

300,00 / N
250,00 / N
200,00 /
150,00 /

100,00 /

Carga (kgf)

50,00 y=-0,0284x ° -3,7034x _+70,356x+8,2835 | Carga (kgf) |
R? =0,9918 Polinémio
0,00
0 2 4 10 12 14

6 8
Deslocament o (mm)
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prova moldados em 2 de margo de 2012 ¢ f_= 36,2 MPa, e em
15 de margo de 2012, f_= 38 MPa.

Considerando-se um desvio padrao de 5,5 MPa (FUSCO [9]), as
resisténcias caracteristicas a compressao resultam 27,15 MPa e
28,95 MPa, respectivamente. Utilizando esses valores caracteris-
ticos, os modulos de elasticidade do concreto podem ser estima-
dos pelas Equacgdes 1 e 2, conforme indica a ABNT NBR 6118

(2007) [10].

E_=5600./f, ()

E.,=085.E, ¢3]

E[; € 0 modulo de elasticidade tangente inicial do concreto; E[r
o0 moédulo de elasticidade secante do concreto eﬁk a resisténcia
caracteristica do concreto a compresséao (todos em MPa).

3.2 Resultados dos ensaios de flexao

Cada ensaio gerou um grafico da for¢a aplicada versus desloca-
mento vertical, como o ilustrado na Figura 14, do qual foram obti-
das a forga maxima resistida pela vigota e a forga correspondente
a flecha limite. Os resultados obtidos nos ensaios de flexdo estao
sintetizados na Tabela 3. As Figuras 15 a 17 ilustram a flambagem
da barra superior, a ruptura da solda e a flambagem das diago-
nais, respectivamente.

3.3 Resultados dos ensaios de cisalhamento

Como no ensaio de flexdo, cada ensaio cisalhamento gerou um

Figura 16 - Ruptura da solda

Figure 15 - Buckling of upper bar

grafico da forga aplicada versus deslocamento vertical, como ilus-
trado na Figura 18, indicando a forga maxima resistida pela vigota.
Os resultados obtidos nos ensaios de cisalhamento estdo sinteti-
zados na Tabela 4.

As Figuras 15 a 17 ilustram os modos de ruina indicados na
Tabela 4.

Figura 17 - Flambagem das diagonais

648
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Tabela 3 - Resultados dos ensaios de flexdo

Vigota pp(kN)  PD(kN)  F(kN)  Fopo (kN)
VT 06 F1 0,2355 0,1230 0,4100 0,8608
VT 06 F2 0,2310 0,1230 0,3815 0,7667
VT 08 F1 0,2275 0,1230 0,6650 1,1292
VT 08 F2 0,2325 0,1230 0,6500 1,1344
VT 12 F1 0,2850 0,1230 1,0635 1,3897
VT 12 F2 0,2865 0,1230 1,0060 1,2456
VT 16 F1 0,2605 0,1230 2,2168 2,6331
VT 16 F2 0,2675 0,1230 1,9935 2,4128
VT 20 F1 0,3100 0,1230 2,5176 3,0637
VT 20 F2 0,3200 0,1230 2,7000 3,2138
VT 25 F1 0,2735 0,1230 2,3877 2,9661
VT 25 F2 0,2860 0,1230 2,0075 2,8193
VT30 F1 0,3380 0,1230 3,0411 4,5062
VT 30 F2 0,3245 0,1230 2,7421 4,4563

pp - peso préprio; PD - peso do dispositivo de ensaio; F,,, - forca relativa d flecha de 5,2 mm (£/500); F

algum componente da trelica ou ruptura da solda de um né.

Modo de ruina

Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo supetrior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior e ruptura da solda
Flambagem das diagonais e ruptura da solda
Flambagem das diagonais
Flambagem das diagonais

- forca que provoca flambagem de

rina

4. Analise dos resultados’

[

Para os ensaios de flexdo e de cisalhamento, serdo considerados
os resultados e suas aplicagdes.

4.1 Ensaios de flexao

Nos ensaios de flexdo, a maior parte das vigotas atingiu a ruina
por flambagem do banzo superior ou das diagonais comprimidas,
com excegao das trelicas com 25 cm de altura que, por deficiéncia
na soldagem, romperam também na solda (Figura 16).

Outro objetivo da analise dos resultados & determinar compri-
mentos efetivos de flambagem para as partes da trelica, uma
vez que a consideracdo de nds articulados (Mecanica Clas-
sica) ndo é real nessas pegas. O comprimento real de flam-
bagem possibilita a determinagdo de um carregamento limite
para a vigota.

As Tabelas 5 e 6 apresentam os valores dos momentos resisten-
tes e dos comprimentos de flambagem, calculados com base nos
resultados obtidos nos ensaios, conforme procedimento indicado
a seguir, para flambagem do banzo superior e flambagem das dia-
gonais. Os valores apresentados nas Tabelas 5 e 6 foram obtidos
conforme os itens 4.1.1 e 4.1.2.

Figura 18 - Grdfico de forca aplicada versus deslocamento vertical da VT 30 V2
(vigota com trelica de altura 30 cm; segundo exemplar ensaiado ao cisalhamento)

VT 30V2
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y =0,7528x ®.19,706x° + 150,18x - 2,8653 |
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2
R =0,9976 —— =——Polindmio |
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Deslocament o (mm)
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5 Neste item, diversas equagdes s&o apresentadas. Elas foram obtidas por somatério de momentos fletores, forgas cortantes e homogeneizacéo de segéo transversal. A equagéo de carga critica de Euler também é utilizada, sendo

que no item 4.3 essa equacao é adaptada para torna-la adequada para emprego neste trabalho.
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Vigota pp (kN) PD (kN) F oo (KN)
VT 06 V1 0,2330 0,0145 1,6123
VT 06 V2 0,2320 0,0145 1,8478
VT 08 V1 0,2255 0,0145 21677
VT 08 V2 0,2380 0,0145 2,3358
VT 12 V1 0,2885 0,0145 2,4923
VT 12V2 0,2750 0,0145 2,5695
VT 16 V1 02725 0,0145 4,3061
VT 16 V2 0,2645 0,0145 3,9242
VT 20 V1 0,3090 0,0145 3,5808
VT 20 V2 0,3195 0,0145 41217
VT 25 V1 0,2800 0,0145 3,7535
VT 25 V2 0,2820 0,0145 4,3165
VT 30 V1 0,3295 0,0145 38113
VT 30 V2 0,3380 0,0145 3,5237

solda de um né.

Tabela 4 - Resultados dos ensaios de cisalhamento

pp - peso préprio; PD - peso do dispositivo de ensaio; F,,, - forca que provoca flambagem de algum componente da trelica ou ruptura da

Modo de ruina

Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem do banzo superior
Flambagem das diagonais
Flambagem das diagonais
Flambagem das diagonais
Flambagem das diagonais
Flambagem das diagonais e ruptura da solda
Flambagem das diagonais e ruptura da solda
Flambagem das diagonais
Flambagem das diagonais

4.1.1 Ensaio de flexdo com ruina por flambagem do
banzo superior

Serao considerados o momento resistente e o comprimento de
flambagem.

a) Momento resistente

O momento resistente obtido no ensaio é calculado pela Equagao 3 .

PD+F

X260 «
_Ppx260 | S X86,67 = Fopyusao #(3)

ensaio
8

O valor 260 cm é o vao tedrico do ensaio; 86,67cm o comprimento
do tergo médio do vao, relativo a aplicagéo do carregamento; PD
o peso do dispositivo de ensaio; PCR onsaio @ CArga critica que pro-
vocou a flambagem e h aaltura da vigota.

b) Comprimento de flambagem

Foram utilizadas as Equacgdes 4 a 6 para calcular o comprimen-
to de flambagem, quando a ruina foi por flambagem do banzo

superior.

2
il 9L
P CR,ensaio = 2—SBS (4)
f ,ensaio
n’E.l
M ensaio — 27S8Sh (5)
g f sensaio

f ,ensaio

2
nMES.IBS h (6)

ensaio

ES é 0 modulo de elasticidade do aco, admitido com o valor de

21000 kN/cm?; IBS o momento de inércia da segao transversal do

banzo superior; 14 fensaio © corppnmento efetlvo de flambagem;

M . o momento fletor relativo ao ensaio; P _a carga
- ensaio CB,ensam

critica que provocou a flambagem; h aaltura da vigota.

4.1.2 Ensaios de flexdo com ruina por flambagem das diagonais

Neste subitem consideram-se a forga cortante, a forga normal em
uma diagonal e o respectivo comprimento de flambagem.

a) Forga cortante

A forga cortante de ensaio (V'

ensaio

) é calculada pela Equagéao 7.

V

ensaio

=(PD+F

ruina

)% 0,5+ ppx130 (7)

PD é o peso do dispositivo de ensaio; F .
P o peso proprio da vigota.

b) For¢ca normal em uma diagonal

Aforga normal de ensaio em uma diagonal ( Nensm.o
da pela Equagéao 8°.

a forga maxima e

) é determina-

I/ensai(rg ‘eorico
N, ensaio 2—]:[ (8)

é a forga cortante de ensaio; h a altura da trelica e
fteorico © comprimento de flambagem tedrico da diagonal
(Equagéo 9).

V.

ensaio

[

, [ abertura da trelica =8 cm 2+ passodond =20em | )

 tedrico = 2 2

c) Comprimento de flambagem
O comprimento efetivo de flambagem (f
Equagdes 10 e 11.

£ ensaio ) € obtido com as

65/

% Esta equagao ¢ devida ao equilibrio de forgas em um n6 superior da treliga.
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Tabela 5 - Momento resistente e comprimento de flambagem obtidos com os resultados
dos ensaios das vigotas que apresentaram flambagem do banzo superior

PD (kN) Fyp (kN) M, (KN.CM) Mo, (kN.CM) M,/ Migico €ionio (€M) €c0,0/20  Média

VIO6F1 02355 01230 08608 50,2867 19,7781 2,54 1254 063 g,
VIO6F2 02310 01230 07667 460626 19,7781 2,33 1311 0,66 ’
VIO8Fl 02275 01230 11292 61,6578 26,3708 2,34 1308 065 .6
VIO8F2 02325 01230 11344 62,0457 26,3708 2,35 1304 065 ’
VI12F1 02850 01230 13897 74,8154 39,5563 1,89 1454 073 o,
VI12F2 02865 0,230 12456 68,6195 39,5563 173 15,18 0,76 ’
VI16F1 02605 01230 26331 1279018 97,7105 131 17,48 087  ggo
VI16F2 02675 0,230 24128 1185826 97,7105 121 18,15 091 ’
VI20F1 03100 01230 30637 148,706 122,1381 121 18,16 091 -
VI20F2 03200 01230 32138 1550002 122,1381 127 17,75 0,89 ’
VI25F1 02735 01230 29661 1427549 152,6726 094 20,68 1,03 105
VI25F2 02860 01230 28193 1367996 152,6726 0,90 21,13 1,06 ’
VT30 Fl - - - - - - - - _
VT 30 F2 - - - - - - - -

pp - peso préprio; PD - peso do dispositivo de ensaio; F,., - forca que provoca flambagem de algum componente da trelica ou ruptura
da solda de um né; M, - momento obtido no ensaio; M,.,,., - momento resistente; €., - comprimento efetivo de flambagem;
20 (cm) - comprimento entre os nés soldados do banzo superior; Média - valor médio de £,.,.../20, para vigotas de mesma altura.

ES € 0 médulo de elasticidade do ago, admitido com o valor de
(]0) 21000 kN/cm?; ID o momento de inércia da segao transversal
de uma diagonal e N a forca normal de ensaio em uma

ensaio

2
P _moELA, N
CR,ensaio ~ P — 4V ensaio

,ensaio .
4 diagonal.

Na Tabela 5 observa-se que, para as vigotas com altura me-
nor ou igual a 20 cm, o comprimento efetivo de flambagem
para o banzo superior € menor que a distancia entre os nos
(]]) (20 cm). Isto é explicado pela rigidez que o né soldado con-

fere a esse banzo superior. Em previsbes teoricas, esse no

f ensaio -

n’E.I,
N

ensaio

Tabela 6 - Forca cortante e comprimento de flambagem obtidos com os resultados
dos ensaios das vigotas que apresentaram flambagem das diagonais

riina Vensalo Nensalo etec‘:rk:o Nteérlco Nensulo/ eI‘,enstxlo ef,ensclo/ M éd io

(kN) (kN) (kN)  (kN.cm) (kN.cm) (cm) (kN) N, (cm) &,

VT 06 F1 - - - - - - - - - -
VT 06 F2 - - - - - - - - - -
VT 08 F1 - - - - - - - - - -
VT 08 F2 - - - - - - - - - -
VT 12 F1 - - - - - - - - - -
VT 12 F2 - - - - - - - - - -
VT 16 F1 - - - - - - - - - -
VT 16 F2 - - - - - - - - - -
VT 20 F1 - - - - - - - - - -
VT 20 F2 - - - - - - - - - -
VI25F1 02735 01230 29661 1,6631 0,9054 2722 0,8581 1,06 2650 0,97
VI25F2 02860 0,230 2,8193 15951 0,8684 2722  0,858] 1,01 2706 099
VI30F1 03380 01230 45062 2,4611 1,3074 31,87 06259 2,09 2205 0,69
VI30F2 03245 0,1230 4,4563 2,4303 1,2911 31,87 06259 206 2219 0,70

pp PD F

Joist

0,98
0,69

pp - peso proprio; PD - peso do dispositivo de ensaio; F,, - forca que provoca flambagem de algum componente da trelica ou ruptura da
solda de um né; V,,,, - forca cortante obtida no ensaio; N, - forca normal em uma diagonal; &,,.,.., - comprimento teérico de
flambagem; N, - forca normal resistente; € - comprimento efetivo de flambagem; Média - valor médio de £,...../€,...... Para vigotas
de mesma altura.

f,ensaio f,ensaio: ftedric
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Tabela 7 - Determina¢do do produto de rigidez relativo ao ensaio

(pBS (pBI Flimile Ecs a X

(mm) (mm) (kN) (kN/cm?) - (cm)
VI06F1 6,0 42 04000 04000 8,20 1,71
VIO6F2 6,0 42 03815 03815 8,20 1,71
VIO8F1 6,0 42 06463 0,6463 8,20 1,86
VI08F2 6,0 42 06405 06405 8,20 1,86
VII12F1 6,0 5.0 1,0635 1,0635 8,20 2,14
VI12F2 6,0 5.0 1,0060 1,0060 8,20 2,14
VI16F1 70 5.0 22168 22168 8,47 2,82
VI16F2 70 5.0 1,9935 11,9935 847 2,82
VI20F1 70 5.0 25176 25176 847 3,20
VI20F2 70 50 2,7000 2,7000 847 3,20
VI25F1 70 6.0 23877 23877 847 3,61
VI25F2 70 60 2,0075 20075 847 3,61
VI30F1 8,0 6.0 3,041 3,041 847 4,80
VI30F2 8,0 6.0 2,7421 2,7421 8,47 4,80

@, - dimetro do banzo superior; @B, - diGmetro dos fios do banzo inferior; F, . -
E., - modulo de elasticidade secante do concreto; o, - coeficiente modular E/E_;

X (cm) - posicdo do centro de gravidade da secdo homogeneizada; I, - momento de inércia da secdo homogeneizada; El, .., - produto de
rigidez tedrico; El,, - produto de rigidez relativo ao ensaio; Média - valor médio de El,, . /El, ..., para as vigotas de mesma altura.

