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Editorial
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The last issue of the 2015 Volume of the IBRACON Structures and Materials Journal (Volume 8 Num-
ber 6, December 2015) is now released. This number brings five articles discussing topics related to
concrete applications. The development and the implementation of a numerical procedure for design
of reinforced concrete columns and composite columns with fully concrete encased steel I-section is
discussed in first article. Application to experimental and numerical results demonstrate the accuracy
of the procedure. The second article discusses recommendations for safety check of precast beams
in transitory phases, comparing results of parametric analyses with national and international code
recommendations, and confronting the formulations used for assessment of buckling loads. The next
article deals with nonlinear finite element analysis of the bond-slip between reinforcing steel and
concrete, combining a microplane model for the concrete with an embedded reinforcement model ac-
counting for bond-slip. The fourth article aims at the evaluation of the seismic behavior of a reinforced
concrete structure with irregularities through their influence in the loss of ability to resist lateral loads
and energy dissipation. Methodology for the design of cellular composite steel-concrete beams is the
subject of the last article.

With this issue, we complete the eighth volume of the IBRACON Structures and Materials Journal. We
acknowledge the efforts of the whole IBRACON community that supported this project during the last
decade, particularly authors, reviewers, former and current editors. As usual, as this is the last issue of
2015, we present the list of reviewers who donate their precious time evaluating manuscripts to assure
the good quality of our Journal.

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

O ultimo numero do Volume de 2015 da Revista IBRACON de Estruturas e Materiais (Volume 8
Numero 6, Dezembro de 2015) esta sendo publicado. Este nimero traz cinco artigos que discutem
temas relacionados a concreto e suas aplicagdes. O desenvolvimento e a implementacdo de um pro-
cedimento numérico para o projeto de pilares de concreto armado e pilares mistos com sec¢éo | de ago
totalmente envolvida em concreto sao discutidos no primeiro artigo. A aplicacéo a resultados experi-
mentais e numéricos comprovam a acuracia do procedimento. O segundo artigo descreve recomen-
dacdes para a verificagdo de seguranga de vigas pré-moldadas em fases transitérias, comparando
os resultados de analises paramétricas com recomendagdes de normas nacionais e internacionais, e
confrontando as formulagdes utilizadas para avaliagdo das cargas criticas de instabilidade lateral. O
artigo seguinte trata de analise nao-linear por elementos finitos da perda de aderéncia entre armadura
e concreto, combinando um modelo de microplanos para o concreto com um modelo de armadura
embutida para considerar a perda de aderéncia. O quarto artigo tem como objetivo a avaliagdo do
comportamento sismico de uma estrutura de concreto armado com diversas irregularidades através
de sua influéncia na perda de capacidade de resistir a cargas laterais e dissipagdo de energia. Me-
todologia para o dimensionamento de vigas mistas de ago e concreto com perfil celular é o tema do
ultimo artigo.

Com este numero, completamos o oitavo volume da Revista IBRACON de Estruturas e Materiais.
Reconhecemos os esforgos de toda a comunidade IBRACON que apoiaram este projecto durante a
ultima década, particularmente autores, revisores e editores antigos e atuais. Como de costume, ja
que esta é a ultima edigdo de 2015, apresentamos a lista de colaboradores que doaram seu tempo
precioso avaliando manuscritos para assegurar a boa qualidade do nossa Revista.

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Rafael Giuliano Pileggi e Roberto
Caldas de Andrade Pinto, Editores
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Abstract

The purpose of this work is the development and implementation of a numerical procedure for the design of reinforced concrete columns (RC)
and composite columns with fully concrete encased steel I-section (SC). For this purpose, a computer program was developed to determine
the load capacity of these columns, applying the General Method adopted by ABNT NBR 6118:2014. The program is based on an iterative
process from integration of the curvatures along the column, obtained by determining the moment-curvature relationship of the cross section
by the Newton-Raphson method. Several experimental and numerical results are compared to the program’s to demonstrate the accuracy of
the procedure.

Keywords: reinforced concrete columns, composite steel and concrete columns, general method.

Resumo

EE

O propésito deste trabalho é o desenvolvimento e implementagédo de um procedimento numérico voltado para o dimensionamento de pilares
de concreto armado e pilares mistos de aco e concreto totalmente revestidos. Assim, foi desenvolvido um procedimento computacional para a
determinacéo da capacidade resistente desses pilares, a partir do Método Geral adotado pela ABNT NBR 6118:2014. O programa emprega um
processo iterativo a partir da integragéo das curvaturas ao longo do pilar, obtidas através da determinagdo da relagdo momento-curvatura da
segao transversal pelo método de Newton-Raphson, com base em um modelo discreto de fibras. Diversos resultados numéricos e experimentais
s&o utilizados em comparagbes para comprovagéao da eficacia do procedimento implementado.

Palavras-chave: pilares de concreto armado, pilares mistos de aco e concreto, método geral.
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Application of general method for design of concrete columns and encased composite steel

and concrete columns

1. Introduction

[

The purpose of this work is the development and implementation
of a general procedure for the design of reinforced concrete col-
umns (RC) and composite columns with fully concrete encased
steel I-section (SC).

A calculation model in accordance with the ABNT NBR 6118:2014
[1] General Method was implemented in order to evaluate the
bearing capacity of reinforced concrete columns and composite
columns according to the same parameters comparisons.

The program is based on an iterative process from integration
of the curvatures along the column, obtained by determining the
moment-curvature relationship of the cross section by the Newton-
Raphson method, based on a discrete fiber model. Several ex-
perimental and numerical results are compared to the program’s to
verify the efficiency of the procedure.

2. Computational implementation
[

The program CSTMI, Calculation of Composite Cross Sections,
was developed by Caldas and Sousa Jr. [2] with the purpose of
analyzing generic composite cross sections at ambient (Caldas
[3]) and elevated temperature (Caldas [4]).

The main algorithms implemented in CSTMI are: algorithms for
obtaining moment-curvature relationship; algorithms for obtaining
the deformed cross section according to the applied axial force and
moments; algorithms for obtaining axial force-moment interaction
surface and interaction surface of moments for a given axial force;

and algorithms for obtaining 3D surface interaction to axial force
and moments.

A fiber model is applied in the program for the integration of stress-
es and determination of resistances. In general, this method con-
sists of discretization of the cross section in small elements (called
fibers), and each of them can assume a constitutive model.

The stress-strain relationships for concrete and steel are consid-
ered according to ABNT NBR 6118:2014 [1]. The reinforcing steel
properties are considered separately and are not included in the
fiber mesh. Simply put, the concrete areas occupied by reinforce-
ments are not deducted from the discretized cross section. All
meshes are generated with the assistance of GMSH program [5],
which uses a text output from CSTMI as geometry data entry and
discretizes the cross section to elements of three and four sides.
The program interface for columns calculation developed for this
study and the discretized cross section are shown in Figure 1.
The solution by the General Method consists of finding the equi-
librium of internal forces to external forces applied in all cross sec-
tions along the column, considering the effects of material and
geometric nonlinearity.

Only columns subjected to axial load and moment about one axis
were considered in this study. The methodology to calculate col-
umns is based on the numerical integration of the curvatures ob-
tained from moment-curvature relationship. Thus, the program ob-
tains an initial displacement of the column, leading to its deformed
shape. The process is then repeated, considering the second order
effects, until the convergence of displacements, subsequently get-
ting a final equilibrium setting.

|| Arquive

=d @DO0OB® TTT

Figure 1 - Columns calculation interface of CSTMI
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Figure 2 - Bar discretization and applied moments
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Using the Newton-Raphson method, Caldas [3] has implemented
an algorithm for determining the moment-curvature relationship by
the control of applied moments (load control), given by increments
of applied moment in the section.

In the implementation of this work the geometry of the column is
simplified as a bar formed by a finite number of elements informed
by the program user, as shown in Figure 2. The calculations of the
equilibrium section are performed for each node of the bar.

Figure 3 - Moment-curvature relationship
for a load N,,

Consider a restrained-free column with predefined cross-section
and reinforcement subjected to an axial compressive load Ng,. By
the load control algorithm, the program obtains a moment-curva-
ture relationship as shown in Figure 3.

It is considered that the moments are applied only at the ends of

the bar, by top and base eccentricity as shown in Figure 2. The

axial force and moments (only about one axis) are applied to the
geometrical center of the cross section and balanced on each
node of the bar, so the accuracy of the model increases as more

elements are used.
The applied moment of the bar at undeformed condition, on each

node i, can be written as:

M; ZMbase+(Mt0p_Mbase)% (])

where M,___ and M, ,are, respectively, the moments applied at the
base and top of the column; z, is the element position; and L is the
length of the bar.

The program builds a position vector with the coordinates of the
nodes and a vector with the applied moments corresponding to
them. By introducing each point of the vector of applied moments
at the moment-curvature relationship and interpolating linearly, the
program obtains a vector with the corresponding curvatures for
each node of the bar.

The rotation ¢ _(z) of the cross section at any point can be obtained
by integrating the curvatures k(z) along the length of the bar:

b, ()= [k, (2)dz+C, @)
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Applying the boundary condition ¢y(0) = 0 in equation (2) leads
to C, = 0. Numerically, the integration of curvature is obtained by
the sum of the areas under the graph formed by the points of the
curvatures vector.

From the integration of the curvatures the program builds a vector
with the rotations ¢, of the nodes obtained with equation (3):

k. +k

b, =0, + ITH (Zi — 4 ) <3>

where k; and k_, are, respectively, the curvatures at the availed and
at the previous node; z and z_, are respectively the positions of
the availed and of the previous node; and ¢, , is the rotation of the
previous node. The equation (3) is valid for i = 1. The node 0 has
null rotation, ¢,(0), which is determined by the boundary conditions.
The transversal displacement d (z) of the column’s axis is obtained
by double integration of the curvatures, ie., by simple integral of the
rotations of the cross section, according to equation (4):

@)= r, @z @)

Applying the boundary condition d (0) = 0 in equation (4) leads to
C, = 0. The reasoning for obtaining numerical integration of the
rotations is identical to that used for the integration of curvatures.

Figure 4 - Symmetry condition for simple
supported columns
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The program builds a vector with the displacements of the nodes,
given by:

d =d,_ +¢ ¢“(4—4 ) (5)

where ¢, and ¢, , are, respectively, the rotations at the availed and
at the previous node; z and z , are, respectively, the positions of
the availed and of the previous node; and d , is the displacement
of the previous node.

Then, it is obtained by this process the deformed position of the
cross sections at the nodes from the undeformed position. A sec-
ond iteration is executed from the deformed position of the col-
umn, now considering the additional effects due to the column’s
displacement (second order effects). The applied moment in the
deformed condition at node i is given by:

m)—+ N, (d,-d;) (6)

M, =M, +(M,, -

where d, is the displacement obtained at the previous iteration for

the node under consideration; and d_ the displacement obtained at

the previous iteration to the top of the column.

The increase of the applied moments in the second iteration re-

sults in a new deformed configuration of each cross section of the

bar, which, in turn generates a new displaced position of the nodes

and increases their moments. This process is repeated until the

occurrence of one of the following situations:

a) convergence of the procedure for a given tolerance;

b) instability of the bar by excessive displacement;

c) failure of the material due to the occurrence of stresses
exceeding the standards limits.

It was observed that the occurrence of items b and c is perceived

by the fact that the applied moment considered is above the mo-

ment-curvature relationship, not being possible in this case to get

a curvature corresponding to the moment.

The same formulation of restrained-free columns is adopted for

the calculation of simple supported columns, but it uses half of the

bar length value in the calculations (Figure 4), since the buckling

coefficient K of those columns is equal to 1.0, compared to the

value of K = 2.0 in restrained-free columns. It is emphasized that

this symmetry condition must also be assumed to the applied dia-

gram of bending moments.

Based on this iterative process, it is possible to identify if the col-

umn resists the axial force and moments applied.

To obtain the column resistance, it was developed a second algo-

rithm based on the plastic resistance of cross section and repeat-

ing the foregoing process. First, the plastic resistance of the cross

section in axial compression, N..., is obtained by:

Negr = A f +AF +AS (7)

aya ¢ ck
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Table 1 - Comparison of resistance for reinforced concrete columns by tests and CSTMI
e B
exp2) As (cm?) (cm) Fu,expl Fu,exp,mean
Goyal e Jackson (7) Al A2 7.62 7,62 4 0,355 1.42 1.27 182 19.9 352 381 331 334 33,1 1,00 0,99 1,00
Goyal e Jackson (7) Cl C2 7.62 7,62 4 0,355 1.42 1.27 182 233 352 254 44,5 46,8 482 1,08 1.03 1,06
Goyal e Jackson (7) El E2 7.62 7,62 4 0,355 1.42 1.27 182 219 352 1.27 66,7 654 67.3 1.01 1.03 1,02
Goyal e Jackson (7) Gl G2 7.62 7,62 4 0,355 1.42 1.27 182 222 352 1.91 55,4 53,0 55,5 1,00 1.05 1.02
Goyal e Jackson (7) n 12 7.62 7.62 4 0.25 1.00 1.27 182 22,7 310 1.27 60,0 57.4 58,6 0,98 1,02 1,00
Goyal e Jackson (7) K1 K2 7.62 7,62 4 025 1,00 1.27 182 22,8 310 1.91 46,6 45,6 45,7 098 1,00 099
Goyal e Jackson (7) M1 M2 7.62 7.62 4 025 1.00 1.27 182 229 310 254 37,1 37.0 34,4 0,93 0,93 0,93
Goyal e Jackson (7) o1 02 7.62 7.62 4 025 1.00 1.27 122 23,6 310 1.27 823 92,4 84,0 1,02 091 0,96
Goyal e Jackson (7) P1 P2 7.62 7.62 4 025 1.00 1.27 122 23,6 310 1.91 64,5 72,7 65,5 1,02 0,90 0,96
Goyal e Jackson (7) Ql Q2 7.62 7.62 4 025 1.00 1.27 122 19.9 310 2,54 51,4 489 454 0,88 0,93 0,91
Goyal e Jackson (7) R1 R2 7.62 7,62 4 025 1,00 127 274 21,4 310 1.27 33,5 311 311 0,93 1,00 0,96
Goyal e Jackson (7) S1 S2 7.62 7,62 4 025 1,00 1.27 274 209 310 1.91 230 24,3 24,4 1,06 1,00 1,03
Goyal e Jackson (7) m T2 7.62 7,62 4 025 1,00 1.27 274 20,7 310 2,54 19.4 20,6 21,2 1,09 1,03 1,06
Kim e Yang (8) L2-1 122 8,00 8,00 4 03175 1.27 1,50 144 25,5 387 240 63,7 65,7 658 1,03 1,00 1,02
Kim e Yang (8) 12-3 124 8,00 8,00 4 03175 1.27 1,50 240 255 387 240 38,2 350 36,1 0,95 1,03 0,99
Kim e Yang (8) L4-1 L4-2 8,00 8,00 8 03175 2,54 1,50 24 255 387 240 109.5 109.3 102 0,93 0,93 0,93
Kim e Yang (8) 14-3 L4-4 8,00 8,00 8 03175 2,54 1,50 240 255 387 240 49,0 470 471 0,96 1,00 0,98
Kim e Yang (8) M2-1  M2-2 8,00 8,00 4 03175 1.27 1,50 24 63,5 387 240 1790 1828 168,6 094 0,92 0,93
Kim e Yang (8) M2-3  M2-4 8,00 8,00 4 03175 1.27 1,50 144 63,5 387 240 102,8 1135 100,2 097 0,88 0,93
Kim e Yang (8) M2-5 M2-6 8,00 8,00 4 03175 1.27 1,50 240 63,5 387 240 452 47,6 54,7 1,21 1,15 1,18
Kim e Yang (8) M4-1 M4-2 8,00 8,00 8 03175 2,54 1,50 24 63,5 387 240 207,7 204,6 186,7 0,90 091 091
Kim e Yang (8) M4-3  M4-4 8,00 8,00 8 03175 2,54 1,50 240 63,5 387 2,40 59,6 60,5 70,7 1,19 117 1,18
Global Mean 1,00
Standard Deviation 0,07

where A, A_ and A, are, respectively, the areas of steel I-section,
concrete and reinforcements; f , and f _ are, respectively, the yield
stresses of steel I-section and reinforcements; and f_ is the com-
pressive characteristic strength of concrete.

To determine the moment-curvature relationship the program
starts considering an applied axial force Ny, equal to 10% of the
plastic resistance N.. If the process results in convergence,
the program increases the applied force in more 10% of N,
and so on until convergence is not reached. From this point,
cuts of 1% of N... are made until there is convergence of the
model again, yielding then, with 1% precision of N the col-
umn axial force resistance.

REF’

3. Validation of results
[

3.1 Reinforced concrete columns

To validate the procedure for calculation of reinforced concrete col-
umns implemented via CSTMI, the authors have modeled columns
subjected to combined compression and uniaxial bending studied
by Araujo [6], who compared theoretical results obtained from a
computer program implemented by him to results of several experi-
ments by other researchers.

It is emphasized that, as a comparison with tests, all partial factors
were considered unit. He also specified as unitary the value of a,
reduction factor on the characteristic strength of the concrete due
to the long-term effects (Risch effect). The tested columns were
subjected to constant bending moments. All these considerations
have also been adopted in the numerical model.

Table 1 shows the test results compared to the results obtained
by CSTMIL.

In both tests performed by Goyal and Jackson [7], and in those
performed by Kim and Yang [8], two columns with the same geo-
metric characteristics and material (for example, the first line of
the Table, columns A1 and A2) were evaluated for each series.
Thus, there are two experimental results, Fu'exm and Fu,expz, for each
column series.

Samples of columns of the same series can be considered de-
pendent on each other, thus should not be evaluated separately
in order to not violate the principle of statistical independence.
In this case, it may be used only the value of F, ., oronly F,_ .,
or the average of the two values. It was evaluated the data of the
ratios R = F .qu/F, exps @Nd R = F. cstml Fu, expe fOr the couple
of tests with the same characteristics, and it can be concluded
that it is possible to take the average between the tests since
they do not differ (p-value = 0.357, from the paired t-test at 5%
significance).

The histogram of Figure 5 shows the frequency distribution for the
R mean values obtained for each tested pair of columns (for ex-
ample, A1 and A2). It was observed that the distribution is normal
(p-value > 0.15, using the Kolmogorov-Smirnov test).

The average value of the ratios R = F .,,/F, e Was 1.0, with a
standard deviation of 0.07. In order to verify that the theoretical
value calculated by CSTMI is equivalent to the test values, it was
performed the t-test to compare if the average is equal to 1.0. The
p-value found was 0.887, indicating that the average value does
not differ from 1.0 so it can be stated that the column’s resistance
determined by CSTMI is equivalent to the test values.
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Figure 5 - Histogram of R ratios
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3.2 Fully encased composite columns

Composite columns subjected to combined compression and uni-
axial bending studied by Kim [9] were modeled to validate the pro-
cedure of calculation of fully concrete encased steel I-section (SC)
implemented at CSTMI program. The author raised an extensive
database of experimental results of several researchers [10 to 16]
with samples of fully encased composite columns, concrete-filled
circular, and rectangular hollow sections.

The results of fully encased composite columns were divided into
two categories: columns with 119 tests of bars subjected to axial
compression; and beams-columns, with 136 tests of bars subject-
ed to combined compression and uniaxial bending.

Since it is required an initial eccentricity to start the iterative pro-
cess for the calculation of the column resistance, the category col-
umns samples were disregarded. It was also removed the tests
of beams-columns, beams with low density concrete, without rein-
forcement bars, and specimen with the occurrence of biaxial bend-
ing, remaining a sample of 87 experiments.

The tests were performed in simply supported columns with axial
compression and lateral forces producing a constant bending mo-
ment along the bar. As the tests of reinforced concrete columns,
it was also considered for the concrete of the composite columns
the factor a = 1.0. All columns were divided into 10 longitudinal ele-

ments and the cross section was divided into elements of 3 and 4
sides of approximately 10 mm.

Kim has compared the experimental data with the theoretical cal-
culation from the procedures of ANSI/AISC 360-05 [17] (identical
to ANSI/AISC 360-10 [18]) and EN 1994-1-1:2004 [19]. Table 3
lists the tests evaluated, with the characteristics of the columns,
the applied eccentricities and the experimental resistance. It is also
presented the R = N, .,./N, ., ratios for each of the standards and
with the use of CSTMI program.

It is observed that the R ratios for all of the evaluated methods pre-
sented great variability (for CSTMI the lowest value was R = 0.58
and the highest, R = 1.56). This shows the difficulty to calibrate a
numerical method to results so different. With the elimination of
outliers in the same test group (tests 106 to 109 of Han, 1992), the
sample was reduced from 87 to 83 columns.

Table 2 lists the mean and standard deviation for the R ratio for the
methods evaluated by Kim and the CSTMI. Figure 6 presents a
box-plot illustrating this information.

For the CSTMI, it was obtained an average value of the ratio R
equals to 1.01 with a standard deviation of 0.20. Figure 7 shows a
dispersion of the R values for all tests calculated by CSTMI. The
95% confidence interval was set between 0.60 and 1.41, ie., 95%
of the R values are in this range.

To verify the equivalence of theoretical to the test values, it was
performed a z test to compare if the mean is equal to 1.0. The

Standard-
deviation
83

CSTMI 1.01 0.20
AISC 2010 83 0.98 0.22
EN 1994-1-1:2004 83 1.19 0.22

Table 2 - Mean values of the R ratio for comparisons between the composite columns tests,
implemented, and standards procedures

1st 3rd
Quartile Quartile
1.13

0.58 0.83 1.02 1.56
0.64 0.84 0.94 1.08 1.61
0.73 1.03 1.17 1.30 2.08
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Table 3 - Database of test results of fully encased composite columns
Steel Section Concrete Column 8 Nn exp / Nn num
Source Specimen (M'xa) (N{ga) (h%sa) b h Unjtary
., (©m) (kN 2SS EN 1994-1-1:2004

6 Stevens (10) FE3 218 17.4 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,0254 2885 2669 1,08 1,19 1,41
7 Stevens (10) FE4 218 163 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,0508 2087 1858 1,12 1,08 1,29
8 Stevens (10) FES 218 27,0 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,0508 2212 2393 0,92 0,92 1,18
9 Stevens (10) FE6 218 18,5 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,0762 1548 1516 1,02 0,90 113
10 Stevens (10) FE7 218 18,5 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,1016 1269 1222 1,04 0,85 112
1 Stevens (10) FE8 218 19.3 270 3048 2032 21,22 1415 305 406 4 1,27 4,57 0,0000 0,1270 1125 1045 1,08 0,84 114
12 Stevens (10) FE9 218 18,8 270 3048 2032 21,22 1415 3056 406 4 1,27 4,57 0,0000 0,1524 991 886 112 0,84 117
13 Stevens (10) FE10 218 21.2 270 3048 2032 21,22 1415 305 406 4 127 4,57 0,0000 0,1778 856 830 1,03 0,75 114
14 Stevens (10) FET1 218 207 270 3048 2032 21,22 1415 3056 406 4 1,27 4,57 0,0000 0,2032 721 719 1,00 0,70 .
2 Janss e Ansiin, (1) m 81 343 200 140 140 12 7 240 240 4 113 345 00000 0039 1095 1345 081 089 1.08
29 Janss e Anslijn, (11) 1.2 281 33,1 270 140 140 12 7 240 240 4 1,13 3,45 0,0000 0,0399 1156 1286 0,90 0,96 116
30 Janss e Ansiin, (1) 1.3 281 288 200 140 140 12 7 240 20 4 113 345 00000 0039 1047 1190 088 093 113
3l Janss e Ansiin, (11) 121 372 %2 20 140 140 12 7 240 20 4 113 345 00000 0039 11586 1290 090 090 108
32 Janss e Ansiin, (1) 122 72 32 20 140 140 12 7 240 240 4 113 345 00000 0039 1095 1270 086 086 1.04
33 Janss e Ansijn, (1) 123 372 288 20 140 140 12 7 20 20 4 113 345 00000 00399 973 1189 08 079 096
34 Janss e Anslijn, (11) 13.1 267 332 270 220 110 9,2 59 210 320 4 1,13 245 0,0000 0,0399 1173 1304 0.90 0,94 1,12
35 Janss e Anslijn, (11) 13.2 267 31,2 270 220 110 9.2 59 210 320 4 1,13 245 0,0000 0,0399 1021 1220 0,84 085 1,01
36 Janss e Anslijn, (11) 13.3 267 30,6 270 220 110 9.2 59 210 320 4 1,13 245 0,0000 0,0399 999 1205 0,83 084 1,00
50 Roik e Schwalbenhofer, (12) V11 251 43,8 412 120 120 mn 65 280 280 4 1,63 3,00 0,1600  0,0000 748 1048 071 0,66 117
51 Roik e Schwalbenhofer, (12) V12 251 43,8 412 120 120 1 65 280 280 4 1,53 3,00 0,0599  0,0000 1597 2052 0,78 0,87 096
52 Roik e Schwalbenhofer, (12) V13 251 46,8 412 120 120 mn 6,5 280 280 4 1,63 3,00 0,1001  0,0000 1407 1469 0,96 0,92 1,26
53 Roik e Schwalbenhofer, (12) V21 335 46,8 412 152 160 9 6 280 280 4 1,63 3,00 0,1001  0,0000 1474 1694 0,87 0,79 1,01
54 Roik e Schwalbenhofer, (12) V22 335 37.0 412 152 160 9 6 280 280 4 1,53 3,00 0,1600  0,0000 932 1190 078 0,74 112
55  RolkeSchwalbenhofer (12) V23 3 370 412 152 160 9 6 280 280 4 153 300 0059 00000 1905 2040 093 095 105
56  Roke Schwalbenhofer, (12) VAl 256 407 412 200 200 1500 900 280 280 4 153 300 01001 00000 1674 2026 083 075 094
57  RolkeSchwalbenhofer, (12) Va2 256 407 412 200 200 1500 900 280 280 4 153 300 0059 00000 2210 2633 084 081 091
58  RolkeSchwalbenhofer, (12) V33 256 393 412 200 200 1500 900 280 20 4 153 300 01600 00000 1283 1639 078 075 1,03
59  RolkeSchwalbenhofer, (12) V4l 333 393 412 200 186 2400 1450 280 280 4 153 300 01001 00000 2082 2641 079 072 087
60  RolkeSchwalbenhofer, (12) V42 333 422 412 200 18 2400 1450 280 20 4 153 300 01600 00000 1503 1971 076 065 085
61 RolkeSchwalbenhofer, (12) V43 33 422 412 200 186 2400 1450 280 20 4 153 300 0059 00000 2680 3467 077 073 085
65 RoikeSchwalbenhofer, 12 V111 306 401 412 152 160 900 600 280 280 4 616 300 01001 00000 1721 2990 058 090 098
66  RolkeSchwalbenhofer, 12) V112 306 401 412 152 160 900 600 280 280 4 616 300 0059 00000 2466 3773 065 103 1,01
67 Roik e Schwalbenhofer, (12) Vi21 237 40,1 412 120 120 1 6,5 280 280 4 616 3,00 0,1600  0,0000 1116 1393 0,80 0,88 1,05
68 Roik e Schwalbenhofer, (12) V122 237 40,1 412 120 120 1 6,5 280 280 4 616 3,00 0,1999  0,0000 797 1105 0,72 073 0,95
69 Roik e Schwalbenhofer, (12) V123 237 401 412 120 120 1 65 280 280 4 6,16 3,00 0,1001  0,0000 1505 1922 0,78 091 0,97
70 Roik e Mangerig, (13) 7 265 420 412 200 200 15,00 9.00 300 300 4 1,13 3,00 0,0000 0,0300 4460 3726 1,20 1.43 1,50
71 Roik e Mangerig, (13) 8 265 420 412 200 200 15,00 9,00 300 300 4 113 3,00 0,0000 0,0899 2188 1976 111 1.07 1,34
72 Roik e Mangerig, (13) 9 265 420 412 200 200 15,00 9,00 300 300 4 1,13 5,00 0,0000 0,0300 3595 2992 1,20 1.50 1.55
73 Roik e Mangerig, (13) 10 265 42,0 412 200 200 15,00 9.00 300 300 4 113 5,00 0,0000 0,0899 1791 1524 117 1.05 1,34
74 Roik & Mangerig, (13) n 26 420 412 200 200 1500 900 300 30 4 113 800 00000 00300 1983 1807 110 161 139
75 Roik & Mangerig, (13) 12 25 420 412 200 200 1500 900 300 30 4 113 800 00000 0089 976 1016 09 096 119
76 Roik & Mangerig, (13) 23 26 420 412 200 200 1500 900 300 30 4 113 500 008%9 00000 2294 2089 100 099 128
7 Roik & Mangerig, (13) 2 25 420 412 200 200 1500 900 300 30 4 113 500 01501 00000 1605 1524 105 087 130
78 Rokk & Mangerig, (13) 2 25 420 412 200 200 1500 900 300 30 4 113 800 0089 00000 1647 1524 1,08 102 138
79 Rokk & Mangerig, (13) 2 25 420 412 200 200 1500 900 300 30 4 113 800 01501 00000 876 1129 078 064 101
80 Roik e Mangerig, (13) 27 265 420 412 220 206 2500 1500 300 30 4 113 500 00300 00000 409 4236 097 101 112
81 Roik e Mangerig, (13) 2% 25 420 412 200 206 2500 1500 300 30 4 113 800 00300 00000 225 3143 072 079 089
82 Rolk e Mangerig, (13) 2 265 420 412 220 206 2500 1500 300 30 4 113 500 00300 00000 3433 4236 081 085 094
83 Roik e Mangerig, (13) 30 265 42,0 412 220 206 2500 1500 300 300 4 113 8,00 0,0300 0,0000 1854 3143 059 0,64 0,73
84 Mirza e Hyttinen, (14) RHB-1 287 27.2 554 96 100 8,00 5,00 240 240 4 079 4,00 0,0396  0,0000 933 950 098 1,21 1.20
85 Mirza e Hyttinen, (14) RHB-2 287 27.2 554 96 100 8,00 5,00 240 240 4 0,79 4,00 0,0658  0,0000 540 678 0,80 0,82 0,92
86 Mirza e Hyttinen, (14) RHB-3 287 27.7 554 96 100 8,00 5,00 240 240 4 0,79 4,00 0,1057  0,0000 560 481 116 1,02 1,40
87 Mirza e Hyttinen, (14) RHB-4 306 259 622 96 100 8,00 5,00 240 240 4 0,79 4,00 0,2004  0,0000 302 270 112 0.80 1,30
88 Mirza e Hyttinen, (14) RHB-4A 287 25,1 554 9% 100 8,00 5,00 240 240 4 0,79 4,00 0.3711  0,0000 151 129 1,18 0,64 1,23
% Mirza e Hyttinen, (14) RNHB-1 35 275 62 9 100 800 500 240 20 4 079 400 00493 00000 908 84 108 178 1.21
9N Mirza e Hyttinen, (14) RNHB-2 305 275 622 96 100 8,00 5,00 240 240 4 0,79 4,00 0,0577 0,0000 761 747 1,02 1,04 1,10
%2 Mirza e Hyttinen, (14) RNHB-3 287 268 564 96 100 800 500 240 20 4 079 400 0105 00000 530 493 108 095 128
% Mirza e Hyttinen, (14) RNHB-4 287 272 564 96 100 800 500 240 240 4 079 400 02093 00000 346 249 139 089 152
9% Miza e Hyttinen, (14) RHNB-1 305 2725 62 9% 100 800 500 240 20 4 079 400 00419 00000 910 934 097 113 112
% Mirza e Hyttinen, (14) RHNB2 305 275 622 9 100 800 500 240 20 4 079 400 00594 00000 707 747 095 097 1.04
97 Mirza e Hyttinen, (14) RHNB-3 305 259 622 96 100 8,00 5,00 240 240 4 079 4,00 0,0986  0,0000 530 517 1,03 0,92 117
98 Mirza e Hyttinen, (14) RHNB-4 3056 259 622 96 100 8,00 5,00 240 240 4 079 4,00 0,2060 0,0000 291 270 1,08 0,75 1,21
100 Roik e Diekmann, (15) 1 279 46,6 270 200 200 15,00 9,00 300 300 4 113 3,00 0,0500 0,0000 3902 3458 113 1,12 1,22
101 Roik e Diekmann, (15) 12 279 46,6 270 200 200 15,00 9,00 300 300 4 113 3,00 0,0500 0,0000 3180 3458 092 0,92 098
102 Roik e Diekmann, (15) 13 279 46,6 270 200 200 15,00 9,00 300 300 4 113 3,00 0,0500  0,0000 3719 3458 1,08 1,07 116
103 Roik e Diekmann, (15) 14 242 46,6 270 152 160 9 6 300 300 4 113 3,00 0,0500 0,0000 2792 2770 1,01 112 1.25
104 Roik e Diekmann, (15) 15 392 46,6 270 200 200 15,00 9,00 300 300 4 113 3,00 0,0500 0,0000 4297 3804 113 1,09 119
105 Roik e Diekmann, (15) 16 279 46,6 270 200 200 15,00 9,00 300 300 4 113 3,00 0,1001  0,0000 2633 2698 0.98 0,98 1.26
110 Han e Kim, (16) AH2-E2-80 310 214 275 100 100 8 6 160 160 4 0,71 070 0,0201  0,0000 1175 752 1.56 1,43 1,52
m Han & Kim, (16) AH2E480 310 214 275 100 100 8 6 160 160 4 071 070 00399 00000 808 580 139 129 1,44
112 Han e Kim, (16) AH2-E8-80 310 214 275 100 100 8 6 160 160 4 0.71 0,70 0,0800 0,0000 517 419 1.23 T 1,28
na3 Han e Kim, (16) BH2E280 310 214 275 100 100 8 6 160 10 4 071 120 00201 00000 952 752 127 124 140
14 Han e Kim, (16) BH2E4B0 310 214 275 100 100 8 6 160 160 4 071 120 00399 00000 735 580 127 127 152
15 Han e Kim, (16) BH2EB80 310 214 275 100 100 8 6 160 160 4 071 120 00800 00000 489 419 117 1,07 128
16 Han e Kim, (16) CHIE280 310 214 275 100 75 450 320 160 160 4 071 170 00201 00000 80 561 153 159 163
n7 Han e Kim, (16) CH1-E4-80 310 21,4 275 100 75 4,50 3,20 160 160 4 071 1,70 0,0399  0,0000 552 425 1,30 1,25 1,37
118 Han e Kim, (16) CH1-E8-80 310 21,4 275 100 75 4,50 3,20 160 160 4 071 1,70 0,0800 0,0000 339 262 1,29 1,04 1,42
119 Han e Kim, (16) CH2-E2-80 310 214 275 100 100 8 6 160 160 4 071 1,70 0,0201  0,0000 965 752 1,28 1,43 1.85
120 Han e Kim, (16) CH2-E4-80 310 21.4 275 100 100 8 6 160 160 4 071 1,70 0,0399  0,0000 671 580 116 1,08 .24
121 Han e Kim, (16) CH2-E8-80 310 214 275 100 100 8 6 160 160 4 071 1,70 0,0800 0,0000 467 419 L1 1,05 1.30
122 Han e Kim, (16) DH2-E2-80 310 214 275 100 100 8 6 160 160 4 071 220 0,0201  0,0000 831 728 114 1,39 2,08
123 Han e Kim, (16) DH2-E4-80 310 214 275 100 100 8 6 160 160 4 071 220 0,0399  0,0000 600 518 116 1,02 1.20
124 Han e Kim, (16) DH2-E8-80 310 214 275 100 100 8 6 160 160 4 071 2.20 0,0800 0,0000 470 358 1.32 1,10 1.42
Mean 1,01 0,98 119

Standord 020 022 0,22




Application of general method for design of concrete columns and encased composite steel

and concrete columns

Figure 7 - Dispersion of the R ratio results
for CSTMI calculation
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CSTMI method has obtained acceptable result (p-value = 0.746
at 5% significance). It is noted that a p-value higher than 5% indi-
cates no difference between the mean value and 1.0 so that the
result obtained with CSTMI is satisfactory with a better quality
than the result obtained by the ANSI/AISC 360-10 [18] (p-value
equal to 0.377).

From this analysis it can be concluded that the procedure imple-
mented to determine the ultimate axial force of fully encased com-
posite columns is appropriate in general, with better approxima-
tions than the ANSI/AISC 360-10 [18] and EN 1994-1-1:2004 [19].

4. Conclusions
E—

For reinforced concrete columns, CSTMI was adequate, since the
resistance results proved compatible with the samples of 44 col-
umns tested by other researchers.

For fully encased composite columns, the program CSTMI was
compared with a sample of 87 tests by other researchers. The nu-
merical results were calibrated with the experimental results for
many slenderness ratios.

It is concluded that the implemented procedure provides good
results for the determination of the resistance of reinforced con-
crete columns and fully encased composite columns. This pro-
cedure can be considered valid as a general method for calcu-
lating columns subjected to combined compression and uniaxial
bending.
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Abstract

This paper presents recommendations for security check of precast beams in transitory phases, compare results of parametric analyzes with
national and international code recommendations and confront the formulations used for the calculation of critical load of lateral instability. In
transport and lifting phases, precast beams are susceptible to loss lateral stability because the established supports provides little restriction to the
element rotate on its principal axis and move laterally. To recommend limits of slenderness, parametric analysis are performed using formulations
based on bifurcacional instability, including eigenvalue problems with the finite element method. The results show that the safety limits for | beams
and rectangular beams are different. For the analyzed cases and with reference to beam slenderness equation used by fib Model Code [13], the
limit determined for rectangular beams would be 85 and for | beams 53, which could be taken as 50, as recommended by the code. Within the
analyzed cases of | beams, only the fib Model Code [13] recommendation attend the slenderness limit for transitory phases.

Keywords: lateral instability of beams, precast concrete, lifting, transport, slenderness.

Resumo

EE

Este artigo objetiva apresentar recomendagdes para a verificagdo da seguranca de vigas pré-moldadas em fases transitérias, comparar re-
sultados de andlises paramétricas com recomendagdes de normas nacionais e internacionais e confrontar as formulagdes utilizadas para o
célculo da carga critica de instabilidade lateral. Nas fases transitérias de transporte e igamento, as vigas pré-moldadas séo suscetiveis a perda
de estabilidade lateral, porque a vinculagdo estabelecida oferece pequena restricdo ao elemento de girar em torno de seu eixo e deslocar-se
lateralmente. Para recomendar limites de esbeltez sao realizadas analises paramétricas utilizando formulagdes baseadas em instabilidade bifur-
cacional, incluindo problemas de autovalor com o método dos elementos finitos. Os resultados mostram que os limites de segurancga para vigas
| e retangular sdo diferentes. Para os casos analisados e tomando como referéncia a equagéo de esbeltez de viga utilizada pelo fib Model Code
[13], o limite determinado para vigas retangulares seria de 85 e para vigas de segao | seria de 53, o que poderia ser tomado igual a 50, como
recomendado pela norma. Dentre os casos analisados de vigas |, somente a recomendacao do fib Model Code [13] atende o limite de esbeltez
para fases transitorias.

Palavras-chave: instabilidade lateral de vigas, concreto pré-moldado, icamento, transporte, esbeltez.
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Recommendations for verifying lateral stability of precast beams in transitory phases

1. Introduction

EE

The increase in concrete strength, improvements in fabrication
process and increase in capacity of transport and lifting equip-
ments enable the production of long slender precast beams.
Precast concrete elements are subject to transport and lifting tran-
sitory phases. In these situations, the provisory supports do not
restraint the element against twist rotation and lateral deflection,
as occurs in permanent phase. In general, transitory situations are
considered critical for lateral buckling of precast beams, as pre-
sented by Lima [1] and [2], El Debs [3] and Krahl [4].

Typically, beams have low lateral flexural stiffness and when un-
dergo rotation about its longitudinal axis part of the self-weight acts
laterally. Adding the prestressing effect, the stress state at specific
points of the section (usually the top flange) can overcome the
stress level that causes cracking in concrete.

Thus, it is important check lateral buckling in the design of precast
beams. The verification can be performed by considering geomet-
ric and material nonlinearities in a complete nonlinear analysis or
through safety limits, set by bifurcacional analysis (buckling load).
The latter is the base for slenderness limits recommended by
codes of concrete structures.

In this context, studies of beam stability which consider support
flexibility are emphasized. According to Trahair [5], exact or ana-
lytical solutions of buckling load cannot be obtained for beams
with flexible supports. Then, it is necessary to utilize numerical
methods to obtain approximate solutions as in Lebelle [6], Trahair
[56] and Lima [1]. Rayleigh-Ritz method, Galerkin, Runge-Kutta,
Finite Difference Method and Finite Element Method are com-

Table 1 - Code recommendations for lateral
stability of concrete beams

Slenderness limit
Code

Transitory phase

o NP <80  £yh,. /b4 <70
Eurocode 2 (11) h/b,<25 h'7b, <35
£, h /b2 <500
2 of f
ABNT NBR 9062 (9) 4. /b, <50 h /a>2
ACI 318-02 (12) £y /b, <80
fio M()((]j;llcode 50y, / 0/ <50
£,h/b? <250
' - 1 of f
BS:8110-1 (14) 2, /b, <60
h/b <25
1 f
ABNT NBR 6118 (10) 2, /b <50

£, theoretical span or spacing between lateral restraints;

h: section height;

b, compressed flange width. For rectangular section change b, for b, ;

h: distance between the center of gravity and the support point;

a: elastic beam lateral displacement, considering the self-weight acting laterally.

Notes'! do not distinguish between transitory and permanent phases 2 As the
current version do not contemplate the subject, it is being done reference to
previous version.

Figure 1 - Lateral buckling of beam

[
:Angle of !

| twist
g

monly used methods that can perform bifurcacional analysis.
Stratford et al. [7] used the finite element method to perform pre-
buckling and postbuckling analysis to study all beam load-displace-
ment path. Initial geometric imperfections, inclined supports that
are not included in bifurcational analysis were considered. Based
on the results, Stratford et al. [7] recommend simplified formula-
tions for calculating critical load. Furthermore, the effect of initial
imperfections is considered by Southwell [8] hypothesis.

The current Brazilian codes NBR 9062: 2006 [9] and NBR 6118:
2014 [10] for precast concrete structures and concrete structures
do not present recommendations for verification of lateral stability
of beams in transitory phases. Slenderness limits recommenda-
tions of some international codes are presented in Table 1. Cur-
rently, only Eurocode 2 [11] specifies slenderness limit for transi-
tory situation.

As noted, it is necessary to verify beam stability in transitory phas-
es to prevent possible damage to the elements which can com-
promise its structural performance. Furthermore, accidents have
occurred in these construction phases. Some cases are presented
in Krahl [4].

This article provides slenderness limits for precast beams in transi-
tory phases. These limits are compared to code recommendations
of Table 1. Besides, the results of analytical and numerical models
will be compared.

2. Background
EE

From classical theory of flexural-torsional buckling of beams, such
as presented in Timoshenko and Gere [15], it is known that a beam
in bending about its major axis may buckle sideways if its com-
pressed region is not laterally restricted. The phenomenon is char-
acterized by lateral displacement and twisting rotation, as shown
in Figure 1.
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The nonlinear behavior of beams is influenced by several factors
that can be considered in a simplified manner in bifurcacional anal-
ysis. They are: type of load, load application point in relation to
shear center, support conditions and geometric imperfections. In
transitory phases, the load is the self-weight. Therefore, the first
and second factors are constant in the problem.

Parametric analyzes will be performed to establish slenderness
limits for precast beams. It will be used buckling load solutions
of Lebelle [6], Stratford et al. [7] and eigenvalues using finite ele-
ment method.

The eigenvalue analysis will be performed using free access com-
puter program LTBeam [16]'. The program calculates the lateral
buckling load for beams with several support and load conditions.
The background shall be presented based on Trahair [5].

Lebelle [6] presents buckling load solution for beams with torsion
flexible supports. Thus, the beam is partially restricted to rotate by
twisting at the supports. The restriction corresponds to the spring
stiffness k,, equation (1).

16
DPevie = k£_3‘\/acn‘t \ EIyG[t (l)

in which,

k: constant which depends on the flange stiffness in the case of |
section (B coefficient) and of the distance of the support position
relative to beam shear center, equation (2);

k=+1+2,47B +0,5286°> — 0,728 7))

where,
B: coefficient that accounts for lateral flange stiffness, equation (3);

EI anges 2
B = g 6_22 (3)

t

ly.flanges: weighted average of flange inertias;
z: distance between flange centroids, z = 0 for rectangular section;
0: coefficient that accounts for support and load positions, equa-

tion (4);

_ 2V |EL,
0= ¢ \GI 4)

t

Y, distance between the loading and support positions;

{: total beam span;

E: concrete modulus of elasticity;

Iy: minor-axis moment of inertia;

G: concrete shear modulus;

|- torsion constant;

a_,. coefficient which estimates the support deformability effect.
Equation (1) can be used for lifting and transportation. The differ-
ences are the distance between the longitudinal axis of rotation
position relative to the center of gravity (y,,) and a_, coefficient
particular to each phase.

For lifting, a_, depends on the attachment point of cables, y  and
lateral flexural and torsional stiffness. The constant a_, can be ob-
tained with Table 2. According to Lebelle [6], this variable is related
to the function g(a) expressed by Equation (5). Thus, g(a) is cal-
culated and a_, is obtained for a given ratio ¢=a/f. The overhang

Table 2 - Values for the coefficient a_, based on results of function g(«)

g(a) “ Q=°M —
0,02 2,55 2,4 0,133 0,018 0,0043 0,0014
0,04 10,1 9,23 0,523 0,0716 0,0171 0,0056
0,08 40 31,8 1,95 0,278 0,0672 0,0222
0,16 150,1 83,5 6,28 1 0,253 0,0854
0,32 485,3 148,4 14,8 2,93 0,83 0,297
0,6 1079.5 1931 23,8 5,76 1,89 0,751
1.2 1833 222,4 31,7 8,9 3,34 1,48
2,5 2396,5 238,4 36,7 11,2 4,57 2,19
5 2678,2 245,9 39.3 12,5 5,29 2,63
10 28171 249,7 40,7 13,2 5,68 2,88
20 2885,3 251,6 41,4 13,5 5,89 3,02
40 2919,7 252,5 41,7 13,7 6 3.09
100 2944,4 253,5 42 13,9 6,07 3,16

' [available in https://www.cticm.com/content/ltbeam-version-1011. Accessed on March 28, 2015.]
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length is a and the total beam span {.

4 EI
g(a) — yrot _ry
l GI

®)

t

Inwhichy_, is the distance between the loading point and the longi-
tudinal axis of rotation. In transport, a_, depends on the stiffness of
the vehicle suspension and the beam torsional stiffness. Lebelle [6]
presents a function that estimates a_. and hence the critical load
for a given value k;, equation (6).

crit

8 356
ky ! 15 10395
o J@h=— 6617 (6)

-——o+-———a
30 415800

For transport, Stratford et al. [7] recommend for buckling load solu-
tion the equation (7).

69JE5GL

pcrit :l 3 €3

()

To consider geometric imperfections, Stratford et al. [7] recom-
mend to utilize the Southwell [8] hypothesis, equation (8).

Figure 2 - Lateral displacement
and twist rotation of the section

0
5, =—0
1—| Piim
pcrit

©)

In which & is the initial lateral displacement. Considering torsional
stiffness, the relationship between the limit angle 6, and the cor-
responding displacement 8, according to Stratford et al. [7], the
equation (9) may be adopted.

eﬂ_ 1,68
o
©o036r [Sisy, @
y

Thus, with equations (8) and (9) it has three unknowns 8, , 8, and
P, TO solution is usually adopted a value for 6, . Whereas the
curves on highways have averaged 8% of superelevation or 4,57
degrees, 6, of 6 degrees or 0,105 rad is conservatively adopted.
For two points lifting case by vertical cables, Stratford et al. [7]
recommend the equation (10) which estimate the buckling load of
a perfect.

1 2E]yyr0t

pcrit= 4
——al*+3d*0* =240 -a*
10

(10)

where,

EIy: elastic lateral flexural stiffness;

Y. distance between loading point and the longitudinal axis of ro-
tation;

a : overhang length;

{: total beam span.

The Southwell [8] hypothesis is utilized to consider geometric im-
perfections, equation (11).

, el "

1— )4 lim
p crit

In which p, is the limit load that account for initial geometric im-
perfection.

Considering the relation between initial lateral displacement &, fi-
nal displacement &, and the limit twist rotation 6, , it is known that
a load component p,_sen6,_ will act laterally (Figure 2) causing the
displacement (5, - §,) expressed by equation (12).
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15050 150 30
20 150 20030

Table 3 - Geometric properties of analyzed precast elements

Rectangular beam I-section beam

40 a 80 150 30
80 150 30-40

g . senf, 6 ’
§,-0, = W(sez ~20al - 4a2)(ga5 - zj (12)

y

where,

g,,. self-weight;

6,,,- limit twist angle.

Substituting the equation (12) in equation (11), it remains the un-
knowns p, and 6, in the resulted expression. To obtain p, is uti-
lized the recommendation by Mast [17] to limit twist angle. Mast
[17] performed experiments with a real scale beam PCl BT-72
and stablished a limit angle of 23 degrees for lifting.

The computational program LTBeam [16] is utilized in parametric
analysis. The buckling load is obtained by calculating the smaller
eigenvalue for a beam discretized in 100 finite elements. Trahair
[5] presents a procedure to implement the eigen-problem with
finite element method (FEM).

To obtain the eigenvalues A and eigenvectors {8} using FEM
is necessary to obtain first the stability matrix [G] for each el-
ement, besides the stiffness matrix [K]. The stability matrix is
obtained from energy portion correspondent to the work varia-
tion of external loads. The eigen-problem can be represented
by equation (13).

(K] -2, [GD{8} =0 (13)

The load path of the model is set on stability matrix [G]. To solve
equation (13) the matrix [G] must be inverted by utilizing a nu-
merical method to obtain A . Other possibility is invert the stiff-
ness matrix and get 1/A . To obtain critical values just multiply A
by the load path adopted.

The program enables to insert discrete flexible supports. Springs
can be insert to partially restraint lateral displacement, rotation by
lateral flexure, twist rotation and warping. For transitory phases,
the torsional stiffness of the supports is the major parameter.

3. Results and discussion

EE

The results of parametric analysis are presented for beams in
transitory phases by utilizing the formulation of bifurcational anal-
ysis. The study of rectangular and I-section beams are performed
separately. The smaller slenderness ratio obtained from buckling
analysis will be adopted as safety limit.

The graphs present results of lifting phase along with transport
phase. Geometric relations to obtain slenderness ratios were de-
termined in accordance with Eurocode 2 [11]. The code limits for
transitory phases are expressed in equation (14).

1/3

f f

<70 (14)

To obtain slenderness limits the safety criterion p_, / pp > 4 is
considered which is adopted due to the difficulty in predicting
how the transitory phases will be performed. Krahl [4] presented
a smaller limit by utilizing the formulation of Mast [17]. However,
the oldest value will be utilized to obtain slenderness limits.
Increase in compressive strength of concrete has a positive ef-
fect on lateral buckling of precast beams. Thus, in a conserva-
tive way it is considered a compressive strength of 30MPa in all
analysis which is slightly smaller than the strength required for
permanent phase.

Geometric imperfections and deviations in positioning the beam
supports as lifting cables or truck suspension system can signifi-
cantly reduce the safety against buckling. The influence of these
factors is evaluated in Krahl [4].

The slenderness ratios presented in equation (14) are not affect-
ed by geometric imperfection variation and concrete modulus of
elasticity as well. To consider them is necessary an expression
that utilize buckling load. However, the codes of concrete struc-
tures recommend limits as equation (14). Thus, in a conserva-
tive way, the geometric slenderness limits are obtained for the
imperfection recommended by Eurocode 2 [11] that is £/300 as
initial lateral displacement. In all analysis an overhang of 2,5m
is considered.

Some of the formulations enable the use of flexible supports. Ac-
cording to Mast [17], it is recommended as torsion spring stiff-
ness for beam in transport a value between 360 to 680kN.m/rad
per dual-tire axel. In this article, it is adopted four dual-tire axel
plus one simple-tire axel for the tractor resulting in 1530 kN.m/rad
(360 kN.m/rad per dual-tire). The same is adopted for the trailer.
The considered torsion spring for lifting is 1200 kN.m/rad.

Table 3 shows the geometric relations utilized in parametric
analysis. The flange and web thickness of I-section beams are
fixed in 15 cm. Figure 3 shows the generic representation of
the section.

3.1 Width variation of rectangular beam

Table 4 presents the buckling load results for rectangular beam
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Figure 3 - Generic representation of the
utilized sections for parametric analysis
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with widths of 15, 20, 30, 40 e 50 cm. The section height is 150 cm
and beam span 30 m, with £/ h = 20.

In Figure 4, the dash-dotted line represents the self-weight and the
dashed line represents four times this value. The latter being the
safety criterion. The graphs for transport and lifting are presented
separately in Figure 4 in which the buckling load is related to geo-
metric slenderness from equation (14).

According to Figure 4, as the beam width increase the buckling
load increase, tending to exceed the safety limit. In lifting phase
with slenderness £, h'* / b “*< 85 and h /b, < 3 the safety is
verified. The first limit is bigger than Eurocode 2 [11] and fib Model
Code [13] recommendations. The second is smaller than Eurocode
2 [11] limit, so the code limit is unsafe.

To &, h/b? slenderness, it is obtained the limit of 180 that cor-
responds to a safe buckling load that is smaller than BS:8110-1
[14] and ABNT NBR 9062:2006 [9] recommendations, as shown in

Table 1. Thus, the Britain and Brazilian codes recommend unsafe
limits for rectangular beams in transitory phases.

The slenderness {,/b,, results 60 which coincides with the BS:8110-
1 [14] recommendation. ACI 318-02 [12] and ABNT NBR9062:2006
[9] recommendations are conservative therefore safe.

In transport, the formulation of Lebelle [6] does not achieve the
determined limit in lifting, as shown in Figure 4. However, the other
formulations checked the safety in transport for the same limit in
lifting.

In the graphs of Figure 4, it is verified that the formulation of Strat-
ford et al. [7] tends to present high buckling load as the slender-
ness is decreased. In the lifting case, this formulation presents high
sensibility to geometric imperfections, wherein for slenderness
£, h"® /b #*= 86,53 the reduction in buckling load is 48%.

In lifting, the formulation of Stratford et al. [7] that considers geo-
metric imperfections had results that agree with those obtained by
finite element method (LTBeam). For the smaller slenderness con-
sidered the difference is 1,12% and 6,75% in the first two cases.
However, as the slenderness ratio increases the difference is in-
creased to 64%.

In the case of transport phase, the formulation of Lebelle [6] had
results that agree with those obtained by the computational pro-
gram LTBeam [16] for high slenderness, but as the slenderness
decreases the difference increases. For the range of slenderness
ratio studied the extreme differences are 7,7% and 28,4%. For lift-
ing, the formulation of Lebelle [6] presents large variation in buck-
ling load as the slenderness decreases.

3.2 Span variation of rectangular beam

For evaluating the influence of span variation in buckling load the
present spans are adopted 20, 25 and 30 m. Table 5 and Figure
5 present the results. The rectangular section is 20 cm wide and
150 cm high, thus the relation h /b has a constant value of 7,5.
According to the limit obtained in item 3.1, this value do not verify
the safety limit h/b, < 3. The £/h relations are 13, 17 and 20.
According to Figure 5, in the case of beams with slenderness
£, h'® /b, <200 all formulations present buckling load results
that verify the safety for lifting and transport. In this point, it is
clear the limitation of the geometric slenderness limits recom-
mended by codes.

On the recommendation of item 3.1 ({,, h"* /b **<85eh /b, < 3),

Lebelle

{)01 h'l/3 / b 4/3
w

10,00 430,89 4,07 10,62 3,82
7,50 293,62 9,55 18,43 9,14
5,00 171,00 31,5 35,37 31,13
3,75 116,52 72,75 53,63 74,13
3,00 86,53 138,30 60,48 145,17

Table 4 - Buckling load of rectangular beams for width variation

Stratford et al.

Notes ! Formulation which considers geometric imperfection 2 The letters | and T represent lifting and fransport, respectively.

Buckling load (kN/m)

Stratford et al.! LTBeam

10,24 3,73 9,87 10,45 11,51
24,28 8,61 23,40 17,61 19,64
81,96 25,78 79,00 34,14 38,38
194,30 49,70 187.20 53,32 60,09
379.45 74,06 365,63 74,9 84,50
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Figure 4 - Buckling load of rectangular beams for width variation
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Table 5 - Buckling load of rectangular beams for span variation

{0' hll3 / b 4/3

Lebelle
|

20 293,62 9,55 18,43 9,14
25 244,68 23,20 29,49 24,83
30 195,74 77,80 51,50 96,30

Buckling load (kN/m)
Stratford et al.

T

24,28
41,96
81,96

Notes ' Formulation which considers geometric imperfection 2 The letters | and T represent lifting and fransport, respectively.

Stratford et al.!

| T
8,61 23,79 17,61 19,34
22,03 41,03 37,00 31,20
71,94 79,93 50,40 55,78
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Figure 5 - Buckling load of rectangular beams for span variation
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the beam with relation h / b, = 7,5 and span of 20 m do not verify
safety against buckling £, h"*/b ** = 293,62 . However, the result
obtained in this item shows that the criterion p_. / pp > 4 is verified,
as presented in Figure 5.

For lifting, the formulations of Lebelle [6] and Stratford et al. [7]
present closed results with the biggest difference of 7,5%. Com-
paring the results of the formulation of Stratford et al. [7] with those
of the program LTBeam [16], the biggest difference is 51,1%.

In transport, this occurs for the results of Lebelle [6] and LTBeam
[16], with the maximum difference of 7,7% and minimum of 4,7%.
The formulation of Stratford et al. [7] shows small sensibility to geo-
metric imperfections in transport, because the biggest difference
between buckling loads considering and not geometric imperfec-
tion is 2,5%.

In Table 6, the results of this item are compared to those of item
3.1. For this item the beam with 20 m span is considered. From
this comparison, it can be recommended the slenderness ratio ob-
tained in item 3.1.

The slenderness {, h /b ? limit obtained for beams with rectan-

crit

Table 6 - Comparison of slenderness limit
results for rectangular beams

Siendemess afio __tem32

2yhy, /B, 85 195
£,h /b2 180 750
/b, 60 100
h/b, 3 7,5

gular sections is 180 whereas in ABNT NBR 9062:2006 [9] is 500,
thus the code recommendation is unsafe.

To exemplify the obtained limit, consider for example a beam 40
cm wide, 150 cm high and a span of 20 m. Its slenderness is
£, h'"? /b, * =77 .The fib Model Code [13] recommends a value of
50 as slenderness limit, thus the beam in question do not verify this
criterion. However, this precast element verifies the safety criterion
obtained in the item 3.1 which is 85. It should be pointed out that
the limits obtained in this article are based on the safety criterion
Pe/ PP > 4.

3.3 Flange width variation of I-section beam

Table 7 and Figure 6 present the buckling load results for simultane-
ous variation of top and bottom flanges width of I-section beam in
transitory phases. The admitted widths are 40, 60 and 80 cm and the
height, thickness of web and flanges and the beam span are fixed
in 150 cm, 15 cm and 30 m, respectively, with the relation £/ h=20 .
According to Figure 6, the results show that for slenderness ratios
£, h"? /b <70and h/b, <25 all formulation present buckling
loads that verify the safety criterion for transport and lifting. Com-
parison with codes will be done in item 3.4.

The formulation of Stratford et al. [7] presents similar behavior as de-
scribed in item 3.1. In lifting, the author’s formulation agree well with
the results of LTBeam [16], being the maximum difference of 31,5%.
In transport, the results of the formulation of Lebelle [6] are similar
to those of LTBeam [16], being the maximum difference of 10,1%.

3.4 Span variation of I-section beam

The importance of span variation in the stability of I-section beams
is verified in this item. Table 8 and Figure 7 present the results.
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Table 7 - Buckling load of I-section beams for flange width variation
Buckling load (kN/m)
h /b, £, h'2 [ bA Lebelle Stratford et al. Stratford et al.! LTBeam
| T | T
3,75 116,52 15,56 23,97 17,89 27.18 16,3 26,25 23,80 25,96
2,50 67,86 51,2 41,4 53,3 50,61 41,5 48,04 41,24 45,65
1,88 46,24 105,97 62,29 122,5 82,19 78.6 76,4 63,24 69,29
Notes ' Formulation which considers geometric imperfection 2 The letters | and T represent liffing and fransport, respectively.
Figure 6 - Buckling load of I-section beams for flange width variation
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Lebelle

30 46,24 105,97 62,3 121,84
35 53,95 45,40 42,10 55,40
40 61,66 23,73 29,86 28,93

Table 8 - Buckling load of I-section beam for span variation

Stratford et al.

Notes ' Formulation which considers geometric imperfection 2 The letters | and T represent liffing and fransport, respectively.

Buckling load (kN/m)

Stratford et al.! LTBeam

82,2 78,14 76,36 63,24 69,29
51,75 42,20 48,25 42,25 46,12
34,67 24,27 32,4 29,7 32,31

The admitted spans are 30, 35 and 40 m, being the relation £ / h
of 20, 23 and 26, respectively. The flange width, flange and web
thickness and section height are fixed in 80 cm, 15 cm e 150 cm,
respectively. Thus, the relation h/ b, is constant with value of 1,88.
In Figure 7, safety is checked for slenderness of
£, h /b < 53 in lifting and transport. This result is close to
the limit recommended by fib Model Code [13]. The slenderness
h/ b, < 1,8 can only be recommended if simultaneously verify the
slenderness { h"3/b/*?.

Imposing these safe limits, some cases of beams that verify stabil-
ity in transitory phases by buckling load shall not be accepted. For
example, the beam with slenderness { h"*/b*® = 67,8 presented
in item 3.3 which verifies the criterion p_, / pp > 4.

The results patterns are equal to those presented in the preced-
ing items. In lifting, the formulation of Stratford et al. [7] presented
results whose maximum difference is 18,3% to formulation of LT-
Beam [16]. In transport, the maximum difference between the for-
mulations of Lebelle [6] and LTBeam [16] is 7,6%.

In Table 9, the slenderness limits obtained in item 3.3 and item 3.4
are compared with code recommendations.

In accordance with Table 9, the only code that presents safe slen-
derness limit, when compared with the results obtained, is the fib
Model Code [13]. Therefore, for I-section beams the recommended
limits are those obtained in item 3.4. The slenderness £, h'* / b*?
can be assumed as the value of fib Model Code [13].

As did in item 3.2 for exemplification, it is considered now an I-
section beam with flange widths, web and flange thickness, height
and span of 50 cm, 15 cm, 150 cm and 20 m, respectively. Its
slenderness is £, h'® / b** = 57,7 . This slenderness does not
verify the verification of fib Model Code [13] nor the limit obtained
in this article.

4. Conclusions
E——

Based on results of parametric analysis, it can be concluded:
a) From parametric analysis, for lifting phase one states that the

Figure 7 - Buckling load of I-section beam for span variation
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Table 9 - Comparison of slenderness limit results for I-section beams

fib Model ACI 318-02 Eurocode 2
Code (13) 12) an

£, 1B [ b3 50 - - - 70 70 53
,h/b? - 500 - 250 - 125 82

£y /b - 50 50 60 - 50 43

h /b, - - - - &8 2 1,88
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Abstract

This paper presents recommendations for security check of precast beams in transitory phases, compare results of parametric analyzes with
national and international code recommendations and confront the formulations used for the calculation of critical load of lateral instability. In
transport and lifting phases, precast beams are susceptible to loss lateral stability because the established supports provides little restriction to the
element rotate on its principal axis and move laterally. To recommend limits of slenderness, parametric analysis are performed using formulations
based on bifurcacional instability, including eigenvalue problems with the finite element method. The results show that the safety limits for | beams
and rectangular beams are different. For the analyzed cases and with reference to beam slenderness equation used by fib Model Code [13], the
limit determined for rectangular beams would be 85 and for | beams 53, which could be taken as 50, as recommended by the code. Within the
analyzed cases of | beams, only the fib Model Code [13] recommendation attend the slenderness limit for transitory phases.

Keywords: lateral instability of beams, precast concrete, lifting, transport, slenderness.

Resumo

EE

Este artigo objetiva apresentar recomendagdes para a verificagdo da seguranca de vigas pré-moldadas em fases transitérias, comparar re-
sultados de andlises paramétricas com recomendagdes de normas nacionais e internacionais e confrontar as formulagdes utilizadas para o
célculo da carga critica de instabilidade lateral. Nas fases transitérias de transporte e igamento, as vigas pré-moldadas séo suscetiveis a perda
de estabilidade lateral, porque a vinculagdo estabelecida oferece pequena restricdo ao elemento de girar em torno de seu eixo e deslocar-se
lateralmente. Para recomendar limites de esbeltez sao realizadas analises paramétricas utilizando formulagdes baseadas em instabilidade bifur-
cacional, incluindo problemas de autovalor com o método dos elementos finitos. Os resultados mostram que os limites de segurancga para vigas
| e retangular sdo diferentes. Para os casos analisados e tomando como referéncia a equagéo de esbeltez de viga utilizada pelo fib Model Code
[13], o limite determinado para vigas retangulares seria de 85 e para vigas de segao | seria de 53, o que poderia ser tomado igual a 50, como
recomendado pela norma. Dentre os casos analisados de vigas |, somente a recomendacao do fib Model Code [13] atende o limite de esbeltez
para fases transitorias.

Palavras-chave: instabilidade lateral de vigas, concreto pré-moldado, icamento, transporte, esbeltez.
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Recommendations for verifying lateral stability of precast beams in transitory phases

1. Introducgao

N

O aumento da resisténcia do concreto, as melhorias nos processos
de fabricagéo e o aumento da capacidade dos equipamentos de
transporte e igamento, possibilitam a produgéo de vigas pré-molda-
das com segbes delgadas e grandes vaos.

Os elementos de concreto pré-moldado séo sujeitos as fases tran-
sitorias de transporte e icamento. Nestas situagdes, as vinculagbes
provisorias nao restringem a rotagao por tor¢ao do elemento como
ocorre nas fases definitivas, permitindo assim que se desloque late-
ralmente. Em geral, as fases transitérias de vigas pré-moldadas s&o
consideradas mais criticas do ponto de vista de instabilidade lateral,
conforme ja apresentados em Lima [1] e [2], El Debs [3] e Krahl [4].
Normalmente na diregao lateral as vigas tem baixa rigidez a flexao
e quando sofre rotagdo em torno do seu eixo longitudinal, parte do
peso proprio passa a atuar lateralmente. Somando-se o efeito da
protensao, o estado de tensdes em pontos especificos da segao
(geralmente a mesa superior) pode superar o nivel de tenséo que
provoca fissuragao no concreto.

Assim, no projeto de vigas pré-moldadas é necessaria a verificagao
da estabilidade lateral do elemento em fases transitérias. A verifica-
¢ao pode ser realizada, nestes casos, por uma analise nao linear-
-geomeétrica e fisica (estudo de carga limite) ou por limites de segu-
ranga, estabelecidos pela verificagao de instabilidade bifurcacional
(carga critica de instabilidade). Este ultimo caso é utilizado pelas
normas de seguranga de estruturas de concreto para obtengéo de
limites de esbeltez.

Neste contexto, enquadram-se os estudos de estabilidade de vigas
que consideram a flexibilidade das ligagdes. Segundo Trahair [5],

Tabela 1 - Recomendacdes normativas para
estabilidade lateral de vigas de concreto

Limite de esbeltez

Norma/cédigo

Fase transitéria

o NP <80 £y, /b4 <70
Eurocode 2 (11) h/b,<25 h'7b, <35
£, h /b2 <500
2 of f
ABNT NBR 9062 (9) 4. /b, <50 h /a>2
ACI 318-02 (12) £y /b, <80
fio M()((]j;llcode 50y, / 0/ <50
£,h/b? <250
' - 1 of f
BS:8110-1 (14) 2, /b, <60
h/b <25
1 f
ABNT NBR 6118 (10) 2, /b <50

£, VOO tedrico ou espagcamento entre contraventamentos;

h: altura da secdo;

b, largura da mesa comprimida. Para secdo retangular trocar b, por b, ;

h_: distdncia entre o centro de gravidade da se¢do e o ponto de apoio;

a: deslocamento lateral eldstico da viga, considerando o peso préprio atuando
nessa direcdo.

Notas! ndo distinguem entre fase transitéria e definitiva 2 Como a versdo atual
ndo contempla o assunto, estd sendo feita referéncia a versGo anterior.

Figura 1 - Flambagem lateral de viga

-
i

Deslocamento L
vertical , v

nao é possivel obter solugbes exatas ou analiticas de carga critica
de instabilidade lateral de vigas com vinculagbes parciais. Entao, &
necessario recorrer a utilizagdo de métodos numéricos para obten-
Gao de solugdes aproximadas, como é o caso de Lebelle [6], Trahair
[5] e Lima [1]. Destacam-se, dentre os métodos comumente utiliza-
dos para analise bifurcacional, o método de Rayleigh-Ritz, Galerkin,
Runge-Kutta, Método das Diferengas Finitas e Método dos Elemen-
tos Finitos.