Elewa/  Médlia
tedrico

91,20 23358202 2399383 1,03 100

91,20 33582038 2288411 0,98 '
151,54 81253 3898997 1,00 099
151,54 3881253 3857008 0,99 '
324,53 8311565 6379359 0,77 075
324,53 8311565 6034448 0,73 '
768,59 19062852 13297379 0,70 0.66
768,59 19062852 11957924 0,63 '
1196,73 29681592 151017151 0,51 053
1196,73 29681592 61958331 0,55 '
1869,21 46360733 43225151 0,31 028
1869,21 46360733 20419021 0,26 ’
341707 84751225 82419071 0,22 020
3417,07 84751225 6448368 0,19 '

for¢a correspondente d flecha de 5,2 mm (£/500);

é considerado como uma roétula. Entretanto, quando o com-
primento das diagonais cresce (trelica com 25 cm de altura),
a rigidez dada pelo n6 soldado é pequena, aumentando o
comprimento de flambagem.

Nota-se que na Tabela 6 que a sapata de concreto fornece
uma rigidez adicional as diagonais, diminuindo o compri-
mento de flambagem relativo ao ensaio. Esse comprimento
relativo as diagonais da vigota de altura 25 cm é relativa-
mente maior que o da vigota de 30 cm. A possivel expli-
cagao para este fato € que a ruina da trelica de 25 cm foi
caracterizada simultaneamente pela flambagem do banzo
superior, flambagem das diagonais e, eventualmente, pela
ruptura da solda. Esses efeitos combinados reduziram dras-
ticamente a rigidez das diagonais, aproximando o compri-
mento efetivo de flambagem do seu respectivo valor tedrico.
Possivelmente esses valores seriam diferentes se a execu-
c¢ao da solda fosse melhor.

4.1.3 Analise do deslocamento maximo (flecha)

Na Tabela 7 sdo apresentados os valores da rigidez a flexdo (El),
calculados com base nos resultados dos ensaios, de acordo com
o procedimento descrito neste item.

a) Flecha limite

A flecha limite é calculada com as Equagdes 12 e 13.

. [23E,.F] 1 13_260_052
mie =1 006 [(EI). 500 500

)ensmo

(12)

23.F, . 0° ] 1 (1)

El) e =
( ) ensaio [ 1 296

Dlimite

Elmzte ¢ a forga correspondente a flecha de 5,2 mm; a, .. a
flecha obtida pela divisdo do vao ¢ por 500, igual a 5,2 mm neste
caso; ¢ o véo entre apoios, igual 260 cm; (E ) o produto
de rigidez relativo ao ensaio.

b) Valor tedrico de (El)

O valor de (El) foi calculado para possibilitar a determinagao
da relagéo (El),,,./(El)sco- Ele foi determinado pela homogenei-
zagao da secgéo no estadio | (concreto nao fissurado) e conside-
rando o moédulo de elasticidade secante do concreto, dado pela
Equagédo 2. A razdo modular € determinada pela Equagéao 14. A
posicao do centro de gravidade da se¢ao homogeneizada e seu
momento de inércia sao obtidos pelas Equacdes 15 e 16.

ensaio

tedrico

ES
0=y (14
l%(h_q);v i )+¢2§’[¢§”+ Coom ﬂ.n.oce +h22b
x= (15)
[q)zs q)“ ]noc +h,b,
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+hf'b5+hs.b: x_@
12 )

IH
(16)

Figura 19 - Secdo transversal da vigota

N

-\

|

hs

bs

Cnom

As variaveis indicadas nas Equagbes 15 e 16 estao ilustradas na
Figura 19: x é a posi¢do do centro de gravidade da seg&o ho-
mogeneizada, em relagdo a base; ]H o momento de inércia
da secdo homogeneizada; ¢BS o diametro do fio do banzo su-
perior; (])B[o diametro dos fios do banzo inferior; 4 a altura da
trelica; ¢, .. © cobrimento dos fios inferiores, sempre igual a
1,5 cm nos ensaios; bs € a largura inferior da sapata de concreto,
sempre igual a 11 cm nos ensaios; hs a altura da sapata de con-
creto, sempre igual a 2,5 cm nos ensaios.

O produto de rigidez tedrico (El) ¢é dado pela Equacgao 17.

tedrico

(EDyrico = Ees- Ly (17)

Na Tabela 7 observa-se que a resisténcia do concreto influencia
mais o produto de rigidez efetivo de treligas baixas (menos de 12
cm de altura) do que o valor para trelicas mais altas.

4.2 Ensaios de cisalhamento

Os resultados dos ensaios de cisalhamento sdo mostrados nas Ta-
belas 8 e 9. Ao se observar esses resultados percebe-se que ocor-
reu flambagem do banzo superior nas vigotas mais baixas (alturas
de 6 cm a 12 cm). Para alturas maiores (16 cm a 30 cm), houve
flambagem das diagonais. Isto se deve ao fato de o comprimento
de flambagem das diagonais ser reduzido pelo embutimento na sa-
pata de concreto, menor altura das trelicas e rigidez do né soldado.
A Tabela 8 refere-se a ensaios de cisalhamento em que a ruina
ocorreu por flambagem do banzo superior. Ela apresenta valores

PP PD Frina M.osio
(kN) (kN) (kN) (kN.cm)
VT 06 V1 0,2330 0,0145 1,6123 43,1339
VT 06 V2 0,2320 0,0145 1,8478 49,2312
VT 08 V1 0,2255 0,0145 21677 57,4921
VT 08 V2 0,2380 0,0145 2,3358 61,9002
VT 12 V1 0,2885 0,0145 2,4923 66,1685
VT 12 V2 0,2750 0,0145 2,5695 68,1116
VT 16 V1 - - - -
VT 16 V2 - - - -
VT 20 V1 - - - -
VT 20 V2 - - - -
VT 25 V1 - - - -
VT 25 V2 - - - -
VT 30 V1 - - - -
VT 30 V2 - - - -

pp - peso proprio; PD - peso do dispositivo de ensaio; F
de um né; M, - momento maximo de ensaio; M

ina

ensaio ‘tedrico

Tabela 8 - Momentos e comprimentos de flambagem dos ensaios de cisalhamento
em que as vigotas apresentaram flambagem do banzo superior

- forca que provoca flambagem de algum fio da trelica ou ruptura da solda
- momento resistente tedrico; £f,
comprimento entre os nés soldados do banzo superior; Média - valor médio do quociente £f,

(I:WN'QZF;\) I\'\AAS'::‘:;{ f,ensaio I'f,ensalo/ 20 Médlq
19,7781 2,18 13,54 0,68 066
19,7781 2,49 12,68 0,63 '
26,3708 2,18 13,55 0,68 066
26,3708 2,35 13,05 0,65 '
39,5563 1,67 15,46 0,77 077
1,72 15,24 '

39,5563

- comprimento efetivo de flambagem; 20 (cm) -
/20 para vigotas de mesma altura.

.ensaio

ensai
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V.

ensaio

ef

Jensaio

Tabela 9 - For¢as cortantes, forcas normais nas diagonais e comprimentos de flambagem
dos ensaios de cisalhamento em que as vigotas apresentaram flambagem das diagonais

- forca cortante de ensaio; N

‘ensaio

: PP PD Frin Vs N, oo
Vigola 4Ny kN)  kN)  (kN) (kN)
VIO6Vl - - - - -
VIo6V2 - = = = =
vIogvl - - - - -
VIogv2 - - - - -
vitevl - - - - -
Vileve - - - - -
VI16V1 02725 00145 43061 38380 23132
VI16V2 02645 00145 39242 35050 21126
VI20V1 03090 00145 35808 372258 18319
VI20V2 03195 00145 41217 36971 20995
VI25V1 02800 00145 37535 33636 18313
VI25V2 02820 00145 43165 38506 20964
VI30V1 03295 00145 38113 34329 18237
VI30V2 03380 00145 35237 31878 1,935

pp - peso proprio; PD - peso do dispositivo de ensaio; F,,,, - forca que provoca flambagem de algum fio da trelica ou ruptura de um né soldado;
- forca normal em uma diagonal; £,,,,.., - comprimento de flambagem teérico; N, - forca normal teérica;
- comprimento efetivo de flambagem; Média - valor médio do quociente &f . ../8f tebrico para as vigotas de mesma altura.

Nteérlco N ensalo/
(kN> Nleélicu

Lf,ensolo

(cm)

Ll,ensalo/
Ll,'aérico

I'f,leéllco

(cm)

1929 08510 2,72 11,70 0,61

1929 08510 248 1224 0,63 0,62
22,72 06135 299 1315 058 056
22,72 06135 342 1228 054 '
2722 08581 213 18,63 0,68 0.66
2722 08581 244 1742 064 '
31,87 06259 291 18,67 0,59 060
31,87 06259 271 1938 0461 '

de momento resistente e de comprimento de flambagem calcula-
dos de acordo com o procedimento indicado no item 4.2.1.

A Tabela 9, relativa a flambagem das diagonais, além de compri-
mentos de flambagem, indica valores de forga cortante e de forgca
normal nas diagonais, obtidos com informacdes apresentadas no
item 4.2.2.

4.2.1 Ensaio de cisalhamento com ruina por flambagem do
banzo superior

a) Momento resistente

O momento resistente de ensaio (M ensaio ) fOI determinado pela
Equacgao 18.
570 pp><93
ensalo (P D + ruma) 22 CR,ensaxo (]8)

PD ¢é o peso do dispositivo de ensaio;
ruina; pp o peso proprio; F' R ensaio
flambagem; h aaltura da vigota.
b) Comprimento de flambagem
O comprimento efetivo de flambagem relativo ao ensaio (f

foi calculado usando as Equagdes 19 a 21.

uina forgca que provoca
a carga critica que provoca

f .ensaio )

nlE I, ’

[ ,ensaio

(20)

ensaio = 2
l

nZ.ES.IBSh

[ ensaio -

@)

ensaio

CRensaio € a carga critica que provoca flambagem; E o0 médulo de
elasticidade do aco, com o valor considerado de 21000 kN/cmz; I
o momento de inércia da seg&o transversal do fio superior; M
o0 momento maximo relativo ao ensaio; h aaltura da vigota.

BS

ensaio

4.2.2 Ensaio de cisalhamento com ruina por flambagem das diagonais
a) Forga cortante

Aforga cortante de ensaio (1, ) é determinada pela Equagao 22.

nsaio

1 4
9+pp>< 3

=(PD+F —
22 110

ensalo ruina (22)

7 E, 1 g
EZ

[ ,ensaio

CR,ensaio —

(19)

PD é o peso do dispositivo de ensaio; F .
aplicada; p o peso proprio.

b) For¢a normal em uma diagonal

Para calcular a forga normal de ensaio em uma diagonal ( N ensaio)
foi utilizada a Equagao 23'.

a forca maxima

654

" Idem NOTAG.
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_ Vensaio f [ ,tedrico

N ensaio
2.h

(23)

Vmaw é a forga cortante de ensaio; l, £ tedric
orico de flambagem da diagonal Equagao 9); il
c) Comprimento de flambagem

O comprimento efetivo de flambagem (f
pelas Equagdes 24 e 25.

o comprimento te-
a altura da vigota.

f sensaio ) é determinado

2
noE 1
CR,ensaio = Q—SD = ensaio (24)
f.ensaio
n’E.l
[ ,ensaio = - (25)
ensaio

ID é o momento de inércia da secgao transversal dos fios das
diagonais; E 0 modulo de elasticidade do ago, admitido com
o valor de 21000 kN/cm?; Nmam a forga normal de ensaio em
uma diagonal.

Observa-se na Tabela 8 que o comprimento efetivo de flambagem
obtido no ensaio para o fio superior € menor que a distancia de 20
cm entre os nos. Isto é explicado pela rigidez que os nés soldados

proporcionam ao banzo superior. Em um calculo tedrico, esses
nds sao considerados como articulagdes perfeitas.