Stratford et al [7] utilizaram o método dos elementos finitos para re-
alizacéo de analises nao-lineares geomeétricas. Foram consideradas
imperfeicbes geomeétricas iniciais, apoios inclinados que n&o sao in-
cluidos nas analises de bifurcagéo de equilibrio. Com base nos resul-
tados, Stratford e Burgoyne [7] recomendam formulag¢des simplifica-
das para o célculo da carga critica com a utilizagao da hipdtese de
Southwell [8] para considerar o efeito das imperfeigdes iniciais.

As atuais normas brasileiras ABNT NBR 9062:2006 [9] e ABNT NBR
6118:2014 [10], para projeto de estruturas de concreto pré-moldado
e concreto moldado no local, ndo apresentam recomendacgdes para
verificagdo da estabilidade lateral de vigas em fases transitdrias.
Na Tabela 1 s&do apresentados de forma sintetizada os limites de
esbeltez recomendados por algumas normas internacionais, des-
tacando, quando contemplado, casos especificos de limites para
fases transitorias.

Como dito, a verificagao da estabilidade lateral de vigas em situa-
cOes transitdrias € necessaria para evitar possiveis danos aos ele-
mentos, os quais podem comprometer seu desempenho estrutural.
Além disso, ha registros de acidentes ocorridos nestas fases de
construgéo, sendo alguns casos apresentados em Krahl [4].

Este artigo tem a finalidade de apresentar limites de seguranga para
a verificagdo da estabilidade lateral de vigas pré-moldadas em fa-
ses transitorias. Estes limites serdo comparados as recomendagdes
normativas apresentadas na Tabela 1. Os resultados obtidos para
os modelos analiticos e numéricos utilizados seréo confrontados.
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2. Fundamentagao

EE

Da teoria classica de instabilidade lateral de vigas, como por
exemplo apresentada em Timoshenko e Gere [15], sabe-se que
uma viga fletida no seu plano de maior inércia pode sofrer flamba-
gem lateral se sua regido comprimida n&o estiver contraventada.
O fendbmeno é caracterizado por deslocamento lateral e giro por
tor¢cdo, como mostrado na Figura 1.

O comportamento ndo-linear geométrico de vigas € influenciado
por diversos fatores que podem ser considerados de maneira sim-
plificada na andlise bifurcacional. S&o eles: tipo de carregamento,
ponto de aplicagéo da carga em relagdo ao centro de cisalhamen-
to, condigbes de vinculagédo e imperfeicdes geométricas. Para as
fases transitorias, o carregamento admitido € o peso proprio. Por-
tanto, o primeiro e segundo fatores s&o constantes no problema.
Como dito, serdo realizadas analises paramétricas para estabele-
cer valores limites de esbeltez. Para as analises serdo utilizadas
as solugdes de carga critica de Lebelle [6], Stratford e Burgoyne
[7] e solugbes de autovalor pelo método dos elementos finitos.

As analises de autovalor seréo realizadas pelo programa compu-
tacional de acesso livre LTBeam [16]'. O programa calcula a carga
critica de instabilidade lateral de vigas para diversas condi¢des de
apoio e carregamento. A fundamentagdo seréd apresentada com
base em Trahair [5].

Lebelle [6] apresenta a solugdo para obtengéo da carga critica de
instabilidade de vigas vinculadas a apoios deformaveis a torgao.
Com isso, é permitida a rotagéo por torcdo da viga nos apoios,
correspondente a uma rigidez k,. Segue a solugéo na Equagéo (1).

16 — =+
pcritzkg_?, acrit EIyGIt (II)

sendo,

k: constante que depende da rigidez das mesas no caso de vigas
de segao | (coeficiente ) e da posigdo dos apoios em relagéo ao
centro de giro da sesséo (coeficiente 8), segue a constante na
Equacéo (2);

ke=+1+2,47B +0,526°> — 0,728 ¢)]

onde,
B3: coeficiente que leva em conta a rigidez lateral das mesas, Equa-
gao (3);

E[y,mesas D

GI > 3)

t

B =

ly.mesas: média ponderada das inércias das mesas da viga;

z: distancia entre os centréides das mesas, no caso de segao re-
tangular z=0;

O: coeficiente que leva em conta a posi¢ao dos apoios em relagéao

ao centro de cisalhamento, Equagéo (4);

_ 29w |EL,
6= ¢ \GI 4)

t

Y. disténcia entre o ponto de aplicagéo de carga e o eixo de giro;
{: vao total da viga;
E: modulo de elasticidade do concreto;

Tabela 2 - Valores para o coeficiente o_, com base no resultado da fungcdo g(a)

g(a) “ Q=°M —
0,02 2,55 2,4 0,133 0,018 0,0043 0,0014
0,04 10,1 9,23 0,523 0,0716 0,0171 0,0056
0,08 40 31,8 1,95 0,278 0,0672 0,0222
0,16 150,1 83,5 6,28 1 0,253 0,0854
0,32 485,3 148,4 14,8 2,93 0,83 0,297
0,6 1079.5 1931 23,8 5,76 1,89 0,751
1.2 1833 222,4 31,7 8,9 3,34 1,48
2,5 2396,5 238,4 36,7 11,2 4,57 2,19
5 2678,2 245,9 39.3 12,5 5,29 2,63
10 28171 249,7 40,7 13,2 5,68 2,88
20 2885,3 251,6 41,4 13,5 5,89 3,02
40 2919,7 252,5 41,7 13,7 6 3.09
100 2944,4 253,5 42 13,9 6,07 3,16

" [disponivel em https://www.cticm.com/content/ltbeam-version-1011. Acesso em 28 de margo 2015.]
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Iy: momento de inércia em relagéo ao eixo vertical,

G: modulo de cisalhamento do concreto;

I momento de inércia a torgéo;

a,,; coeficiente que estima o efeito da deformabilidade nos apoios.
A Equacao (1) pode ser utilizada para igamento e transporte. As
diferencgas sao a distancia entre a posi¢ao do eixo de giro em re-
lagéo ao centro de gravidade (y,,) e o coeficiente a_,, particular a
cada fase transitéria.

Para icamento, a_, depende da posigdo dos cabos, de y,, e das ri-
gidezes a flex&o lateral e torgéo. Pode-se obter o a_, com a Tabela
2 que, segundo Lebelle [6], relaciona esta variavel a fungéao g(a),
expressa pela Equacéo (5). Assim, calcula-se g(a) e obtém-se a_,
para uma dada relagao g=a/l. Sendo a o comprimento do balango
e { o vao total.

_ 4y |BL,
g@) == (5)

Sendo y,  distancia entre o ponto de aplicagéo de carga e o eixo
de giro. Em transporte, a_, depende da rigidez da suspensé&o do
veiculo e da rigidez a torgéo da viga. Lebelle [6] apresenta uma
fungéo que permite estimar a_, e, consequentemente, a carga cri-
tica para dado valor de rigidez k,, Equagéo (6).

8 356
ky ! 15 10395
o J@h=— 6617 (6)

-——o+-———a
30 415800

Figura 2 - Deslocamentos
laterais e giro da se¢do

Para a situagao transitéria de transporte, Stratford e Burgoyne [7]
recomendam para a carga critica de instabilidade a Equagéo (7).

16,9V ELG )

63

p crit =

Para considerar as imperfeicdes geométricas Stratford e Burgoyne [7]
recomendam a utilizagao da hipotese de Southwell [8], Equagéo (8).

_ 80
t— -, \2
(P ®)

p crit

Sendo d, o deslocamento lateral inicial. Com a consideragéo da
rigidez a torg&o, a relagéo entre o angulo limite de instabilidade 6, |
e o deslocamento correspondente §, segundo Stratford e Burgoy-
ne [7], pode ser admitida pela Equacgao (9).

O 1,68
O 0360 |l Vo 9
EI,

Portanto, com as Equacgdes (8) e (9), somam-se trés incognitas
8, 9, e p,,. Para solugdo, normalmente adota-se um valor para
8, Considerando que as curvas em rodovias tém em média 8%
de superelevagao ou 4,57 graus, € adotado conservadoramente
um 6, de 6 graus ou 0,105 rad.

Para o caso de igamento por dois pontos com cabos verticais,
Stratford e Burgoyne [7] recomendam a Equacg&o (10) que estima
a carga critica de uma viga perfeita.

lim?

12E1,y,,

pcrit = €4
— —al*+3d*0* =240 -at
10

(10)

onde,

El,: rigidez elastica a flex&o lateral;

Y. distancia entre o ponto de aplicagéo de carga e o eixo de giro;
a : comprimento dos balancgos;

{: vao total da viga.

Para considerar as imperfeicdes geométricas, novamente € utili-
zada a hipétese de Southwell [8], Equagéao (11).

. 50[1—sen(";’ﬂ (H)

1 _ V4 lim
p crit

778 IE——
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Altura (cm)
15a 580 150 30
20 150 20 a 30

Tabela 3 - Propriedades geométricas dos elementos pré-moldados analisados

Viga retangular Viga |

Altura (cm)
40080 150 30
80 150 30-40

Sendo p,, a carga limite de instabilidade que leva em conta as
imperfeicbes geométricas da viga.

Considerando a relagéo entre os deslocamentos lateral inicial &,
final 8, e o giro da seg&o no estagio limite 6, , uma componente da
carga p, senB,  atuara lateralmente (Figura 2), sendo o desloca-

mento provocado (8, - §,) expresso pela Equagéo (12).

2
3,5, = 2250 (52505 4a2)(§as . zj (12)

384EI
sendo,

9 peso proprio;

6, angulo limite de instabilidade.

Substituindo a equacgéo (12) na Equagéao (11), tém-se as incégni-
tas p,, e 6,,, na expressao resultante. Para obter p,  utiliza-se a re-
comendagao de Mast [17] para o angulo limite. Mast [17] realizou
ensaios com uma viga PCl BT-72 em escala real e estabeleceu
um angulo limite de 23 graus para igamento.

O programa computacional LTBeam [16] é utilizado na analise pa-
ramétrica. A carga critica é obtida pelo calculo do menor autovalor,
sendo a viga discretizada, no minimo, em 100 elementos finitos.
Trahair [5] apresentada o procedimento para implementagdo em
elementos finitos desta andlise considerando o principio dos tra-
balhos virtuais.

Para obteng&o dos autovalores A e autovetores {5} pelo método
dos elementos finitos é necessaria a obten¢cdo da matriz geomé-
trica ou matriz de estabilidade [G] para cada elemento, além da
matriz de rigidez [K]. A matriz geométrica provém da parcela de
energia correspondente a variagdo do trabalho das forgas exter-
nas. O problema de autovalor e autovetor pode ser representado
pela Equacgao (13).

(K] -2, [GD{8} =0 (13)

O conjunto de cargas dofib Modelo esta inserido na matriz ge-
ométrica. A resolugdo da Equacgao (13) depende da inversdo da
matriz [G] e a utilizagdo de um método numérico para obter A_.
Outra possibilidade & inverter a matriz de rigidez e obter 1/A . Para
a obteng&o dos valores criticos, basta multiplicar A . pelo conjunto
de cargas adotadas.

O programa possibilita a inser¢ao de apoios elasticos discretos.
Podem ser inseridas molas para restringir parcialmente deslo-
camento lateral, rotacdo por flexdo lateral, rotagdo por torgéo e

empenamento. Para as fases transitérias, a rigidez do vinculo de
tor¢do € o principal parametro.

3. Resultados e discussoes

EE

Sao apresentados os resultados de analises paramétricas de viga
em fase transitéria utilizando as formulagdes apresentadas de
analise bifurcacional. Os resultados de vigas retangulares e vigas
| sédo apresentados separadamente. Para as analises paramétri-
cas com cada tipo de secao, sera tomada a menor esbeltez obtida
como limite de seguranca.

Os graficos apresentam os resultados da fase de icamento jun-
tamente a fase transporte, com a carga critica nas ordenadas e
esbeltez geométrica nas abscissas. As relagdes geométricas para
obtengao da esbeltez foram obtidas de acordo como o Eurocode
2 [11]. Os limites desta norma, para fases transitérias, seguem na
Equacédo (14).

1/3
£S?),S e lorh

——=<70
bf bf4/3

(14)

Para a obtengao de limites de esbeltez é considerado como crité-
rio de seguranca a relagéo p_, / pp > 4 que tem por fundamento a
dificuldade em se prever as condigbes da realizacdo das etapas
de transporte e icamento. Em Krahl [4] sdo apresentadas anadlises
utilizando a formulacdo de Mast [17], através da qual se obtém
um limite menor para esta relagao. No entanto, sera utilizado este
critério, comparado a resultados de analises paramétricas, para
obter limites de seguranca.

Mantidas as demais variaveis, o aumento da resisténcia a com-
pressao do concreto tem efeito benéfico sobre a estabilidade late-
ral de vigas, entdo sera considerada a resisténcia de 30 MPa para
a fase transitéria) em todas as analises, um pouco menor que a
resisténcia caracteristica minima de elementos de concreto pré-
-moldado para as situagdes definitivas.

Os efeitos de imperfeigbes e desvios no posicionamento dos ca-
bos de icamento e sobre o caminh&o de transporte reduzem con-
sideravelmente a seguranca contra instabilidade. A avaliagdo da
importancia destes fatores é apresentada em Krahl [4].

As esbeltezes apresentadas na Equacéo (14) ndo séo altera-
das com a variagado de imperfeigdes geométricas e moédulo de
elasticidade. Para considera-los é necessaria uma expressao
de esbeltez que utilize a carga critica. No entanto, esta nao
tem sido a pratica das normas. Entdo, de maneira conserva-
dora, os limites de esbeltez geométrica sao obtidos para a
imperfeicdo recomendada pelo Eurocode 2 [11] de {/300 de
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Figura 3 - Representacdo genérica das secoes
utilizadas nas andlises paramétricas
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deslocamento lateral e a resisténcia a compresséo do con-
creto para fase transitéria de 30 MPa, sendo { o vao total da
viga. Destaca-se que em todas as analises é considerado um
balango de 2,5 m.

Aformulagao de Lebelle [6] e o programa LTBeam [16] possibilitam
a utilizagéo de vinculos elasticos. Segundo Mast [17], recomenda-
-se como vinculagao parcial a tor¢cdo para vigas em transporte um
valor entre 360 a 680 kNm/rad para cada eixo duplo. Foi adotado,
neste artigo, a configuragdo de quatro eixos duplos e um simples,
resultando em 1530 kNm/rad (360 kNm/rad por eixo duplo). A ri-
gidez do vinculo de tor¢do considerada para icamento é de 1200
kNm/rad.

As relagdes geométricas utilizadas nas analises paramétricas se-
guem na Tabela 3. As espessuras de mesa e alma das vigas | séo
fixas em 15 cm. A representacdo genérica das segdes segue na
Figura 3.

3.1 Variagao da largura de viga retangular

Os resultados de carga critica de viga retangular com larguras de
15, 20, 30, 40 e 50 cm sao apresentados na Tabela 4. A altura da
segdo é 150 cm e o vao de 30 m, sendo £/ h = 20.

Na Figura 4, a linha trago e ponto representa o peso proprio e a
linha tracejada representa quatro vezes este valor. Sendo este Ul-
timo o critério de seguranga. Nos graficos apresentados na Figura
4, icamento e transporte estéo separados, sendo apresentados os
resultados para as relagbes de esbeltez geométrica apresentadas
nas Equacgdes (14).

De acordo com a Figura 4, a medida que a largu-
ra da viga aumenta, o valor da carga critica aumen-
ta, tendendo a ultrapassar o limite de seguranga. Na
fase de igamento, para esbeltezes {  h'™ / b*® < 85
e h/b <75 aseguranga de vigas retangulares ¢ verificada.
O primeiro limite € maior que a recomendagédo do Eurocode
2 [11] e fib Model Code [13]. O segundo resulta menor que o
limite do Eurocode 2 [11], sendo contra a seguranga o limite
da norma.

Para a esbeltez { h / bwz, obtém-se o limite de 180 corresponden-
te a carga critica considerada como segura, sendo este menor que
a recomendagao do BS:8110-1 [14] e ABNT NBR 9062:2006 [9],
como mostra a Tabela 1. Portanto, as recomendagdes do cédigo
britdnico e da norma brasileira sdo contra a seguranga para fases
transitérias de vigas retangulares.

A esbeltez £ h / b resulta 60 que coincide com o recomendado
pelo BS:8110-1 [14]. A recomendagéo do ACI 318-02 [12] e ABNT
NBR9062:2006 [9] sdo conservadoras, mas a favor da seguranca.
Em transporte, a formulagado de Lebelle [6] ndo atinge 0 mesmo
limite determinado em igamento, como mostra a Figura 4. No en-
tanto, as outras formulagbes tiveram a seguranca verificada em
transporte para os mesmos limites de icamento.

Nos graficos da Figura 4, verifica-se que a formulacédo de Stratford
e Burgoyne [7] tende a apresentar carga critica elevada a medida
que a esbeltez é reduzida. No caso de igamento, a formulagao dos
autores apresenta grande sensibilidade a imperfeicdes geométri-
cas, sendo que para esbeltez £ h'? / b*® = 86,53 a redugéo na
carga critica € de 48%.

No icamento, a formulagdo de Stratford e Burgoyne [7] que
considera imperfeigbes geométricas teve resultados préximos
aos obtidos pelo método dos elementos finitos (LTBeam) para

Lebelle

{)01 h'l/3 / b 4/3
w

10,00 430,89 4,07 10,62 3,82
7,50 293,62 9,55 18,43 9,14
5,00 171,00 31,5 35,37 31,13
3,75 116,52 72,75 53,63 74,13
3,00 86,53 138,30 60,48 145,17

Tabela 4 - Carga critica de viga retangular para variacdo da largura da se¢do

Carga critica de instabilidade (kN/m)
Stratford et al.

Notas ! Formulagdo considera imperfeicbes geométricas 2 As letras | e T representam icamento e transporte, respectivamente.

Stratford et al.! LTBeam

10,24 3,73 9,87 10,45 11,51
24,28 8,61 23,40 17,61 19,64
81,96 25,78 79,00 34,14 38,38
194,30 49,70 187.20 53,32 60,09
379.45 74,06 365,63 74,9 84,50
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Figura 4 - Carga critica de viga retangular para variagao da largura
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Tabela 5 - Carga critica de viga retangular para variagdo do vao

Carga critica de instabilidade (kN/m)

£, h'?2 [ b 3 Lebelle Stratford et al. Stratford et al.’!

I T | T
20 293,62 9.55 18,43 9.14 24,28 8,61 23,79 17,61 19,34
25 244,68 23,20 29,49 24,83 41,96 22,03 41,03 37.00 31,20
30 195,74 77,80 51,50 96,30 81,96 71,94 79,93 50,40 55,78

Notas ! Formulagdo considera imperfeicoées geométricas 2 As letras | e T representam icamento e transporte, respectivamente
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Figura 5 - Carga critica de viga retangular para variagdo do véo
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as menores esbeltezes consideradas, a diferenca é 1,12% e
6,75%, para os dois primeiros casos. No entanto, a medida que a
esbeltez aumenta, a diferenga aumenta para 64%.

No caso da fase de transporte, a formulagdo de Lebelle [6] teve
resultados proximos aos obtidos com o programa computacional
LTBeam [16] para esbeltezes elevadas, mas com a diminuigao
desse parametro a diferenga aumenta, para o intevalo de esbelte-
zes avaliados os casos extremos séo 7,7% e 28,4%. A formulagao
de Lebelle [6] para icamento apresenta grande variagéo na carga
critica a medida que a esbeltez é reduzida.

3.2 Variacao do vao da viga retangular

Para avaliar a influéncia no calculo da carga critica de instabilida-
de lateral sao adotados vaos de 20, 25 e 30 m. Os resultados séo
apresentados na Tabela 5 e Figura 5. A secgao retangular tem 20
cm de largura por 150 cm de altura, portanto, a relagédo h /b, tem
valor constante, sendo igual a 7,5. Este valor, segundo o limite

Tabela 6 - Comparacdo dos resultados de
esbeltezes limite de vigas retangulares para os
casos analisados

2,0, /b, 85 195
£, /b2 180 750
¢, /b, 60 100
h/b, 3 7,5

obtido no item 3.1, n&o verifica o limite de seguranga h /b, < 3. As
relagbes £/ h sdo 13, 17 e 20.

De acordo com a Figura 5, no caso da viga com esbeltez
£, h"® /b * =200 todas as formulagdes apresentam resultados
de carga critica que verificam a segurancga para icamento e trans-
porte. Neste momento, destaca-se a limitagdo ao se recomendar
um limite de esbeltez geométrico para verificar a seguranga da
estabilidade de vigas.

Seguindo a recomendagéo do item 3.1 ({,. h" /b, ** =85eh/b, <3)
aviga comrelagdo h /b, =7,5 e vdo de 20 m ndo tem a seguranca
contra instabilidade verificada (£, h'? / b 3 = 293,62). No entanto,
o resultado obtido neste item mostra que o critério p_, / pp > 4 €
verificado para esta esbeltez, apresentado na Figura 5.

Com relagao ao comportamento dos resultados obtidos, para a
fase de igamento as formulagdes de Lebelle [6] e Stratford e Bur-
goyne [7] apresentam resultados muito proximos de carga critica,
sendo a maior diferenga de 7,5%. Comparando os resultados da
formualgao de Stratford e Burgoyne [7] com o programa LTBeam
[16], a diferenca maxima é 51,1%.

Ja para transporte isto acontece para os resultados de Lebelle [6] e
do programa computacional LTBeam [16], com diferenga maxima
de 7,7% e minima de 4,7%. A formulagao de Stratford e Burgoyne
[7] mostra pequena sensibilidade as imperfeicdes geométricas na
fase de transporte, pois a maior diferenga entre as cargas criticas
com e sem imperfeicbes é 2,5%.

Na Tabela 6 sao comparados os resultados deste item aos do item
3.1. Para este item sao considerados os resultados da viga com
vao de 20 m.

A partir desta comparagéo, com o objetivo de apresentar limites de
esbeltez, os valores recomendados para vigas retangulares séo
os obtidos no item 3.1.

Chama-se a atengao que, no caso de vigas com segao retangular
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Tabela 7 - Carga critica de viga | para variagdo da largura da mesa
Carga critica de instabilidade (kN/m)
h /b, £, h'2 [ bA Lebelle Stratford et al. Stratford et al.! LTBeam
1 T | T
3,75 116,52 15,56 23,97 17,89 27,18 16,3 26,25 23,80 25,96
2,50 67.86 51,2 41,4 53.3 50,61 41,5 48,04 41,24 45,65
1,88 46,24 105,97 62,29 122,5 82,19 78,6 76,4 63,24 69.29
Notas ! Formulagcdo considera imperfeicdes geométricas 2 As letras | e T representam icamento e transporte, respectivamente.
Figura 6 - Carga critica de viga | para variagdo da largura da mesa
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Tabela 8 - Carga critica de viga | para variagéo do vdo

Carga critica de instabilidade (kN/m)

£ h'2 [ b Lebelle
30 46,24 105,97 62,3 121,84
35 53,95 45,40 42,10 55,40
40 61,66 23,73 29,86 28,93

Stratford et al.

Notas ! Formulagcdo considera imperfeicdes geométricas 2 As letras | e T representam icamento e transporte, respectivamente.

Stratford et al.! LTBeam

82,2 78,14 76,36 63,24 69,29
51,75 42,20 48,25 42,25 46,12
34,67 24,27 32,4 29,7 32,31

a esbeltez £ h / b ? seria de 180 ao passo que pela ABNT NBR
9062:2006 [9] o limite seria de 500, portanto contra a seguranca.
Para exemplificar o limite encontrado, considera-se uma viga com
largura de 40 cm, altura 150 cm e véo de 20 m. Com essas carac-
teristicas, sua esbeltez é { . h" /b ** =77,7. O limite recomendado
pelo fib Model Code [13] para vigas em fase transitéria € 50, pon-
tanto a viga em questao ndo verifica este critério de seguranca. No
entanto, a viga verifica a seguranga para fases transitérias para o
limite obtido no item 3.1 € 85. Vale salientar que os limites obtidos
neste artigo tem por base o critério de seguranga p_. / pp > 4.

crit

3.3 Variacao da largura da mesa da viga |

Na Tabela 7 e Figura 6 estdo os resultados de carga critica para
variagdo simulténea da largura da mesa superior e inferior de vi-
gas | em fase transitoria. As larguras admitidas sdo de 40, 60 e
80 cm, sendo a altura, espessura de mesa e alma e vao fixos em
150 cm, 15 cm e 30 m, respectivamente, com a relagdo {/ h = 20.
Com base nos resultados da Figura 6, verifica-se que para es-

beltezes £, h'* / b*® <70 e h/b,< 25 todas as formulagdes
apresentam cargas criticas que verificam o critério de seguranca
para transporte e icamento. A comparagdo com as normas sera
feita no item 3.4.

Aformulagao de Stratford e Burgoyne [7] apresenta comportamen-
to semelhante ao descrito no item 3.1. Em icamento a formulagao
dos autores se aproxima mais dos resultados do programa com-
putacional LTBeam [16], sendo diferenga maxima de 31,5%.

Em transporte, os resultados da formulagao de Lebelle [6] s&o se-
melhantes aos do programa LTBeam [16], com defirenga méxima
de 10,1%.

3.4 Variacao do vao da viga |

A importancia da variagéo do vao para estabilidade de vigas | em
fase transitoria € verificada neste item. Os resultados seguem na
Tabela 8 e Figura 7. Os vao admitidos sao de 30, 35 e 40 m, sendo
arelagao £/ h de 20, 23 e 26, respectivamente. Sao fixas a largura
de mesa, espessura de alma e mesa e altura em 80 cm, 15 cm

Figura 7 - Carga critica de viga | para variagdo do vdo
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fio Model ACI 318-02
Code (13) (12)
50 -

{Of h'\/3 / bfA/S -
£,h /b2 - 500 -
510 - 50 50
h/b, - - -

Tabela 9 - Comparacdo dos resultados de esbeltezes limite para vigas |

Eurocode 2
an
70 53

- 70
250 = 125 82
60 - 50 43
= 3.5 2,5 1,88

e 150 cm, respectivamente. Portanto, a relagéo h / b, € mantida
constante com valor de 1,88.

Na Figura 7, a seguranga € Vverificada para esbeltez
£, h'? /b < 53 em igamento e transporte. Este resultado € apro-
ximadamente o limite recomendado no fib Model Code [13]. A es-
beltez h / b;< 1,8 s6 pode ser recomendada se verificar simultane-
amente a esbeltez { h"* / b*°.

Ao impor estes limites a favor da seguranga, eliminam-se possibi-
lidades de vigas com esbeltezes que tenham seguranga em fase
transitéria, mas que nao atendem a estes critérios. Por exemplo, a
viga com esbeltez de {, h'* / b**® = 67,8 apresentada no item 3.3
que atende ao critério de p_, / pp > 4.

Os resultados das formulagbes seguem os padrdes descritos nos
itens anteriores. Em icamento os resultados da formulagéo de Stra-
tford e Burgoyne [7] tem diferenca méaxima de 18,3% para os resul-
tados do programa computacional LTBeam [16]. Em transporte, os
resultados da formulagéo de Lebelle [6] tem diferenga maxima de
7,6%, comparados aos obtidos pelo programa LTBeam [16].

Na Tabela 9 s&do comparados os limites de esbeltez obtidos no
item 3.3 e item 3.4 com as recomendagdes das normas.

De acordo com a Tabela 9, a Unica norma que apresenta limite de
esbeltez a favor da seguranga, quando comparado aos resultados
obtidos é o fib Model Code [13]. Portanto, para vigas | os limites
recomendados sdo os obtidos no item 3.4, igualando a esbeltez
£, h"* / b*3 ao recomendado pelo cédigofib Modelo.

Como feito no item 3.2 para exemplificar, considera-se agora uma
viga | com mesas de 50 cm de largura, espessuras de mesa e
alma de 15 cm, altura de 150 cm e vao de 20 m. Sua esbeltez é
£, h'® / b** = 57,7. Esta esbeltez ndo tem seguranca verificada
pelo limite recomendo no fib Model Code [13], nem pelo limite de-
terminado neste artigo.

4. Conclusoes
[

Com base nos resultados das analises paramétricas, pode-se

concluir que:

a) A partir das andlises paramétricas, para a fase de icamento
afirma-se que a formulagéao de Stratford e Burgoyne [7] apre-
sentou os resultados de carga critica mais préximos aos obti-
dos pelo programa computacional LTBeam [16], que esta sen-
do utilizado como referéncia. Para os intervalos de esbeltezes
considerados para vigas retangulares e vigas |, a diferenca
minima entre as curvas de carga critica obtidas é de 1,1% e
maxima de 64% entre as duas formulagées.

b) Os resultados de carga critica da formulagdo de Lebelle [6]
para transporte se aproximaram dos obtidos pelo programa

LTBeam [16]. Entre as esbeltezes consideradas para vigas re-
tangulares e vigas |, a diferenga minima encontrada entre as
curvas de carga critica foi de 4,7% e maxima de 28,4%.

c) O limite de esbeltez para vigas de secéo retangular é diferen-
te do limite determinado para vigas de secado |. Destaca-se
que nenhuma norma faz essa distingdo. Com isso, as vigas
de secao retangular normalmente resultam excessivamente
robustas, sendo que o calculo de carga critica mostra que os
elementos podem ser mais esbeltos.

d) Tomando como referéncia o fib Model Code [13], para os ca-
sos analisados, o limite da esbetez £ h'* / bf‘”3 para vigas re-
tangulares seria de 85.

e) Ja os limites obtidos para vigas |, nos casos analisados, para
a esbetez { h"® / b** seria de 53, o que poderia ser tomado
igual a 50, conforme recomendado pelo fib Model Code [13].

f) Nos casos analisados, para vigas |, somente a recomendagéo
do fib Model Code [13] atende os limites de esbeltes para as
situagdes analisadas.

Cabe destacar que as conclusdes foram obtidas para estudo que

envolveu as seguintes situagdes: f, de 30 MPa, imperfeigéo geo-

métrica de £/300 (quando considerada), balangos de 2,5 m, cabos
de icamento verticais, critério de seguranga p . / pp > 4. Arigidez

dos vinculos de torgdo adotados no icamento € 1200 kNm/rad e

transporte 1530 kNm/rad.

As relagdes geométricas utilizadas foram apresentadas na Tabela

3. Lembrando que as espessuras de mesa e alma das vigas | sao

fixas em 15 cm.

Quando as recomendagdes das normas e cédigos néo sao aten-

didas, pode-se recorrer a uma analise mais rigorosa, por exemplo,

calculo de carga critica de instabilidade lateral. Este tipo de analise
considera o efeito da nao-linearidade geométrica, caracteristico
em elementos delgados.. A seguranga € entao verificada, compa-
rando-se a carga critica ao peso préprio da viga. Arelagéo entre as
duas grandezas deve atender sempre a um critério de seguranca,
normalmente adota-se o valor 4.
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Abstract

The modeling of reinforced concrete structures has taken advantage of the increasing progress on Computational Mechanics, in such way that com-
plex phenomena, such as cracking and crushing, creep, reinforcement yielding, steel-concrete bond loss, can be modeled in a reasonable realistic
way, using the proper set of numerical and computational resources. Among several options, the ones based on the Finite Element Method (FEM)
allow complex analysis simulations of reinforced concrete structures, including the interaction of different nonlinear effects. This paper deals with
the nonlinear finite element analysis of the bond-slip between reinforcing steel and concrete, taking into account an experimental study previously
performed. The FEM analysis presented uses a combination of resources where the material behavior of concrete is described by the Microplane
Constitutive Model, and an embedded reinforcement model is used to represent steel inside the concrete and take into account the effect of bond-slip.
The FEM models were created using the INSANE (INteractive Structural ANalysis Environment) computational system, open source software that
has a set of FEM tools for nonlinear analysis of reinforced concrete structures. The correlations between numerical-experimentals results and several
parameters validate the proposed combination of resources and identifies the significance of various effects on the response.

Keywords: reinforced concrete structures, microplane constitutive models, embedded reinforcement, bond-slip.

Resumo

EE

A modelagem de estruturas de concreto armado tem tido um crescente progresso na Mecanica Computacional, de modo que os fendbmenos com-
plexos, tais como fissuracdo e esmagamento, fluéncia, escoamento da armadura, perda da aderéncia ago-concreto, podem ser modelados de
forma razoavelmente realista, usando um conjunto apropriado de recursos numéricos e computacionais. Entre as diversas opgoes, os baseados
no Método dos Elementos Finitos (MEF) permitem simulagées complexas de analises de estruturas de concreto armado, incluindo a interacdo de
diferentes efeitos nao lineares. Este artigo lida com a analise néo linear em elementos finitos, da perda de aderéncia entre a armadura de ago e
o concreto, levando em consideragédo um estudo experimental anteriormente realizado. A analise via MEF apresentada usa uma combinagéo de
recursos onde o comportamento do concreto € descrito pelo Modelo Constitutivo de Microplanos, e um Modelo de Armadura Embutida é usado
para representar o ago inserido no concreto e levar em conta o efeito da perda de aderéncia. Os modelos do MEF foram criados usando o sistema
computacional INSANE (Interactive Structural Analysis Environment), software de cddigo aberto que possui um conjunto de ferramentas para
analise nao linear de estruturas em concreto armado. As correlagdes entre os resultados numérico-experimentais e os varios parametros validam
a combinagao de recursos proposta e identificam o significado de varios efeitos sobre a resposta.

Palavras-chave: estruturas de concreto armado, modelos constitutivos de microplanos, armadura embutida, perda de aderéncia.
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Experimental and finite element analysis of bond-slip in reinforced concrete

1. Introduction

EE—

Reinforced concrete is the most important building material and
it is widely used in modern structures. So, theoretical and experi-
mental researches become more and more necessary in order to
develop advanced analysis methods.

Experimental research provides the basis for the theoretical
models and also supplies the basic information for the analysis
methods, such as material properties. In addition, the results of
analysis methods have to be evaluated by comparing them with
experiments.

Theoretical research can reduce the number of required test speci-
mens for the solution of a given problem. The development of ana-
lytical models for reinforced concrete structures is complicated be-
cause of its complex behavior that includes: cracking and crushing,
creep, reinforcement yielding, steel-concrete bond failure, among
others phenomena.

However, nowadays, the modeling of reinforced concrete struc-
tures has taken advantage of the increasing progress on Compu-
tational Mechanics, in such way these complex phenomena can
be modeled, in a reasonable realistic way, using o proper set of
numerical and computational resources.

One of the most powerful methods of structural analysis is the Fi-
nite Element Method (FEM), which allows complex numerical sim-
ulations of reinforced concrete structures, including the interaction
of different nonlinear effects.

This paper deals with the Finite Element Analysis of the bond-slip
between reinforcing steel and concrete, taking into account the ex-
perimental study previously performed by Silva [1].

The FEM models were created using the INSANE (Interactive
Structural Analysis Environment) computational system, open
source software available at www.insane.dees.ufmg.br. The cur-
rent version of INSANE has a set of FEM tools for nonlinear analy-
sis of reinforced concrete structures, such as: (1) extensive library
of analysis models and incremental-iterative methods for solving
nonlinear equations; (2) an unified computational environment for
constitutive models; and (3) FEM models for reinforcement and
bond-slip.

Among these tools, the FEM analysis presented in this paper uses
an appropriate combination of resources. The material behavior of
concrete is described by the Microplane Constitutive Model, briefly
described in section 2. An embedded reinforcement model is used
to represent steel inside a concrete element and take into account
the effect of bond-slip (section 3). The experimental program is
detailed in section 4. In section 5, both pullout tests and finite ele-
ment simulations are presented and the results from the two are
compared.

2. Microplane model

EE

The application of Microplane Theory (Mohr [2], Taylor [3]) to
modeling concrete structures is quite pertinent because the as-
sociation between solid structure of the heterogeneous material
(cementitious matrix with aggregates of different particle sizes) and
the existence of multiple plans of discontinuities positioned at the
interfaces of its grains (Figure 1).

Although this association has been understood on a micro scale,
Bazant and Gambarova [4] formulated a macro scale model based
on such association. The model prescribes constitutive behavior
in individual and independent microplanes and relates this local
behavior with macro stresses and strains in order to represent the
inelastic response of the material. After this pioneer work, many
other microplane models has been proposed (Carol [5], Ozbolt [6],
Carol [7], Leukart [8], Leukart and Ramm [9]). All of them follow the
schema showed in Figure 2.

In a very general way, the formulation of Microplane Models fol-
lows three main steps, as can be seen in Fig. 2. Given the macro-
scopic strain tensor at a material point, kinematic constraints are
imposed in order to calculate the strains on the microplanes. The
direction of each microplane is defined to be normal to the surface
of a sphere centered at the material point (Figure 3). After imposing
such constraints, a local constitutive behavior is assumed in order
to evaluate the local stresses as well as a microplane measure of
the material degradation. In the final stage, macroscopic stresses
as well as the global constitutive tensor are evaluated after using
an energy principle.

Figure 1 - Discontinuity plans inside concrete microstructure
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Figure 2 - Synthesis of the Microplane Models formulation
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The model proposed by Leukart and Ramm [8] adopts (step 1) a
decomposition of the macroscopic strain tensor into its volumet-
ric and deviatoric components (V-D split); (step 2) that the dam-
age process is the main dissipation mechanism which describes
the degradation on the material and that degradation is evaluated
through a single equivalent strain combined with a single damage
law; (step 3) that the free energy on the microplanes exists and
its integral over all microplanes is equal to the macroscopic free
energy of Helmholtz.

Wolenski [9] generalizes the computational implementation of Leu-
kart and Ramm [8] proposition, in order to allow any microplane
equivalent strain measure and any damage law. Such an improve-
ment has been implemented in the context of the Unified Compu-
tational Environment, proposed by PENNA [11], on the INSANE
system.

The numerical simulations presented in this paper use one
of the options of the unified environment for microplane mod-
els of the INSANE system. Specifically, the simulations uses
volumetric-deviatoric strain split proposed by Leukart and
Ramm [8] and the equivalent strain defined by de Vree [12],
according to:

2 3
T D R T )

. . . V. .
where 17,,... is equivalent strain measure, & is volumetric part
of the strain tensor, & _ is the p component of the deviatoric strain
tensor and k1 and /gz are material parameters that relate to

Figure 3 - Microplane positions and kinematic constraints
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tensile and compression of concrete, and an exponential damage
law, given by:

. K _
dmzc =1_ 0 1_ [B(KO K):I
= { o+oe } )

where d™ is the damage measure, K is the current equivalent
strain, K, is a material parameter that specifies a limit for K refer-
ring to the beginning of the damage process, and & and ﬂ are
others material parameters.

3. Reinforcement and bond-slip model
EE

Reinforcement and bond-slip can be represented into reinforced
concrete FEM models according to three different approaches:
Smeared Reinforcement Models, Discrete Reinforcement Models
(Ngo and Scordelis [13]) and Embedded Reinforcement Models
(Balakrishna and Murray [14], Allwood and Bajarwan [15] and Elwi
and Hrudey [16]).

As can be seen in de Castro [17], the two last approaches were
implemented into the INSANE system resulting in a powerful tool
for the analysis of reinforced concrete structural elements that al-
lows the combination of any constitutive models for concrete and
steel, as well as any bond stress-slip law.

The numerical simulations presented in this paper adopt the em-
bedded reinforcement model proposed by Elwi and Hrudey [16],
combining with the bond stress-slip laws proposed by Eligehausen
[18] and Hawkins [19].

3.1 The finite element with embedded
reinforcement

The element proposed by Elwi and Hrudey [16] is composed of an
arbitrary element with an embedded reinforcement segment, ac-
cording to Figure 4 to the bidimensional case.

In this model, the normal strain in the tangent direction to the re-
inforcement segment is provided by the sum of two components.

The first one comes from the deformation of the concrete in the
tangent direction to the reinforcement segment and the second
one comes from the slip of the reinforcement. The concrete strains
are directly obtained from the displacement field of the plane fi-
nite element (the parent element) and the reinforcement slip is ob-
tained by interpolating its values at the nodes of the steel segment.
The stiffness matrix of the composed element is given by:

[k bb ] [kbs ]
[ksb] [kss ]+ [kcc] <3)

The sub matrix [kw] is due the constitutive model chosen for
representing concrete and the matrices kss] , [kbb and [kbs]
represent the contributions of steel and bond on the stiffness of the
composite element, where:

[k,, ]= !({w}Ebw O,+{B,}E.B,A )t ds )

[k, 1= [k, ] = j {B,)E,B.4, 1 ds (5)

[k, ]= j {BYE,BA -t-ds (6)

In the equations above, the integrals are performed over the line
representing the reinforcement layer, and /' contains the bond
slip interpolation functions; Eb is the tangent module of the bond
stress-slip law; Os is the reinforcement perimeter per unit of thick-

yA

Figure 4 - Bidimensional finite element with embedded reinforcement
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Figure 5 - Bond Stress-Slip law proposed by Eligehausen (18)

—————— Unloading Inelastic

------ Unloading Elastic

ness; Bb contains the derivatives of the bond slip interpolation
functions relative to the tangent direction of the reinforcement lay-
er; ES is the tangent module of the stress-strain relation for the
steel; AS is the reinforcement area per unit of thickness; f is the
element thickness; BS contains the derivatives of the interpolation
functions of the parent element relative to the tangent direction of
the reinforcement layer.

3.2 Bond stress-slip laws

As said before, the laws proposed by Eligehausen [18] and
Hawkins [19] where used in the numerical simulations presented
in this paper. The law proposed by Eligehausen [18] is given by the
equations (7) and is illustrated in Figure 5. Hawkins [19] proposed
the trilinear law showed in Figure 6.

a

w,
| M
T _Tmax

Wy

for 0<w, 2w,

T=1,, for w, <w, >w,, )
W "Wy
Wos = Wy

T =rmax—(tm -1, for wy, <w, 2w,

1=1, for w, 2w,

where T is the bond stress to a given slip W, ; 7, . is the maxi-
mum bond stress; 7 . is the final bond stress; W, is the slip re-
lated to the maximum bond stress; W, is the slip at the moment

when the bond stress reaches its end point.

4. Experimental program
—

The experimental program, presented here, has been performed by
Silva [1] and is also described in Silva [20]. The steel-concrete bond
was evaluated on two concrete mixtures corresponding to strength
classes 25 MPa and 45 MPa (C25 and C45) and three diameters
of the steel bars (8mm , 10mm and 12.5mm ) (reinforced bars type
CA-50, ABNT NBR 7480 [21]). For each combination described, six
specimens were tested, totaling 108 pull-out tests.

4.1 Materials

For the manufacture of concrete was used cement type CPV-ARI
(high early strength Portland cement - ABNT NBR 5733 [22]) with
specific mass of 3.05g/cm?®, specific apparent mass of
0.90g / cm® and specific surface area (Blaine) of 4768cm?/ g .
The fine aggregate was medium sand with fineness modulus of
2.15, specific mass of 2.61g / cm?*, and maximum nominal size of
4.75mm . The coarse aggregate was crushed basaltic, with fine-
ness modulus equal to 6.48, specific mass of 2.90g /cm?® and a
maximum nominal size of 19.0mm . The additive used was a poly-
carboxylate-based third-generation superplasticizer, which accord-
ing to the manufacturer has a density of 1.08g / cm?*, solid content
of 30 and a pH of 4.42.

The slump was fixed at 10 2cm . In order to limit the w/ ¢ ratio
it accepted superplasticizer additive content of 0.26 in relation to
the cement mass, for both concrete mixtures. Table 1 shows the
mixture proportions of concrete C25 and C45.

To analyze the mechanical properties of concrete were made cy-
lindrical specimens with 10cm diameter and 20cm high. For each
rupture age three specimens were molded, according to ABNT
NBR 5738 [23]. They were compacted using a vibrating table com-
pleted in two concrete layers of 10s duration per layer. The cure
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uit.

A

Figure 6 - Bond Stress-Slip law proposed by Hawkins (19)

ult.

was performed in a humid chamber at relative humidity above 95
and temperature of 23+2°C.

To characterize the concrete produced, compressive strength
tests were performed according to ABNT NBR 5739 [24]; tensile
strength of concrete by diametral compression according to ABNT
NBR 7222 [25], and elastic modulus of elasticity of concrete, ac-
cording to ABNT NBR 8522 [26]. Table 2 shows the results, indicat-
ing the average and the standard deviation of the sample consist-
ing of three specimens for each age and type of test.

The ribbed steel bars (type CA-50), used to generate the speci-
mens for the bond tests, were characterized according to ABNT
NBR 7480 [21]. This standard specifies that the yield stress of the
steel bars is at least 500 MPa and tensile strength is 10% greater
than this value. For each diameter (8mm , 10mm and 12.5mm ),
three 60cm long specimens were tested. The results are shown
in Table 3.

Table 1 - Mixture proportions of concrete
(kg / md
Material C25 C45
Cement Portland 318.33 502.99
Fine aggregate 933.65 777.76
Coarse aggregate 958.09 977.01
Water 200.64 192.38
Superplasticizer 0.83 1.31
Water/Cement 0.61 0.37

4.2 Experimental pull-out test

The Pull-Out Test (POT) is standardized by RILEM/CEB/FIB [27]
and consists of plucking a steel bar integrated into a concrete

Table 2 - Mechanical properties

of concrete
Mechanical

properties - concrete ( 28 days) €25 e
Compressive strength - f_ (MPa) 27.8 49.3
(Std. dev.) (1.6) (1.6)

Tensile strength by diametral 3.28 4.60
compression - f__(MPa) (Std. dev.) (0.23) 0.22)
Elastic modulus - E_ (GPa) 36.10 46.85
(Std. dev.) (2.82) (0.28)

Table 3 - Characterization of the reinforced
bars with nominal diameter @ (mm)

Properties 8.0 10.0 12.5
) 625.0 620.0 580.0
Yield stress fy (MPa) (Std. dev.) 07 en GBN
Tensile strength f (MPa) 7(;75;) 7(?24;) 7(;136;)
Linear mass (kg/m) 0.398 0610 0.956
9 (0.004) (0.005) (0.005)
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Specimen
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Figure 7 - Characterization of the pull-out test
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specimen. This test has aimed to study the relationship between
bond stress and bond loss of the steel bar. Both ends of the bar
are designed for out of the specimen, so that, the pull-out force is
applied at one end while the bond loss is measured at the opposite
end (Figure 7).

The specimen is cubic with dimension ten times the diameter of
the bar (100), the minimum size is 20cm and the bond length is
fixed at five times the diameter of the bar (54 ). Figure 8 shows
concreting in the metal mold on a vibrating table and the pull-out
specimens.

The system pull-out to method POT was mounted on a movable
support properly leveled. For application of force was used a hy-
draulic jack with a capacity of 600kN , connected to a manual
pump pressure which was applied pulling force at one end of the
bar, who reacted against the specimen. Figure 7 illustrates a sche-

matic with the method POT. The pullout force was measured by the
load cell and the linear displacement by LVDT.

These data were collected through the data acquisition system
(QuantumX) and visualized through the computer program (Cat-
manEasy), both from HBM. With this system it was possible to ob-
tain the force versus displacement curves.

The bond strength (7 ) is calculated according to Equation (8),
where F' is the pullout force and & is the diameter of the
steel bar.

F
Y ©)

Figure 8 - Concreting in metallic mold on a vibrating table (a); specimens POT concreted (b)

\ T T

Vo i 0 =5 A
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Figure 9 - Finite element mesh for the pull-out test
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5. Numerical simulations of pull-out test
EE

The pull-out tests above described were simulated using the IN-
SANE tools for the analysis of reinforced concrete. The microplane
model proposed by Leukart and Ramm [8] combined with the
equivalent strain defined by de Vree [12] was used for representing
the concrete. The steel was represented by an elastoplastic stress-
strain law inside the embedded reinforcement model proposed by
Elwi and Hrudey [16], combined with the bond stress-slip laws pro-
posed by Eligehausen [18] and Hawkins [19].

Figure 9 illustrates the finite element mesh adopted: 132 four-node
quadrilateral finite elements (with 2 x 2 integration points) to repre-
sent the concrete and 15 embedded reinforcement elements (with
2 integration points) to characterize the steel.

According the experimental data, the following material param-
eters have been adopted: Young’s Modulus E_=36100MPa

and Poisson ratio v, =0.15, for concrete C25; Young’s Modu-
lus E, =46850MPa and Poisson ratio v, =0.20, for concrete
C45; Young's Modulus E, =210000MPa and Yielding Stress
fy =625MPa (8mm), fy =620MPa (10mm), fy =580MPa
(12.5mm), for steel.

By fitting the unidimensional behavior observed from the ex-
perimental data, it was possible to obtain the numerical param-
eters to the exponential damage law based on the equivalent
strain defined by de Vree [12]. The following values were found
(see equation 1 and 2): a =0.950, g =2200, for concrete C25
and C45; x, =0.000103, k, =0.630 and k, =0.2675 for C25;
K, =0.000103, k, =0.7556 and k, =0.1943 for C45.

For consideration of bond loss, according to laws proposed by
Eligehausen [18] and Hawkins [19], the parameters presented in
Tables 4, 5, 6 and 7 were used (Figures 5 and 6).

Table 4 - Parameters for the Eligehausen bond
law for concrete C25

Bar of 8.0 mm

w,, =0.75mm w,, =1.25mm W, =5.00mm

a=0.40 mm T, = 16.50 Mpa 7, = 6.00 Mpa

Bar of 10.0 mm

w,, =0.45 mm w,, = 1.00 mm W, =5.00mm

a =0.40 mm T = 20.00 Mpa 7, =7.00 Mpa

Bar of 12.5 mm

w,, = 0.30 mm w,, = 0.90 mm W, = 5.00 mm

a =0.40 mm Tooae = 22.50 Mpa 7, = 9.00 Mpa

Table 5 - Parameters for the Eligehausen bond
law for concrete C45

Bar of 8.0 mm

w,, = 0.30 mm w,, = 1.00 mm W, =95.00 mm

o =0.40 mm T = 23.50 Mpa 7, = 9.00 Mpa

Bar of 10.0 mm
w,, = 0.30 mm w,, = 1.00 mm

To = 26.00 Mpa

Bar of 12.5 mm

w,, = 0.30 mm w,, = 1.00 mm W, = 6.00 mm
T = 29.00 Mpa 7, = 15.50 Mpa

W, =9.50 mm

o =0.40 mm 7, = 12.50 Mpa

o =0.40 mm

794 ——
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Table 6 - Parameters for the Hawkins bond law
for concrete C25

Bar of 8.0 mm

w,, =0.25 mm W, =1.15mm W, =4.85mm
T oo = 16.50 Mpa

7, = 6.00 Mpa

w,, =0.10mm w,, =0.75mm W, =9.10mm
7, = 13.00 mm 7. = 20.00 Mpa

7, = /.00 Mpa
Bar of 12.5 mm

w,, =0.10 mm w,, = 0.60 mm W, = 5.30 mm

7, =11.50 mm

Table 7 - Parameters for the Hawkins bond law
for concrete C45

Bar of 8.0 mm

w,, =0.10mm w,,=0.75mm W, =4.85mm
7, = 17.00 mm T = 23.50 Mpa

7, = 2.00 Mpa
Bar of 10.0 mm

w,, =0.10mm w,,=1.10mm W, =9.20 mm
T, = 23.50 mm T = 27.00 Mpa

7, = 12.50 Mpa
Bar of 12.5 mm

w,, =0.10 mm w,, = 0.90 mm W, = 6.10mm

7, = 16.50 mm T = 22.50 Mpa 7, = 9.00 Mpa T, = 27.50 mm T = 29.00 Mpa 7, = 15.50 Mpa
Figure 10 - Experimental and FEM results for concretes C25 and C45
and reinforcing bars of 8mm, 10mm and 12.5mm
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Figure 11 - FEM results for bond stressxslip curves for Eligehausen (E) and Hawkins (H) bond laws
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Nonlinear simulations have been performed under the assump-
tion of plane stress conditions and using generalized displacement
control method (Yang and Shieh [28]), initial load factor equal to
0.080 and 0.040 for Eligehausen [18] and Hawkins [19] bond
laws, respectively, and tolerance of 1x107.

The results of the numerical simulations, together the range of ex-
perimental data, can be seen in Figure 10, referring to concrete
C25 and C45, and to bar diameters of 8mm , 10mm and 12.5mm .
Figure 10 shows good agreement between the experimental and
numerical results for the six combinations of two concretes and
three reinforcing bars. Both, the Eligehausen and Hawkins laws
represented well the experimental range. Clearly, the Eligehausen
law has represented better because of its nonlinear nature. This
feature was very important, mainly for load levels near of the load
limits, when the behavior is strongly nonlinear.

The curves bond stress X slip for all simulations can be seen in
Figure 11. By comparing Figures 11 and 10, it can be observed

that the curves load X slip (Fig. 10) and bond stress X slip (Fig.
11) have the same shapes. Itis also observed that the bond
stress and slip limits of the Figure 11 are almost equals to the ones
used as input values (Tables 4, 5, 6 and 7). These observations
allows to conclude that structural behavior of the test and the local
behavior of the concrete-steel interface are almost the same, high-
lighting the pertinence of the RILEM’s test to study local interac-
tions between the two materials. The observations also allow con-
cluding that, despite the sophistication of the constitutive model
used for concrete, it was not so important for this FEM analysis.

In spite of good agreement between experimental and FEM anal-
ysis, as showed in Figure 10, the FEM results for C45-12.5mm
were obtained using a lower limit of bond stress (29 MPa ). For
all analysis performed with bond stress limit larger than 29 MPa
the incremental-iterative process stops at the same load level
(71.176 kN ), as illustrated in Figure 12 (points A and B).

Figure 12 - Experimental and FEM results for concrete C45 and reinforcing bars of 12.5mm
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In order to explain this occurrence, Figure 13 shows the variation
of the reinforcement force, bond stress and reinforcement slip, as
well as the mesh’s deformed shape, corresponding to the points A
(right images) and B (left images) of the Figure 12.

As can be seen in Figure 13, the maximum values for reinforcement force,
bond stress and reinforcement slip are: 71.176 kN, 29.1177 MPa and
0.7603 mm for point A (see Fig. 12), and 70.590kN, 28.9722 MPa
and 0.8292mm for point B (see Fig. 12). These values, as well as
the general behavior illustrated in Figure 13, are very close to the
input data of Table 7, highlighting again the local nature of the phe-
nomenon. Also, it is observed that the reinforcement force for point
A (71.176 kN') corresponds to the steel yield stress, according with
experimental values (Table 3), and this is the reason because the in-
cremental-iterative process stops. So, this analysis allows concluding
that, for this case (C45-12.5 mm ), the reinforcement yielding limits the
development of transfer mechanisms at the interface steel-concrete.

Although, it was noted the occurrence, for all experimental tests for
this case (C45-12.5mm ), of the failure by pullout, the experimental
values in Table 3, shows that this failure was on the threshold of the
steel yield strength, contributing to the statement obtained from the
numerical simulations presented.

6. Final remarks

EE

The numerical results obtained from the use of Microplane Consti-
tutive Model combined with an Embedded Reinforcement Model
and two bond stress-slip laws were compared with the experimen-
tal results and a good agreement was observed.

Also was observed a good representation of the actual behavior of
the RILEM/CEB/FIB [27] Pull-Out test, using the proposed combi-
nation, highlighting the pertinence of the RILEM proposal to study
the local behavior of the concrete-steel interface.

A correlation between numerical and experimental results and
some parameters validates the proposed combination and identi-
fies the significance of such parameters on response.

So, it can conclude that such combination enables a realistic rep-
resentation of the behavior of the bond loss between the reinforce-
ment and concrete.

In the simulations of the RILEM’s tests presented in this paper,
the concrete constitutive model was not so important due the local
nature of such tests. However, the combined effects of concrete
nonlinearity and bond-slip are very important and should always
be included in general finite element models because, in damaged
regions, there are peaks of bond stress due to the intensification
of transfer effort at the interface between cracked areas and intact
ones.

Aiming to expand the knowledge about this theme, new simula-
tions must be performed using the INSANE tools for reinforced
concrete structures, such as: the extensive library of constitutive
models for concrete, the discrete approach models for reinforce-
ment including interface finite elements for bond slip consideration.
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8. Nomenclature

EE

F - Pullout force (kN);

@ - Diameter of steel bar (mm);

E, - Elastic modulus of elasticity of concrete (GPa);
POT - Pull-Out Test (RILEM/CEB/FIP RC6: 1983);

f - Compressive strength of concrete average (MPa);

f;m - Tensile strength of concrete by diametral compression aver-
age (MPa);

f - Yield stress of steel (MPa);

f, - Tensile strength of steel (MPa);

1 - Steel-Concrete Bond strength (MPa);

1,4~ Steel-Concrete Maximum bond strength (MPa);

1,- Steel-Concrete initial bond strength (MPa);

T, - Steel-Concrete ultimate bond strength (MPa).
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Abstract
[

The recent increase in seismic records in Brazil boosted the publication of NBR 15421 (ABNT, 2006) - Design of Earthquake-Resistant Structures-
which requires the seismic loads to be considered in the design due to the dissipation of energy in the inelastic regime structures and seismicity of the
Brazilian territory. Many buildings built before the publication of this code were not designed to withstand seismic activity, increasing its fragility and
vulnerability to earthquakes of any intensity. Some of these buildings were designed and built with irregular distributions of mass, stiffness or resis-
tance over its height, which can lead to insufficient seismic performance. Therefore, it is essential for engineers to understand the seismic response
of structures with irregular distributions of mass, stiffness or resistance along its height, which are referred to in this paper as structures with irregulari-
ties. In this sense, the aim of this work is to evaluate the seismic behavior of a reinforced concrete structure with horizontal structural irregularities
by observing their influence in the loss of the ability to resist lateral loads and energy dissipation. For this purpose, were used the Equivalent Lateral
Force (ELF) Method, Modal Response Spectrum (RSA) Method and Pushover Analysis, described in NBR15421: 2006 [1] standard and the Ameri-
can Standard FEMA 356 [2]. Similarly, the seismic behavior of models using the capacity spectrum method defined in the ATC-40 [3] was calculated.
All results were compared with those obtained from a regular structure classified as the reference model or base case, in order to view the various
changes caused by irregularities. The proposed study was carried out numerically and the simulations were performed using CSI ETABS Nonlinear
® v9.5 program. The results show that the ability of the structure to withstand collapse depends on the plasticity of its elements and of the adequate
details to permit response without critical loss of strength of the structural system.

Keywords: seismic analysis, seismic resistant structures, irregular structures.

Resumo

EE

Os recentes aumentos dos registros de abalos sismicos no Brasil impulsionaram a publicagdo da NBR 15421:2006 [1] — Projeto de Estruturas
Resistentes a Sismos — na qual séo definidas as cargas sismicas a serem consideradas no projeto em fungéo da capacidade de dissipagéo de
energia no regime inelastico das estruturas e da sismicidade do territério brasileiro. Algumas edificacdes construidas antes da publicacdo dessa
norma nao foram projetadas para resistir a agdes sismicas aumentando a sua fragilidade e vulnerabilidade para terremotos de qualquer intensidade.
Observa-se ainda que alguns desses edificios foram projetados e construidos com distribuigdes irregulares de massa, rigidez ou resisténcia ao longo
da sua altura que podem levar a um desempenho sismico inadequado. Assim, torna-se essencial para os engenheiros e projetistas uma melhor
compreensao dos efeitos dos abalos sismicos no comportamento sismico de edificagdes, especialmente aquelas com diversas irregularidades. Por
simplicidade, utiliza-se neste trabalho o termo “estruturas irregulares” para referenciar estruturas como as descritas. Nesse sentido, o objetivo deste
trabalho € avaliar o comportamento sismico de uma estrutura de concreto armado de oito pavimentos e com diversas irregularidades introduzidas
na planta da mesma, a fim de verificar a influéncia dessas irregularidades na perda da capacidade de resistir cargas laterais e dissipacéo de energia,
as quais sao calculadas utilizando o método dindmico espectral e uma analise pushover, procedimentos descritos nas normas NBR15421:2006 [1] e
na norma americana FEMA 356 [2]. Do mesmo modo, calcula-se o desempenho sismico dos modelos usando o método do espectro de capacidade
definido na norma ATC-40 [3]. Todos os resultados sdo comparados com os obtidos para uma estrutura totalmente regular chamada de caso base
ou de referéncia, com o intuito de visualizar as diversas mudancas provocadas pelas irregularidades. O estudo proposto € realizado de forma numé-
rica e as simulagdes sao feitas no programa CSI ETABS® Nonlinear v9.5 [4]. Os resultados mostram que a capacidade da estrutura dependera da
plasticidade de seus elementos para nao colapsar e do detalhamento adequado para garantir o bom funcionamento do sistema resistente.

Palavras-chave: andlise sismica, estruturas resistentes a sismos, estruturas irregulares.
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1. Introduction

EE—

The development of cities and their growing population has leads
to a shortage of space and the spread mid-rise buildings. This type
of construction can be very vulnerable to one of the most destruc-
tive natural phenomena: earthquakes. According to Santos et al.
[5] in the smaller buildings of 20 stories, the influence of seismic
activity may be as important as the effects of wind.

Brazil is largely in the central region of the South American Plate,
which is a stable area. However, part of the country near the edges
of the plate, where there have been considerable seismic activity
and there is still the possibility of intraplate earthquakes. There are
about 40 seismically active faults, including faults in the central re-
gion of the South American plate, from north to south. Failure BR-
47, for example, cuts the state of Minas Gerais and has already
recorded a 4.7-magnitude earthquake in the city of Itacarambi in
2007. Therefore, these conditions have favored the development
of a Brazilian Code, NBR 15421:2006 - Design of seismic resistant
structures - Procedure [1] - to select locations where structures
subject to seismic action require specific actions and controls.
Since 2006, research aiming to evaluate the effects of earthquakes
on structures has been increasing in Brazil, but there are few studies
compared to countries with high seismic activity and high economic
growth. In general, these studies make comparisons between differ-
ent seismic design standards in South America, as well as the main
parameters that influence the natural period of the structure, the im-
portance of seismic acceleration and the type of soil at the site where
the building is constructed. The work of Santos et al. [6]; Miranda [7]
and Parisenti [8] outlined some of the highlights in this area.

Santos et al. [6] published a comparative study of South American
seismic design standards with special attention to the following de-
sign parameters of the building: return period for the establishment

of the application of seismic forces, seismic zoning, response spec-
tra design, liquefaction effects, among others. Miranda [7] aimed to
estimate the seismic vulnerability in some constructions in a quali-
tative manner using the Hirosawa method and NBR15421: 2006
[1]. Similarly, Parisenti [8] carried out a study of dynamic analysis
of reinforced concrete buildings subjected to earthquakes, aimed
at assisting engineers in the implementing the NBR15421: 2006 [1]
in structural projects.

Many buildings constructed in the country have asymmetrical floor
plans and asymmetrical front elevation. In general, these changes
in earthquake-resistant standards are called irregularities and in-
fluence the ability of the structure to dissipate the energy gener-
ated by earthquakes. In the most of the work done in the country
is observed that the study of the influence of these changes on the
seismic behavior is rare.

In the international context, several researchers have provided
useful information on the study of structural irregularities located in
the front elevation, such as Chintanapakdee and Chopra [9] Galin-
dez [10] Michalis et al. [11] Pefia [12] Bobadilla and Chopra [13]
Jianmeng et al. [14] Le Trung, et al. [15] and Inan et al. [16].
These researchers worked with a symmetrical (regular) structure,
introducing along its height different distributions of mass, stiffness
and strength, called vertical irregularities. These irregularities were
examined one by one through linear dynamic analysis, nonlinear dy-
namic analysis and nonlinear static analysis or pushover analysis, in
order to know the changes in the structural behavior under seismic
actions and the possible failure mechanisms that may arise.
However, researches on the effects of earthquakes on structures
that present uneven distribution of mass, stiffness or resistance
located on the floor plans of the buildings seems to be insufficient.
This work aims to study the seismic behavior of a reinforced con-
crete structure with eight floors and various horizontal structural
irregularities located in floor plan, in order to evaluate the influence
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Story 8
Story 7
Story 6
Story 5
Story 4
Story 3
Story 2
z Story 1

Base

IBRACON Structures and Materials Journal 2015+ vol. 8 +n°6

Eessssssssssss———— 301



Influence of the concrete structural configuration in the seismic response
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Figure 2 - Horizontal structural irregularities - (a) re-entrant corner irregularity;

(b) diaphragm discontinuity irregularity
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of such irregularities in the loss of the ability to resist lateral loads
and the ductility. For this purpose the Equivalent Lateral Force
Analysis, Modal Response Spectrum Analysis and Pushover Anal-
ysis, described in NBR15421: 2006 [1] standard and the American
Standard FEMA 356 [2], are used. In addition, the seismic perfor-
mance of the models using the capacity spectrum method defined
in the American Standard ATC-40 [3] was calculated.

2. Methodology
—

A symmetrical building as shown in Figure [1] was initially con-
sidered. This building has a rectangular plan of 19.75 m x 35.2 m
and consists of special reinforced concrete frames, columns of 60
x 60 cm and beams of 28 x 60 cm. The height between floors is 3
meters and the total height is 24 m, hypothetically located in the
city of Brasilia. Elevators, escalators, electrical construction, sani-
tary hydroelectric systems, air conditioning, among others, were
not considered in the structural model except the lid of the water
tank. The properties of the materials used in this work are provided
by NBR 6118: 2014 [171]:

B Compressive concrete characteristic strength (f,) = 21 MPa;
B Modulus of elasticity of concrete (E_) = 210.00 MPa;

B Unit weight of concrete (y) = 25 kN/m?;

B Characteristic strength of steel or yield strength (fy) =410 Mpa;
B Modulus of elasticity of steel (Eg) = 200000 MPa.

To assess the response of the model shown in Figure [1], each
floor slabs were modeled as rigid diaphragms considering
NBR15421:2006 [1], indicating that the rigid diaphragm is con-
sidered if the width to depth ratio of the diaphragm is less than
three. These diaphragms are horizontal three-dimensional struc-
tures, where one of their main functions is to distribute the hori-
zontal forces to the vertical resisting elements in direct proportion
to the relative rigidity. The diaphragm is not deformed and likewise
causes each vertical member to deflect the same amount.

In the structure of Figure [1] the center of the rigid diaphragm “D1”
coincides with the center of mass and the center of rigidity of the
floor plan. Therefore, this structure can be considered symmetrical
in the horizontal, which is the reference model in numerical analysis.
In this reference model were introduced two types of horizontal
irregularities defined in NBR 15421:2006 [1] as “re-entrant corner
irregularity” and “diaphragm discontinuity irregularity”, illustrated in
Figure [2]. In Figure [2a], the letters “B” and “D” correspond to the
length and width of the structure, “A” and “C” characterize the ir-
regularity. In the case of Figure [2b], “A” corresponds to the length
of the structure, “B” indicated the width of the structure while “E”,
“D” and “C” characterize the irregularity.

For modeling and analysis of these irregularities, four models were
defined and are shown in Figure [3], in which the irregularities in-
dicated in Figure [2] were located in many parts of the structure
repeating on every floor of the same.

Numerical analysis was conducted in two stages. The first stage,
for each model a static and dynamic analysis was performed to
calculate the absolute displacements and story drift in order to
estimate the lateral stiffness of each model. The methods used
in this stage are elucidated in the NBR 15421:2006 [1]: Equiva-
lent Lateral Force Analysis (ELF) and Modal Response Spectrum
Analysis (RSA). In the second stage, employed a nonlinear static
pushover analysis to estimate the loss of lateral stiffness and dis-
sipation of energy due to the introduction of irregularities in the
reference model. FEMA 356 [2] explains this method. Finally, the
seismic performance of the models was calculated using the Ca-
pacity Spectrum Method defined in in ATC-40 [3] standard.

2.1 Computational tool
In this study, all analyses were performed with ETABS (Extend-

ed Three Dimensional Analysis of Building Systems) program.
ETABS [4] is a computational program based on the Finite Element

Figure 4 - (a) Frame object; (b) Shell object
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Figure 5 - Brasilia response spectra
for a, < 0,109 - NBR 15421:2006 (1)

—50il A —S0il B —S0il C —So0il D —Soil E

Method for the analysis and structural design of buildings. In this
program, beams and columns are modeled with Frame element.
This element has two nodes denoted by / and J with six degrees
of freedom per node: three translations and three rotations on the
axes 1, 2 and 3. The Frame element used is shown in Figure [4a].
To represent the concrete slabs was employed a Shell element,
illustrated in Figure [4b]. This element has four nodes (j1, j2, j3, j4)
with six degrees of freedom, three translations called U1, U2 and
U3 and three rotations denoted by R1, R2, R3.

3. Numerical simulations
S

As mentioned, the numerical analysis was performed in two stages.
On the first stage, the Equivalent Lateral Force (ELF) Method and
Response Spectrum (RSA) Method (given by NBR 15421:2006 [1])
to calculate the seismic response and story drift were used. These
values were calculated on the center of mass of floor plan. On the
second stage, the pushover technique (given by FEMA 356 [2]) was
used to estimate the capacity of the structure to resist lateral loads
as soon as new irregularities are introduced in the models.