Na Tabela 9, nota-se que a sapata de concreto oferece uma ri-
gidez adicional as diagonais, diminuindo o comprimento efetivo
de flambagem obtido pelo ensaio. Novamente nota-se que o n6
soldado, com deficiéncia de acabamento na trelica de 25 cm de
altura, gerou um comprimento de flambagem relativo maior que o
da treliga de 30 cm.

4.3 Aplicacao dos resultados

Como comentado no item 1, na montagem de laje trelicadas, ha
um espagamento entre as linhas de escora. Conforme indicado,
o principal objetivo deste trabalho é fornecer informagdes para o
calculo do espagamento maximo que pode ser usado.

A posigao das linhas de escora define um esquema estatico da
vigota, em que cada linha pode ser simulada como um apoio sim-
ples, como ilustrado na Figura 20. Com esse esquema estatico
sdo obtidos momentos fletores e forgas cortantes, devidos ao
peso proprio da vigota, peso do concreto fresco, peso do enchi-
mento da laje, dos operarios e dos equipamentos utilizados nas
fases de montagem e de concretagem. Esses esforgos devem ser
resistidos pelas vigotas, como ja foi comentado.

Os esforgos resistentes da vigota trelicada séo fungédo dos compri-
mentos de flambagem dos fios que compdem a trelica. Esses com-
primentos de flambagem foram determinados nos ensaios. Portan-
to, a aplicagéo dos resultados dos ensaios consiste em encontrar
o momento resistente e a forga cortante resistente de cada vigota.
Os modos de ruina observados nos ensaios foram: flambagem do
fio superior por efeito de momento fletor positivo; flambagem das

g+q

Figura 20 - Esquema estdtico e diagramas de esforcos de uma vigota com as escoras

L1 L2

L3 L4

~ - ~1— ~1- ~_ 1“7

MOMENTO FLETOR

CORTANTE
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Figura 21 - Esquema de forcas internas de uma vigota solicitada por momento fletor positivo

VLf,tec’)rico,BS= ZOcmV

JaN |

MSd

diagonais devida a forga cortante e ruptura da solda em um no,
também por efeito da forga cortante. Na sequéncia sdo determina-
das equagdes para obter momentos resistentes e forgas cortantes Y
relativas a flambagem das diagonais e ruptura da solda.

rensaio =1 7 1e6rico -Médlia = 20.Média (29)

4.3.1 Flambagem do banzo superior devida a momento fletor

PCR € a carga critica de flambagem do banzo superior; h aaltura
Figura 21 — Esquema de forcas internas de uma vigota solicitada ~ da trelica; £ o médulo de elasticidade do ago, admitido  com va-
por momento fletor positivo lor de 21000 kN/cm?; /. 5s© momento de inércia da segao transversal do
O momento resistente de calculo (M J.res ) € O comprimento efe-  fio superior e Média o valor indicado na Ultima coluna da Tabela 8.
tivo de flambagem (£ ) sdo calculados utilizando as Equa- A seguranga é garantida quando respeitada a condig&o:

f ,ensaio
cdes 26 a 29:
Md,res 2 MSd (30)
Md,res = PCR h (26)
MSd € o momento solicitante de calculo.
2 4.3.2 Flambagem das diagonais devida a for¢a cortante
p T S I s 97
R sz . ( ) A Figura 22 ilustra o esquema de forgas internas de uma vigota
o submetida a forga cortante.
O valor da forca normal (N ) de compressdo em uma diagonal é
dado pela Equagao 31.
2
TR L
Md,res = 2 . h (28) I/Sd 6 Srico.D
f ,ensaio N = 7f,teortco, (3])
2.h

Figura 22 - Esquema de forcas internas de uma vigota submetida a forca cortante

DLf,te()rico,BS = 2Gcm‘

m : ]\\? ﬂ Vsd
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VSdé a forga cortante solicitante de célculo; gf,teéricg,D 0 compri-
mento tedrico de flambagem da diagonal, dado pela Equacgéo 9; e
h é aaltura da treliga.

A forga normal critica (PCR’D)
dada pelas Equagobes 32 e 33.

de flambagem de uma diagonal é

n’E.1

Pepp = 2—D (32)
[ ,ensaio

E [ ,ensaio = ff Jtedrico ,D'Média (33)

ES € 0 médulo de elasticidade do ago, admitido com valor de
21000 kN/cm?; ID o momento de inércia da sec¢ao de cada barra
diagonal; ¢ [ .ensaio © cOMprimento efetivo de flambagem; £, .., o
comprimento tedrico de flambagem e Média o valor indicado na
Ultima coluna da Tabela 9.

A seguranga é garantida quando respeitada a condigao:

Py 2N (34)

4.3.3 Ruptura da solda

A forca cortante (V) relativa a resisténcia da solda do né
superior da trelica deve atender a Equagdo 35, adaptada da
ABNT NBR 14862:2002 [3].

. 15, h

40, 55)

¢Bs é o didmetro do fio que constitui o banzo superior da trelica;
/" a altura da trelica; {’no, o comprimento entre os nds da treliga,
fixado em 20 cm.

Sendo VSda forga cortante solicitante de calculo na fase transito-
ria, a segurancga esta garantida quando for respeitada a condigao:

Vsa SV (36)

4.3.4 Calculo do deslocamento

Na fase transitéria, € recomendavel que o deslocamento maximo da
vigota seja menor que o valor do vao dividido por 500 (£/500).
Os valores do produto de rigidez (EIl) devem ser calculados como
mostra a Equacéo 37, utilizando as Equagdes 3, 15 e 16.

(EI) = (E), 3., Média=E,,.I,, Média  (3])

ECSé o modulo de elasticidade secante do concreto, calculado
com a resisténcia caracteristicafck N IHo momento de inércia da
segao homogeneizada; e Média o valor indicado na ultima colu-
na da Tabela 7.

4.3.5 Exemplo de aplicagao

Este exemplo considera as equagbes apresentadas nos itens
4.3.1 a4.3.4. O objetivo & determinar o maximo véo (£ ) entre dois
apoios para a vigota TR 16 745.

a) Dados do exemplo

A Figura 23 ilustra o esquema estatico da vigota. Foi adotada
uma capa de concreto de 5 cm, intereixo principal de 49 cm e
intereixo transversal de 129 cm. A largura da nervura é de 9 cm
e o enchimento é de poliestireno expandido (EPS), conforme
ilustra a Figura 24. O concreto da sapata da vigota foi admitido
com f. =35 MPa.

p € o carregamento total uniformemente distribuido; g o carre-
gamento permanente (inclui o peso proprio da vigota, enchimento
e concreto fresco langado sobre a laje); g o carregamento varia-
vel (inclui trabalhadores e equipamentos para concretagem).

b) Carregamento

Com as caracteristicas indicadas, atua na laje um carregamento
permanente de 2,23 kN/m2. E adotado um carregamento variavel
de 1,50 kN/m?2.

O carregamento para as verificagdes de Estado Limite Ultimo
(ELU) é considerado com os coeficientes de majoragéo para com-
binacdo de agdes de construgdo, indicados na ABNT NBR 6118
[10] (Equagao 38).

ps=0,49.(2,23.1,3+1,50.1,2) = 2,30kN / mvigota (38)

No entanto, o carregamento para verificagdo de deformacgéao
excessiva no Estado Limite de Servigo (ELS) é indicado na

Figura 23 - Esquema estdtico da vigota

p=g+q
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Figura 24 - Secdo transversal da nervura principal

Concreto Fresco

-~
£
Q
w0
Qt
£
o
©
S L
9cm Vigota
49cm

Equacéao 39, para combinagao quase permanente de agdes.

Md,res Z MSd
123,36 > 2,875x107°./2
£ <207]14 cm = Valor 01

(4)

e) Flambagem das Diagonais Devida a Forga Cortante (ELU)
Esta verificagdo é feita com as equagdes do item 4.3.2. O va-
lor de ’ff’enm é determinado pela Equagéo 33, com o valor
da Média obtido na Tabela 9, para a trelica TR16 745 (Equa-
cao 44).

f ensaio =/ f tedrico,D * Médla = 19’29 : 0’62 = 11’96 cm (44)

A forga normal critica (PCRD) que provoca flambagem das dia-
gonais € dada pela Equacao 32, sendo o resultado indicado na
Equacao 45.

Paser =0,49.(2,23+1,50.0,4) =1,39kN / m.vigota (39)

nE.1, 121000 (n.0,42*/64)
0 1196

f ,ensaio

=221KN  (45)

PCR,D =

c) Esforcos Solicitantes no ELU
Para a vigota isostatica, os valores dos esforgos séo (Equagao 40):

p,L7 0,023.0°
Mg = =

=2875x107.0* (kN cm  vigota)
8 8 <40)

b= Pt =005 1510w vigota)

{ & o vao procurado, em centimetros.

d) Flambagem do fio superior devida a momento fletor (ELU)
Esta verificagdo utiliza as equagdes do item 4.3.1. Pela Equa-
¢&o 29 determina-se £ ; ..., (Equacéo 41), na qual o valor da
Meédia é obtido na Tabela 5, para a trelica TR16745.

14 =/ Meédia =20.0,89=17.80cm (41)

[ ,ensaio f ,tedrico

O momento resistente de calculo é calculado com a Equagéo 28,
resultando (Equacéo 42):

T i 2100007 /64)
b= 17,80°

f ensaio

16=12336 kN.cm/ vigota (42)

O valor maximo de £ nessa verificacdo de flambagem ¢é dado
pela Equagéo 43, utilizando-se a condigao:

O valor da forga normal de compressao (N ) na diagonal é dado
pela Equacao 31, e o resultado é indicado na Equagéao 46.

N Vo i 11,5107 £.11,96
T 2h 216

=430.107/ (kN) (46)

Nessa verificagéo de flambagem das diagonais, o valor maximo
de ¢ ¢ dado pela Equac&o 47, utilizando-se a condigao:

g = 0
221>430x1074
£ <514,18 cm = Valor 02

(é7)

f) Ruptura da Solda (ELU)

A maxima forga cortante que pode ser aplicada na vigota para que
nao haja ruptura da solda do né superior € dada pela Equagao 35,
item 4.3.3. O resultado é indicado na Equagéao 48.

v 15mosch 150,716
40, 4.20

=4,62kN  (48)
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A segurancga é garantida quando for respeitada a condigao:

Vg, <V
11,5%107 1< 4,62
£ <401,74 cm = Valor 03

(49)

g) Estado Limite de Deformagdo Excessiva (ELS)

Para determinar a flecha, € necessario calcular o produto de rigi-
dez efetivo da vigota, conforme a Equagao 37, na qual o valor da
Meédia é obtido na Tabela 7, para a vigota TR16745. A Equagdo
50 ilustra esse calculo, considerando o médulo de elasticidade se-
cante do concreto E . obtido com a Equag&o 2, e o momento de

cs
inércia da segao homogeneizada IH , com a Equacéo 16.

(BI) =E I, Média =2816,05. 67458. 0,66 = 1253769,67 KN.cm’ (50)

O maximo deslocamento dessa vigota ocorre no meio do vao £ .
Conforme a Mecanica Classica, seu valor € dado por (Equacao 51):

CSplt 5001394
384 EI 384.1253769,67

Flecha =144.10"¢* (em) (51)

O estado limite de deformagéo excessiva é verificado quando for
atendida condicao:

Flecha, . = Flecha
> 144x1070" (52)
500

¢ <240,18 cm = Valor 04

h) Vao maximo

Observando-se os quatro valores obtidos para ¢ , verifica-se, nas
condigdes deste exemplo, que o maximo € o relativo a flambagem
do fio superior. Portanto, o maximo vao que pode ser utilizado nes-
te caso é 207,14 cm.

5. Conclusoes
E—

Como explicado no item 1, as lajes trelicadas sdo compostas por
elementos independentes (vigotas trelicadas e elementos de enchi-
mento), dispostos de maneira a formar um painel que, ao receber
uma camada de concreto, passa a agir como um sistema unico.
Durante a montagem dessa estrutura, devem ser colocadas li-
nhas de escora que garantam o posicionamento desses elemen-
tos, mesmo quando estrutura é submetida a cargas, tais como:
peso da capa de concreto, movimento de trabalhadores, de equi-
pamentos etc.

O objetivo deste trabalho foi fornecer dados Uteis para o calculo da
distancia econdmica entre as linhas de escora, que garanta segu-

ranga para os operarios durante a construcao da laje e resulte em
uma estrutura sem patologias de execugéo.

Para isso, foi necessario realizar ensaios de vigotas trelicadas em
laboratério, a fim de verificar o real comportamento desses ele-
mentos, quando submetidos a carregamento.

Foi verificado que, tanto para os ensaios de flexdo quanto os de ci-
salhamento, as vigotas com altura inferior a 20 cm tiveram ruina por
flambagem do banzo superior, enquanto que para alturas maiores, a
ruinaocorreuporflambagemdasdiagonais,comexceg¢dodavigotade
25 cm, que apresentou ruptura da solda.

Ao analisar as Tabelas 5 e 8, conclui-se que as vigotas mais bai-
xas apresentaram comprimentos de flambagem do banzo superior
menores que a distancia de 20 cm entre os nés. Portanto, esses
nés contribuiram com a rigidez do banzo superior.

De modo semelhante, com as Tabelas 6 e 9, percebe-se que
a sapata de concreto fornece uma rigidez adicional as diago-
nais, diminuindo o comprimento efetivo de flambagem obtido
nos ensaios.