Torsion occurs under the action of seismic forces when the cen-

Reference model

# modes of

vibration T x (%)
1 0,983 77,16 0,78
2 0,958 78,26 79,95
3 0,858 80,72 80,97
4 0,308 90,47 81,1
5 0,301 90,65 90,94

# modes of

vibration T e Ty (%)
1 0,939 72,76 7,48
2 0,934 80,29 80,63
3 0,868 80,55 80,67
4 0,294 89,72 81,75
5 0,292 90,81 90,87

modes of

vibration
1 0,927
2 0,907
3 0,87
4 0,289
5 0,284

Table 1 - Natural frequencies and associated modes of vibration to each model

Model 4

Model 1
"siration I (%)
1 0,935 78,94 0,0011
2 0,929 78,96 80,1
3 0,855 80,62 80,71
4 0,293 90,67 80,71
5 0,291 90,67 90,91

# modes of

vibration Te) 175l Ty (%)
1 0,934 79,98 0.3
2 0,922 80,28 80,63
3 0,87 80,47 80,63
4 0,292 90,8 80,66
5 0,288 90,83 90,88

'x (%) Ty (%)
80,32 0,0004
80,33 78,54
80,38 80,58
90,77 80,58
90,77 90,7
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ter of mass of a building does not match the center of stiffness.
In order to prevent elevated values of torsion on the floor plan of
the models of Figures [1] and [3], was verified that the distance
between the center of stiffness and the center of mass parallel to
each major axis was lower than 5 percent of the greatest width of
the floor plan parallel to that axis.

3.1 First stage

It is considered that the building of Figure [1] is used for residence
and is located in Brasilia City. The characteristic soil of Brasilia is a
porous clay with SPT larger that 40 (N = 40) (Alves [18]). From these
information and following the NBR 15421:2006 [1], assumed that:
B Seismic zone zero;

m  Soil Type D (hard ground) - SPT with N = 40;

B The response modification factor of one (R = 1) for all mod-
els, therefore, the seismic base shear forces obtained
are elastic;

B Importance Factor of one (I = 1).

According to NBR 15421:2006 [1], the response spectrum for

horizontal accelerations corresponds to the maximum elastic re-

sponse of a system of one degree of freedom with a fraction of
critical damping equal to 5 percent. Thus, in the spectral analysis
was considered a horizontal seismic acceleration 0.025g (zone 0 -

GMT) and the spectrum shown in Figure [5], the curve correspond-

ing to soil type D.

In the ETABS [4] program it is possible to make a spectral analy-

sis introducing the response spectra and the damping ratio, but it

is necessary to set the number of vibration modes. According to

Chopra [19] must be considered three modes of vibration per floor,

therefore, used in each model 24-vibration modes.

In the modal spectral analysis must consider all modes that have

significant contributions to the to the structure’s response. The

number of modes used in the analysis must be larger enough for
the modes to represent at least 90 percent of the total mass of the
structure. In this work, the first five vibrational modes were suf-
ficient to capture more than 90 percent of the mass of the structure
as illustrated in Table [1]. Following, the maximum responses of
the structure were obtained from a combination of the response of
each of the modes using the CQC (Complete Quadratic Combina-
tion) Method available in ETABS [4] program.

According to NBR 15421:2006 [1], the spectrum should be applied
in each of the orthogonal directions of models, 100 percent of the
forces for one direction plus 30 percent of the forces for the per-
pendicular direction. As mentioned, CQC Method for bidirectional
load combination was used.

The results obtained with the two methods described in
NBR15421:2006 [1] shown in figures [6] and [7]. These figures il-
lustrate the calculated orthogonal horizontal forces in X and Y di-
rections for each model.

According to NBR 15421:2006 [1], the forces obtained from the
Response Spectral Method should be larger than 85 percent of
the calculated force to the ELF Method. It is noted in Figure [6] that
model 1 has a force on the base in the orthogonal X direction of
4298.85 kN calculated using ELF Method. For the RSA method,
the force in the base in the same orthogonal direction was 3814.38
kN, being larger than 85 percent of the force obtained with the
ELF method. Therefore, the first model meets the code require-
ments. Analyzing the results of the other models was concluded
that all other designs exhibit the same behavior. Consequently, it
proceeds to calculate the drifts using the results form RSA method.
The maximum displacements calculated on top of each model are
listed in Table [2] and are compared with those obtained in the
pushover analysis to assess the seismic demand of the models.
The maximum drift may not exceed 2 percent of the height of the
story according to NBR 15421:2006 [1]. In all models, the height

4500
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2000
1500

Base Shear |kN]|
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500

Reference
429885
3814,38
1192,14
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¥ 100% Spectrum X
M 30% Spectrum_ Y

Figure 6 - Base shear in orthogonal X direction
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Figure 7 - Base shear in orthogonal Y direction
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WELFA | 4298.85 3517.26
¥ 100% Spectrum_ Y 3959.86 3342,37
M 30% Spectrum X 1148,66 986,52

Model 2 Model 3

3325,7 3068,21 2801,25
3157,11 2946,64 272427
938,51 871,6 802,39

is 3.0 m between stories; therefore, the maximum drift may not
exceed 0.06 m or 6 cm. Figure [8], the maximum drift in the five
models was approximately 4.69 cm in the orthogonal direction X
and 4.67 cm in the orthogonal Y direction. In both cases, drifts did
not exceed the maximum value.

An initial estimative of lateral stiffness of the models could be obtained
by analyzing the drifts of Figure [8]. Note that the maximum drifts in
the orthogonal X direction were slightly higher in relation to Y direction,
so it is understood that in the X direction the lateral stiffness is less by
presenting high displacements. It can be seen in figures [1] and [3]
that in X direction the structure has fewer connections relative to the
Y direction to balance the applied load and to dissipate the energy
generated by such forces. Could be say that the elements located
in the X direction are less able to withstand lateral loads than the el-
ements located in the other orthogonal direction. Then, a nonlinear
static analysis is performed to corroborate these results.

Table 2 - Maximum displacements measured
at the top of the models obtained from
response spectrum analysis in ftwo
orthogonal directions

piRecTion-v
(cm)

Reference 3,41 3,34
1 2,63 2,62
2 3,14 3,11
3 3,16 3,08
4 3,12 2,98

3.2 Second stage

At this stage, a nonlinear static analysis or pushover analysis de-
scribed in American Standard FEMA 356 [2] was performed. Push-
over analysis is a series of incremental static analysis carried out
to develop a capacity curve for the building. This technique is avail-
able in ETABS program [4].

A Pushover analysis produces a capacity curve that presents the
relationship between the base shear and roof displacement (mea-
sured in one point named as control node). To obtain this curve, the
building is subjected to an incrementally lateral load until it reaches
the maximum displacement (called target displacement) at a con-
trol node. FEMA 356 [2] recommends a target displacement equal
to 4 percent of the total building height. In this work, the center of
the rigid diaphragm “D1” (Figure [3]) was used as a control node.
The capacity curve is generally constructed by the fundamental
vibration mode according to FEMA 356 [2]. This is generally valid
for buildings with fundamental periods of vibration up to about one
second. Itis observed in Table [1] that all models meet this require-
ment, consequently, this procedure was used.

Pushover analysis requires the development of the force-deforma-
tion curve in the critical section of beams and columns using FEMA
356 [2] (Figure[9]), the Mander’s [20] constitutive models for con-
fined concrete (Figure [10a]) and tri-linear model for steel (Figure
[10b], Falconi [21]).

In Figure [9], the linear response is depicted between point A (un-
loaded component) and an effective yield point B. The slope of
the BC line represents the strain hardening. Point C indicates
the nominal strength of the structural element. The CD line
corresponds to an initial failure of the member. Finally, point E
indicates final loss of resistance or structural collapse. At de-
formations greater than point E, the component strength is essen-
tially zero. In ETABS program [4], the nonlinear properties of the
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structural elements are represented by means of plastic hinges
and are located at the extremes of the beams and columns.
Therefore, using the method described in FEMA 356 [2] in the sym-
metric model and considering the criteria described above, the re-
sult is the global capacity curve illustrated in Figure [11]. This curve
represents the global nonlinear behavior of the structure and the
slope at any point indicates the lateral stiffness of the structure.
Under incrementally increasing lateral load, the structure compo-
nent yielded.

In Figure [11], the AB line represents the elastic behavior of the
structure, where the point “B” denotes yield point. The slope of
the BC curve represents the strain hardening. Point C indicates
the nominal strength of the structural element and the final capac-
ity of the structure according FEMA 356 [2]. Therefore, in this pa-
per is only used the AC segment of the capacity curve. Point C
represents the final deformation and the whole loss of rigidity of
the structure. Beyond point D, the element responds with substan-
tially reduced strength to point E. The seismic design standards

Figure 8 - Story drifts in X directions and Y directions
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recommend that the first plastic hinge should be formed in beams,
not in columns.

In order to facilitate the calculation of the available ductility, it is
convenient to work with a bilinear model of the global capacity
curve such as shown in Figure [12].

Figure 9 - Generalized Component
Force-Deformation - FEMA 356 (2)

A For this purpose, has been used an iterative procedure graph
which balances the upper and lower sections of the curve as
. shown in Figure [12]. FEMA 356 [2] and FEMA 440 [22] define
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L of the building in the direction under consideration, &, is the dis-
8 placement produced by V, and called yield displacement, V is
N B C the base shear that causes the collapse of the first structural com-
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Z D E analyzed cases are shown in Figure [13]. The comparison of the
‘A bilinear models obtained for structures with irregularities in rela-
- - ) - tion to those obtained for the reference model in two orthogonal
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Figure 10 - Constitutive stress-strain models: (a) for concrete proposed
by Mander (20); (b) tri-linear steel (21)
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Tabela 3 - Results of bilinear models - yield and collapse displacements; ductilities

— o

Reference 3,98 24,38
1 3,51 21,96
2 3,50 22,45
3 3,60 22,10
4 3,66 22,27

6,13
6,26
6,42
6,13
6,08

4,86 25,69 5,29
4,53 24,49 5,41
4,61 24,36 5,29
4,43 23,65 5,34
3,88 21,85 5,63

Figure 13 - Bilinear model of the capacity curve to each model
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Figure 14 - Comparison of bilinear models of the cases analyzed - (a) X-direction; (b) Y-direction
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In the previous figures, it is observed that in all models the forces
that generate yield (V,) and collapse (V) decrease as horizontal
irregularities are introduced into the reference model. Furthermore,
the frames located in orthogonal Y direction require a greater force
to generate yield or collapse compared to frames located in the or-
thogonal X direction. Figure [14] shows that the lateral stiffness of
the model 4 varies significantly compared to the reference model in
the two orthogonal directions with a reduction in yield strength and
the collapse of up to 28 percent in the orthogonal X direction and
38 percent in the orthogonal Y direction.

Using bilinear models is possible to calculate the available ductility
of each model analyzed. Ductility was calculated as the ratio be-
tween the collapse displacement () and the yield displacement
(Oy). Table [3] presents the ductilities calculated for each model.

In the Table [3], it is observed that in all cases analyzed ductility in
the orthogonal X direction was higher compared to the orthogonal
Y direction, exceeding the value of the ductility of the reference
model and resulting in more flexible structures. The table also
shows that the model 4 presented a ductility value in the X direc-
tion smaller than the other models. This means that there was a
force concentration in some points of this model, which has in-
creased the stresses and strains values causing the collapse with
forces with low intensity compared to others models.

A sense of the seismic performance in the models can be ob-
tained by comparing the maximum spectral displacements (Ta-
ble [2]) with the displacements obtained from nonlinear analysis
(Table [3]). In all cases, the maximum spectral displacement was
smaller than the yield displacement, which indicates that all ana-
lyzed models had a linear elastic behavior and the seismic design
was well conceived.

Building performance level can be determined using the Capacity
Spectrum Method defined in ATC-40 [3]. The capacity spectrum
method allows for a graphical comparison between the structure
capacity and the seismic demand. This method aims to estimate
the maximum displacement required, called performance point.

The performance point is obtained by superimposing the response
spectrum curve (represents the seismic demand) on the global ca-
pacity curve (lateral resisting capacity) into spectral coordinate or
ADRS (Acceleration Displacement Response Spectrum) format.
The capacity curve points (V, 8) are transformed into spectral coor-
dinates (SD, SA) so that the capacity curve and the demand curve
are in the same format. The results are shown in Figure [15].

If the elastic response spectrum intersects the linear range of the
capacity spectrum, this point is called the Performance Point and
represents the maximum displacement of the structure submitted
to the proposed action. In Figure [14] the maximum displacement
of each model is less than respective yield displacement (Table
[3]), therefore the analyzed models had a linear elastic behavior.
As expected, as the model becomes irregular, the performance
point is near to the yield point. Consequently, the recommendation
is to work wherever possible with symmetric structures, as they
tend to distribute efforts in a uniform way, reducing the likelihood
of damage to structural elements, as well as reducing the effects
of rotation (torsion).

4. Conclusions
E—

The design of a building structure involves the establishment of an
appropriate combination of the various existing structural elements
and on the definition of the actions to meet safety requirements,
durability, aesthetics, and functionality, among other parameters
that buildings must be submitted. A great design defines the struc-
tural quality of a property that is crucial for earthquake resistance.
Often small or moderate earthquakes cause severe losses if they
occur in an area whose buildings were not designed with the nec-
essary calculation considerations.

From the analysis of seismic behavior of a symmetrical structure
and others presenting asymmetry or irregularity has been found
that the ability of the structure to resist lateral loads in models
with irregularities is lower than in the symmetric or reference
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IBRACON Structures and Materials Journal < 2015+ vol. 8 *n°6



L.A.P.PENA | G.N.D. DE CARVALHO

model. It was found that an uneven structure could operate in the
elastic regime, which is achieved by appropriate detailing, thus
ensuring that the energy dissipation mechanism works properly.
In this case, the capacity to structural collapse depends on the

plasticity of its elements. It is more important to pay attention to
details that create a good structural redundancy, which means
increasing the number of to balance the applied loads and dis-
sipate energy generated by earthquakes.
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If it is not possible to dissipate seismic energy through the plastic-
ity of structural components, the use of external devices that could
help in this role would be necessary.
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Abstract
[

The recent increase in seismic records in Brazil boosted the publication of NBR 15421 (ABNT, 2006) - Design of Earthquake-Resistant Structures-
which requires the seismic loads to be considered in the design due to the dissipation of energy in the inelastic regime structures and seismicity of the
Brazilian territory. Many buildings built before the publication of this code were not designed to withstand seismic activity, increasing its fragility and
vulnerability to earthquakes of any intensity. Some of these buildings were designed and built with irregular distributions of mass, stiffness or resis-
tance over its height, which can lead to insufficient seismic performance. Therefore, it is essential for engineers to understand the seismic response
of structures with irregular distributions of mass, stiffness or resistance along its height, which are referred to in this paper as structures with irregulari-
ties. In this sense, the aim of this work is to evaluate the seismic behavior of a reinforced concrete structure with horizontal structural irregularities
by observing their influence in the loss of the ability to resist lateral loads and energy dissipation. For this purpose, were used the Equivalent Lateral
Force (ELF) Method, Modal Response Spectrum (RSA) Method and Pushover Analysis, described in NBR15421: 2006 [1] standard and the Ameri-
can Standard FEMA 356 [2]. Similarly, the seismic behavior of models using the capacity spectrum method defined in the ATC-40 [3] was calculated.
All results were compared with those obtained from a regular structure classified as the reference model or base case, in order to view the various
changes caused by irregularities. The proposed study was carried out numerically and the simulations were performed using CSI ETABS Nonlinear
® v9.5 program. The results show that the ability of the structure to withstand collapse depends on the plasticity of its elements and of the adequate
details to permit response without critical loss of strength of the structural system.

Keywords: seismic analysis, seismic resistant structures, irregular structures.

Resumo

EE

Os recentes aumentos dos registros de abalos sismicos no Brasil impulsionaram a publicagdo da NBR 15421:2006 [1] — Projeto de Estruturas
Resistentes a Sismos — na qual séo definidas as cargas sismicas a serem consideradas no projeto em fungéo da capacidade de dissipagéo de
energia no regime inelastico das estruturas e da sismicidade do territério brasileiro. Algumas edificacdes construidas antes da publicacdo dessa
norma nao foram projetadas para resistir a agdes sismicas aumentando a sua fragilidade e vulnerabilidade para terremotos de qualquer intensidade.
Observa-se ainda que alguns desses edificios foram projetados e construidos com distribuigdes irregulares de massa, rigidez ou resisténcia ao longo
da sua altura que podem levar a um desempenho sismico inadequado. Assim, torna-se essencial para os engenheiros e projetistas uma melhor
compreensao dos efeitos dos abalos sismicos no comportamento sismico de edificagdes, especialmente aquelas com diversas irregularidades. Por
simplicidade, utiliza-se neste trabalho o termo “estruturas irregulares” para referenciar estruturas como as descritas. Nesse sentido, o objetivo deste
trabalho € avaliar o comportamento sismico de uma estrutura de concreto armado de oito pavimentos e com diversas irregularidades introduzidas
na planta da mesma, a fim de verificar a influéncia dessas irregularidades na perda da capacidade de resistir cargas laterais e dissipacéo de energia,
as quais sao calculadas utilizando o método dindmico espectral e uma analise pushover, procedimentos descritos nas normas NBR15421:2006 [1] e
na norma americana FEMA 356 [2]. Do mesmo modo, calcula-se o desempenho sismico dos modelos usando o método do espectro de capacidade
definido na norma ATC-40 [3]. Todos os resultados sdo comparados com os obtidos para uma estrutura totalmente regular chamada de caso base
ou de referéncia, com o intuito de visualizar as diversas mudancas provocadas pelas irregularidades. O estudo proposto € realizado de forma numé-
rica e as simulagdes sao feitas no programa CSI ETABS® Nonlinear v9.5 [4]. Os resultados mostram que a capacidade da estrutura dependera da
plasticidade de seus elementos para nao colapsar e do detalhamento adequado para garantir o bom funcionamento do sistema resistente.

Palavras-chave: andlise sismica, estruturas resistentes a sismos, estruturas irregulares.
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1. Introducgao

N

Com o desenvolvimento das cidades ha uma tendéncia de gran-
des contingentes populacionais habitarem os centros urbanos,
provocando, desta forma, escassez de espagos e tornando os
edificios de média altura uma caracteristica das cidades moder-
nas. Este tipo de edificagbes resulta muito vulneravel quando se
apresenta um dos fendmenos mais destrutivos da natureza, os
terremotos. De acordo com Santos et al. [5] em estruturas com
alturas inferiores a 20 pavimentos, a influéncia de agdes sismicas
pode ser mais importante que a agao do vento.

O Brasil situa-se, em grande parte, na regiao central da placa
tectonica sul-americana, que € uma regiao bastante estavel. Mas
parte do pais encontra-se perto das bordas desta placa, aonde ja
foram registradas agdes sismicas significativas e existe ainda a
possibilidade de ocorréncia de sismos intraplacas. Ha cerca de
40 falhas ativas sismicamente, inclusive falhas na regido central
da placa sul-americana, desde o norte até o sul do pais. A falha
BR-47, por exemplo, corta o estado de Minas Gerais e ja foi re-
gistrado um sismo de magnitude 4,7 na cidade de Itacarambi em
2007. Deste modo, essas condigdes incentivaram a elaboragao de
uma norma brasileira, a NBR 15421:2006 - Projetos de estruturas
resistentes a sismos [1] - para especificar os locais onde projetos
especificos e verificagbes de seguranga de estruturas sujeitas a
acdes sismicas sdo necessarios.

A partir de 2006, as pesquisas no Brasil que visam avaliar os
efeitos dos sismos nas estruturas vém aumentando, mas ainda
sdo poucas em relagao a paises com elevada atividade sismica
e desenvolvimento econdmico alto. Em geral, essas pesquisam
fazer comparativos entre as diversas normas sul-americanas de
projeto sismico, como também estudam os principais parametros
que influenciam nos periodos naturais da estrutura, a importancia

da aceleragéao sismica e no tipo de solo no local onde a obra sera
construida, sendo os trabalhos de Santos et al. [6], Miranda [7] e
Parisenti [8] alguns dos mais destacados.

Santos et al. [6] desenvolveram um estudo comparativo das nor-
mas sul-americanas de projetos sismicos prestando especial
atencdo aos seguintes parametros para projeto de edificios: peri-
odo de recorréncia para o estabelecimento da solicitagdo sismica,
definicdo da zonificagdo sismica, definicdo da forma dos espec-
tros de resposta de projeto, consideragéo da amplificacdo no solo,
efeitos de liquefagéo entre outros. Ja Miranda [7] elaborou um
trabalho que visa estimar a vulnerabilidade sismica em algumas
edificagbes de forma qualitativa utilizando o método de Hirosawa
em conjunto com a NBR15421:2006 [1]. Do mesmo modo, Pari-
senti [8] realizou um estudo de analise dinamica de edificios de
concreto armado submetidos a sismos, visando auxiliar os enge-
nheiros calculistas na aplicagdo da norma NBR15421:2006 [1] em
projetos estruturais.

Muitos edificios construidos no pais apresentam plantas néo si-
métricas, com diversas alteragdes na sua configuragdo geométri-
ca tanto em planta como na vertical. Em geral, nas normas sismo
resistentes essas alteragdes sdo chamadas de irregularidades e
influenciam na capacidade da estrutura de dissipar a energia ge-
rada pelos abalos sismicos. Observa-se que na maioria dos traba-
Ihos realizados no pais, o estudo da influéncia dessas alteragdes
no comportamento sismico nao é frequente.

Ja no ambito internacional, varios pesquisadores tém fornecido
informacdes Uteis sobre o estudo das irregularidades estruturais
em altura, entre os que se podem mencionar Chintanapakdee e
Chopra [9], Galindez [10], Michalis et al. [11], Pefia [12], Bobadilla
e Chopra [13], Jianmeng et al. [14], Le Trung, et al. [15] e Inan et
al. [16]. Todos esses pesquisadores trabalharam de forma seme-
Ihante, tomando como referéncia uma estrutura plana simétrica,
na qual foram introduzidos ao longo da sua altura varios tipos de
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Figura 1 - Planta baixa e vista frontal do modelo de referéncia
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Figura 2 - Irregularidades no plano - (a) recortes nos cantos;
(b) descontinuidade no diafragma
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Influence of the concrete structural configuration in the seismic response

distribuigbes irregulares de massa, rigidez ou resisténcia, sendo
chamadas de irregularidades na vertical, e examinadas uma a
uma por meio de andlises dinamicas lineares, dindmicas nao line-
ares e anadlise estatica nao linear ou pushover, a fim de conhecer
como varia o comportamento da estrutura sob a¢des sismicas e os
possiveis mecanismos de falha que se podem apresentar.

No entanto, ainda parecem insuficientes as pesquisas sobre os efei-
tos dos sismos em estruturas que apresentam distribui¢des irregu-
lares de massa, rigidez ou resisténcia localizadas na planta baixa
das edificagbes. Nesse sentido, este trabalho tem como objetivo o
estudo do comportamento sismico de uma estrutura de concreto
armado de oito pavimentos com diversas irregularidades localiza-
das na planta da mesma, analisando a influéncia dessas irregu-
laridades na perda da capacidade de resistir cargas laterais e na
ductilidade, as quais séo calculadas utilizando o método dinamico
espectral e uma analise pushover, procedimentos descritos nas nor-
mas NBR15421:2006 [1] e a norma americana FEMA 356 [2]. Além,
calcula-se o desempenho sismico dos modelos usando o método
do espectro de capacidade definido na norma ATC-40 [3].

2. Metodologia

EE

Foi analisada inicialmente uma edificagdo simétrica de concreto
armado com formato retangular conforme indicado na Figura [1],
localizada hipoteticamente na cidade de Brasilia.

Na edificagéo da Figura [1], a altura entre os andares é de 3 me-
tros e a altura total é de 24m. A estrutura do edificio € composta
por pilares de 60x60 cm e vigas de concreto armado de 28x60
cm. As lajes sdo macicas com 10 cm de espessura em todos os
pavimentos. No modelo estrutural ndo foram considerados: caixa
de elevadores, escadas, reservatério de agua superior, sistemas
prediais elétricos, hidro sanitario, de incéndio, de ar-condicionado,
entre outros. As propriedades dos materiais utilizadas no célculo
numérico sao as fornecidas pela norma NBR 6118:2014 [17]:

Resisténcia caracteristica do concreto a compresséo (f,) de
21 MPa;

Médulo de elasticidade do concreto (E,) de 210.00 MPa;
Peso especifico de 25 kN/m?;

Resisténcia caracteristica do ago a tragao (fy) de 410 MPa;
Méodulo de elasticidade do ago (Eg) de 200.000 MPa.

Para avaliar a resposta do modelo da Figura [1], as lajes de cada
pavimento foram modeladas como diafragmas rigidos levando em
conta a NBR15421:2006 [1] que indica a consideragao de diafrag-
ma rigido se a relagéo entre o vao e a profundidade da estrutura
resulta menor do que trés, como neste trabalho. Esses diafragmas
sdo estruturas horizontais, tridimensionais, onde uma das fungdes
principais é transferir as forgas atuantes em diferentes pontos da
estrutura, permitindo que os nds de vigas e pilares situados no
mesmo plano da laje se desloquem horizontalmente de forma
idéntica permitindo um trabalho conjunto quando submetidos a
forcas horizontais. Ja os porticos, compostos de vigas e pilares,
foram modelados como pérticos espaciais.

Na estrutura da Figura [1] o centro do diafragma rigido “D1” coin-
cide com o centro de massa e com o centro de rigidez da planta
da estrutura. Sendo assim, essa estrutura pode ser considerada
simétrica em planta, tornando-se o modelo de referéncia na ana-
lise numérica.

Nesse modelo de referéncia foram introduzidos dois tipos de ir-
regularidades no plano definidas na norma NBR 15421:2006 [1]
como “Recortes nos Cantos” e “Descontinuidades no Diafragma”,
ilustradas na Figura [2]. Na Figura [2a], as letras “B” e “D” corres-
pondem ao comprimento e a largura da estrutura, “A” e “C” as me-
didas da irregularidade. No caso da Figura [2b], “A” corresponde
ao comprimento da estrutura e “B” a largura, e “E”, “D” e “C” as
medidas do recorte ou irregularidade.

Para a modelagem e andlise dessas irregularidades, foram
definidos outros quatro modelos, mostrados na Figura [3], nos
quais as irregularidades indicadas na Figura [2] foram localiza-

Figura 4 - Elementos empregados na discretizacdo da estrutura no ETABS (4)
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Figura 5 - Espectros de resposta de Brasilia
para a, < 0,109, segundo NBR 15421:2006 (1)
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das em varios pontos da estrutura, repetindo-se em todos os
andares da mesma.

Para cada modelo foi feita uma anadlise estatica e uma analise di-
namica espectral para a verificagdo de deslocamentos relativos e
absolutos para conhecer a rigidez lateral de cada modelo. Os mé-
todos utilizados nesta etapa séo os prescritos na NBR 15421:2006
[1]: Método da Forga Horizontal Equivalente (FHE) e a Analise Sis-
mica pelo Método Espectral. A seguir, foi feita uma analise estatica
nao linear ou pushover, descrita na norma americana FEMA 356
[2], para estimar a perda de rigidez lateral e a capacidade de dis-
sipagao de energia pela introdugéo das irregularidades no modelo
de referéncia. Por ultimo, calcula-se o desempenho sismico dos
modelos usando o método do espectro de capacidade definido na
norma ATC-40 [3].

2.1 Ferramenta computacional utilizada

Neste trabalho foi utilizado o programa ETABS (Extended Three
Dimensional Analysis of Building Systems) da empresa Computer
and Structure Inc. O ETABS [4] é um programa baseado no mé-
todo dos elementos finitos para a analise e projeto estrutural de

Tabela 1 - Nimero de modos, frequéncias e fator de participacdo modal dos modelos analisados

Modelo de referéncia

Ndmero

modos T Ix (%)
1 0,983 77.16
2 0,958 78,26
3 0,858 80,72
4 0,308 90,47
5 0,301 90,65

Ndmero

modos TG i)
1 0,939 72,76
2 0,934 80,29
3 0,868 80,55
4 0,294 89,72
5 0,292 90,81

Modelo 4

Numero
modos

1

o N W N

0,78
79.95
80,97

81,1
90,94

Modelo 2 Modelo 3

Ly (%)

7,48
80,63
80,67
81,75
90,87

T(s)

0,927
0,907
0,87
0,289
0,284

Modelo 1
1 0,935 78,94 0,0011
2 0,929 78,96 80,1
3 0,855 80,62 80,71
4 0,293 90,67 80,71
5 0,291 90,67 90,91

Nidmero

modos T(s) X (%) Ly (%)
1 0,934 79,98 0.3
2 0,922 80,28 80,63
3 0,87 80,47 80,63
4 0,292 90,8 80,66
5 0,288 90,83 90,88

'x (%) Ty (%)
80,32 0,0004
80,33 78,54
80,38 80,58
90,77 80,58
90,77 90,7
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Influence of the concrete structural configuration in the seismic response

edificacdes. Para modelar as vigas e pilares foi escolhido o ele-
mento FRAME ou elemento tipo barra. Esse elemento possui dois
nos denotados por | e J com seis graus de liberdade por n6, sendo
trés translacoes e trés rotagbes nos eixos 1, 2 e 3.

O elemento FRAME se observa na Figura [4a]. Para representar
as lajes de concreto foi empregado o elemento tipo superficie ou
SHELL, ilustrado na Figura [4b]. Esse elemento possui quatro nés
(i1, j2, j3, j4) e em cada nd sao considerados seis graus de liber-
dade, sendo trés translagées chamadas de U1, U2 e U3 e trés
rotagdes denotadas por R1, R2, R3.

3. Simulagdées numéricas

EE—

As simulagdes numéricas foram feitas em duas etapas. Na pri-
meira etapa foram usados os métodos da Forga Horizontal Equi-
valente (FHE) e o Método de Analise Espectral, ambos indicados
na norma NBR 15421:2006 [1] para o calculo da resposta sismica
e deslocamentos relativos. Na segunda etapa, a técnica pushover
descrita na norma americana FEMA 356 [2] foi utilizada para fazer
uma estimativa da capacidade da estrutura de resistir cargas la-
terais a medida que vao sendo introduzidas novas irregularidades
no plano.

Neste trabalho e com o objetivo de avaliar unicamente a influéncia
das irregularidades na rigidez lateral dos modelos das Figuras [1]
e [3], verificou-se que a excentricidade dos centros de massa re-
lativamente ao centro de rigidez néo ultrapassara 5% das dimen-
sbes em planta da estrutura, a fim de evitar valores elevados de
torcdo medidos no plano.

3.1 Primeira etapa

Considera-se que a edificagdo da Figura [1] é usada para residén-
cia e se situa na cidade de Brasilia, Brasil. O solo caracteristico

de Brasilia € uma argila porosa, com SPT maiores que 40 (N =

40) a partir dos 12 m de profundidade (Alves [18]). A partir dessas

informacdes e seguindo a NBR 15421:2006 [1], assume-se que:

B Zona sismica zero;

B Solo Tipo D (solo rigido) - SPT com N = 40;

B O coeficiente de dissipagdo de energia R=1 inicialmente em
todos os modelos considerados, deste modo, as forgas obti-
das na base sao elasticas;

B Fator de utilizagéo | = 1.

Segundo a NBR 15421:2006 [1], o espectro de resposta para ace-

leragbes horizontais corresponde a resposta elastica maxima de

um sistema de um grau de liberdade com uma fragao de amorte-
cimento critico igual a 5%. Deste modo, na analise espectral foi
considerada uma aceleragéo sismica horizontal de 0.025g (zona

0 — Brasilia) e o espectro indicado na Figura [5], curva correspon-

dente ao solo D.

No ETABS [4] é possivel fazer uma anadlise espectral introdu-

zindo o espectro de projeto e a taxa de amortecimento, mas é

necessario definir o nimero de modos de vibragdo. Segundo

Chopra [19], devem se considerar trés modos de vibragédo por

pavimento da estrutura, portanto, utilizaram-se em cada modelo

24 modos de vibragao.

Na anadlise espectral, devem ser considerados todos os modos

que tenham contribuicdo significativa na resposta da estrutura. A

Norma exige que o nimero de modos usado para o célculo da

resposta seja suficiente para capturar pelo menos 90% da mas-

sa total em cada diregao ortogonal considerada na andlise. Neste
trabalho, os primeiros 5 modos de vibragao foram suficientes para
capturar mais de 90% da massa total. Os resultados sdo mostra-
dos na Tabela 1. A seguir, as respostas maximas da estrutura sdo
obtidas a partir de uma combinacéo da resposta de cada um des-
ses modos usando-se o método CQC (Combinagdo Quadratica
Completa) disponivel no ETABS [4].

Figura 6 - Forca na base produzidas pela aplicacéo dos métodos na direcdo orfogonal X
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Modelo 2 Modelo 3 Modelo 4
3325.7 3068.21 2801.25
3111.44 2899.18 2674.48
952.14 885.81 817.32

818

IBRACON Structures and Materials Journal < 2015+ vol. 8 *n°6



L.A.P.PENA | G.N.D. DE CARVALHO

4500
4000
3500
3000
2500
2000

na Base[kN]

1500
1000

For¢a Horizontal Total

(=]

Simétrico
4298.85
3959.86
1148.66

WFHE _
¥ 100% (Espectro)y
¥ 30% (Espectro)x

Figura 7 - Forca na base produzidas pela aplicagdo dos métodos na direcdo ortogonal Y
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3342.37
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3325.7 306821 = 2801.25

3157.11 2946.64 272427
938.51 871.6 802.39

De acordo com a NBR 15421:2006 [1], o espectro de projeto
deve ser aplicado em cada uma das diregdes ortogonais dos mo-
delos, para uma combinagédo de 100% das cargas horizontais
aplicadas em uma das diregdes e 30% das cargas aplicadas na
diregédo perpendicular a esta. Como mencionado, foi utilizado o
meétodo CQC disponivel no ETABS [4] para a combinagao do car-
regamento bidirecional.

Os resultados obtidos com os dois métodos descritos na
NBR15421:2006 [1] s&o apresentados nas figuras [6] e [7]. Nes-
sas figuras, ilustram-se as forgas horizontais calculadas nas dire-
¢oes ortogonais X e Y para cada modelo.