Os comprimentos de flambagem obtidos nos ensaios serviram
para calcular a maxima forga de compresséo que pode ser resisti-
da pelos respectivos fios de ago da trelica. Com essa forga resis-
tente maxima a compressao, determinou-se o momento resistente
e a forca cortante resistente de cada vigota.

Em lajes trelicadas com qualquer distancia entre as linhas de es-
cora, sdo gerados momentos fletores e forgas cortantes. Esses
esforgos solicitantes devem ser menores que os resistentes. O
momento resistente € sempre igual para vigotas de mesma altura
e 0s mesmos diametros dos fios, pois 0 comprimento de flamba-
gem é constante para eles. Esse comprimento de flambagem foi
definido e calculado nos ensaios.

A flecha é determinada pela linha elastica da vigota, que depende
do esquema estatico e da distancia entre as linhas de escora.
Para calcular a flecha, foi necessario determinar um produto de
rigidez (El) que representa o que realmente ocorre em uma vigota
treligada, uma vez que o valor tedrico de El ndo pode ser utilizado,
pois o material nao é elastico nem linear e homogéneo, como ad-
mite a Mecanica Classica.

Sendo assim, no ensaio determinou-se o valor real de El para a vi-
gota, o qual foi utilizado para calcular a flecha na fase transitéria de
montagem e de concretagem da laje. Deve-se ressaltar que essa
flecha precisa ser menor que {500, valor limite para aceitabilidade
visual, de acordo com a ABNT NBR 6118:2007 [10], na verificagdo
do estado limite de servico relativo a deformagao excessiva.

O exemplo detalhado no item 4.3.5 demonstra a aplicabilidade
dos resultados e das equacgdes indicadas neste artigo. Verifica-
-se que o calculo apresentado é simples e de facil programacao
computacional.

Esta pesquisa ndo encerra o assunto e, portanto, mais ensaios
devem ser feitos para refinar os resultados e analisar vigotas com
fios de outros diametros.
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Abstract
E——

The present work aims to study the replacement of Portland cement (PC) by stone cutting waste (SW) and ground waste clay brick (BW) in binary
and ternary pastes. Thermogravimetry and differential thermal analysis tests were carried out at various ages in order to investigate the develop-
ment of the cement hydration reactions in the presence of those wastes. The packing density was calculated in accordance with the Compressible
Packing Model to understand the physical effect of those wastes. Compressive strength tests were also performed and the results were related to
hydration and packing. Considering the substitution levels studied, the results indicated that the use of SW in the binary mixture accelerated the
hydration reactions, and the particles packing density and compressive strength were maintained. The use of BW in the binary mixture caused a
small acceleration in the hydration reactions and there was an indication of pozzolanic activity, although the compressive strength was reduced
in comparison with the reference paste. In the ternary mixture, the combined effect of both wastes resulted in the maintenance of compressive
strength for cement replacement content of 30%.

Keywords: stone cutting waste, ground waste clay brick, cementitious pastes, thermal analysis, packing density, compressive strength.

Resumo
E——

O presente trabalho teve por objetivo estudar a substituigdo do cimento Portland (CP) por residuos de corte de rochas (RCR) e de blocos cerami-
cos moidos (RBC) em pastas binarias e ternarias. Ensaios de termogravimetria e de andlise térmica diferencial foram realizados em varias idades
com a finalidade de investigar a evolugédo das reagdes de hidratagdo de cimento em presenga dos residuos. Para compreender o efeito fisico
dos residuos foi calculada a densidade de empacotamento de acordo com o Modelo de Empacotamento Compressivel. Ensaios de resisténcia
a compressdo também foram realizados e os resultados foram relacionados com a hidratagdo e o empacotamento. Considerando os niveis de
substituicdo estudados, os resultados indicaram que a utilizagdo do RCR na mistura binaria acelerou as reagdes de hidratacéo, e a densidade
empacotamento das particulas e a resisténcia a compressao foram mantidas. A utilizagdo do RBC na mistura binaria provocou uma pequena
aceleragao nas reagdes de hidratacdo e houve indicios de atividade pozolanica, embora a resisténcia a compressao tenha reduzido em compa-
racdo com a referéncia. Na mistura ternaria, o efeito conjunto de ambos os residuos acarretou a manutengéo da resisténcia a compresséo para
um teor de substituicdo de cimento de 30%.

Palavras-chave: residuo de corte de rochas, residuo de blocos ceramicos, pastas cimenticias, analise térmica, densidade de empacotamento,
resisténcia a compressao.
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Influence of stone cutting waste and ground waste clay brick on the hydration and packing density

of cement pastes

1. Introduction

EE

The Portland cement industry is characterized by an intense en-
ergy consumption and responsible for about 7% of the total emis-
sion of anthropogenic CO, in the world [1,2]. Thus, many stud-
ies have been conducted in search of alternatives to reduce the
environmental impact linked to the cement industry. Among the
measures that can be taken to reduce the environmental prob-
lems, is to partially replace the cement by industrial waste, such
as blast furnace slag, fly ash, silica fume, rice husk ash and sugar
cane bagasse ash [3-5]. The incorporation of waste in cementi-
tious matrices reduces the consumption of cement, and helps to
diminish environmental and economic problems associated with
the final disposal of the waste.

The present paper investigates the effect of the partial cement
replacement by stone cutting waste (SW) and ground waste clay
brick (BW). Previous studies have classified wastes similar to
SW as an addition chemically inert [6-8]. The use of this type of
waste, in small amounts, resulted in an acceleration of hydra-
tion reactions at early ages, and did not affect the compressive
strength and the Young’s modulus [6-8]. The filler effect of this
waste was responsible for this behavior.

Works with inert additions, such as quartz powder [9-10], lime-
stone [10-13], rutile [14] and alumina [9], showed that the use of
these materials promotes three main physical effects in cementi-
tious systems. Two of these effects are cement dilution and modi-
fication of the spatial arrangement of the particles in the mixture
and are a direct consequence of the substitution level. The third
effect is the heterogeneous nucleation that is related to the sur-
face area of the addition and, consequently, with the increasing
of sites for hydration products of the cement.

The dilution effect is a consequence of the replacement of part of
the cement by the same quantity of a mineral additive. Less ce-
ment implies a smaller amount of hydrated products and a lower
compressive strength compared to the reference mixture [9-15].
The effect on the particles packing depends on the size, shape
and texture of grains, and cement replacement content and it is
related to the initial porosity of the mixture [15-16]. The hetero-
geneous nucleation is a physical process that leads to a chemi-
cal activation of cement hydration and is related to the hydrates
nucleation on the outside of the mineral particles. It causes an
accelerated cement hydration with an increase in compressive
strength at a determined moment. According to several authors
[9,15,17], the nucleation phenomenon is most pronounced when
the specific surface of the additive and the percentage of cement
replacement are increased.

As regards to the BW, studies showed that besides the physi-
cal effect, the material also has a chemical effect and can be
considered a pozzolan [18-22]. Pozzolans are materials when
finely divided and in the presence of water are capable of react-
ing chemically with calcium hydroxide (CH) to form compounds
with cementitious properties. The main active phases of poz-
zolans are silica (SiO,) and alumina (AL,O,) amorphous [23-24].
The hydration products formed by the pozzolanic reactions are:
calcium silicate hydrate, calcium aluminate hydrate and calcium
alumino-silicate hydrates [24].

The pozzolanic reaction increases the compressive strength of ce-
ment-based materials by CH conversion leading to stronger prod-

ucts and to a pore refinement. The effect is observed after a few
days up to several months, depending mainly on the amount and
solubility of the amorphous silica/alumina in the material [15]. The
BW is considered a pozzolan of a low activity by reduced specific
surface and low content of vitreous phase [22]. O’Farrell et al. [18]
and Toledo Filho et al. [20] found that the replacement of up to 20%
of Portland cement by BW in mortars promoted the maintaining or
slight decrease in compressive strength and Young’s modulus.
Recent works have shown that a combination of appropriate con-
tents of a filler and a pozzolan can positively affect the mixture
[12-13,15,25-27]. In other words, the filler improves the strength
at early ages by the hydration reaction acceleration and the poz-
zolan contributes at older ages due to the pore refinement. The
use of ternary mixtures can enable more efficient use of waste
without compromising the mechanical properties of the cementi-
tious product.

In this scope, this paper presents as objective to study two bi-
nary and one ternary mixtures containing SW and BW as par-
tial replacement of the cement. The cement content selected for
the replacement was 10% for SW and 20% for BW in binary and
ternary mixtures. Thermal analyses (thermogravimetry and dif-
ferential thermal analysis) were used to investigate the evolution
of hydration reactions and pozzolanic activity of the waste. The
packing density of the mixtures was determined according to the
Compressible Packing Model, proposed by De Larrard [28]. In
addition, the strength properties of the pastes were determined at
ages of 7 and 28 days and were correlated with the hydration and
packing of the pastes.

2. Materials and methodology
——

2.1 Materials characterization

For the production of the pastes Class G Portland cement (PC)
[29], SW, BW, superplasticizer additive based on chains of modi-
fied poly carboxylic ether (aqueous solution containing 32.6% of
solids), and deionized water were used. The stone waste used in

Figure 1 - Particle size distributions
of SW, BW and PC
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Table 1 - Chemical composition (wt.%)
and physical properties of SW, BW and PC
Compound SW BW PC
SiO, 64.9 452 18.0
ALO, 17.0 36.8 4.1
K,O 9.3 8.6 0.5
Fe,O, 3.7 22 54
CaO 3.0 0.5 674
SO, 1.5 1.7 3.7
Loss on ignition 0.6 5.1 0.8
Density (kg/m®) 2.72 2.55 3.23
Virtual packing density 0.55 0.42 0.55
D,* (um) 8.2 13.7 17.0
* 50% passing size in the cumulative distribution.

this work was generated during the cutting of blocks from mylonite
gnaise, collected from a sedimentation tank of a plant in Santo
Antonio de Padua/RJ-Brazil. After collection, the waste was dried
in a ventilated oven at 110° C and then disaggregated in a ball mill
Pavitest for 20 min (600 RPM). The clay brick waste was collected
from four ceramic industries in Campos dos Goytacazes/RJ-Bra-
zil. After the homogenization, the material was triturated in a jaw
crusher Pulverisette 1 Fritsch type, and then ground in a Pavitest
ball mill for 1 hour (1,800 RPM).

The particle size distribution of the materials was measured by a
laser diffraction particle size analyzer Mastersizer 2000 (Malvern
Instruments). The granulometric curves of the SW, BW and ce-
ment are presented in Figure 1. The SW was the material that pre-
sented a finer grain size, followed by PC and BW. Table 1 shows
the main physical characteristics and chemical composition of SW,
BW and PC. The density was determined in a gas pycnometer
(Micromeritics AccuPyc 1340). The virtual packing density of the

Figure 2 - X-ray diffraction pattern
of stone cutting waste (SW)
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Figure 3 — X-ray diffraction pattern
of ground waste clay brick (BW)
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materials was determined from water demand test according to
the procedures suggested by de Larrard [28]. The chemical com-
position was determined by X-ray fluorescence spectrometer (Shi-
madzu EDX-720).

The mineralogical composition was determined on a BRUKER dif-
fractometer, model D8 FOCUS with copper radiation (Cuka, A =
1.5418 A). Figure 2 shows the X-ray diffraction pattern presented
by SW, where the crystalline phases identified are typical of gneiss.
Figure 3 shows the X-ray diffraction pattern of BW, where the main
crystalline phases found were quartz, microcline and kaolinite.
Figure 4 presents the thermogravimetry (TG) and the derivative
thermogravimetry (DTG) curves of PC, SW and BW. In this case,
it is observed that the BW mass losses occurred at around 468°
C, that corresponds to the transformation of kaolin into metakaolin,
which shows that the firing process of the ceramic material was not
sufficiently effective to promote the complete dehydroxylation of
the clay mineral [30].

Figure 4 - TG/DTG curves of PC, SW and BW

100

98
S
SER I , —— PC o
5 | } ————  BW £
= \ AN [a]
=

96+

94 T . =

0 200 400 600 800

Univessal V4.7A TA Instruments

Temperature (°C)

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4

K]



Influence of stone cutting waste and ground waste clay brick on the hydration and packing density

of cement pastes

2.2 Mix design and production of the pastes

Four pastes with water-cementitious materials ratio of 0.47 and dif-
ferent contents of replacement cement mass were designated as
follows: reference paste with cement and water (RF-PC); paste with
10% cement replacement by SW (SW-PC); paste with 20% of ce-
ment replacement by BW (BW-PC); and ternary paste with 30% of
cement replacement, 10% by SW and 20% by BW (SW-BW-PC).
The pastes consistency was evaluated by the Kantro method [31],
and it was adjusted for 100 + 10 mm with the use of specific levels
of superplasticizer. Table 2 shows the constituents of the pastes.
For the paste production, water and superplasticizer were placed
in a mixer, which was rotated initially at a speed of 4,000 RPM.
Then, the solids, previously homogenized, were added to the cup
in 15 sec. After that, the paste was mixed for another 2 min, left
to stand for 4 min and mixed again for 30 sec. Small samples for
thermal analysis testing were placed in polypropylene bags imme-
diately after mixing and were cured at 23° C until the moment of
conducting the tests. For tests of compressive strength, the pastes
were poured into cylindrical molds (50 mm diameter and 100 mm
in height) and compacted in two layers with a glass rod with 6 mm
diameter for 45 sec in each layer. Then, the molds were covered
with plastic wraps and placed in a humid environment. After 24
hours, the specimens were removed from the molds, sealed with
plastic wraps and kept under curing in a wet environment with av-
erage temperature of 23° C until being tested.