Segundo a NBR 15421:2006 [1], as forgas obtidas com a Andlise
Espectral ndo devem ser menores que 85% do valor da forga cal-
culada com o método FHE. Por exemplo, na Figura [6] o modelo 1
apresentou uma forga na base na diregéo ortogonal X de 4298,85
kN calculada usando o método FHE; ja no caso da andlise es-

Tabela 2 - Deslocamentos maximos
medidos no topo dos modelos e obtidos
da andlise espectral para as duas
direcdes ortogonais

Modelo SDIREQAO-Y
(cm)

Referéncia 3,41 3,34
1 2,63 2,62
2 3,14 3,11
3 3,16 3,08
4 3,12 2,98

pectral, a forga na base nessa mesma dire¢cdo ortogonal foi de
3814,38 kN, sendo maior que 85% do valor da forca obtida com o
método FHE. Assim, o modelo 1 satisfaz o requerimento da norma.
Analisando os resultados dos modelos restantes, verifica-se que
todos os outros modelos apresentam o mesmo comportamento.
Por conseguinte, pode-se proceder ao céalculo dos deslocamentos
relativos usando os resultados da Analise Espectral como padrao
de cargas. Igualmente, foram calculados os deslocamentos ma-
ximos no topo de cada modelo, listados na Tabela [2], e que séo
comparados com os obtidos na analise pushover a fim de avaliar
a demanda sismica dos modelos.

De acordo com a NBR 15421:2006 [1], o deslocamento relativo
maximo nédo pode ser maior que 2% do pé direito do pavimento
em questdo. Em todos os modelos, a distancia entre um e outro
andar é de 3,0 m, portanto, o deslocamento relativo maximo nao
pode ultrapassar 0,06 m ou 6 cm. Da Figura [8], os deslocamentos
maximos na diregéo ortogonal X dos cinco modelos foram aproxi-
madamente 4,69 cm e na diregdo Y foram 4,67 cm. Em ambos os
casos, os deslocamentos néo ultrapassam o deslocamento maxi-
mo permitido pela norma.

Uma nocao inicial de rigidez lateral dos modelos pode-se obter
analisando os deslocamentos relativos da Figura [8]. Observa-se
que os deslocamentos maximos e relativos na diregao ortogonal
X foram um pouco maiores em relagdo aos deslocamentos na di-
recao Y, assim, entende-se que na diregao ortogonal X a rigidez
lateral é inferior por apresentar deslocamentos altos. Observa-se
nas Figuras [1] e [3] que na direcdo X ha um numero de ligagdes
menor em relagdo a direcédo Y para equilibrar as cargas aplicadas
e para dissipar a energia gerada por essas forgas, assim, pode-se
dizer que os elementos localizados na diregdo X tém menor capa-
cidade de resistir cargas laterais que os elementos localizados na
outra diregdo ortogonal. A seguir, é feita uma analise estatica ndo
linear para corroborar esses resultados.

IBRACON Structures and Materials Journal 2015+ vol. 8 +n°6
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3.2 Segunda etapa

Nesta etapa se realizou uma analise estatica néo linear ou pusho-
ver utilizando o procedimento descrito na norma americana FEMA
356 [2]. Por meio dessa técnica, disponivel na biblioteca do sof-
tware ETABS [4], obtém-se a “curva de capacidade”.

A curva de capacidade representa a relagao entre a forga de corte
na base da estrutura e o seu deslocamento em um no6 de referén-
cia (geralmente localizado no centro de massa no topo da estru-

tura), sendo obtida por meio da aplicagdo progressiva de cargas
laterais com pequenos incrementos de carga que empurram a es-
trutura até atingir um determinado estado limite, associado a um
valor maximo do deslocamento de topo. Segundo a FEMA 356 [2],
recomenda-se um valor maximo de deslocamento igual a 4% da
altura da edificacéo.

As cargas laterais sédo aplicadas a estrutura em cada pavimento
em forma proporcional as forgas de inércia. A FEMA 356 [2] reco-
menda utilizar como padréo de carga lateral as forgas obtidas a
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Figura 9 - Idealizacdo do diagrama momento-giro
ou momento-deslocamento, FEMA 356 (2)
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Deslocamento ou Curvatura

partir do primeiro modo para estruturas com periodos fundamen-
tais em torno de um segundo. Observa-se na Tabela 1 que todos
os modelos cumprem com esse requerimento, portanto, foi usado
esse procedimento. O centro do diafragma rigido do ultimo pavi-
mento foi utilizado como né de controle ou referéncia.

Para obter a curva de capacidade € necessario representar o
comportamento ndo linear de cada elemento estrutural (viga ou
pilar) usando os diagramas momento-deslocamento ou momento-
-curvatura calculados a partir da norma FEMA 356 [2] (Figura [9])
e dos modelos constitutivos de Mander [20] para o concreto confi-
nado (Figura [10a]) e o modelo tri-linear para o ago (Figura [10b],
Falconi [21]).

Na Figura [9], a linha que une os pontos “A” e “B” representa a
faixa de comportamento linear do elemento estrutural. A partir do
ponto “B” o elemento estrutural escoa, apresentando grande de-
formagéo com aumento relativamente pequeno da carga aplicada.
O ponto “C” indica a maxima resisténcia do elemento e, a partir
desse ponto, a pega estrutural continua-se deformando sem su-
portar mais carregamento, resultando em uma redugéo repentina
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Tabela 3 - Results of bilinear models - yield and collapse displacements; ductilities

— o

Reference 3,98 24,38 6,13 4,86 25,69 5,29
1 3,51 21,96 6,26 4,53 24,49 5,41
2 3,50 22,45 6,42 4,61 24,36 5,29
3 3,60 22,10 6,13 4,43 23,65 5,34
4 3,66 22,27 6,08 3,88 21,85 5,63

Figura 13 - Modelos bilineares dos casos analisados
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Figura 14 - Comparacdo dos modelos bilineares dos casos analisados nas duas direcoes orfogonais
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na rigidez até o ponto “D”. Finalmente, o ponto “E” indica colapso
da pecga estrutural. No ETABS [4], as propriedades nao-lineares
dos elementos estruturais séo representadas por meio de rétulas
plasticas e sao localizadas nos extremos desses elementos.
Assim, aplicando o método descrito na FEMA 356 [2] no modelo
simétrico e tendo em consideragao os critérios descritos anterior-
mente, o resultado obtido é a curva de capacidade desse modelo
ilustrada na Figura [11]. Essa curva representa a resposta nao li-
near da estrutura e a inclinagédo em qualquer ponto nessa curva
indica a rigidez lateral da estrutura, de forma que a mesma diminui
a medida que essa vai se deformando.

Na Figura [11], o ponto “B” representa o ponto de escoamento da
estrutura. A linha que une os pontos “B” e “C” representa a defor-
macao devida ao endurecimento e a perda de rigidez. Ja o ponto
“C” representa a resisténcia ultima da segéo e a capacidade final
da estrutura de acordo com a FEMA 356 [2]. Dessa forma, resulta
de interesse apenas a parte do grafico correspondente ao trecho
A-C. Em seguida, observa-se uma degradacgéo da resisténcia até
o ponto “D”, seguida da perda total da capacidade de suportar car-
gas no final da figura. AFEMA 356 [2] recomenda que os primeiros
elementos em plastificar sejam as vigas e ndo os pilares para ga-
rantir a seguranga das pessoas e diminuir a perda de vidas.

Com o objetivo de facilitar o célculo da ductilidade disponivel, é
conveniente trabalhar com um modelo bilinear da curva de capa-
cidade, Figura [12].

Neste trabalho se utilizou o critério das areas iguais descrito na
norma FEMA 356 [2] e FEMA 440 [22] para construir os modelos
bilineares simples, no qual o escoamento efetivo (EE) ou inter-
segdo das duas linhas é obtido quando a area exterior e inferior
da curva de capacidade em relagdo ao modelo bilinear s&o con-
sideradas aproximadamente iguais, como o mostrado na Figura
[12], onde V, corresponde a forga na base que faz com que a
estrutura ultrapasse seu limite de escoamento, o, o deslocamento
produzido por V, e chamado de deslocamento de escoamento,
V, € a forga de colapso do primeiro elemento estrutural e §; o

deslocamento ultimo ou de colapso produzido pela forga V,,. Os
modelos bilineares para as duas dire¢des ortogonais de todos os
casos analisados sédo apresentados na Figura [13]. Ja na Figura
[14] apresenta-se a comparagao dos modelos bilineares obtidos
para as estruturas com irregularidades com os obtidos para o mo-
delo de referéncia nas duas dire¢des ortogonais. Ja na Tabela [3],
listam-se os deslocamentos ultimos (5,)) e de escoamento (3,).
Das figuras anteriores observa-se que em todos os modelos, as
forgas necessarias para levar a estrutura ao escoamento (V,) e
ao colapso (V,) diminuem a medida que as irregularidades s&o
introduzidas no modelo de referéncia, sendo que os poérticos lo-
calizados na diregao ortogonal Y precisam de uma forga um pou-
Cco maior para escoar ou gerar o colapso do primeiro elemento
estrutural em comparagao aos poérticos localizados na diregao X.
Nota-se na Figura [14] que a rigidez lateral do modelo 4 varia sig-
nificativamente em relagdo a do modelo de referéncia nas duas
direcdes ortogonais, apresentando uma redugéo na resisténcia ao
escoamento e ao colapso de até 28% na diregdo X e de 38% na
diregéo Y.

Utilizando esses modelos bilineares é possivel calcular a ductilida-
de disponivel de cada modelo analisado que representa a capaci-
dade da estrutura de se deformar sem colapsar. Essa ductilidade
€ calculada como a relagdo entre o deslocamento ultimo ou de
colapso (§,) e o deslocamento de escoamento (8,). As ductilida-
des calculadas para cada modelo sédo apresentadas na Tabela [3].
Na tabela anterior observa-se que em todos os casos analisados
a ductilidade na direcao ortogonal X resultou maior em compara-
¢ao a direcao ortogonal Y, ultrapassando o valor da ductilidade
do modelo de referéncia, resultando em estruturas mais flexiveis.
Observa-se nessa tabela que o modelo 4 apresentou um valor de
ductilidade na diregdo X menor que os outros modelos. Isso signi-
fica que houve uma concentragédo de esforgcos em alguns pontos
desse modelo, aumentando os valores das deformagdes e levan-
do a estrutura ao escoamento e o colapso com forgas relativamen-
te baixas em comparagéo com os outros modelos.
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Uma nogao do desempenho sismico dos modelos pode ser ob-
tida comparando os deslocamentos maximos espectrais (Tabela

maximos espectrais foram menores que os deslocamentos de
escoamento, com o qual pode-se dizer que todos os modelos

analisados trabalham no regime elastico e indica que o projeto
sismico foi bem concebido.

[2]) com os deslocamentos obtidos da andlise nao linear (Tabela
[3]). Observa-se que, para todos os casos, os deslocamentos

Figura 15 - Ponto de desempenho - Espectro eldstico vs Espectro
de capacidade - ATC-40 (3)
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A afirmacgao anterior pode ser comprovada calculando a demanda
sismica usando o método do Espectro de Capacidade definido na
norma ATC-40 [3]. Esse método visa estimar o deslocamento ma-
ximo exigido nos modelos, chamado de Ponto de Desempenho,
o qual é obtido pela intersegao da curva de capacidade no for-
mato ADRS (Acceleration Displacement Respose Spectrum) e do
espectro de resposta elastico. A curva de capacidade no formato
ADRS é chamada de espectro de capacidade, o qual é obtida a
partir da curva de capacidade bilinear na qual é possivel observar
a aceleragao da estrutura em fungdo do deslocamento espectral
lateral. Para essa converséo, cada ponto da curva de capacidade
bilinear (V, 8) s&o transformadas em coordenadas espectrais (S,
S,) mediante equagbes definidas na ATC-40 [3]. Os resultados ob-
tidos s&o apresentados na Figura [15].

Se o espectro de resposta elastico intersecta na faixa linear do
espectro de capacidade, esse ponto é chamado o Ponto de De-
sempenho da estrutura e representa a resposta maxima de des-
locamento da estrutura submetida a agao considerada. Da Figura
[14] pode-se dizer que o deslocamento maximo de cada modelo
néo ultrapassou o seu respetivo deslocamento de escoamento (ta-
bela [3]), por conseguinte, os modelos analisados trabalham no
regime elastico. Como era o esperado, a medida que o modelo
se torna irregular, o ponto de desempenho fica proximo do ponto
de escoamento, como qual pode ser dizer que a recomendagao
é de trabalhar, sempre que possivel, com estruturas simétricas,
pois tendem a distribuir uniformemente os esforgos, diminuindo a
probabilidade de dano nos elementos estruturais, além de reduzir
os efeitos de torgao.

4. Conclusées

EE

A concepgédo da estrutura de um edificio consiste no estabeleci-
mento de uma combinagdo adequada dos diversos elementos
estruturais existentes e na definicdo das agdes a serem conside-
radas, com o objetivo de atender simultaneamente os requisitos
de seguranca, durabilidade, estética, funcionalidade, entre outros
que as construgbes devem apresentar. Essa boa concepgao de-
fine a qualidade estrutural de um imével que é determinante para
sua resisténcia frente aos terremotos. Muitas vezes terremotos
pequenos ou moderados provocam perdas severas se ocorrerem
numa regiao cujas construgdes, nao foram projetadas com as de-
vidas consideragdes de calculo.

A partir da analise do comportamento sismico de uma estrutura
simétrica e outros apresentando assimetrias ou irregularidades
foi verificado que a capacidade da estrutura para resistir cargas
laterais nos modelos com irregularidades € menor em relagao
ao modelo simétrico ou de referéncia. Mesmo a estrutura sendo
irregular, verificou-se que ela pode trabalhar no régime elastico,
o qual se consegue por meio detalhamento adequado, o que ga-
rante que o mecanismo de dissipagdo de energia funcione ade-
quadamente. Neste caso, a capacidade da estrutura dependera
da plasticidade de seus elementos para nao colapsar. Deve-se
prestar atencdo nos detalhes que gerem uma boa redundéancia
estrutural, isto quer dizer, aumentar o numero de ligagbes su-
perabundantes para equilibrar as cargas aplicadas e dissipar a
energia gerada pelos abalos sismicos.

Caso nao seja possivel a dissipacao através da plasticidade dos
componentes estruturais, torna-se necessario o uso de dispositi-
vos externos que auxiliem nessa labor.
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Abstract
[

Currently, with the advancement of welding and cutting technology, steel profiles with circular openings, called cellular profiles, have become widely
used as beams. The ABNT NBR 8800:2008 and international standards do not address cellular steel beams and cellular composite steel and con-
crete beams, which contributes to their limited use. A computer program was developed and validated for the design of cellular composite steel and
concrete simply supported beams based on two different methods from the literature. The use of this computational tool made possible a parametric
study comprising cellular composite beams obtained from two different rolled steel | sections. In this study, the influence of the geometric parameters
of the cellular profile and the influence of beam span in the strength and in the failure mode was analyzed. It was concluded that in many situations
the use of composite cellular beams is advantageous in relation to original composite beams.

Keywords: cellular composite steel and concrete beams, cellular beams, design.

Resumo

Atualmente, com o avancgo da tecnologia de corte e solda, perfis de ago com aberturas sequenciais na forma circular, denominados perfis celulares,
vém sendo bastante utilizadas como vigas de edificacdes. AABNT NBR 8800:2008 e as normas estrangeiras ndo abordam vigas de ago e vigas
mistas de aco e concreto com perfil celular, o que contribui para que o seu uso seja limitado. Foi desenvolvido e aferido um programa computacional
para o dimensionamento de vigas mistas de ago e concreto com perfil celular biapoiadas de acordo com duas metodologias distintas da literatura.
Um estudo paramétrico abordando vigas mistas com perfis celulares obtidos de dois perfis | de ago laminados comerciais foi realizado. Nesse estu-
do, ainfluéncia dos par@metros geomeétricos do perfil celular e do comprimento do vao da viga na resisténcia e na forma de colapso foi analisada. Foi
possivel concluir que em muitas situagdes o uso de vigas mistas com perfil celular é vantajoso em relagdo as vigas mistas de alma cheia.
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1. Introduction
E———

1.1 Generalities

The steel beams with sequential openings in the web were created
from structural requirements of weight reduction and are manufac-
tured from rolled profiles, with standardized openings in the web.
These beams are also referred to in the technical literature as “ex

panded web beams”. The openings in the web can be fabricated
in the form of hexagons or circles, resulting respectively in castel-
lated or cellular beams, Figure 1.

Cellular beams are made from | or H sections, whose web is cut lon-
gitudinally in the desired format. Then, the two halves are displaced
and welded by the axis, in order to generate openings in sequence
along the web and increase in height of the cross section, Figure 2.
The search for a rational use of resources in the design of structur-
al steel buildings often induces the choice of solutions that facilitate
the integration of services with the structure. Accordingly, the de-
sign of steel beams with web openings for the passage of service
ducts have been increasingly demanded. Cellular beams are quite
used as they allow the passage of ducts through the openings, by
integrating the facilities with the floor system, reducing the vertical
space required per floor.

The cellular beam has represented a highly competitive solution.
One of its great advantages is that with virtually the same amount
of steel as the original beam, a much higher moment strength can
be achieved, due the increased height of the cross section, mak-
ing it possible to overcome longer spans, which will reduce the
numbers of columns resulting in a lower cost and greater speed
of erection. Even from an economic point of view, manufacturing
operations have relatively little cost, and are compensated by in-
creased load capacity and stiffness.

In contrast to the advantages, the beams have reduced capacity
to shear, which may require reinforcement of the web, generating
significant cost. They are still inefficient in resisting the stresses
resulting from localized forces, being more suitable for large spans
subjected to small loads.

Cellular beams can be designed as composite when there is a
shear connection between the steel and the concrete slab, thus
being able to overcome even greater spans than the conventional

Figure 1 - Steel beams with sequential
openings in the web

composite beam, due to the increased stiffness provided by the
geometry of the cellular beam.

Cellular beams are not used to their full potential for not being includ-
ed in the national steel structure design standard, ABNT NBR 8800:
2008 [2] and also because they are unknown to most designers.
This paper aims at the development of a computer program with
the methods of Ward [3] and Lawson and Hicks [4] for the design of
cellular composite steel and concrete beams, to analyze the influ-
ence of the cellular beam geometry on the ultimate load and failure
mode of a series of cellular composite beams, constituted from the
connection between the cellular steel profile and the composite
slab. Additionally, the results obtained from the computer program
for each method are compared with each other and with experi-
mental results from the literature.

1.2 Failure modes
1.2.1 Formation of Vierendeel mechanism

The presence of shear forces of high magnitudes on the beam
implies the formation of the Vierendeel mechanism (Figure 3
(a)). The formation of plastic hinges occurs at the corners of the
openings, deforming the beam in the manner of a parallelogram-.
This mechanism is more likely to develop in the beams with short
spans, shallow tee-section and long weld between two openings.

Figure 2 - Fabrication of cellular beams (1)

PRODUCAO DE VIGAS CELULARES
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o Vierendeel mechanism

Figure 3 - Failure modes (5)

e Rupture of the welded joint in a web post

The failure will occur at the opening with the maximum shear force.
In the case of openings with the same shear force, this failure will
occur at the opening with the greatest bending moment.

1.2.2 Formation of plastic hinges

This failure occurs when the bending moment makes the upper
and lower tees yield by tension and compression. The moment
strength is equal to the plastic moment of a section taken through
the vertical centerline of an opening.

1,2,3 Rupture of the welded joint

The rupture of the welded joint occurs when the longitudinal shear
stress exceeds the weld resistance (Figure 3 (b)). This failure

mode depends on the spacing of openings. There will be a greater
chance of failure for smaller openings spacing.

1.2.4 Lateral torsional buckling

The lateral torsional buckling is characterized by a lateral displace-
ment and a rotation of the cross section. According to Kerdal and
Nethercot [6], the cellular beams and solid web beams have similar
behaviors with regard to lateral buckling, but the geometric prop-
erties of cellular beams should be taken in the centerline of the
openings.

1.2.5 Web post buckling due to shear

The shear force V|, (Figure 4), acting along the welded joint stress

Figure 4 - Web post buckling due to shear (7)
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the web post in bending, causing tensile stress on contour AB and
compression on the contour CD. In the web post buckling due to
shear the compressed part tends to move away from the longitu-
dinal plane of the section while the tensioned part tends to remain
in the starting position. According to Kerdal and Nethercot [6], this
failure mode normally occurs in inelastic regime with a significant
yielding of the sections.

1.2.6 Web post buckling due to compression

Web post buckling due to compression occurs by the presence
of localized loads or support reactions directly applied in the web
post. It is similar to - buckling of axially compressed bars.

1.3 Methodologies for the design of cellular
composite steel and concrete beams

In this research were used two methods for the design of cellular
composite steel and concrete beams, extracted from Ward [3]
and Lawson and Hicks [4] design guides. Both design guides use
the prescriptions of European standards when referring to limit
states and design resistances already established. The formula-
tions of the cited methods were adapted to meet the criteria of
the ABNT NBR 8800: 2008. Items 1.3.1 and 1.3.2 briefly describe
the design strength for each ultimate limit state approached by
these methods.

1.3.1 Lawson e Hicks [4] method

1.3.1.1 Shear strength at an opening

The shear strength of a cellular composite beam is established as
the shear strength of the steel section plus the shear strength of

the concrete slab. The shear plastic strength of the steel section at
the opening is equal to:

0.6A,f,

Vpl,Rd = y—eﬂ (] )

where AW is the sum of the areas of the upper and lower tee
webs, fy is the yield strength of steel and ¥, is the resistance
factor of steel cross sections, equal to 1.10.

For composite steel and concrete slabs, the shear force strength
per unit length must be obtained according to the ABNT NBR 8800:
2008 [2]. For solid reinforced concrete slabs, the ABNT NBR 6118:
2014 [8] is used for the calculation of this shear strength. In both cas-
es, the value of the shear force strength per unit length is multiplied
by an effective width, b, , given by b, = bf + Zh,,ef ,where b, is
the flange width of the steel section and ht’e is the effective depth
of the slab. Regardless of the use of steel deck, the effective depth
of the slab can be considered as 75% of its total depth (0.75h,).

1.3.1.2 Moment strength at an opening
There are two different situations to determinate the plastic mo-

ment strength. In the first case it is assumed that the plastic neutral
axis is in the slab, while in the second its location is admitted in the

top tee of the steel section. When the plastic neutral axis is in the
slab, the moment strength is given by:

1
M, rd = Nyt ra (hef +z;+h, _Ezcj (2)

When the plastic neutral axis is in the top tee of the steel section,
the moment strength is defined as:

1
Mo,Rd = NbT,Rdhef + Nc,Rd (ZT +h, - Etcj <3>

where NbT ra 18 the axial force in the bottom tee, he is the effec-
tive depth of the beam between the centroids of the tees, ht is the
slab depth, Z; is the depth of the centroid of the top tee  from
the outer edge of the flange, Z, is the depth of concrete in compres-
sion e NL,’Rd is the compression strength of the concrete slab.

1.3.1.3 Vierendeel mechanism

The Vierendeel moment strength is the sum of the Vierendeel mo-
ment strengths at the four corners of the opening, with the contribu-
tion due to local composite action between the top tee and the slab.
The Vierendeel moment strength must be greater than the design
value of the difference in bending moment, due to shear force, at
the left and right of the effective length of the opening, as given by:

2Mb,NV,Rd + 2I\/‘[t,NV,Rd + Mvc,Rd 2 VSdle (4)

where Mb NV .rq 18 the reduced moment strength of the bottom
tee for the breéence of shear and axial tension, MI,NV’Rd is the
reduced moment strength of the top tee for the presence of shear
and axial tension, MVC’Rd is the moment strength due to local
composite action between the top tee and the slab.

The VS 4 Value is the design vertical shear force taken as the value at
the lower moment side of the opening. For circular openings, the cal-
culation method provides an equivalent rectangular opening, where
its height is designated as 4, =0.9d, and its effective length is
givenby [, = 0.45d , on which d is the diameter of the openings.

1.3.1.4 Longitudinal shear strength

The design longitudinal shear strength of the web post can be es-
tablished as:

0.6st f
S ®

Yal

wp,Rd =

where S is the edge-to-edge spacing of the openings and tw is
thickness of the web.

830 N
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1.3.1.5 Bending strength of web post

The design bending strength of the web post should be calculated
using the elastic strength module as follows:

_ soztw fy
wp,Rd T 6 Y, (6)

1.3.1.6 Web post buckling

To calculate the buckling strength it is necessary to determine
the reduction factor (c) as established by ABNT NBR 8800: 2008
[2]. However, the non-dimensional slenderness of the web post is
given by:

o LTSS+, 1)

° t A,

w

where 4, =7,/Ef , on which E and Jf, are the modulus of elas-
ticity and the yield strength of steel, respectively. The buckling re-
sistance of the web post is given by:

st f
Nypra =X—— (8)

al

1.3.2 Ward’s method [3]
1.3.2.1 Shear strength at an opening

The shear strength at an opening is taken equal to the shear

Figure 5 - Equivalent hexagonal castellated
beam, valid for 1.08<s/d.<1.5
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strength of the steel section, calculated by Equation (1). Therefore,
the shear strength of the concrete slab is ignored.

1.3.2.2 Moment strength at an opening

The moment strength of a cellular composite beam can be deter-
mined using a plastic stress distribution similar to that described in
ABNT NBR 8800:2008 [2] for solid composite beams under posi-
tive bending moment and full shear connection. In case of partial
shear connection, the bending resistance of the cellular composite
beam is given by:

Mps =M, +1; (Mpl _Mel) (9)

where Mel is the elastic moment of the steel section (both tees),
n, is the shear connection degree and Mp, is the plastic
moment of the composite beam for full shear connection.

1.3.2.3 Vierendeel mechanism

The Vierendeel mechanism occurs due the formation of a plastic
hinge at a certain angle of the circular opening, at an associated
section called critical section. The interaction of secondary mo-
ments and axial forces, due to the transfer of shear and local axial
force (caused by bending of the beam) through the opening is veri-
fied using the following equation:

(10)

where N' e M ' are forces on the critical section, N;ed is the
product of the area of critical section by the yield strength of steel,
fy ,and Mpl is the plastic moment in the critical section for plas-
tic sections and equal to the elastic moment for other sections.

1.3.2.4 Longitudinal shear force

The longitudinal shear resistance is calculated by Ward method [3]
in the same way as shown for the Lawson and Hicks [4] method.

1.3.2.5 Web post flexural and buckling strength

The web post strength is governed by two modes of collapse: flexural
failure, caused by the formation of a plastic hinge, and buckling. The
failure mode depends on the web thickness and the ratio s/d, (spac-
ing of adjacent openings/diameter of openings). After a series of non-
linear finite element analysis, design curves were computed for the
web post, which resulted in the following verification equation:

2
Mo e[S ]-c| 2] -c,
M d d

€ (4] [

(1)
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Figure 6 - Geometrical characteristics of the cellular composite
beam from Oliveira (9) (dimensions in millimeters)
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where M, is the maximum allowable moment at the section A-A
of Figure 5, Me is the elastic moment at the section A-A of Figure
and C,, C, and C, are constants defined according to the diam-
eter of openings and web thickness.

2. Methodology
E—
2.1 About the program

The computer program for the design of composite cellular steel
and concrete beams, called DIMCEL, was developed in MATLAB

(2010) addressing the Lawson and Hicks [4] and Ward [3] meth-
ods. The program designs simply supported beams with compos-
ite steel and concrete sections composed of symmetrical cellular
sections, without web stiffeners and unfilled openings. Also allows
the design of steel cellular beams, i. e., without considering the
contribution of the concrete slab, but considers continuous lateral
restraint. Therefore, both types of construction can be analyzed:
unpropped construction and propped construction. In the case of
unpropped construction, just perform additional verification of the
steel cellular beam subject only to construction loads.

Two types of concrete slabs are considered for the composite

Figure 7 - Geometrical characteristics of the cellular composite
beam from Ward (3) (dimensions in millimeters)
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beam: solid concrete slab and composite steel and concrete slab.
For shear connections, are addressed only stud shear connectors.
The loads can be distributed along the length of the beam or con-
centrated at pre-established locations by the user.

2.2 Program validation

For the program validation, were selected two numerical examples
from the literature. Oliveira’s [9] example was used to validate the
method of Lawson and Hicks [4] and Ward’s method [3] was vali-
dated with the example contained in his own guide.

Oliveira’s [9] example corresponds to a cellular composite steel
and concrete simply supported beam. The geometrical character-
istics of the composite beam are shown in Figure 6. The cellular
beam was obtained from an IPE 550 section. The steel is S235.
Before the concrete cure the beam self weight is 7.35 kN/m, after
the cure the self weight is 7.11 kN/m, permanent load is 3 kN/m
and the imposed load is 15 kN/m. The compressive strength of the
concrete is 30 MPa. The beam spacing is 2 m. Stud shear con-
nectors were used with a diameter of 19 mm and two connectors
per trough.

The Ward’s [3] example corresponds to a cellular composite steel
and concrete simply supported beam. The geometrical character-
istics of the composite beam are shown in Figure 7. The cellular
beam was obtained from an UB 457x67 section. The steel is S355.
Before the concrete cure the beam self weight is 2.38 kN/m?, after
the cure the self weight is 2.24 kN/m?, the permanent load is 0.5
kN/m? and the imposed load is 6 kN/m2. The compressive strength
of concrete is 30 MPa. The beam spacing is 3 m. Stud shear con-
nectors were used with a diameter of 19 mm and one connector
per trough.

Table 1 compares the results of the program with the numerical
example of Oliveira [9], which addresses the Lawson and Hicks

[4] method and Table 2 compares the results of the program with
Ward’s [3] method. The program validation was proven because
it was found that the percentage differences between program re-
sults and numerical examples are due exclusively to the adopted
normative criteria, since the program uses ABNT NBR 8800: 2008
while the examples have been resolved in accordance with Euro-
pean standards.

2.3 Experimental testing
2.3.1 Nadjai et al. [10] test

The cellular composite steel and concrete beam, denominated Ul-
ster Beam A1, was tested by Nadjai et al. [10] and corresponds
to a simply supported beam with concentrated loads applied at
two points. In Figure 8, the geometric characteristics of the experi-
mental model are presented: span between supports of 4500 mm,
expanded depth equal to 575 mm, diameter of the openings equal
to 375 mm and spacing of adjacent openings of 500 mm. The steel
cellular beam was fabricated from an UB 406x140x39 section. The
steel is S355.

The composite steel and concrete slab has a width of 1200 mm
and total depth of 150 mm, in which 99 is the depth of concrete
above decking profile and 51 is the overall depth of decking profile,
with normal density concrete. The concrete compressive strength
was evaluated by three cubic samples during the test realization,
which provided an average value of 35 MPa. The slab reinforce-
ment consisted of welded wire mesh reinforcement A142 (bars
with 7 mm diameter spaced every 200 mm) with yield strength of
500 MPa.

The ultimate limit state which led the Ulster Beam A1 to failure was
the web post buckling. For comparison purposes, was calculated
by the program the failure load related to that limit state by both

(kN)

Example! 0 9.78 131.8
Program? 0 8.89 131.81
Difference (%) 0.00 9.10 -0.01

! Oliveira’s (9) example; 2 Program developed in this study.

Table 1 - Comparison of the results obtained from
the Oliveira’s (9) example and the computer program

Shear force at an MECE S Longitudinal shear
Bending at an opening (kNm) . mechanism
opening (kN) (KNm) (kN)
VSd de pr.Sd pr,Rd
Example’ 45186 691.51 72203 110497 16231 390.74  29.22 58.95 131.8 225.9
Program? 451.88 625.05 72621 1004.52 16231 28247  29.22 55.11 131.81 213.42
Difference (%) 0.00 9.61 -0.58 9.09 0.00 27.71 0.00 6.51 -0.01 5.52

Web post bending = Web post buckling
(kN)

Limiting value of shear force

(kN) Deflection
Buckling Bending (mm)
N VSd VRd de
302.97 149.11 228.38 368.58 22.33 225.9
284.56 149.12 301.61 330.93 18.2 213.42
6.08 -0.01 -32.06 10.21 18.50 5.52
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Bending at an
opening (kNm)

V

Rd

Difference (%)

Table 2 - Comparison of the results obtained from the Ward’s (3) example
and the computer program

Shear force at

the support (kN) opening (kN)

Example! 504 808 201.6 1135
Program? 47454  792.09 190.5  1031.7
Difference (%) 5.85 1.97 5.8 9.10
Example!
Program?

TWard'’s (3) example; 2 Program developed in this study.

Web post
strength (kNm)

Shear force at an Longitudinal

shear (kN)

\% V.

Sd o,Rd

181.4 370 139 326 25

45.13
171.45 373.29 131.14 329.18 23.61 41.02
5.49 -0.89 5.65 -0.98 5.56 9.11
Vierendeel
mechanism  pafiection
NI"I',Sd + Msd (mm>
0.84 20.6
0.95 20.23
-13.10 1.80

methods, Lawson and Hicks [4] and Ward [3]. From Table 3, it can
be noted that both methods are safer and the method of Lawson
and Hicks [4] predicted the failure load related to the limit state in
question more accurately.

2.3.2 Miiller et al. [11] test

The cellular composite steel and concrete beam, denominated

RWTH Beam 1B, was tested by Muller et al. [11] and corresponds
to a simply supported beam with a concentrated load applied at
four points. In Figure 9, the geometric characteristics of the ex-
perimental model are presented: span between supports of 6840
mm, expanded depth equal to 555.2 mm, diameter of the openings
equal to 380 mm and spacing of adjacent openings of 570 mm.
The steel cellular beam was fabricated from an IPE 400 section.
The steel is S355.

P

Figure 8 - Geometrical characteristics of the Ulster Beam A1 (dimensions in millimeters)
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Table 3 - Comparison between the results
of Nadijai et al. (10) and the program

Percentage
difference
(P,*-P)/P_x 100
Experimental (P,) 370 -
Lawson e Hicks (4) 310 -16%
Ward (3) 276 -25%

™* Pp = Failure load obtained by the program

Table 4 - Comparison between the results
of Miiller et al. (11) and the program

Percentage
difference
(P,*-P)/P_x 100
Experimental (P_) 843.7 =
Lawson e Hicks (4) 692 -18%
Ward (3) 556 -34%

() P, = Failure load obtained by the program

Muller et al. [11] considered full interaction between steel and con-
crete. This interaction was achieved with the use of stud shear con-
nectors, with a diameter of 19 mm and one connector per trough.
The geometric characteristics of the steel deck are the same of
that shown at Ulster-A1 model.

The composite steel and concrete slab has a width of 1800 mm
and total depth of 130 mm, in which 79 is the depth of concrete
above decking profile and 51 is the overall depth of decking profile,
with normal density concrete. In the concrete slab was used a rein-
forcement of 0.4% in longitudinal and transverse directions, which
was located at 20 mm from top of the concrete face.

The cellular composite steel and concrete beam RWTH Beam 1B
was tested with the openings 11 and 12 filled. The ultimate limit
state that led the beam RWTH Beam 1B to failure was the web
post buckling between the openings 1 and 2. From the calculation
program results, the failure should be governed by the Vierendeel
mechanism, with a load 21% lower than the experimental accord-
ing to the Lawson and Hicks [4] method and a load 42% lower than
the experimental according to the Ward’s [3] method.