2.3 Mechanical properties

The compressive strength of the pastes was evaluated by the failure
of 4 specimens for each mixture, at the ages of 7 and 28 days, in
a universal testing machine Shimadzu UH-F1000kN with a loading
speed of 0.3 mm/min. The axial strain was calculated from the aver-
age reading of two electric displacement transducers, fixed length-
wise and diagonally to each other in the central region of the speci-
men. With the stress-strain curve it was possible to calculate the
secant modulus of elasticity. The results of the compressive strength
and Young’s modulus were statistically analyzed by Analysis of Vari-
ance (ANOVA) at 5% probability test followed by Tukey test.

2.4 Thermogravimetry and differential thermal analysis

The thermal analyzes were performed in a TA Instruments Q600
SDT equipment with the following experimental conditions: con-

Table 2 - Mix design of the pastes

Proportions of the materials (wt.%)

Pastes
SW BW SP* (%)
RF-PC 1.00 - - -
SW-PC 0.90 0.10 - 0.03
BW-PC 0.80 - 0.20 0.06
SW-BW-PC 0.70 0.10 0.20 0.10

* The superplasticizer is specified as the solid mass.

stant heating rate of 10° C/min; temperature between 22 and
1000° C, nitrogen flow of 100 mL/min; reference of a-Al,O,; sample
mass of about 10 mg, and open pan of platinum. The pastes were
maintained at 35° C isotherm for 1 hour inside the equipment to
liberate the free water. The analyzes were conducted for the raw
materials (cement, SW, and BW) and for the different pastes at the
ages of 1, 3, 7 and 28 days.

The identification of the formed compounds was performed using
the peak temperatures of derivative thermogravimetry (DTG) and
differential thermal analysis (DTA) curves. According to the litera-
ture [24,32], the typical peaks in DTG and DTA curves in a cement
matrix are: ettringite (AFt phase) at 76 to 84° C; calcium silicate
hydrate (C-S-H) at 104 to 140° C; calcium alumino silicate hydrate
(CASH) at 157 to 163° C; calcium aluminate hydrate (CAH) at 230
to 240° C; portlandite (CH) at 460 to 465° C; and calcite (CC) at
620 to 645° C.

The quantification of the products formed in the pastes was carried
out using temperature ranges in the TG curve. To obtain the mass
loss due to dehydration of AFt, C-S-H, CAH and CASH was con-
sidered the TG curve in the range from 35° C to the temperature of
onset of dehydration of CH. The mass loss due to dehydration of
CH and decarbonation of CC were obtained from the range delim-
ited by their referred peaks in the DTG curve. With the exception of
CH and CC, the mass loss of other hydrated compounds occurs in
temperature ranges that may overlap, making it difficult to identify
and quantify these phases separately.

With the weight loss obtained in the TG curves quantities of chemi-
cally combined water, in calcined basis, were calculated for each
paste according to the procedures recommended by Dweck et al.
[33]. The content of the CH was estimated from the dehydration re-
action (Reaction 1) and the content of the CC was estimated from
the descarbonation reaction (Reaction 2).

Ca(OH),— Ca0O+H,0 kS
©
100%—75.68%+24.32% 3
o
N
CaC0,—>Ca0+CO0, =
©
100%— 56.00%+44.00% 3
(=>4

2.5 Packing density

The Compressible Packing Model (CPM) proposed by De Larrard
[28] was used to characterize the packing density of the dry granu-
lar mixture of the pastes. In this model, the packing of the particles
depends on the size, the grain shape and the adopted method
of the packing. The CPM allows making the transition from virtual
packing density (y) to the actual packing density (@) of the mixture,
which is in accordance with the energy applied and the placing
time of the particles. For the CPM, a coefficient of packing (K) es-
tablishes the connection between the virtual packing density and

OO
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Figure 5 - Stress versus strain curves of the pastes for the (a) 7 days (b) and 28 days age
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the actual packing density of a given mixture. The index K is strictly
dependent on the protocol adopted for packing of the mixture, and
when K tends to infinity, @ tends to y. For thin materials, K assumes
a value of 6.7, since the placing process is the water demand test
[28]. The general equation that establishes the correlation between
@ and y is given by:

S vi/B:
K=Zl 1

()

Where: n is the number of grain classes; y, is the volumetric frac-
tion; B, is the virtual packing density of the ih class. It represents
the volume of grains contained in a unitary volume, compacted
with an ideal energy that corresponds to a maximum virtual pack-
ing, and y® is a virtual packing density when ;is the dominant class.
When Equation 2 is used with n=1, it is possible to determine the
B, for the class unit using:

@

3. Results and discussion
N

3.1 Mechanical properties

The typical stress-strain curves of the pastes studied at the ages of
7 and 28 days of curing are presented in Figure 5. Table 3 presents
the average values of compressive strength and Young’s modulus.
The substitution of 10% of PC by SW did not significantly influence
the compressive strength in relation to the reference paste at both
ages (probability < 0.05). For the paste with 20% of replacement
of PC by BW, the values of the compressive strength were signifi-
cantly lower at the ages 7 and 28 days (reductions of 27 and 10%,
respectively). Similar results were observed by Toledo Filho et al.
[20] who studied the replacement of the PC for several levels for

7 days 28 days
RF-PC 31.64 (0.92) 41.33 (1.25)
SW-PC 32.04 (5.02) 40.40 (3.07)
BW-PC 22.83 (3.82) 37.03 (4.03)
SW-BW-PC 26.70 (3.62) 39.66 (2.32)

Compressive strength (MPa) - CV (%)

Table 3 - Average values of compressive strength and Young's modulus of the pastes
at ages of 7 and 28 days (coefficients of variation CV are indicated within parentheses)

Young's modulus (GPa) - CV (%)

7 days 28 days
12.29 (1.08) 14.06 (2.14)
14.19 (4.36) 15.56 (2.45)
9.38 (3.08) 11.34 (4.25)
10.26 (4.08) 13.08 (2.74)
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Figure 6 - TG/DTG Curves for the pastes (a) RF-PC, (c) SW-PC, (e) BW-PC, (g) SW-BW-PC;
and DTA curves for the pastes (b) RF-PC, (d) SW-PC, (f) BW-PC, (h) and SW-BW-PC
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calcined clay brick waste in concretes and mortars. In the paste
SW-BW-PC, at the age of 7 days, there was a reduction of ap-
proximately 16% in compressive strength compared to that of the
reference paste. At the age of 28 days, there were no significant
differences between RF-PC and SW-BW-PC pastes.

In case of the Young’s modulus, for the paste BW-PC a significant-
ly reduction was observed in relation to the reference paste at both
ages of curing. Gongalves et al. [21] also observed mortars with
a higher strain when the cement was partially replaced by ground
clay brick and attributed this phenomenon to the lamellar structure
of the metakaolin, which favors the strain under load.

Increases in the Young’s modulus values were observed at the
ages 7 and 28 days of curing for the SW-PC paste, when com-
pared to the reference paste. An increase in the modulus also was
verified by Almeida et al. [8] who used low levels of rock cutting
waste in cementitious matrices. For the SW-BW-PC paste, there
was a reduction in modulus compared to the reference paste; how-
ever, this decrease was smaller than that of the BW-PC paste. This
effect is associated with the combination of two residues, in other
words, the use of SW reduced the negative effect of the BW in the
modulus. The results for both Young’s modulus and compressive
strength are consistent with the literature [6-8,18-22].

3.2 Thermogravimetry and differential
thermal analysis

The results of TG/DTA and DTG of the pastes RF-PC, SW-PC,
BW-PC, and SW-BW-PC at the ages of 1, 3, 7 and 28 days of cur-
ing are shown in Figure 6. For all pastes three transitions of mass
loss in the TG curve were observed. The first transition occurred
between 35 and 420° C, the second between 420 and 500° C and
a third between 500 and 1000° C. DTG and DTA curves were used

to identify the phases present in each paste. In the paste RF-PC, at
1 day of age, peaks were observed related to the ettringite and the
C-S-H (overlapping peaks), and the CH. At 3 days, the CH and C-
S-H peaks increased and the peak of AFt decreased, as expected.
In the pastes SW-PC at all ages DTG and DTA curve peaks, as-
sociated with C-H-S at the first transition and the CH at the second
transition, were identified. In the BW-PC paste at the ages of 1, 3
and 7 days peaks associated with C-H-S and CH were identified.
In the same paste, at the 28 days age, a peak was also identified,
probably related to CASH due to the significant presence of Al,O,
in the chemical composition of the BW (Table 1). The SW-BW-PC
paste presented at the ages of 1 and 3 days peaks associated
with C-S-H and CH. At the age of 7 days, a peak was related to
the CASH. At the age of 28 days, beside the peaks shown in other
ages, in the SW-BW-PC paste peaks were identified associated
with CAH and CC. In comparing the graphs DTG and DTA, for all
pastes containing BW at the age of 28 days, there was a reduction
of the intensity of the peak of CH compared to the same pastes of
7 days age, which is an indicative of pozzolanic reactions.

The calculated values of water chemically combined with ettringite,
C-S-H, CAH and CASH; with CH; and CO, combined with cC, for
all pastes, are presented in Table 4. The RF-PC paste showed,
as expected, an increase in the amount of water combined with
ettringite, C-S-H, CAH and CASH, and in the amount of CH with
increasing age. The SW-PS paste, at the age of 1 day, produced
about 12% more CH in relation to the reference paste. At the age
of 3 days, there was a reduction of 5% in the amount of CH in rela-
tion to the reference paste, and for 7 and 28 days of curing, this
reduction increased to 7% and 10%, respectively. As the level of
cement replacement of this paste was 10%, it was observed that
the residue did not show pozzolanic activity, because the reduction
in the amount of CH at 28 days was approximately equal to the

Table 4 - Chemically combined water content with thg compounds
AFt, C-S-H, CAH and CASH; content of CH and CC (wt.%)
Combined water with o % o
FOSISS AR, C-S-H, CASH, CAH (%) CH (%) cC %
1 6.91 11.10 2.01
3 727 20.52 1.61
RF-PC 7 10.31 24.26 1.98
28 11.38 26.44 2.88
1 4.79 12.53 1.33
3 6.59 19.36 1.23
SRS 7 8.73 22.52 1.54
28 10.33 23.87 1.38
1 3.77 10.33 1.45
3 5.85 14.70 3.08
BW-PC 7 9.22 18.39 3.81
28 10.72 19.66 3.46
1 4.07 11.29 2.66
3 6.91 15.59 4.12
SUAHIARS 7 9.93 16.31 4.61
28 10.83 14.78 9.44
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replacement level. The SW interfered only with an acceleration of
reactions of hydration in the early ages, which may be attributed to
the effect caused by heterogeneous nucleation of fine particles of
a waste. The heterogeneous nucleation phenomenon was also ob-
served by Lawrence et al. [9] and Cyr et al. [15], who have studied
the partial replacement of cement by inert additions with average
size less than 61 pm.

Pastes SW-BW-PC and BW-PC, on the other hand, produced simi-
lar amounts of CH in relation to the reference paste, at the age of
1 day, even when containing a smaller amount of cement. This
probably happened due to the acceleration in the hydration reac-
tions caused by fine particles of the waste; this effect was less pro-
nounced in the paste containing only BW, because of its smaller
amount of fine particles (see Figure 1). At the ages of 3, 7 and 28
days, the paste BW-PC showed reductions of 28%, 24% and 25%
of CH content, respectively, in relation to the reference paste. For
the SW-BW-PC paste, at the age of 3 days, there was a reduction
of 24% of CH in relation to the RF-PC. At the age of 7 and 28 days,
the reductions were of 32 and 44%, respectively. In the BW-PC
and SW-BW-PC pastes, the reduction in CH content was higher
than the level of substitution of cement (20% and 30%, respec-
tively). With this, it was possible to infer that the BW presented
pozzolanic activity. For the content of substitution studied in this
work, the BW was more reactive in the presence of SW. This fact
was also verified by Antoni et al. [27] who studied ternary mixtures
with filler and pozzolan. This effect is very complex and can be
attributed to acceleration in the hydration reactions caused by SW
finer particles that accelerated the consumption of CH by de BW
and also by the insertion of additional sites promoted by the SW for
the nucleation of hydrated phases.

An analysis can be carried out by calculating the amount of CH in
pastes, at the age of 28 days, with respect to the initial mass of ce-
ment. In this case, it was observed that the levels of CH calculated
for the different pastes were 26% for RF-PC, 26% for SW-PC, 24%
for BW-PC and 20% for SW-BW-PC. These numbers show clearly
the reduction in CH content when the BW and character inert of
the SW were used.

In the case of chemically combined water with AFt, C-S-H, CAH and
CASH, for 1 day of curing, the pastes SW-PC, BW-PC and SW-BW-
PC presented reductions of 30%, 45% and 41%, respectively, in
relation to the RF-PC, which is indicating a change in the hydration
kinetics, because these reductions were higher than substitution lev-
els of PC. For 3 and 7 days of curing, the content of chemically com-
bined water has been reduced by 9% and 19% in SW-PC and BW-
PC pastes, respectively, compared to RF-PC. These values were
approximately equal to the contents of cement replacement in these
pastes. In the paste SW-BW-PC, for the two ages, the decrease was
only 5% compared to the reference mixture.

At 28 days, the SW-PC paste presented a chemically combined
water content of 10% less than the reference paste, which corre-
sponded exactly to the cement replacement level in this paste. The
same decrease was observed for the CH. BW-PC and SW-BW-
PC presented 5% and 4% of reduction, respectively, in chemically
combined water content compared to the RF-PC. As the cement
replacement content of these pastes were 20% and 30% respec-
tively, it can be said that part of the CH produced in BW-PC and
SW-BW-PC pastes reacted with BW and water to form C-S-H,
CASH and CAH. Regarding the CC, there was an increase in the
amount for higher curing times due to carbonation CH, probably
during handling of the samples.

3.3 Packing density

The RF-PC, SW-PC, BW-PC and SW-BW-PC pastes presented
packing densities equal to 0.55, 0.55, 0.52 and 0.53, respectively.
From these results it can be stated that the addition of 10% of SW
(SW-PC paste) did not modify the packing density of the dry mix-
ture, compared to the reference paste. It is important to note that
although the SW had a density lower than the cement, the virtual
packing density of the dry mix had not changed for the replace-
ment level observed. This occurred because the values of packing
density of the BW and cement were similar. This fact caused that
the compressive strength was maintained, since consumption of
CH by the SW had not been verified.

Figure 7 - Relationship of packing density and compressive strength of pastes for 7 and 28 days age
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The partial replacement of PC by BW (BW-PC paste) reduced the
packing density of this paste in relation to the RF-PC. BW and
cement have similar granulometric curves (Figure 1), however,
the BW has packing density lower than the cement, leading to a
reduced packing density of the dry mixture. This behavior, has cer-
tainly contributed to reducing the compressive strength of the BW-
PC paste as compared to the reference.

In the SW-BW-PC paste, the packing density of the mixture was
higher than that of the BW-PC paste, but lower than the refer-
ence paste. In this paste a higher consumption of CH was also
observed in comparison with the BW-PC paste. Thus, the reduc-
tion in packing of the ternary mixture, in relation to the RF-PC, was
compensated by the pozzolanic activity of BW, what caused the
maintenance of the compressive strength in relation to the refer-
ence paste. Maintenance of the compressive strength was also
observed by Cyr et al. [25], Ghrici et al. [26], and Antoni et al. [27],
who studied the combination of inert and pozzolanic waste.

Figure 7 presents the correlation between the values of the pack-
ing density and compressive strength of the studied pastes. As can
be seen, for 7 days there was a good linear fit between the packing
density and compressive strength (R? = 94%). This behavior was
similar to that observed for mortars with cement replacement by
sugar cane bagasse ash [34]. However, for 28 days the correlation
coefficient was 70%, which indicates a contribution of the pozzo-
lanic reactions of BW in the compressive strength of the pastes,
as confirmed by the results of thermogravimetry (Table 4). With
regards to the influence of packing granular on the hydration of
the mixtures, no trend was observed while varying the packing of
mixtures from 0.52 to 0.55.

4. Conclusions

EE

From the test results, for the replacement level studied, it was con-

cluded that:

m In the paste SW-PC, there was an acceleration effect in the hy-
dration reactions until the age of 7 days, compared to reference
paste. At 28 days, there was a reduction in the levels of CH and
chemically combined water in the same proportion of cement
replacement, which revealed the character inert of the SW.
However, the SW-PC paste achieved compressive strength
and packing density similar to the reference paste. This behav-
ior can be attributed to the effect filler of the SW;

m In the paste BW-PC, a small acceleration of hydration reactions
was also observed at early ages. Reductions in the amount of
CH higher than the level of substitution of cement and formation
of new phases hydrated (CASH and CAH) also were observed
at the age of 28 days. The amount of water combined with AFt,
C-S-H, CAH and CASH was reduced to lower levels than ce-
ment replacement by BW. The reduction in the amount of CH
and the increase in the amount of combined water indicated that
the BW had pozzolanic activity. However, the packing density of
BW-PC paste was lower than that of the reference paste and a
decrease of compressive strength occurred. In other words, the
pozzolanic activity was not enough to offset the reduction in the
amount of hydrated products and the lower packing density of
this mixture;

m In the SW-BW-PC paste, the use of both residues promoted
similar resistance as the reference paste at age of 28 days. The
SW improved packing density of the pastes and the BW contrib-

uted to the pozzolanic activity. The ternary mixture presented
an advantage over the binary mixtures, because the highest
level of substitution was used and the mechanical properties
were not significantly modified. The use of ternary mixture can
allow more efficient use of mineral resources and better use of
the waste.
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Abstract
E——

The present work aims to study the replacement of Portland cement (PC) by stone cutting waste (SW) and ground waste clay brick (BW) in binary
and ternary pastes. Thermogravimetry and differential thermal analysis tests were carried out at various ages in order to investigate the develop-
ment of the cement hydration reactions in the presence of those wastes. The packing density was calculated in accordance with the Compressible
Packing Model to understand the physical effect of those wastes. Compressive strength tests were also performed and the results were related to
hydration and packing. Considering the substitution levels studied, the results indicated that the use of SW in the binary mixture accelerated the
hydration reactions, and the particles packing density and compressive strength were maintained. The use of BW in the binary mixture caused a
small acceleration in the hydration reactions and there was an indication of pozzolanic activity, although the compressive strength was reduced
in comparison with the reference paste. In the ternary mixture, the combined effect of both wastes resulted in the maintenance of compressive
strength for cement replacement content of 30%.

Keywords: stone cutting waste, ground waste clay brick, cementitious pastes, thermal analysis, packing density, compressive strength.

Resumo
E——

O presente trabalho teve por objetivo estudar a substituigdo do cimento Portland (CP) por residuos de corte de rochas (RCR) e de blocos cerami-
cos moidos (RBC) em pastas binarias e ternarias. Ensaios de termogravimetria e de andlise térmica diferencial foram realizados em varias idades
com a finalidade de investigar a evolugédo das reagdes de hidratagdo de cimento em presenga dos residuos. Para compreender o efeito fisico
dos residuos foi calculada a densidade de empacotamento de acordo com o Modelo de Empacotamento Compressivel. Ensaios de resisténcia
a compressdo também foram realizados e os resultados foram relacionados com a hidratagdo e o empacotamento. Considerando os niveis de
substituicdo estudados, os resultados indicaram que a utilizagdo do RCR na mistura binaria acelerou as reagdes de hidratacéo, e a densidade
empacotamento das particulas e a resisténcia a compressao foram mantidas. A utilizagdo do RBC na mistura binaria provocou uma pequena
aceleragao nas reagdes de hidratacdo e houve indicios de atividade pozolanica, embora a resisténcia a compressao tenha reduzido em compa-
racdo com a referéncia. Na mistura ternaria, o efeito conjunto de ambos os residuos acarretou a manutengéo da resisténcia a compresséo para
um teor de substituicdo de cimento de 30%.

Palavras-chave: residuo de corte de rochas, residuo de blocos ceramicos, pastas cimenticias, analise térmica, densidade de empacotamento,
resisténcia a compressao.
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Influence of stone cutting waste and ground waste clay brick on the hydration and packing density

of cement pastes

1. Introducgao

EE

A industria do cimento Portland (CP) é caracterizada por intenso
consumo de energia e por cerca de 7% da emiss&o total de CO,
antropico no mundo [1,2]. Assim, inUmeras pesquisas vém sendo
realizadas na busca de alternativas para a redugéo dos impactos
ambientais atrelados a industria cimenteira. Dentre as medidas que
podem ser adotadas para redugéo dos problemas ambientais, desta-
ca-se a substituicdo parcial de cimento por residuos industriais, tais
como escoria de alto-forno, cinza volante, silica ativa, cinza da casca
de arroz e cinza do bagago de cana-de-agucar [3-5]. A incorporagéo
de residuos em matrizes cimenticias, além de reduzir o consumo de
cimento, contribui para mitigar problemas ambientais e econdmicos
associados a disposig¢ao final dos residuos.

Neste contexto, este trabalho estudou a substituicao parcial de ci-
mento por residuos de corte de rochas (RCR) e de blocos ceramicos
moidos (RBC). Estudos prévios classificaram residuos similares ao
RCR como uma adigao quimicamente inerte [6-8]. A utilizagao deste
tipo de residuo, em pequenos teores, provocou aceleragédo nas re-
acoOes de hidratagao nas primeiras idades e ndo causou prejuizo a
resisténcia a compressao e ao modulo de elasticidade [6-8], sendo
o efeito filer do residuo o responsavel por este comportamento.
Trabalhos com adigbes inertes, tais como p6 de quartzo [9-10],
calcario [10-13], rutilo [14] e alumina [9], mostraram que o empre-
go destes materiais promove trés efeitos fisicos principais em sis-
temas cimenticios. Dois destes efeitos sédo a diluicdo de cimento e
a modificagédo no arranjo espacial das particulas na mistura e séo
consequéncia direta do teor de substituicéo. O terceiro efeito é a
nucleagao heterogénea, que esta relacionada com a superficie es-
pecifica da adigao mineral e, consequentemente, com o aumento
de sitios para os produtos de hidratagdo do cimento.

O efeito de diluicdo € uma consequéncia da substituicdo de parte
do cimento pela mesma quantidade de um aditivo mineral. Menos
cimento implica em uma menor quantidade de produtos hidratados
e uma resisténcia a compressao mais baixa comparada a mistura
de referéncia [9-15]. O efeito no empacotamento das particulas
depende do tamanho, da forma e da textura dos gréos e do teor
de substituicdo de cimento, e esta relacionada com a porosidade
inicial da mistura [15-16]. A nucleagao heterogénea é um proces-
so fisico que conduz a uma ativagdo quimica da hidratagdo do
cimento e esta relacionado com a nucleagao de hidratos na parte
externa de particulas minerais. Uma vez que a nucleagao hetero-
génea conduz a aceleracao da hidratacdo do cimento, o seu efei-
to em um determinado momento é um aumento na resisténcia a
compressao. Segundo diversos autores [9,15,17], o fendbmeno de
nucleacgdo é mais pronunciado quando a superficie especifica do
aditivo e a porcentagem de substituigdo de cimento sdo maiores.
No que refere ao RBC, pesquisas mostraram que, além do efei-
to fisico, o material possui também um efeito quimico e pode ser
considerado uma pozolana [18-22]. Pozolanas sdo materiais que
quando finamente divididos e na presenca de agua sao capazes
de reagir quimicamente com o hidréxido de calcio (CH) para formar
compostos que possuem propriedades cimenticias. As principais
fases ativas das pozolanas s&o a silica (SiO,) e alumina (Al,O,)
amorfas [23-24]. Os produtos de hidratagao formados sao nas re-
acgoes pozolanicas sao: silicatos de calcio hidratado, aluminato de
calcio hidratado e silico-aluminatos de calcio hidratados [24].

A reacao pozolanica aumenta a resisténcia a compressao de materiais

a base de cimento pela conversdo de CH em produtos mais resisten-
tes e pelo refinamento dos poros. O seu efeito & observado depois de
alguns dias até varios meses, dependendo principalmente da quanti-
dade e solubilidade da silica/alumina amorfa no material [15]. O RBC &
considerado uma pozolana de baixa atividade pela reduzida superficie
especifica e baixo teor de fases vitreas [22]. O’Farrell et al. [18] e Tole-
do Filho et al. [20] verificaram que a substituicdo de até 20% de cimento
Portland por RBC em argamassas promoveu manutengao ou pequena
queda na resisténcia a compressao e no modulo de elasticidade.
Trabalhos recentes mostraram que a combinagéo de teores ade-
quados de um filer e uma pozolana podem proporcionar um efeito
positivo a mistura [12-13,15,25-27], ou seja, o filer melhora a resis-
téncia nas primeiras idades por meio da aceleragdo das reagdes
de hidratagéo e a pozolana contribui nas idades mais avangadas
devido a um refinamento dos poros. O uso de misturas ternarias
pode permitir a utilizagdo mais eficiente dos residuos sem compro-
meter as propriedades mecanicas do produto cimenticio.

Neste escopo, este trabalho apresentou por objetivo estudar duas
misturas binarias e uma ternaria contendo RCR e RBC como subs-
titutos parciais do cimento. Os teores de substituigdo do cimento
escolhidos foram de 10% RCR e de 20% de RBC em misturas
binarias e ternaria. Analises térmicas (termogravimetria e analise
térmica diferencial) foram utilizadas na investigagcao da evolugéo
das reagbes de hidratagao e da atividade pozolénica dos residuos.
A densidade de empacotamento das misturas foi determinada de
acordo com o Modelo de Empacotamento Compressivel, propos-
to por De Larrard [28]. Além disso, propriedades mecéanicas das
pastas foram determinadas nas idades de 7 e de 28 dias e foram
correlacionadas com a hidratagao e o empacotamento das pastas.

2. Materiais e métodos
E—

2.1 Caracterizagao dos materiais

Para a produgéo das pastas utilizou-se cimento Portland classe
G (CP) [29], RCR, RBC, aditivo superplastificante com base em
cadeia de éter carboxilico (solugdo aquosa com 32,6% de solidos)

Figura 1 - Distribuicdo granulométrica
do RCR, RBC e cimento
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Tabela 1 - Composicdo quimica (% em massa)

e propriedades fisicas do RCR, do RBC e do CP
Composto RCR RBC CP
SiO, 64,9 45,2 18,0

AlLO, 17,0 36,8 4,1

K,O 9.3 8,6 0,5

Fe,O, 3,7 2,2 54
CaO 3,0 0,5 674

SO, 1,5 1,7 3,7

Perda ao fogo 0,6 5,1 08
Massa especifica (kg/m°) 2,72 2,55 3,23
Compacidade 0,55 0,42 0,55

D,,* (um) 8,2 13,7 17,0

* Tamanho abaixo do qual se encontram 50% da massa do material.

e agua deionizada. O residuo de rochas utilizado neste trabalho foi
gerado na fase do corte de blocos de milonito gnaise e foi coletado
em um tanque de sedimentagdo de uma serraria em Santo Ant6-
nio de Padua/RJ. Apds a coleta, o residuo foi seco em estufa a
110 °C e, em seguida, destorroado em um moinho de bolas Pavi-
test por 20 min (600 rotagdes). O residuo ceramico foi coletado no
patio de quatro industrias ceramicas de Campos dos Goytacazes/
RJ. Apdés homogeinizacdo, o material foi cominuido em um brita-
dor de mandibulas tipo Pulverisette 1 Fritsch e, posteriormente,
moido em moinho de bolas Pavitest por 1 hora (1800 rotacdes).