The Table 4 shows the comparison between the experimental re-
sults and computational program for each method considering the
web post buckling that governed the experimental failure. It may
be noted that both methods are safer and the method of Lawson
and Hicks [4] was more accurate in the prediction of the failure load
related to the limit state in question.

3. Results and discussions
E——

The parametric study of cellular composite beams was performed
considering beams obtained from two | rolled section, W 310x32.7
and W 530x85. The study was realized to simply supported beams
subjected to a uniformly distributed load, considering propped con-
struction. The steel is ASTM A572 (Grade 50).

The slab studied is composite steel and concrete with overall
depth of decking profile equal to 75 mm, parallel to the beam
span and composed of concrete with compressive strength of 30
MPa. The total height of the slab was 130 mm and the beam
spacing was 3 m.

[ w [

Figure 9 - Geometrical characteristics of the RWTH Beam 1B (dimensions in millimeters)
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Table 5 - Geometric parameters adopted for the W 310x32.7 section

0.6d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
1.3d, 0.7d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.63d 1.3d, 10, 15, 20, 25, 30, 35 and 40
1.4d, 0.7d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.73d 1.3d, 10, 15, 20, 25, 30, 35 and 40
15 0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
157d 0.8d 1.3d, 10, 15, 20, 25, 30, 35 and 40

Stud shear connectors with 19 mm diameter were adopted. Ini-
tially, the number of connectors was calculated considering full
interaction between steel and concrete for the solid composite
beams that originated the studied cellular composite beams. The
same number of shear connectors was adopted to the cellular
composite beams.

The Ward [3] and Lawson and Hicks [4] methods have different
geometric limits for cellular beams. In this study, the geometric
parameters of the beams have been defined according to the
limits of both methods. Tables 5 and 6 show respectively the
parameters and the ratio L/d, (span length/expanded depth)
adopted for the sections W 310x32.7 and W 530x85. The depth
of the original solid beam was designated as dg, the diameter
of the opening as d and the spacing of adjacent openings as s.
Initially, the composite beams were calculated with the original
solid steel section, to determine its ultimate load (PVM) and the limit
state associated with the failure. Then, the program here devel-
oped was used for the calculation of cellular composite beams and
obtaining the ultimate load (P, ). Thus, the percentage difference
between the ultimate load of the cellular composite beam and the
solid composite beam can be calculated as:

8=(Pyc—Pyy )/ Py x100(%)

(12

If the percentage difference is less than zero, it means that the
solid composite beam resists better to the applied load than the
cellular composite beam, otherwise the cellular composite beam
performs better.

To determine the ultimate load for the solid and cellular beams,
a routine was developed in the computer program which is able
to increase the load value until it reaches the beam failure load,
and then writing the value of the failure load and the failure mode
in a spreadsheet. The verification of the ultimate limit states was
realized considering all applied loads (permanent and imposed
loads) multiplied by 1.4. To verify the serviceability limit state
of excessive deflection, it was considered that 40% of the total
load was permanent and, therefore, was used this portion of
loading to calculate the long-term deflection. The imposed load
was taken as 60% of the total load, for the determination of its
short-term deflection.

Table 6 - Geometric parameters adopted for the W 530x85 section

0.6d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40

1.3d, 0.7d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40

0.63d 1.3d, 10, 15, 20, 25, 30, 35 and 40

1.4d, 0.7d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40

- 0.73d 1.3d, 10, 15, 20, 25, 30, 35 and 40
° 0.8d 1.3d,, 1.4d, and 1.5d, 10, 15, 20, 25, 30, 35 and 40
1.57d, 0.8d 1.3d, 10, 15, 20, 25, 30, 35 and 40

G300 ——
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W 310x32.1

Table 7 - Limit state and ultimate load for the solid composite beams

Limit state

W 530x85

Limit state

10 168.3 Yielding due fo bending 208.65 Yielding due fo bending
115 85.7 Yielding due to bending 98.7 Excessive deflection
20 43.3 Excessive deflection 45.4 Excessive deflection
25 23.55 Excessive deflection 241 Excessive deflection
30 14.25 Excessive deflection 13.95 Excessive deflection
35 9.3 Excessive deflection 8.8 Excessive deflection
40 6.4 Excessive deflection 5.9 Excessive deflection

3.1 Solid composite beam designed
by ABNT NBR 8800:2008

Table 7 shows the limit state that governs the design of the solid
composite beams for each ratio L/d, (beam span/depth of the solid
beam) and their associated ultimate loads.

3.2 Cellular composite beam designed
by the Lawson and Hicks [4] method

In the parametric study, the symbols for identification of the cellular
composite beams were given by the designation: VC d_ - d/d, -
d/d-sld, - L/dg, where VC indicates cellular composite beam and
the variables dg, d, d, sand L are the geometric parameters. For
example, VC 310-1.3-0.6-1.3-10 means a cellular composite beam
with 310 mm of depth of the original solid section, dg, the ratio
between the expanded depth and the depth of the original section,
d/dg equal to 1.3, the ratio between the diameter of the opening
and the expanded depth, d /d equal to 0.6, the ratio between the
spacing of adjacent openings and the diameter of the opening, s/
d,, equal to 1.3 and the ratio between the beam span and depth of
the original solid section equal to 10.

Table 8 shows the cellular composite beams obtained from a W

310x32.7 section that presented the best performance (higher
resistance or lower deflection, depending on the governing limit
state) in relation to the solid composite beam. The limit state that
governed the design is mentioned in the table.

At Table 8, it can be noted that the use of cellular composite beams
obtained from the W 310x32.7 section is advantageous for L/d,
ratio equal or greater than 25, when the limit state of the solid com-
posite beam is governed by the excessive deflection and, thus, the
services stresses are relatively low. It can also be noticed that the
most adequate geometry for the cellular composite beams in this
case is that with expanded depth equal to 1.5 times the depth of
the original section, diameter of openings equal to 0.73 times the
expanded depth and spacing of adjacent openings equal to 1.3
times the diameter of the openings.

Table 9 shows the cellular composite beams obtained from a W
530x85 section that presented the best performance in relation to
the solid composite beam. The limit state that governed the design
is mentioned in the table.

At Table 9, it can be noted that the use of cellular composite beams
obtained from a W 530x85 section is advantageous for L/dg ra-
tio equal or greater than 20. It can also be noticed that the most
adequate geometry for the cellular composite beams in this case
is that with expanded depth equal to 1.5 times the depth of the

10 -29%
16 -20%
20 -8%
25 13%
30 32%
35 48%
40 66%

(*) Percentage difference

Table 8 - Ultimate load and associated limit state for cellular
composite beams obtained from a W 310x32.7 section

VC 310-1.3-0.6-1.5-10 Vierendeel mechanism
VC 310-1.3-0.6-1.5-15
VC 310-1.5-0.73-1.3-20
VC 310-1.5-0.73-1.3-25
VC 310-1.5-0.73-1.3-30
VC 310-1.5-0.73-1.3-35

VC 310-1.5-0.73-1.3-40

Yielding due to bending
Web post buckling
Yielding due to bending
Yielding due to bending
Yielding due to bending
Yielding due to bending
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Table 9 - Ultimate load and associated limit state for cellular
composite beams obtained from a W 530x85 section

10 -19% VC 530-1.3-0.6-1.5-10 Vierendeel mechanism

15 -8% VC 530-1.3-0.6-1.5-15 Yielding due to bending

20 20% VC 530-1.4-0.63-1.3-20 Yielding due to longitudinal shear
25 52% VC 530-1.5-0.73-1.3-25 Yielding due to bending

30 82% VC 530-1.6-0.8-1.3-30 Web post buckling

35 105% VC 530-1.6-0.8-1.3-35 Excessive deflection

40 103% VC 530-1.6-0.8-1.3-40 Excessive deflection

(*) Percentage difference

original section, diameter of openings equal to 0.73 times the ex-
panded depth and spacing of adjacent openings equal to 1.3 times
the diameter of the openings.

The analysis of the Tables 8 and 9 also shows a greater economic
advantage in the use of cellular composite beams with greater
depth, since the percentage difference between the ultimate load
of the cellular composite beam and the solid cellular beam, d, is
greater for W 530x85 section for all L/dg ratios. Also, it is noted
that the higher the L/dg ratio, the greater the percentage difference,
reaching more than 100% for the VC 530-1.6-0.8-1.3-35 and VC
530-1.6-0.8-1.3-40 beams, i.e., these beams have more than the
double of the ultimate load of its corresponding solid-composite
beams for the L/dg ratios equal to 35 and 40.

Table 10 shows the relation between the geometry of the cellular
composite beam obtained from a W 310x32.7 section and the fail-

ure modes. It can be noted that yielding due to longitudinal shear
occurs in small to medium spans (L/dg equal to 10, 15 and 20) in
beams with a small width of the web post, or in cases where the
s/d, ratio is less than 1.4 and the do/dg ratio is less than 0.63. The
Vierendeel mechanism governed the design in cases of small to
medium spans (L/d, equal to 10, 15 and 20), and the d /d, ratio
equal to 0.8, that is, when the width of the web post was larger.
For medium spans (L/dg equal to 20 and 25), the web post buckling
was predominant only for higher values of the expanded depth,
ie., d/dg ratio equal to 1.5 to 1.57. For large spans (L/dg equal to
30, 35 and 40), the critical limit states were yielding due to bending
and excessive deflection. However, the excessive deflection did
not occur for L/dg ratio equal to 30.

Table 11 shows the relation between the geometry of the cellular
composite beam obtained from a W 530x85 section and the fail-

Yielding due to longitudinal shear

Web post buckling

Vierendeel mechanism

Excessive deflection

Yielding due to bending

Table 10 - Relation between the geometry of the cellular composite
beam obtained from a W 310x32.7 section and the failure modes

L/d <15 and d =0.7d, except in cases where occurred longitudinal shear

L/d g225 except in cases where occurred excessive deflection
L/d =20 and d_<0.7d, except in cases where occurred longitudinal shear

L/d <15, d <0.63d and s<1.4d,
L/d <15, d =0.7d and s=1.3d,
L/d, =20, d,<0.63d ands=1.3d,
16sL/d <20, d=1.5d, and d =0.73d
20sL/d, <25 and d=1.57d

L/d,=20 and d,=0.8d
L/d,=40 and d=1.3d|
L/d,=40, d=1.4d,, and s<1.4d,
L/d,=35, d=1.3d,, and d,=0.6d
L/d,=35, d=1.3d, d,=0.7d and s=1.3d,

L/d =15, d,=0.6d and s=1.5d,,

838
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Yielding due to longitudinal shear

Web post buckling

Vierendeel mechanism

Yielding due to bending

Excessive deflection

Table 11 - Relation between the geometry of the cellular composite
beam obtained from a W 530x85 section and the failure modes

Limit state Geometric parameters

L/d <15 and d 20.7d, except in cases where occurred longitudinal shear

L/d <15, d,<0.63d and s<1.4d
L/d,=15. d,=0.7d and s=1.3d|,
L/d,=20, d_<0.63d and s=1.3d,
L/d<20, d=1.4d,, d.=0.7d and s=1.3d,
L/d,=20, d=1.5d and d,=0.73d
20sL/d <25, d=1.5d,, d.=0.8d and s=1.3d|,
20sL/d <25 and d=1.6d,

L/d,=20 and d,=0.8d
L/d,=15, d=1.3dg, d,=0.6d and s=1.5d
L/d,=20, d,<0.7d and s=1.4d,
L/d,=25 and d,20.7d
L/d,=30, d=1.4d, d,=0.8d and s=1.5d,
L/d,=30,d=1.5d, and d,=0.8d
L/d>=35
L/d,=30 and d,<0.73d
L/d,=30, d,=0.8d and ds1.4d,
L/d=25 and d,<0.63d

o

ure modes. It can be noted that yielding due to longitudinal shear
occurs in small to medium spans (L/d, equal to 10, 15 and 20) in
beams with a small width of the web post, or in cases where the
s/d, ratio is less than 1.4 and the doldg ratio is less than 0.63. The
Vierendeel mechanism governed the design in cases of small to
medium spans (L/d, equal to 10, 15 and 20), and the d/d, ratio
equal to 0.8, that is, when the width of the web post was larger.
The web post buckling occurs in small to large spans (L/dg equal
to 10, 15, 20, 25 and 30), principally in beams with larger values
of expanded depth, ie, d/dg ratio greater than or equal 1.5. Yielding

due to bending governed the design, mainly, in medium spans (L/
dg equal to 25), in beams with lower values of expanded depth, i.e.,
d/dg ratio less than 1.5, and d /d ratio greater than 0.63. For large
spans (L/dg equal to 35 and 40) the limit state of excessive deflec-
tion always governed the design.

3.3 Cellular composite beam design
by Ward’s [3] method

Table 12 shows the cellular composite beams obtained from a W

(*) Percentage difference

Table 12 - Ultimate load and associated limit state for cellular
composite beams obtained from a W 310x32.7 section

L/d,
10 -42%
15 -28%
20 -12%
25 7%
30 20%
85 20%
40 19%

VC 310-1.3-0.6-1.5-10 Vierendeel mechanism
VC 310-1.3-0.6-1.5-15
VC 310-1.3-0.6-1.5-20
VC 310-1.5-0.73-1.3-25
VC 310-1.5-0.73-1.3-30
VC 310-1.57-0.8-1.3-35

VC 310-1.57-0.8-1.3-35

Vierendeel mechanism
Vierendeel mechanism

Excessive deflection
Excessive deflection
Excessive deflection
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L/d,
10 -41%
15 -8%
20 17%
25 41%
30 52%
35 52%
40 53%

VC 530-1.3-0.6-1.5-10
VC 530-1.3-0.6-1.5-15
VC 530-1.3-0.6-1.5-20
VC 530-1.5-0.73-1.3-25
VC 530-1.6-0.8-1.3-30
VC 530-1.6-0.8-1.3-35
VC 530-1.6-0.8-1.3-40

Table 13 - Ultimate load and associated limit state for cellular
composite beams obtained from a W 530x85 section

Web post bending and buckling
Vierendeel mechanism
Excessive deflection
Excessive deflection
Excessive deflection
Excessive deflection
Excessive deflection

(*) Percentage difference

310x32.7 section that showed the best performance in relation to
the solid composite beam. The limit state that governed the design
is mentioned in the table.

At Table 12, it can be noted that the use of cellular composite
beams obtained from a W 310x32.7 section is advantageous for
L/dg ratio equal or greater than 25. It can also be noticed that the
most adequate geometry for the cellular composite beams in this
case is that with expanded depth equal to 1.5 or 1.57 times the
depth of the original section, diameter of openings ranging from
0.73 to 0.8 times the expanded depth and spacing of adjacent
openings equal to 1.3 times the diameter of the openings.

Table 13 shows the cellular composite beams obtained from a W
530x85 section that showed the best performance in relation to the
solid composite beams. The limit state that governed the design is
mentioned in the table.

At Table 13, it can be noted that the use of cellular composite
beams obtained from a W 530x85 section is advantageous for L/d,
ratio equal or greater than 20. It can also be noticed that the most

adequate geometry for the cellular composite beams in this case is
that with expanded depth ranging from 1.3 to 1.5 times the depth
of the original section, diameter of openings ranging from 0.6 to 0.8
times the expanded depth and spacing of adjacent openings rang-
ing from 1.3 to 1.5 times the diameter of the openings.

The analysis of Tables 12 and 13 also shows a greater economic
advantage in the use of cellular composite beams with greater
depth, since the percentage difference between the ultimate load
of cellular composite beam and the solid cellular beam, d, is great-
er for the W 530x85 section for all L/dg ratios. Also, it is noted that
the higher the L/d  ratio, the greater the percentage difference,
reaching more than 50% for the VC 530-1.6-0.8-1.3-35 and VC
530-1.6-0.8-1.3-40 beams.

Table 14 shows the relation between the geometry of the cellular
composite beam obtained from a W 310x32.7 section and the fail-
ure modes. It can be noted that the web post bending and buckling
occurs in small to medium spans (L/d, equal to 10, 15, 20 and 25)
in beams with a small width of the web post, or in cases where the

Web post bending and buckling

Vierendeel mechanism

Excessive deflection

Table 14 - Relation between the geometry of the cellular composite
beam obtained from a W 310x32.7 section and the failure modes

L/d <20, d <0.7d and s=1.3d,
L/d <20, d =0.6d and s=1.4d,
L/d <25, d <0.73d and s=1.3d,
L/d <25 and d =0.8d
L/d <20, d,=0.7 and s=1.4d,
L/d, =30, d,=0.8 and dz1.4d,
L/d, =25, d=1.3d, d <0.7d and sz1.4d,
L/d, =25, d=1.3d , d =0.7d and s=1.3d,
L/d, =25, d=1.4d , d=0.7d and s=1.4d,
L/d, =30 and d <0.73d
L/d, =30, d =0.8d and d=1.3d,
L/d 235

840 ——————
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Web post bending and buckling
Vierendeel mechanism

Excessive deflection

Table 15 - Relation between the geometry of the cellular composite
beam obtained from a W 530x85 section and the failure modes

L/d <20, d <0.7d and s=1.3d,

L/d <20, d =0.6d and s=1.4d,

L/d,=10, d,=0.6d and s=1.5d,
L/d <25 and d =0.8d

L/d <20, d,=0.7 and s21.4d,

L/d,=20, d ,=0.6d and s=1.5d,
L/d,=25and d <0.7d

L/d230

s/d, ratio is less than 1.4 and the d /d_ ratio is less than 0.63. The
Vierendeel mechanism governed the design in cases of small to
large spans (L/d, equal to 10, 15, 20, 25 e 30), and the d /d, ratio
equal to 0.8, that is, when the width of the web post was larger. For
large spans (L/dg equal to 30, 35 and 40), the critical limit states
was the excessive deflection.

Table 15 shows the relation between the geometry of the cellular
composite beam obtained from a W 530x85 section and the failure
modes. It can be noted that the web post bending and buckling
occurs in small to medium spans (L/dg equal to 10, 15 and 20) in
beams with a small width of the web post, or in cases where the
s/d, ratio is less than 1.4 and the dO/dg ratio is less than 0.73. The
Vierendeel mechanism governed the design in cases of small to
large spans (L/d, equal to 10, 15, 20, 25 e 30), and the d /d, ratio
equal to 0.8, that is, when the width of the web post was larger. For

large spans (L/d_ equal to 30, 35 and 40), the critical limit states
was the excessive deflection.

3.4 Methods comparison

Figure 10 shows the comparison between the best performance
ultimate load of the cellular composite beams obtained by both
methods (higher strength or lower deflection, depending on the
limit state that governs the design) in relation to the solid com-
posite beams. The analysis of Figure 10 shows that in most cases
studied Ward’s [3] method shows more conservative results.

4. Conclusions
E——

Two methods for the design of cellular composite beams were

120

100

80

60

40

5(%)

20

L/d,

Figure 10 - Comparison between the ultimate load of the cellular composite
beams obtained by Ward (3) and Lawson and Hicks (4) methods

= == =\W 310x32,7 Lawson

=W 310x32,7 Ward
W 530x85 Lawson

—@— W 530x85 Ward

40 50
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studied: Ward’s [3] and Lawson and Hicks [4] methods. Both meth-

ods use prescriptions of European standards when it comes to limit

states and design strengths already established. In this work, an

adaptation of the methods to conform with ABNT NBR 8800: 2008

[2] was carried out.

A computer program for the design of cellular composite steel

and concrete beams addressing both cited methods was de-

veloped in MATLAB (2010). The validation of the computer
program was realized using two numerical examples available
in the literature.

After the program validation, the adequacy of the methodologies

has been verified by experimental testing, comparing the results of

the computer program with results of experimental tests available

in the literature, namely, the results of Nadjai et al. [10] and Mdl-

ler et al. [11]. It was observed that both Lawson and Hicks [4] and

Ward’s [3] methods showed slightly conservative results, however

the Lawson and Hicks [4] method was more accurate in the predic-

tion of the failure load.

Finally, a parametric study of cellular composite beams obtained

from two laminated sections was conducted, W 310x32.7 and W

530x85. The study was realized for both methods presented, from

which it was possible to obtain a number of conclusions about the
calculation procedures:

B Both methods showed that the use of cellular composite beams
is advantageous when the L/d ratio is greater or equal to 20.
This was expected, since in these cases, what governs design
of solid composite beams is excessive deflection and the cel-
lular beams present higher moment of inertia. It is worth not-
ing that, in practice, the composite beams are used to achieve
larger spans L/d=25;

B Both methods showed a greater economic advantage in the
use of cellular composite beams of greater depth, as the per-
centage difference between the ultimate load of the cellular
composite beam and the solid composite beam, d, was higher
for the W 530x85 profile for all L/d ratios;

B The procedures proposed by Ward [3] for the verification of
the web post buckling and bending, Vierendeel mechanism
and excessive deflection generated more conservative results,
which made the Lawson and Hicks [4] method provide ultimate
loads higher in all analyzed cases.
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Abstract
[

Currently, with the advancement of welding and cutting technology, steel profiles with circular openings, called cellular profiles, have become widely
used as beams. The ABNT NBR 8800:2008 and international standards do not address cellular steel beams and cellular composite steel and con-
crete beams, which contributes to their limited use. A computer program was developed and validated for the design of cellular composite steel and
concrete simply supported beams based on two different methods from the literature. The use of this computational tool made possible a parametric
study comprising cellular composite beams obtained from two different rolled steel | sections. In this study, the influence of the geometric parameters
of the cellular profile and the influence of beam span in the strength and in the failure mode was analyzed. It was concluded that in many situations
the use of composite cellular beams is advantageous in relation to original composite beams.

Keywords: cellular composite steel and concrete beams, cellular beams, design.

Resumo

Atualmente, com o avancgo da tecnologia de corte e solda, perfis de ago com aberturas sequenciais na forma circular, denominados perfis celulares,
vém sendo bastante utilizadas como vigas de edificacdes. AABNT NBR 8800:2008 e as normas estrangeiras ndo abordam vigas de ago e vigas
mistas de aco e concreto com perfil celular, o que contribui para que o seu uso seja limitado. Foi desenvolvido e aferido um programa computacional
para o dimensionamento de vigas mistas de ago e concreto com perfil celular biapoiadas de acordo com duas metodologias distintas da literatura.
Um estudo paramétrico abordando vigas mistas com perfis celulares obtidos de dois perfis | de ago laminados comerciais foi realizado. Nesse estu-
do, ainfluéncia dos par@metros geomeétricos do perfil celular e do comprimento do vao da viga na resisténcia e na forma de colapso foi analisada. Foi
possivel concluir que em muitas situagdes o uso de vigas mistas com perfil celular é vantajoso em relagdo as vigas mistas de alma cheia.

Palavras-chave: vigas mistas de aco e concreto com perfis celulares, vigas alveolares, dimensionamento.
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1. Introdugao
——

1.1 Generalidades

As vigas com aberturas sequenciais na alma foram criadas a
partir de necessidades estruturais de reducdo de peso e aten-
dimento aos critérios de resisténcia aos esforgos solicitantes e
sdo fabricadas a partir de perfis laminados, com aberturas pa-
dronizadas na alma. As aberturas sdo também denominadas
alvéolos, motivo pelo qual, em engenharia estrutural, sdo refe-
renciadas algumas vezes como vigas alveolares. Essas vigas
também sao referidas na literatura técnica como “vigas de alma
expandida”. As aberturas na alma podem ser fabricadas na for-
ma de hexagonos ou circulos, resultando respectivamente, em
vigas castelares ou celulares, Figura 1.

As vigas celulares séo feitas a partir de perfis de segdo | ou H,
cuja alma é cortada longitudinalmente no formato desejado. Em
seguida, as duas metades sado deslocadas e soldadas pelo eixo,
de forma a gerar aberturas em sequéncia ao longo da alma e
acréscimo na altura da segao transversal, Figura .

A busca por uma utilizagéo racional dos recursos no projeto de
edificios de estruturas de ago, muitas vezes, induz a opgao por
solugdes que propiciem a integragao das instalagdes com a es-
trutura. Nesse sentido, o projeto de vigas de ago com aberturas
na alma para passagem de dutos de servigo das edificagdes tem
sido cada vez mais demandado. As vigas celulares sdo bastante
empregadas por possibilitarem a passagem de dutos pelas aber-
turas, integrando as instalagées com o sistema de piso, reduzin-
do o espago vertical necessario por pavimento.

A viga celular tem representado uma solugao altamente compe-
titiva. Uma de suas grandes vantagens € o fato de com pratica-
mente a mesma quantidade de ago dos perfis originais, possuir
uma capacidade resistente ao momento fletor muito superior, por
causa da maior altura da segao transversal, sendo assim possi-
vel vencer vdos maiores, o que refletira na redugdo dos niumeros
de pilares e consequentemente, em um menor custo e maior ve-
locidade na montagem. Ainda sob o ponto de vista econémico,
as operacgoes de fabricagao apresentam custo relativamente pe-
queno, e € compensado pelo aumento da capacidade resistente
e da rigidez.

Figura 1 - Vigas de aco com aberturas
sequenciais na alma

Em contrapartida as vantagens, as vigas apresentam capacida-
de resistente reduzida a forga cortante, o que pode exigir um
reforgo na alma, gerando um custo significativo. Ainda s&o pouco
eficientes na resisténcia aos esforgos decorrentes de forgas lo-
calizadas, sendo mais apropriadas para grandes vaos submeti-
dos a pequenas cargas.

As vigas alveolares podem ser projetadas como mistas quando
existir uma conexao de cisalhamento entre o perfil de ago e a laje
de concreto, podendo assim vencer vaos ainda maiores que 0s
da viga mista convencional, dado ao aumento de rigidez propor-
cionado pela geometria do perfil alveolar.

As vigas celulares possuem seu uso muito aquém de suas po-
tencialidades por ndo constarem na norma nacional de projeto
de estruturas de ago, ABNT NBR 8800:2008 [2] e também por
serem desconhecidas da maioria dos projetistas.

Esse trabalho de pesquisa tem como objetivo principal desen-
volver um programa computacional com as metodologias de
Ward [3] e Lawson e Hicks [4] para o dimensiomento de vigas
mistas de ago e concreto com perfis celulares a fim de analisar
a influéncia da geometria do perfil celular na carga dltima e
no modo de colapso de uma série de vigas mistas com per-
fis celulares e laje mista de aco e concreto. Adicionalmente,
os resultados obtidos do programa computacional para cada
metodologia sdo comparados entre si e com resultados expe-
rimentais da literatura.

PRODUCAO DE VIGAS CELULARES

INININININININY

© CORTE DO PERFIL EM CIRCULOB COM POUCA
PEADA DE MATERIAL

Figura 2 - Fabricacdo das vigas celulares (1)
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o Mecanismo Vierendeel

Figura 3 - Modos de colapso (5)

e Colapso da solda entre as aberturas

1.2.1 Formagao do mecanismo Vierendeel

A presenga de altos valores de esforgo cortante na viga acarreta a
formagao do mecanismo Vierendeel (Figura (a)). Ocorrera o surgi-
mento de rétulas plasticas nos cantos das aberturas, deformando
a viga em forma de paralelogramo. Esse fendmeno esta propen-
SO a ocorrer nas vigas de pequenos vaos com pequenas alturas
dos “tés” inferior e superior e grande comprimento de solda entre
duas aberturas. O colapso acontecera na abertura em que a ma-
ximo esforgo cortante estiver atuando. No caso de aberturas com
0 mesmo esforgo cortante, esse colapso ocorrera na abertura em

que atuar o maior momento.

1.2.2 Formagao de roétula plastica

Esse colapso ocorre quando a agédo do momento fletor faz os “tés”
superior e inferior escoarem por tragdo e compressao (binario de
forgas longitudinais). O momento resistente é igual ao momento
de plastificagdo no centro da abertura.

1.2.3 Ruptura da solda entre as aberturas

A ruptura na jungao das duas metades do perfil ocorrera quando o
esforgo horizontal de cisalhamento nessa regido exceder a forca
resistente da solda (Figura (b)). Esse modo de colapso vai depen-
der do comprimento entre as aberturas. Havera maior possibilida-
de de colapso quanto menor for a comprimento entre aberturas.

Figura 4 - Flambagem do montante da alma devido a for¢a cortante (7)

IBRACON Structures and Materials Journal 2015+ vol. 8 +n°6
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1.2.4 Flambagem lateral com torcao

A flambagem lateral com torgédo é caracterizada por um desloca-
mento lateral e um giro da segao transversal. De acordo com Ker-
dal e Nethercot [6], as vigas alveolares e as vigas de alma cheia
possuem comportamentos similares quanto a flambagem lateral,
porém as propriedades geométricas das vigas alveolares devem
ser tomadas no centro das aberturas.

1.2.5 Flambagem do montante da alma por cisalhamento

A forca de cisalhamento V| (Figura ), que surge ao longo da junta
soldada solicita 0 montante da alma a flexao, causando esforgo de
tracdo no contorno AB e de compresséo no contorno CD. Na flam-
bagem do montante da alma a parte comprimida tende a se deslocar
para fora do plano longitudinal do perfil enquanto a parte tracionada
tende a permanecer na posicéo inicial. De acordo com Kerdal e Ne-
thercot [6], esse modo de colapso ocorre normalmente em regime
inelastico ocorrendo uma significativa plastificagdo das segdes.

1.2.6 Flambagem do montante da alma por compressao

A flambagem por compressao do montante da alma ocorre pela
presenca de cargas localizadas ou reacdes de apoios aplicados
diretamente no montante da alma. Ela é semelhante a flambagem
por flexdo de barras axialmente comprimidas.

1.3 Metodologias para o dimensionamento de
vigas mistas de agco e concreto com perfis
celulares

Nessa pesquisa foram utilizadas duas metodologias para o dimen-
sionamento de vigas mistas de ago e concreto com perfis celulares,
extraidas dos guias de projeto de Lawson e Hicks [4] e de Ward [3].
Ambos os guias de projeto utilizam as prescrigdes das normas euro-
péias quando se referem a estados limites e resisténcias de calculo
ja consagradas. As formulagdes das metodologias citadas foram
adpatadas para atenderem os critérios da ABNT NBR 8800:2008.
A seguir sao descritos, de forma suscinta, os esforgos resistentes
para cada estado limite ulltimo abordado por essas metodologias.

1.3.1 Metodologia de Lawson e Hicks [4]
1.3.1.1 Esforgo cortante resistente na se¢ao da abertura

A resisténcia ao esforgo cortante da secgéo transversal de uma
viga mista celular é estabelecida como o esforgco cortante resis-
tente do perfil de ago mais o esforgo cortante resistente da laje de
concreto. O esforgo cortante resistente de plastificacdo do perfil de
ago na segao da abertura é igual a:

0.6A f

Voira = y—alwy (1)

onde AW € a soma das areas das almas dos tés superior e infe-
rior, f € tens&o de escoamento doago e ¥, € o coeficiente de
ponderagao da resisténcia, igual a 1,10.

Se a laje for mista de aco e concreto, o esforgo cortante resistente
da por unidade de comprimento deve ser obtido segundo a ABNT
NBR 8800:2008 [2]. Caso a laje seja maciga de concreto, utiliza-
-se a ABNT NBR 6118:2014 [8] para o calculo desse esforgo. Em
ambos os casos, o valor do esforgo cortante por metro € multipli-
cado por uma da largura efetiva, b , dada por b = b + 2h ) of

,onde b, ¢a largura da mesa do perﬁl de ago e h e a altura
efetlva da laje. Independentemente da utilizago de forma de ago
incorporada, a altura efetiva da laje pode ser considerada como
75% da sua altura total (0,75h,).

1.3.1.2 Momento fletor resistente na abertura

Existem duas situagdes diferentes para o calculo do momento fle-
tor resistente plastico. No primeiro caso é considerado que a linha
neutra plastica se encontra na laje de concreto, enquanto no se-
gundo admite-se a sua localizagéo no té superior do perfil de aco.
Quando a linha neutra plastica se encontra na laje, o momento
fletor resistente é dado por:

1
M, rd = Nirra (hef +z;+h, — E Zc) (2)

Quando a linha neutra plastica se encontra no té superior do perfil
de ago, o momento fletor resistente é definido como:

1
M, ra _NbTRdh + N ra (ZT+ht_Etcj (3)

em que NbT ra © 0 esforco axial de tragéo resistente de projeto do
té inferior, h € a altura efetiva da viga entre os centros de gravi-
dade dos tes ht € a altura total da laje de concreto, Z, € a dis-
téncia entre a extremidade da mesa e o centro de gravidade do té
superior, Z, € a altura de concreto em compresséo e N eo
esforgo aX|aI de compresséo resistente da laje.

JRd

1.3.1.3 Verificagdao do mecanismo Vierendeel

A resisténcia a flexdo de Vierendeel consiste na soma dos mo-
mentos fletores locais resistentes dos quatro cantos da abertura
com o momento fletor resistente local devido a interagdo do té
superior com a laje de concreto. O momento fletor resistente de
Vierendeel deve ser maior que a diferenga dos valores dos mo-
mentos fletores solicitantes de calculo, provocados pelo esforgo
cortante solicitante, a esquerda e a direita da abertura equivalente,
conforme dado por:

2Mb,NV,Rd + 21\/It,NV,Rd + Mvc,Rd £ VSdle (4)

em que Mb NV Rd é o momento fletor resistente reduzido do té
inferior para a presenca de esforgo cortante e axial, M: NV .Rd éo
momento fletor resistente reduzido do té superior para a presenca
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de esforgo cortante e axial, Mvc’Rd € o0 momento fletor resistente
local devido a interagéo do té superior com a laje de concreto.

O valorde Vg, ¢ estabelecido, conservadoramente, como o valor
de esforgo cortante que atua na extremidade da abertura em que
o momento fletor solicitante € menor. Nas aberturas circulares, o
método de calculo estabelece uma abertura retangular equiva-
lente, onde a sua altura é designada como /1, =0,9d, e o seu
comprimento equivalente é dado por /, =0,45d,, sendo d, o
didametro das aberturas.

1.3.1.4 Esforgo cortante longitudinal

O valor de célculo do esforgo cortante longitudinal resistente do
montante da alma pode ser estabelecido como:

0.6st,f,
S ®

Yal

wp.Rd —

emque S, é alargura do montante da alma e #,, é a espessura
da alma do perfil de ago.