A distribuigcao de tamanho de particulas dos materiais foi obtida por
meio do analisador de particulas a laser Mastersizer 2000 (Malvern
Instruments). As curvas granulométricas do RCR, do RBC e do ci-
mento sdo apresentadas na Figura 1. O RCR foi o material que
apresentou a granulometria mais fina, seguido pelo cimento e pelo
RBC. Na Tabela 1 sdo apresentadas as principais caracteristicas
fisicas e a composigao quimica do RCR, do RBC e do CP. A massa

Figura 2 - Difratograma de raios X do
residuo de corte de rochas (RCR)
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Figura 3 - Difratograma de raios X do residuo
de blocos cerémicos moido (RBC)
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especifica foi determinada em picndmetro a gas (AccuPyc 1340 da
Micromeritics). A compacidade experimental foi determinada pelo
método de demanda d’agua de acordo com os procedimentos su-
geridos por De Larrard [28]. A composigao quimica foi determinada
por espectometria de difracédo raios X (EDX-720 Shimadzu).

A composigdo mineralégica foi determinada em um difratdbmetro
BRUKER, modelo D8 FOCUS, com radiagdo de cobre (Cuka,
A =1,5418 A). A Figura 2 mostra o padréo de difragéo de raios X
apresentado pelo RCR, onde as fases cristalinas identificadas sao
tipicas de um gnaisse. A Figura 3 apresenta o difratrograma de
raios X do RBC, onde as principais fases cristalinas encontradas
foram quartzo, caulinita e microclina.

Na Figura 4 s&o apresentadas as curvas de termogravimetria (TG)
e de termogravimetria derivada (DTG) do CP, do RCR e do RBC.
Neste caso, observa-se que a perda de massa do RBC em torno
de 468 °C, que corresponde a transformacao da caulinita em me-
tacaulinita, o que evidencia que o processo de queima do material

Figura 4 - Curvas TG/DTG do CP, RCR e RBC
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ceramico nao foi suficientemente eficaz para promover a desidro-
xilagdo completa do argilomineral [30].

2.2 Dosagem e produgdo das pastas

Quatro pastas com relagdo agua-aglomerante de 0,47 e diferentes
teores de substituicdo de cimento, em massa, foram dosadas con-
forme o seguinte: pasta de referéncia composta por cimento e agua
(REF-CP); pasta com 10% de substituicdo de cimento por RCR
(RCR-CP); pasta com 20% de substituicdo de cimento por RBC
(RBC-CP); pasta mistura ternaria com 30% de substituicdo de ci-
mento, sendo 10% por RCR e 20% por RBC (RCR-RBC-CP). A
consisténcia das pastas, avaliada pelo método de Kantro [31], foi
ajustada para 100 + 10 mm com uso de teores especificos de su-
perplastificante. A Tabela 2 apresenta os constituintes das pastas.
Para a produgdo das pastas, a agua e o superplastificante foram
colocados no copo de um misturador de palhetas, que foi ligado
inicialmente na velocidade de 4000 rpm. Em seguida, os materiais
soélidos previamente homogeneizados foram adicionados ao copo
em 15 s. Entdo, a pasta foi misturada por mais 2 min, mantida em
repouso por 4 min e misturada novamente por 30 s. Pequenas
amostras para os ensaios de analise térmica foram colocadas em
sacos plasticos de polipropileno imediatamente apds a mistura e
foram mantidas em cura a 23 °C até momento de realizagdo dos en-
saios. Para o ensaio de resisténcia a compressao, as pastas foram
vertidas em moldes cilindricos (50 mm de didametro e 100 mm de al-
tura) em duas camadas e adensadas com um bastéo de vidro de 6
mm de didametro por 45 s em cada camada. Em seguida, os moldes
foram cobertos com filme plastico e colocados em ambiente umido.
Apos 24 horas, os corpos de prova foram removidos dos moldes,
selados com filme plastico e mantidos sob cura em ambiente Umido
em temperatura média de 23 °C até as idades de ensaio.

2.3 Propriedades mecénicas

A resisténcia a compressao das pastas foi avaliada através da
ruptura de 4 corpos de prova para cada mistura, nas idades de
7 e 28 dias, em maquina universal de ensaios Shimadzu UH-
-F1000kN. A velocidade de carregamento foi de 0,3 mm/min. A
deformagéo axial foi calculada a partir da leitura média do deslo-
camento de dois transdutores elétricos de deslocamento fixados
longitudinalmente e diagonalmente entre si na regidao central do
corpo de prova. Com a curva tensao zersus deformagéo foi possivel
calcular o médulo de elasticidade secante. Os resultados de re-

Tabela 2 - Dosagem das pastas

Proporcdo dos materiais (em massa)

Pastas
CP RCR RBC  SP* (%)
REF-CP 1,00 - - -
RCR-CP 0,90 0,10 - 0,03
RBC-CP 0,80 - 0,20 0,06
RCR-RBC-CP 0,70 0,10 0,20 0,10

*Porcentagem referente ao teor de sélidos do superplastificante
em relagdo d massa de aglomerante.

sisténcia a compressdo e modulo de elasticidade foram tratados
estatisticamente por Analise de Variancia (ANOVA), ao nivel de
5% de probabilidade, seguido pelo teste de médias de Tukey.

2.4 Termogravimetria e analise térmica diferencial

As anadlises térmicas foram realizadas em equipamento SDT Q600
TA Instruments, com as seguintes condigbes experimentais: taxa
de aquecimento constante de 10 °C/min; temperatura entre 22 e
1000 °C; fluxo de nitrogénio de 100 mL/min; referéncia de a-AlLO,;
massa de amostra de aproximadamente 10 mg; e cadinho aberto
de platina. As pastas foram mantidas em isoterma de 35 °C por 1 h
no equipamento para a liberagdo da agua livre. As analises foram
realizadas para as matérias-primas (cimento, RCR e RBC) e para
as diferentes pastas nas idades de 1, 3, 7 e 28 dias.

A identificagdo dos compostos formados foi feita através das
temperaturas dos picos nas curvas de DTG e de analise térmi-
ca diferencial (DTA). Segundo a literatura [24,32], os picos tipicos
nas curvas DTG e DTA em uma matriz de cimento s&o: etringita
(fase Aft) de 76 a 84 °C; silicato de calcio hidratado (C-S-H) de
104 a 140 °C; silico-aluminato de calcio hidratado (CASH) de 157
a 163 °C, aluminato de calcio hidratado (CAH) de 230 a 240 °C,
portlandita (CH) de 460 a 465 °C; e calcita (CC) de 620 a 645 °C.
A quantificagéo dos produtos formados na hidratagéo das pastas foi
feita utilizando faixas de temperaturas da curva TG. Para obter a per-
da de massa devido a desidratagdo da AFt, C-S-H, CASH e CAH
considerou-se o intervalo na curva TG entre 35 °C até a temperatura do
inicio da desidratagdo da CH. A perda de massa devido a desidratagéo
da CH e da descarbonatagdo da CC foram obtidas a partir do interva-
lo demarcado pelo seus referidos picos na curva DTG. Com excegao
da CH e da CC, a perda de massa dos demais compostos hidratados
ocorre em faixas de temperatura que podem se sobrepor, sendo difi-
cil a identificagéo e quantificagao destas fases isoladamente.

Com as perdas de massa obtidas nas curvas TG foram calculadas
as quantidades de agua quimicamente combinada em base calci-
nada para cada pasta de acordo com os procedimentos sugeridos
por Dweck et al. [33]. O contetido de CH foi estimado a partir da
reagao de desidratacdo (Reagdo 1). O contelido de CC foi estima-
do a partir da reagéo de descarbontagéo (Reagéo 2).

Ca(OH),—> Ca0+H,0 8
O
100%—75.68%+24.32% §
'~}
CaC0,— Ca0+CO, 8
O-
100%—> 56.00%+44.00% §

2.5 Densidade de empacotamento

O Modelo de Empacotamento Compressivel (MEC) proposto por
De Larrard [28] foi utilizado para caracterizar a densidade de em-
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pacotamento da mistura granular seca das pastas. Neste modelo,
o empacotamento das particulas depende do tamanho, da forma
dos graos e do protocolo de empacotamento adotado. O MEC
permite a transicdo de uma compacidade virtual tedrica (y) para
a compacidade real (@) das misturas, que se da com a energia
aplicada e o tempo de adensamento das particulas. Pelo MEC,
um coeficiente de empacotamento (K) estabelece a conex&o entre
o empacotamento virtual e o empacotamento real de uma dada
mistura. O indice K é estritamente dependente do protocolo de
empacotamento adotado para a mistura, sendo que quando K ten-
de ao infinito, @ tende a y. Para materiais finos, K assume o valor
de 6,7 uma vez que o processo de compactagao € o de demanda
d’agua [28]. A equacgéo geral que estabelece a correlagéo entre g
ey é dada por:

S v./B;
K=Y 11 (1

Sendo: n é o numero de classes granulares; y, € a frag&o volume-
trica; B, € a compacidade virtual da enésima classe. Ele representa
o volume de graos contidos em um volume unitario, compactado
com uma energia ideal que corresponde a uma maxima compaci-
dade virtual; e y© & o empacotamento virtual quando i é a classe
dominante. Quando a Equacdo 2 é usada com n=1, é possivel
determinar B, para as classe unitarias usando:

14K

B—T(I) 2

3. Resultados e discussoes
[

3.1 Propriedades mecénicas

As curvas tensdo versus deformacao tipicas das pastas estuda-
das para as idades de 7 e 28 dias s&o apresentadas na Figura 5.
Na Tabela 3 sdo apresentados os valores médios de resisténcia a

7 dias 28 dias

Resisténcia a compressdo (MPa) - CV (%)

REF-CP 31,64 (x092) 41,33 (x1,25)
RCR-CP 32,04 (£5,02) 40,40 (£3,07)
RBC-CP 22,83 (£3,82) 37,03 (+4,03)

RCR-RBC-CP 26,70 (£3,62) 39,66 (+2,32)

Tabela 3 - Valores médios de resisténcia a compressdo e médulo de elasticidade das pastas
nas idades de 7 e 28 dias (coeficientes de variagdo CV indicados entre parénteses)

Médulo de elasticidade (GPa) - CV (%)

7 dias 28 dias
12,29 (+1,08) 14,06 (£2,14)
14,19 (¢4,36) 15,56 (¥2,45)
9,38 (+3,08) 11,34 (+4,25)
10,26 (+4,08) 13,08 (+2,74)
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Figura 6 — Curvas TG/DTG para as pastas (a) REF-CP, (c) RCR-CP, (e) RBC-CP, (g) RCR-RBC-CP
e curvas DTA para as pastas (b) REF-CP, (d) RCR-CP, (f) RBC-CP, (h) RCR-RBC-CP
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compressdo e de médulo de elasticidade. A substituicdo de 10%
do CP por RCR néo influenciou significativamente na resisténcia a
compressao em relagdo a pasta de referéncia, tanto para a idade
de 7 dias quanto 28 dias, ao nivel de 5% de probabilidade. Para
a pasta com substituicdo de 20% do CP pelo RBC, os valores de
resisténcia a compressao foram significativamente menores tanto
aos 7 dias quanto aos 28 dias (redugdes de 27 e 10%, respectiva-
mente). Resultados similares foram observados por Toledo Filho
et al. [20], que estudaram a substituicdo do CP por varios teores
de residuo ceramico em concretos e argamassas. Na pasta RCR-
-RBC-CP, aos 7 dias, houve redugéo de cerca de 16% na resis-
téncia a compressao em relagao a pasta de referéncia. Aos 28
dias, ndo houve diferengas significativas entre as pastas REF-CP
e RCR-RBC-CP.

No caso do moddulo de elasticidade, observou-se para a pasta
RBC-CP uma redugao significativa em relagao a pasta de referén-
cia tanto aos 7 dias quanto aos 28 dias. Gongalves et al. [21] tam-
bém observaram argamassas com maior capacidade de deforma-
¢do quando substituiram parcialmente o cimento por tijolo moido
e atribuiram este fendbmeno a estrutura lamelar da metacaulinita,
que favorece a deformagao sob carregamento.

Para a pasta RCR-CP foram observados aumentos nos valores
de moddulo de elasticidade aos 7 e 28 dias em relagao a pasta de
referéncia. Um incremento no modulo também voi verificado por
Almeida et al. [8] quando foram utilizados baixos teores de residuo
de corte de rochas em matrizes cimenticias. Na pasta RCR-RBC-
-CP, houve redugéo no médulo em relagéo a pasta de referéncia;
no entanto, esta redugao foi menor que na pasta RBC-CP. Este
efeito esta associado a agéo conjunta dos dois residuos, ou seja,
o emprego do RCR reduziu o efeito negativo do RBC no moédulo
de elasticidade. Os resultados obtidos tanto para médulo de elasti-
cidade quanto para resisténcia a compressao estdo em consonan-
cia com os encontrados na literatura [6-8,18-22].

3.2 Termogravimetria e andlise térmica diferencial

Os resultados de TG/DTG e DTA das pastas REF-CP, RCR-CP,
RBC-CP e RCR-RBC-CP nas idades de 1, 3, 7 e 28 dias sdo mos-
trados na Figura 6. Para todas as pastas observou-se trés transi-
cOes de perda de massa na curva TG. A primeira transigéo ocor-
reu entre 35 e 420 °C, a segunda entre 420 e 500 °C e a terceira
entre 500 e 1000 °C. As curvas DTG e DTA foram utilizadas para
identificar as fases presentes em cada pasta. Na pasta REF-CP,
com idade de 1 dia, foram identificados picos referentes a Aft e ao
C-S-H (picos sobrepostos) e a CH. A partir dos 3 dias, os picos de
C-S-H e CH aumentaram e o pico da Aft diminuiu, como esperado.
Na pasta RCR-CP, em todas as idades, foram identificados nas
curvas DTG e DTA picos referentes ao C-S-H na primeira transi-
¢ao e a CH na segunda transicdo. Na pasta RBC-CP, para 1, 3,
7 dias de cura, foram identificados picos referentes ao C-S-H e a
CH. Para a mesma pasta, aos 28 dias também foi identificado um
pico provavelmente referente ao CASH em decorréncia da pre-
senga expressiva de AlL,O, na composigéo quimica do RBC (Ta-
bela 1). A pasta RCR-RBC-CP apresentou, para as idades de 1 e
3 dias, picos referentes ao C-S-H e a CH. Para a idade de 7 dias
foi identificado um pico referente ao CASH. Com idade de 28 dias,
além dos picos apresentados nas outras idades, na pasta RCR-
-RBC-CP, foram identificados picos referentes ao CAH e a ccC.
Na comparacéo dos graficos DTG e DTA, para todas as pastas
contendo RBC na idade de 28 dias, houve redugao da intensidade
do pico referente a CH comparado com a mesma pasta com idade
de 7 dias, o que & um indicativo de reagbes pozolanicas.

Os valores calculados de agua quimicamente combinada com AFt,
C-S-H, CASH e CAH, com CH e de CO, combinado com cc, para
as todas pastas, séo apresentados na Tabela 4. A pasta REF-
-CP apresentou, como esperado, aumento na quantidade de agua

Tabela 4 - Teor de dgua quimicamente combinada com os compostos
AFt, C-S-H, CASH e CAH; teor de CH e teor de CC (em massa)
Agua combinada com AFt, . o
Pastas C-S-H, CASH, CAH (%) CH (%) CC (%)
1 6,91 11,10 2,01
3 7,27 20,52 1,61
REF-CP 7 10,31 24,26 1,98
28 11,38 26,44 2,88
1 4,79 12,53 1,33
3 6,59 19,36 1,23
HEEE 7 8,73 22,52 1,54
28 10,33 23,87 1,38
1 3,77 10,33 1,45
3 5,85 14,70 3,08
RBC-CP 7 9,22 18,39 3,81
28 10,72 19,66 3,46
1 4,07 11,29 2,66
3 6,91 15,59 4,12
HSle ey 7 9,93 16,31 4,61
28 10,83 14,78 9,44
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combinada com AFt, C-S-H, CASH e CAH, e na quantidade de CH
com o aumento da idade. A pasta RCR-CP na idade de 1 dia produ-
ziu cerca de 12% a mais de CH em relagdo a pasta de referéncia.
Aos 3 dias, houve redugao de 5% no teor de CH em relagéo a pasta de
referéncia e aos 7 e 28 dias de cura, esta redugao aumentou para 7% e
10%, respectivamente. Como o nivel de substituicao de cimento desta
pasta foi de 10%, foi possivel observar que o residuo ndo apresentou
atividade pozélanica, pois, aos 28 dias, a redugdo na quantidade de
CH foi aproximadamente igual ao nivel de substituicdo. O RCR interfe-
riu apenas com uma aceleragao das reagdes de hidratagéo nas idades
iniciais, que pode ser atribuido ao efeito de nucleagéo heterogénea
provocado pelas particulas finas do residuo. O fenébmeno de nuclea-
¢ao heterogénea também foi verificado por Lawrence et al. [9] e Cyr et
al. [15] que estudaram a substituicao de parte do cimento por adi¢bes
inertes com tamanho médio menor que 61 pm.

As pastas RCR-RBC-CP e RBC-CP, por sua vez, produziram quan-
tidades similares de CH em relagdo a pasta de referéncia na ida-
de de 1 dia, mesmo possuindo uma quantidade menor de cimento.
Isso ocorreu provavelemente devido a aceleragdo nas reagdes de
hidratagéo provocada pelas particulas finas dos residuos; este efeito
foi menos pronunciado na pasta contendo apenas RBC, pois este
material possui uma menor quantidade de particulas finas (ver Figu-
ra 1). Aos 3, 7 e 28 dias, a pasta RBC-CP apresentou redugdes de
28%, 24% e 25% no teor de CH em relagdo a pasta de referéncia,
respectivamente. Para a pasta RCR-RBC-CP, aos 3 dias, observou-
-se uma redugao de 24% de CH em relagéo a referéncia. Aos 7 e 28
dias, as reducdes foram de 32 e 44%, respectivamente. Nas pastas
RBC-CP e RCR-RBC-CP, a redugéo no teor de CH foi maior que o
teor de substituicdo de CP (20% e 30%, respectivamente). Com isso,
é possivel inferir que o RBC apresentou atividade pozolanica. Para
o teor de substituicao estudado, o RBC foi mais reativo na presenca
do RCR. Este fato também foi verificado por Antoni et al. [27] quando
estudaram misturas ternarias com filer e pozolana. Esse efeito € bas-
tante complexo e pode ser atribuido a aceleragao nas reagoes de hi-
dratagao provocado pelas particulas mais finas de RCR que acelerou
o consumo de CH pelo RBC e também pela insergao de sitios adicio-
nais promovidos pelo RCR para a nucleagéo das fases hidratadas.

Uma analise interessante pode ser feita pelo calculo da quantida-
de de CH nas pastas aos 28 dias em relagdo a massa inicial de
cimento. Neste caso, observou-se que os teores de CH calculados
para as diferentes pastas foram: 26% para REF-CP, 26% para
RCR-CP, 24% para RBC-CP e 20% para RCR-RBC-CP. Estes
valores mostram claramente a redugéo no teor de CH quando foi
utilizado o RBC e o carater inerte do RCR.

No caso da agua quimicamente combinada com etringita, C-S-H,
CASH e CAH, para 1 dia de cura, as pastas RCR-CP, RBC-CP e
RCR-RBC-CP apresentaram redugdes de 30%, 45% e 41%, res-
pectivamente, em relagédo a pasta REF-CP, o que é um indicativo
de mudanga da cinética de hidratagéo, pois estes teores foram
maiores que os niveis de substituicdo de CP. Aos 3 e 7 dias, os
teores de agua quimicamente combinada foram reduzidos em 9%
e 19% nas pastas RCR-CP e RBC-CP, respectivamente, em rela-
¢ao a REF-CP. Esses valores foram aproximadamente iguais aos
teores de substituicdo de cimento nestas pastas. Na pasta RCR-
-RBC-CP, para as duas idades, a redugéo foi de apenas 5%, em
relagéo a mistura de referéncia.

Aos 28 dias, a pasta RCR-CP apresentou um teor de agua quimi-
camente combinada 10% menor que a pasta de referéncia, que
correspondeu exatamente ao nivel de substituicdo de cimento
nesta pasta. A mesma redugéo foi verificada para a CH. As pas-
tas RBC-CP e RCR-RBC-CP apresentaram 5% e 4%, respectiva-
mente, de redugao no teor de agua quimicamente combinada em
relagédo a REF-CP. Como o teor de substituicdo de cimento nestas
pastas foi de 20% e 30% respectivamente, pode-se dizer que par-
te da CH produzido nas pastas RBC-CP e RCR-RBC-CP reagiu
com o RBC e 4gua formando C-S-H, CASH e CAH. Quanto & CC,
verificou-se um aumento da quantidade para maiores idades de
cura em decorréncia de carbonatagéo da CH, provavelmente du-
rante o manuseio das amostras.

3.3 Densidade de empacotamento

As pastas REF-CP, RCR-CP, RBC-CP e RCR-RBC-CP apresen-
taram densidades de empacotamento iguais a 0,55, 0,55, 0,52 e

Figura 7 - Relacdo entre os valores de compacidade e de resisténcia a compressdo das pastas aos 7 e 28 dias
50 T
E F
\E_/ 45 £ S OREF-CP
o F O RCR-CP .
S 40 P — 7 dias
5 2 Fy ARBC-CP
£ Bt ORCR-RBC-CP _|
o o —
230 f B REF-CP
= E Q }
(é 25 T I3 R2 = 94%, ¢ RCR-CP —28 dias
Z 20 E ARBC-CP
R : ®RCR-RBC-CP
15—y t
0.5 0.52 0.54 0.56 0.58
Densidade de empacotamento

678 IEEEEE——

IBRACON Structures and Materials Journal < 2013 * vol. 6 *n°4




C.A.A.ROCHA | G.C. CORDEIRO | R.D. TOLEDO FILHO

0,53, respectivamente. A partir destes resultados pode-se afirmar
que a adicdo de 10% de RCR (pasta RCR-CP) ndao modificou a
compacidade da mistura seca, em comparacgdo a referéncia. E
importante observar que embora o RCR tenha uma massa espe-
cifica menor que o cimento, para o nivel de substituicdo em massa
observado, a compacidade da mistura seca nao foi alterada. Isso
ocorreu porque os valores de compacidade do RCR e do cimento
sdo similares. Este fato fez com que a resisténcia a compressao
fosse mantida, ja que nao foi verificado consumo de CH pelo RCR.
A substituicdo parcial de CP por RBC (pasta RBC-CP) reduziu
a densidade de empacotamento desta pasta em relacdo a re-
feréncia. O RBC e o cimento possuem curvas granulométricas
proximas (Figura 1); no entanto, o RBC possui densidade de em-
pacotamento menor que o cimento, o que acarretou redugéo no
empacotamento da mistura seca. Este comportamento certamen-
te contribuiu para a redugéo da resisténcia a compressao da pasta
RBC-CP em comparagao com a referéncia.

Na pasta RCR-RBC-CP, a densidade de empacotamento da mis-
tura foi maior que a da pasta RBC-CP, porém foi menor que a da
pasta de referéncia. Nesta pasta também foi observado um maior
consumo de CH em comparagéo com a pasta RBC-CP. Assim, a
redugao no empacotamento na mistura ternaria, em relagao a re-
feréncia, foi compensada pela atividade pozolanica do RBC, o que
fez com que a resisténcia a compressao fosse mantida em relagéo
a pasta de referéncia. Resultados similares foram encontrados por
Cyr et al. [25], Ghrici et al. [26] e Antoni et al. [27] que estudaram
a combinagao de residuos inertes e pozolanicos.

A Figura 7 apresenta a correlagdo entre os valores de densidade
de empacotamento e de resisténcia a compressao das diferentes
pastas. Como pode ser observado, houve um bom ajuste linear
entre a densidade de empacotamento e a resisténcia a compres-
séo para 7 dias (R? = 94%). Este comportamento foi similar ao ob-
servado para argamassas com substituicdo de cimento por cinza
do bagago de cana-de-agucar [34]. Contudo, aos 28 dias o coefi-
ciente de correlagéo foi de 70%, o que indica a contribuicdo das
reagdes pozolanicas do RBC na resisténcia a compressao das
pastas, como atestam os resultados de termogravimetria (Tabela
4). No que se refere a influéncia do empacotamento granular na
hidratagao das misturas, nenhuma tendéncia foi observada quan-
do se variou o empacotamento das misturas de 0,52 a 0,55.

4. Conclusées

EE

A partir dos resultados dos ensaios, para o nivel de substituicao
estudado, foi possivel concluir que:

m Na pasta RCR-CP, observou-se uma aceleragéo nas reagoes
de hidratagao até a idade de 7 dias, em relagéao a pasta de refe-
réncia. Aos 28 dias, observou-se redugao no teor de CH e agua
quimicamente combinada na mesma proporgéo da substituicao
de cimento, o que revelou o carater inerte do RCR. No entanto,
a pasta RCR-CP alcangou resisténcia a compressao e com-
pacidade similares a pasta de referéncia. Este comportamento
pode ser atribuido ao efeito filer do RCR;

m Na pasta RBC-CP também foi observada uma pequena acele-
ragao das reagdes de hidratagdo nas primeiras idades. Redu-
¢bes na quantidade de CH maiores que os niveis de substitui-
¢ao de cimento e formacgéo de novas fases hidratadas (CASH
e CAH) foram verificadas aos 28 dias. A quantidade de agua
combinada com AFt, C-S-H, CASH e CAH foi reduzida em me-

nor teor que o de substituigdo de cimento por RBC. A reducao
na quantidade de CH e o aumento na quantidade de agua com-
binada indicaram a atividade pozolanica do RBC. No entanto, a
densidade de empacotamento da pasta RBC-CP foi menor que
a da pasta de referéncia e houve reducéo da resisténcia a com-
pressao. Ou seja, a atividade pozolanica nao foi suficiente para
compensar a redugao na quantidade de produtos hidratados e
0 menor empacotamento desta mistura.

m Na pasta RCR-RBC CP, o emprego de ambos os residuos fez
com que a resisténcia alcangada aos 28 dias fosse similar a da
pasta de referéncia. O RCR melhorou o empacotamento das
pastas e o RBC contribuiu com a atividade pozolanica. A mis-
tura ternaria apresentou vantagem quanto as misturas binarias,
pois foi utilizado o maior nivel de substituicao e as propriedades
mecanicas nado foram modificadas significativamente. A utiliza-
¢ao da mistura ternaria pode permitir o uso mais eficiente dos
recursos minerais e melhor aproveitamento dos residuos.
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