1.3.1.5 Momento fletor resistente do montante da alma
O calculo do momento fletor resistente de projeto do montante da

alma deve ser efetuado utilizando o médulo resistente elastico da
seguinte forma:

s t, I
wp,Rd = 6 'Y_:l (6)

1.3.1.6 Flambagem do montante da alma

No calculo do valor de calculo da resisténcia a flambagem é ne

Figura 5 - Aproximag¢do da viga celular em
castelada hexagonal equivalente,
vdlida para 1,08<s/d.<1,5

A éarea rachurada é
considerada rigida

" ZZ I IZ I I T 777 N,
_.ﬂ % %j} S

0,45R
|

cessario determinar o coeficiente de redugéo (c) estabelecido na cur-
va de resisténcia a compressdo da ABNT NBR 8800:2008. No entan-
to, a esbeltez reduzida do montante da alma é calculada como:

_ 1.75/s,> +d,’ )

° t A,

w

onde: /4, =7Z'1/Efy ,sendo E e f) 0 modulo de elasticidade e a
tensdo de escoamento do ago, respectivamente. O valor da resis-
téncia a flambagem para aberturas adjacentes é dado por:

8.ty £, ( 8)

al

pr,Rd = X

1.3.2 Metodologia de Ward (1990)
1.3.2.1 Esforgo cortante resistente na seg¢ao da abertura

O esforgo cortante resistente na segéo da abertura € tomado igual
ao esforgo cortante resistente de projeto do perfil de ago, calcula-
do pela Equacéo (1). Portanto, a resisténcia ao esfor¢o cortante
da laje de concreto é ignorada.

1.3.2.2 Momento fletor na abertura

O momento fletor resistente de uma viga celular mista pode ser
determinado utilizando distribuigdo plastica de tensdes de forma
semelhante ao descrito na ABNT NBR 8800:2008 [2] para vigas
mistas de alma cheia sob momento positivo e interagéo total.
Quando a interacao é parcial, 0 momento resistente da viga mista
celular é dado por:

My =M, +n; (Mpl - Mel) <9>

em que Md € 0o momento resistente elastico do perfil de aco (de
ambos os tés), 7], é o grau de interagdo e M, € o momento
resistente de plastificagdo da viga mista com interacao total.

1.3.2.3 Mecanismo Vierendeel

O mecanismo Vierendeel ocorre devido a formagéo de rétula plas-
tica em um determinado angulo da abertura circular, cuja segao a
ele associada é denominada segao critica. A interagdo de momen-
tos secundarios e esforgo axial, devido a transferéncia do esforgo
cortante e do esforgo axial local (causado pela flexdo da viga) atra-
vés da abertura é verificada utilizando a seguinte equacao:

N—,+£,Sl
N,y M

(10)

pl
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Figura 6 - Caracteristicas geométricas da viga mista de Oliveira (9)
(dimensoes em milimetros)
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emque N'e M ' sioforgas na secdo critica, N;?d é o produto
da area da segéo critica pela tenséo de escoamento do ago, fy ,
e Mpl ¢é igual ao momento de plastificagdo na segao critica para
segbes compactas e igual ao momento de inicio de escoamento
para as demais segoes.

1.3.2.4 Esforgo cortante longitudinal
O esforgo cortante longitudinal resistente é calculado pela meto-

dologia de Ward [3] da mesma forma como mostrado para a meto-
dologia de Lawson e Hicks[4].

1.3.2.5 Flexao e flambagem do montante da alma

A resisténcia do montante da alma é governada por dois
modos de colapso: o colapso por flexao, causado pela for-
macao de roétula plastica, e a flambagem. O modo de colap-
so depende da espessura da alma e da relagéo s/d, (distan-
cia entre aberturas/didmetro da abertura). Apdés uma série
de analises ndo-lineares com elementos finitos foram feitas
curvas de dimensionamento para o montante da alma, as
quais resultaram na seguinte equacgao de verificagéo:

Figura 7 - Caracteristicas geométricas da viga mista de Ward (3)
(dimensdes em milimetros)
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™| Ole) ) T

€ o o

(1)

em que Mmax € igual ao momento maximo admissivel na segao
A-A da Figura , Me é igual ao momento resistente elastico da
segao A-A da Figura e Cl, C2 e C3 séo constantes definidas
em fungdo do didmetro das aberturas e espessura da alma do
perfil de aco.

2. Metodologia
EE—
2.1 Sobre o programa

O programa computacional para o dimensionamento de vigas
mistas de ago e concreto com perfis de ago celulares, denomia-
do DIMCEL, foi desenvolvido em MATLAB (2010) abordando
as metodologias de Lawson e Hicks [4] e Ward [3]. O progra-
ma verifica a condigdo de seguranga para vigas simplesmente
apoiadas com segao mista de ago e concreto composta por per-
fis de aco celulares simétricos em relagao ao plano de flexéo,
sem enrijecedores na alma e sem preenchimento de aberturas.
Também possibilitam a verificagdo da seguranca de vigas de
aco celulares, ou seja, sem levar em conta a contribuigcdo da
laje de concreto, porém considera contengao lateral continua.
Assim, ambos os tipos de construgao podem ser analisados:
construgado escorada e construgdo nao escorada. Para o caso
de construgdo ndo escorada, basta fazer a verificagdo adicional
da viga de ago com perfil celular sujeita apenas aos carrega-
mentos de construgao.

Dois tipos de laje de concreto sdo considerados para a viga

mista: a laje maciga de concreto e a laje mista de ago e concre-
to. Para a conexao de cisalhamento, sdo abordados apenas os
conectores do tipo pino com cabega. Os carregamentos podem
ser distribuidos ao longo do comprimento da viga ou concentra-
dos em locagdes pré-estabelecidas pelo usuario.

2.2 Validagéao do programa

Para a validagao do programa, foram selecionados dois exem-
plos numéricos disponiveis na literatura. O exemplo de Oli-
veira [9] foi utilizado na validagdo da metodologia de Lawson
e Hicks [4] e a metodologia de Ward [3] foi validada com o
exemplo contido no seu guia de dimensionamento.

O exemplo de Oliveira [9] corresponde a uma viga mista de
ago e concreto com perfil celular biapoiada, as caracteristicas
geométricas da viga mista sdo mostradas na Figura . O perfil
de aco celular foi obtido de um perfil IPE 550. O ago do perfil
€ 0 S235. Antes da cura do concreto o peso proprio da viga é
de 7,35 kN/m, depois da cura o peso proprio € de 7,11 kN/m, a
carga permanente é de 3 kN/m e a sobrecarga de 15 kN/m. A
resisténcia do concreto a compresséao € de 30 MPa. A distan-
cia entre a viga estuda e as vigas adjacentes é de 2 m. Foram
utilizados conectores de cisalhamento tipo pino com cabega
(Stud Bolt) com diametro de 19 mm e disposicdo de dois co-
nectores por nervura.

O exemplo de Ward [3] corresponde a uma viga mista de ago e
concreto com perfil celular biapoiada, as caracteristicas geométri-
cas da viga mista sdo mostradas na Figura . O perfil de aco celular
foi obtido de um perfil UB 457x67. O ago do perfil € o0 S355. Antes
da cura do concreto o peso proprio da viga é de 2,38 kN/m?, de-
pois da cura o peso proprio € de 2,24 kN/m?, a carga permanente
é de 0,5 kN/m? e a sobrecarga de 6 kN/m?. A resisténcia do con-
creto a compresséao € de 30 MPa. A distancia entre a viga estuda

Flexdo do montante

' Exemplo de Oliveira (9); 2 Programa desenvolvido neste estudo.

Tabela 1 - Comparacdo dos resultados obtidos do exemplo
de Oliveira (9) e do programa computacional

Forca cortante Mecanismo Cortante
Momento fletor na abertura (kNm) P agberiurc (kN) Vierendeel longitudinal
(CQ)) (kN)
VSd de pr.Sd pr,Rd
Exemplo’ 451,86 691,61 722,03 110497 162,31 390,74 29,22 58,95 131.8 225,9
Programa? 451,88 625,056 726,21 1004,52 162,31 28247 29,22 55,11 131.81 213,42
Diferenca (%) 0,00 9,61 -0,58 9,09 0,00 27,71 0,00 6,51 -0,01 5,52

Flambagem do

(kN)
da alma (kN) montante da alma .
(kN) Flambagem Flexdo
, VRd VRd
Exemplo’ 0 9,78 131.,8 302,97 149,11 228,38 368,58 22888
Programa? 0 8,89 131,81 284,56 149,12 301,61 330,93 18,2
Diferenca (%) 0,00 9,10 -0,01 6,08 -0,01 -32,06 10,21 18,50

Restricdo ao esfor¢o cortante
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Tabela 2 - Comparacdo dos resultados obtidos do exemplo
de Ward (3) e do programa computacional

Momento fletor

Resisténcia do

na abertura Forca c_oranIe Forca cortante goriqnte montanta da alma
(KNm) no apoio (kN) na abertura (kN) horizontal (kN) (KNm)
Vo4 \A \A \A M, M, ..
Exemplo’ 504 808 201,6 1135 181.4 370 139 326 25 45,13
Programa? 474,54 792,09 190,56 1031,7 171,45 373,29 131.14 329,18 23,61 41,02
Diferenca (%) 5,85 1,97 5,51 9,10 5,49 -0,89 5,65 -0,98 5,56 9,11
Mecanismo
Vierendeel Deflection
NI"I',Sd Msd (mm)
r‘mno Mp
Exemplo’ 0,84 20,6
Programa? 0,95 20,23
Diferenca (%) -13,10 1,80

' Exemplo de Ward (3); ? Programa desenvolvido neste estudo.

e as vigas adjacentes é de 3 m. Foram utilizados conectores de
cisalhamento tipo pino com cabega (Stud Bolf) com didmetro de
19 mm e disposigéo de um conector por nervura.

A Tabela 1 compara os resultados do programa com os do exem-
plo numérico de Oliveira [9], que trata da metodologia de Lawson
e Hicks [4] e a Tabela 2 compara os resultados do programa com

os da metodologia de Ward [3]. A afericdo do programa foi com-
provada porque foi verificado que as diferengas percentuais entre
os resultados do programa e dos exemplos numéricos devem-se
exclusivamente aos critérios normativos adotados, uma vez que o
programa utiliza a ABNT NBR 8800:2008 enquanto os exemplos
foram resolvidos de acordo com normas europeias.

Figura 8 - Caracteristicas geométricas da viga Ulster Beam A1l
(dimensoes em milimetros)
P P
lolalels 'n'n'n'%n'b' NN annnnnananannl
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Tabela 3 - Comparacdo entre os resuliados
de Nadjai et al. (10) e do programa

Diferenca
percentual
(P,*-P)/P_x 100
Experimental (P,) 370 -
Lawson e Hicks (4) 310 -16%
Ward (3) 276 -25%

(") P, = Carga de colapso obtida pelo programa

Tabela 4 - Comparacdo entre os resultados
de Miller et al. (11) e do programa

Diferenca
percentual
(P,*-P)/P_x 100
Experimental (P_) 843,7 -
Lawson e Hicks (4) 692 -18%
Ward (3) 556 -34%

(") P, = Carga de colapso obtida pelo programa

2.3 Comprovagdao experimental
2.3.1 Ensaio de Nadjai et al. [10]

A viga mista de ago e concreto com perfil celular, denominada Uls-
ter Beam A1, foi ensaiada por Nadjai et al. [10] e corresponde a
uma viga biapoiada com carga concentrada aplicada em dois pon-
tos. Na Figura , as caracteristicas geométricas do modelo expe-
rimental sdo apresentadas: vao de 4500 mm entre apoios, altura
expandida igual a 575 mm, didmetro das aberturas igual a 375 mm
e distancia entre centros das aberturas de 500 mm. A viga celular
de ago foi fabricada a partir de um perfil UB 406x140%39. O ago
do perfil € o S355.

A laje mista de ago e concreto possui largura de 1200 mm e altura
total de 150 mm, sendo 99 mm de altura da capa de concreto e
51 mm de altura da nervura da forma de ago incorporada, com
concreto de densidade normal. A resisténcia do concreto a com-
presséo foi avaliada por meio de trés amostras cubicas durante a

realizacdo do ensaio, as quais forneceram um valor médio de 35
MPa. A laje de concreto foi incorporada uma tela de ago soldada
tipo A142 (barras com 7 mm de didmetro espagadas a cada 200
mm), com resisténcia ao escoamento de 500 MPa.

O estado limite ultimo que levou a viga Ulster Beam A1 ao colapso
foi a flambagem do montante da alma. Para fins de comparacéo,
foi calculada pelo programa a carga de colapso relacionada a esse
estado limite por ambas as metodologias, de Lawson e Hicks [4]
e Ward [3]. Pela Tabela 3, pode-se notar que ambas as metodolo-
gias estéo a favor da seguranga e que a metodologia de Lawson
e Hicks [4] mostrou-se mais adequada na previsao da carga de
colapso relacionada ao estado limite em questéao.

2.3.2 Ensaio de Miiller et al. [11]

A viga mista de ago e concreto com perfil celular, denominada
RWTH Beam 1B, foi ensaiada por Milller et al. [11] e corresponde
a uma viga biapoiada com carga concentrada aplicada em qua-
tro pontos. Na Figura , as caracteristicas geométricas do modelo

[ w [

Figura 9 - Caracteristicas geométricas da viga RWTH Beam 1B
(dimensoes em mm)
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Tabela 5 - Padroes geométricos adotados para o perfil W 310x32,7
I s

0,6d 1,3d,, 1,4d_ and 1,5d, 10, 15, 20, 25, 30, 35 and 40
1.3d, 0,7d 1,3d, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

0,8d 1,3d,, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

0,63d 1,3d, 10, 15, 20, 25, 30, 35 and 40
1.4d, 0,7d 1,3d, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

0.8d 1,3d, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

0,73d 1,3d, 10, 15, 20, 25, 30, 35 and 40
15 0.8d 1,3d,, 1.4d_ and 1,5d, 10, 15, 20, 25, 30, 35 and 40
1,674 0.8d 1,3d, 10, 15, 20, 25, 30, 35 and 40

experimental sdo apresentadas: vao de 6840 mm entre apoios,
altura expandida igual a 555,2 mm, didmetro das aberturas igual
a 380 mm e distancia entre centros das aberturas de 570 mm. A
viga celular de ago foi fabricada a partir de um perfil IPE 400. O
aco do perfil € o S355.

Mdller et al. [11] considerou interagdo completa entre ago e con-
creto. Essa interagao foi assegurada com a utilizagéo de conecto-
res de cisalhamento tipo pino com cabega (Stud Bolt), com diame-
tro de 19 mm e disposigdo de um conector por nervura da forma
de aco incorporada a laje. As caracteristicas geométricas da forma
de ago incorporada sao as mesmas daquela utilizada no modelo
Ulster-A1.

A laje mista de ago e concreto possui largura de 1800 mm e altura
total de 130 mm, sendo 79 mm de altura da capa de concreto e 51
mm de altura da nervura da forma de ago incorporada, com con-
creto de densidade normal. Na laje de concreto foi utilizada uma
taxa de armadura de 0,4% nas diregbes transversal e longitudinal,
sendo esta malha localizada a 20 mm da face superior da laje.

A viga mista de acgo e concreto com perfil celular RWTH Beam 1B
foi ensaiada com as aberturas 11 e 12 preenchidas. O estado limi-
te ultimo que levou a viga RWTH Beam 1B ao colapso foi a flamba-
gem do montante da alma entre as aberturas 1 e 2. Pelo resultado

do programa de calculo, o colapso deveria ser governado pelo
mecanismo Vierendeel, em uma carga 21% menor que a experi-
mental de acordo com a metodologia de Lawson e Hicks [4] e 42%
menor que a experimental segundo a metodologia de Ward [3].

A Tabela 4 mostra a comparagao entre os resultados experimental
e os do programa computacional para cada metodologia consi-
derando o estado limite de flambagem do montante da alma que
governou o colapso experimental. Pode-se notar que ambas as
metodologias estdo a favor da seguranga e que a metodologia
de Lawson e Hicks [4] mostrou-se mais adequada na previsédo da
carga de colapso relacionada ao estado limite em questao.

3. Resultados e discussoes

EE—

O estudo paramétrico de vigas mistas com perfil de ago celular
foi realizado considerando vigas obtidas a partir de dois perfis |
laminados, W 310x32,7 e W 530x85. O estudo foi feito para vigas
simplesmente apoiadas, submetidas a um carregamento unifor-
memente distribuido, considerando construgdo escorada. O ago
dos perfis € 0 ASTM A572 (Grau 50).

A laje estudada é mista de ago e concreto com forma de ago in-
corporada de nervuras de altura igual a 75 mm, paralelas ao vao

Tabela 6 - Padroes geométricos adotados para o perfil W 530x85
I s

0,6d 1,3d,, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

1.3d, 0,7d 1,3d,, 1.4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40
0,8d 1,3d,, 1.4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

0,63d 1,3d, 10, 15, 20, 25, 30, 35 and 40

1.4d, 0,7d 1,3d,, 1.4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40
0,8d 1,3d,, 1.4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40

| 5 0,73d 1,3d, 10, 15, 20, 25, 30, 35 and 40
o 0,8d 1,3d,, 1,4d, and 1,5d, 10, 15, 20, 25, 30, 35 and 40
1.57d, 0,8d 1,3d, 10, 15, 20, 25, 30, 35 and 40

852 I
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W 310x32.1

Estado limite

Tabela 7 - Estado limite e carga maxima para vigas mistas com perfil de alma cheia

10 168,3 Plastificacdo por Momento 208,65 Plastificacdo por Momento
115 85,7 Plastificacdo por Momento 98,7 Flecha excessiva
20 43,3 Flecha excessiva 45,4 Flecha excessiva
25 23,55 Flecha excessiva 24,1 Flecha excessiva
30 14,25 Flecha excessiva 13,95 Flecha excessiva
35 9.3 Flecha excessiva 8.8 Flecha excessiva
40 6,4 Flecha excessiva 59 Flecha excessiva

W 530x85

Estado limite

da viga e composta por concreto com resisténcia caracteristica a
compressao de 30 MPa. A altura total da laje foi de 13 cm. Foi consi-
derada uma distancia de 3 m entre a viga estudada e as adjacentes.
Conectores de cisalhamento tipo pino com cabega (Stud Bolf) com
didmetro de 19 mm foram adotados. Inicialmente, a quantidade de
conectores foi calculada considerando interagdo completa entre
aco e concreto nas vigas mistas com os perfis de alma cheia que
derem origem as vigas mistas de perfis celulares estudadas. O
mesmo numero de conectores de cisalhamento foi adotado para
as vigas mistas com perfis celulares.

As metodologias de Ward [3] e Lawson e Hicks [4] apresentam
limites diferentes para a definicdo da geometria de vigas celula-
res. Nesse estudo, os parametros geométricos das vigas foram
definidas atendendo aos limites de ambas as metodologias. As
tabelas 5 e 6 mostram respectivamente os parametros e a razdo
L/dg (comprimento do vao/altura expandida) adotados para o perfil
W310x32,7 e W530x85. A altura do perfil de origem foi designada
por dg, o didmetro das aberturas por d_ e a distancia centro a cen-
tro das aberturas por s.

Inicialmente, as vigas mistas foram calculadas com o perfil de aco
original, para determinag&o da sua carga ultima (P,,,) e do estado
limite associado ao colapso. Em seguida, utilizou-se o programa
aqui desenvolvido para o calculo das vigas mistas com perfil de ago

celular e obtengéo da carga dltima (P, ). Dessa forma, a diferenca
percentual entre as cargas ultimas da viga mista com perfil celular
e da viga mista com perfil de alma cheia pode ser calculada como:

8=(Pyc—Pyy )/ Pypy x100(%) (12)

Se a diferenga percentual for menor do que zero, significa que a
viga mista de alma cheia resiste melhor ao carregamento aplicado
do que a viga mista com perfil celular, caso contrario, a viga mista
com perfil celular apresenta um melhor desempenho.

Para determinagao da carga ultima em ambas as vigas, com perfil
de alma cheia e celular, uma rotina foi desenvolvida no programa
computacional capaz de incrementar o valor da carga até ser atin-
gida a carga de colapso da viga e, em seguida, escrever o valor da
carga Ultima e o modo de colapso em uma planilha. A verificagéo
dos estados limites ultimos foi feita considerando todo o carrega-
mento aplicado (cargas permanente e variavel) multiplicado por 1,4.
Para a verificagdo do estado limite de servigo de flecha excessiva,
foi considerado que 40% do carregamento total era permanente e,
portanto, utilizou-se essa parcela de carregamento para o calculo

-29%
15 -20%
20 -8%
25 13%
30 32%
35 48%
40 66%

(*) Diferenca percentual

Tabela 8 - Carga ultima e estado limite associado para vigas mistas
com peifil celular obtido a partir do perfil W 310x32,7

VC 310-1,3-0,6-1,5-10
VC 310-1,3-0,6-1,5-15
VC 310-1,5-0,73-1,3-20
VC 310-1,5-0,73-1,3-25
VC 310-1,5-0,73-1,3-30
VC 310-1,5-0,73-1,3-35
VC 310-1,5-0,73-1,3-40

Mecanismo Vierendeel
Plastificacdo por momento fletor
Flambagem do montante da alma
Plastificacdo por momento fletor
Plastificacdo por momento fletor
Plastificacdo por momento fletor
Plastificacdo por momento fletor
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-19%
15 -8%
20 20%
25 52%
30 82%
35 105%
40 103%

(*) Diferenca percentual

Tabela 9 - Carga (ltima e estado limite associado para vigas
mistas com peifil celular obtido a partir do perfil W 530x85

VC 530-1,3-0,6-1,5-10
VC 530-1,3-0,6-1,5-15
VC 530-1,4-0,63-1,3-20
VC 530-1,5-0,73-1,3-25
VC 530-1,6-0,8-1,3-30
VC 530-1,6-0,8-1,3-35
VC 530-1,6-0,8-1,3-40

Mecanismo Vierendeel
Plastificacdo por momento fletor
Plastificacdo por cortante longitudinal
Plastificacdo por momento fletor
Flambagem do montante da alma
Flecha excessiva
Flecha excessiva

da flecha de longa duragdo. A carga variavel foi tomada como 60%
do valor do carregamento total, sendo entdo a determinada a res-
pectiva flecha de curta duragao.

3.1 Viga mista com perfil de alma cheia
dimensionada pela ABNT NBR 8800:2008

ATabela 7 apresenta o estado limite que governa o dimensionamento
das vigas mistas com perfil de alma cheia para cada razéo L/dg (vao/

altura do perfil original) e as respectivas cargas maximas associadas.

3.2 Viga mista com perfil celular dimensionada
metodologia de Lawson e Hicks [4]

No estudo paramétrico, a simbologia para identificagdo das vigas

mistas com perfil celular foi dada pela designagéo: VC d_ — d/d, —
dJd-sld, - L/dg, onde VC indica viga mista celular e as variaveis
dg, d, d,, s e L sdo os parametros geometricos. Por exemplo, VC
310-1,3-0,6-1,3-10 significa uma viga mista celular com 310 mm
de altura do perfil laminado original, dg, razao entre a altura final e
a altura do perfil original, d/dg, igual a 1,3, razéo entre o didmetro
da abertura e a altura final, d /d, igual a 0,6, raz&o entre a distancia
entre aberturas e o diametro da abertura, s/d, igual a 1,3 e por
ultimo, a razéo entre o vao e a altura do perfil original igual a 10.
A Tabela 8 apresenta as vigas mistas com perfil celular obtidas a
partir do perfil W 310x32,7 que apresentaram o melhor desempe-
nho (maior resisténcia ou menor flecha, dependendo do estado
limite que governa) em relagéo as vigas mistas com perfil de alma
cheia. O estado limite que governou o dimensionamento é men-
cionado na tabela.

Plastificacdo por cortante longitudinal

Flambagem do montante da alma

Mecanismo Vierendeel

Flecha excessiva

Tabela 10 - Relagdo entre a geometria da mista com perfil de aco
celular obtida a partir do perfil W 310x32,7 e os modos de colapso

Estado limite Caracteristicas geométricas

L/d<ls5e d.=0,7d, com excecdo dos casos onde ocorreu cortante longitudinal

L/d,<15, d,<0,63d e s<1.4d,
L/d,<15, d=0,7d e s=1,3d,
L/d, =20, d,<0,63 d, e s=1.3d|,
16<L/d 20, d=1,5d e d=0,73d
20<L/d, <25 e d=1,57d,

L/d,=20 e d=0.,8d
L/d,=40 e d=1,3q,
L/d,=40 e d=1,4d, e s<1,4d,
L/d,=35 e d=1,3d, e d,=0,6d
L/d,=35 e d=1.3d, e d =0.7d e s=1.3d,

L/d =25, com exce¢do dos casos onde ocorreu fliecha excessiva
Plastificacdo por momento fletor L/d ;=20 e d <0,7d, com excecdo dos casos onde ocorreu corfante longitudinal

L/d =15, d_=0.6d e s=1.5d,
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Tabela 11 - Relacdo entre a geometria da mista com perfil de aco
celular obtida a partir do perfil W 530x85 e os modos de colapso

Estado limite Caracteristicas geométricas

Plastificagdo por cortante longitudinal

Flambagem do montante da alma

Mecanismo Vierendeel

Plastificacdo por momento fletor

Flecha excessiva

L/d <15 e d 20,7d, com excecdo dos casos onde ocorreu cortante longitudinal

L/d,<15, d,<0,63d e s<1,4d,
L/d,=15, d=0,7d e s=1,3d,
L/d,=20, d_<0,63d e s=1,3|,
L/d,<20, d=1.4d,, d,=0,7d, s=1,3d,
L/d,<20, d=1,5d, e d=0,73d
20sL/d <25, d=1,5d, d,=0.8d, s=1,3d|
20sL/d <25 e d=1,6d,

L/d,=20 e d =0,8d
L/d,=15, d=1.3d,, d,=0,6d e s=1,5d,
L/d,=20, d,<0,7d e s21,4d|,
L/d,=25, d,20,7d
L/d,=30, d=1,4d,, d,=0,8d e s=1,5d,
L/d,=30,d=1,5d, e d,=0,8d
L/d,>=35
L/d,=30 e d,<0,73d
L/d,=30, d,=0,8d e ds1.4d,
L/d,=25 e d,<0,63d

Pela Tabela 8, pode-se notar que a utilizagéo de vigas mistas com
perfil celular obtido a partir do perfil W 310x32 é vantajosa para
razao L/dg igual ou superior a 25, quando o estado limite da viga
mista de perfil de alma cheia é governado pela flecha excessiva e,
portanto, as tensdes de servigos sao relativamente baixas. Pode-
-se observar também que a geometria mais adequada para as
vigas mistas com perfil celular nesse caso é aquela com altura
final igual a 1,5 vezes a altura do perfil original, diametro das aber-
turas igual a 0,73 vezes a altura final e disténcia entre as aberturas
iguais a 1,3 vezes o didmetro das aberturas.

A Tabela 9 apresenta as vigas mistas com perfil celular obtidas a
partir do perfil W 530x85 que apresentaram o melhor desempenho
em relagdo as vigas mistas com perfil de alma cheia. O estado
limite que governou o dimensionamento € mencionado na tabela.
Pela Tabela 9, pode-se notar que a utilizagao de vigas mistas com
perfil celular obtido a partir do perfil W 530x85 é vantajosa para
razao L/dg igual ou superior a 20, quando o estado limite da viga
mista de perfil de alma cheia é governado pela flecha excessiva.
Pode-se observar também que a geometria mais adequada para
as vigas mistas com perfil celular nesse caso é aquela com altura

-42%
15 -28%
20 -12%
25 7%
30 20%
35 20%
40 19%

(*) Diferenca percentual

Tabela 12 - Carga Ultima e estado limite associado para vigas
mistas com perfil celular obtido a partir do perfil W 310x32,7

VC 310-1,3-0,6-1,5-10
VC 310-1,3-0,6-1,5-15
VC 310-1,3-0,6-1,5-20
VC 310-1,5-0,73-1,3-25
VC 310-1,5-0,73-1,3-30
VC 310-1,57-0,8-1,3-35
VC 310-1,57-0,8-1,3-35

Mecanismo Vierendeel
Mecanismo Vierendeel
Mecanismo Vierendeel
Flexdo e flambagem do montante da alma
Flecha excessiva
Flecha excessiva

Flecha excessiva
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10 -A1%
15 -8%

20 17%
25 41%
30 52%
35 52%
40 53%

(*) Diferenca percentual

Tabela 13 - Carga ultima e estado limite associado para
vigas mistas com perfil celular obtido a partir do perfil W 530x85

VC 530-1,3-0,6-1,5-10
VC 530-1,3-0,6-1,5-15
VC 530-1,3-0,6-1,5-20
VC 530-1,5-0,73-1,3-25
VC 530-1,6-0,8-1,3-30
VC 530-1,6-0,8-1,3-35
VC 530-1,6-0,8-1,3-40

Flexdo e flambagem do montante da alma
Mecanismo Vierendeel
Flecha excessiva
Flecha excessiva
Flecha excessiva
Flecha excessiva
Flecha excessiva

final igual a 1,5 vezes a altura do perfil original, didametro das aber-
turas igual a 0,73 vezes a altura final e distancia entre as aberturas
iguais a 1,3 vezes o didmetro das aberturas.

A analise das Tabelas 8 e 9 também mostra uma maior vantagem
econdmica no emprego de vigas mistas com perfil celular de maior
altura, pois a diferenga percentual entre a carga Ultima da viga mista
celular e a de alma cheia, d, € maior para o perfil W 530 x 85 em todas
as razdes L/dg. Também, observa-se que quando maior a razao L/dg,
maior a diferenga percentual, chegando a passar dos 100% para as
vigas VC 530-1,6-0,8-1,3-35 e VC 530-1,6-0,8-1,3-40, ou seja, essas
vigas possuem mais que o dobro da carga Ultima de suas correspon-
dentes vigas de alma cheia para razdes L/dg igual a 35 e 40.

A Tabela 10 apresenta a relagédo entre a geometria da viga mista
com perfil de aco celular obtida a partir do perfil W 310x32,7 e
os modos de colapso. Pode-se observar que a plastificagdo por
esforgo cortante horizontal ocorre em vaos pequenos a médios
(razéo L/d igual a 10, 15 e 20) em vigas com pequena largura do
montante da alma, ou seja, nos casos onde a razado s/d, € menor

que 1,4 e a razao do/dg € menor que 0,63. O Mecanismo Vieren-
deel governou o dimensionamento nos casos de vaos pequenos a
médios (razéo L/d, igual a 10, 15 e 20) e a razdo d /d, igual a 0,8,
ou seja, quando a largura do montante da alma era maior. Para
os vaos medios (razdo L/d_ igual a 20 e 25), houve predominancia
da flambagem do montante da alma apenas para maiores valores
da altura final, ou seja, razéo d/d, igual a 1,5 e 1,57. Para véos
grandes (razdo L/d, igual a 30, 35 e 40), os estados limites criticos
foram a plastificagdo por momento fletor e flecha excessiva, sendo
que a flecha excessiva n&o ocorreu na razéo L/d_igual a 30.

ATabela 11 apresenta a relagdo entre a geometria da viga mista com
perfil de ago celular obtida a partir do perfil W 530x85 e os modos de
colapso. Pode-se observar que a plastificagdo por esforgo cortante
horizontal ocorre em vaos pequenos a médios (razéo L/d_ igual a 10,
15 e 20) em vigas com pequena largura do montante da alma, ou
seja, nos casos onde a razéo s/d, € menor que 1,4 e a razdo doldg é
menor que 0,63. O Mecanismo Vierendeel governou o dimensiona-
mento nos casos de vaos pequenos a médios (razao L/dg igual a 10,

Estado limite

Flambagem e flexdo do
montante da alma

Mecanismo Vierendeel

Flecha excessiva

Tabela 14 - Relacdo entre a geometria da mista com perfil de aco
celular obtida a partir do perfil W 310x32,7 e os modos de colapso

L/d,<20, d<0,7d e s=1.3d,
L/d,<20, d =06 e s=1.4d,
L/d,<25, d,<0,73d e s=1,3,
L/d,<25, d=0,8d
L/d,<20, d =07 e s21,4d,
L/d, =30, d,=0.8 & d=1.4d,
L/d, =25, d=1.3d, d,<0.7d e s21.4d
L/d, =25, d=1.3d, d,=0,7d e s=1.3d
L/d, =25, d=1,4d, d,=0,7d e s=1,4d
L/d, =30 e d,<0,73d
L/d, =30, d=0,8d e d=1.3d,
L/d 235

o

850
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Estado limite

Flambagem e flexdo do
montante da alma

Mecanismo Vierendeel

Flecha excessiva

Tabela 15 - Relacdo entre a geometria da mista com perfil de aco
celular obtida a partir do perfil W 530x85 e os modos de colapso

L/d,<20, d <0,7d e 5=1,3d,
L/d,<20, d =06 e s=1.4d,
L/d,=10, d_=0.6d e s=1.5d,
L/d,<25, d =0,8
L/d 20, d =0,7 e s21,4d,
L/d,=20, d=0.6d e s=1.5d,
L/d,=25, d,<0,7d
L/d 230

15 e 20) e arazéo d /d igual a 0,8, ou seja, quando a largura do mon-
tante da alma era maior. A flambagem do montante da alma ocorre
em vaos pequenos a grandes (raz&o L/d, igual a 10, 15, 20, 25 e 30),
principalmente em vigas com maiores valores da altura final, ou seja,
razao d/dg maior ou igual a 1,5. A plastificagdo por momento fletor
governou o dimensionamento, principalmente, em vao médios (razéo
L/d_igual a 25), em vigas com menores valores de alturas finais, ou
seja, razao d/dg menor do que 1,5, e com razé&o d_/d maior que 0,63.
Em vaos grandes (raz&o L/d, igual a 35 e 40) o estado limite de flecha
excessiva sempre governou o dimensionamento.

3.3 Viga mista com perfil celular dimensionada
pela Metodologia de Ward [3]

A Tabela 12 apresenta as vigas mistas com perfil celular obtidas a

partir do perfil W 310x32,7 que apresentaram o melhor desempe-
nho em relagédo as vigas mistas com perfil de alma cheia. O estado
limite que governou o dimensionamento é mencionado na tabela.
Pela Tabela 12, pode-se notar que a utilizagdo de vigas mistas
com perfil celular obtido a partir do perfil W 310x32 é vantajosa
para razao L/dg igual ou superior a 25. Pode-se observar também
que a geometria mais adequada para as vigas mistas com perfil
celular nesse caso é aquela com altura final variando entre 1,5
ou 1,57 vezes a altura do perfil original. O didmetro das aberturas
variando de 0,73 e 0,8 vezes da altura final e a distancia entre as
aberturas de 1,3, vezes o diametro dessas.

A Tabela 13 apresenta as vigas mistas com perfil celular obtidas a
partir do perfil W 530x85 que apresentaram o melhor desempenho
em relagéo as vigas mistas com perfil de alma cheia. O estado
limite que governou o dimensionamento € mencionado na tabela.

120

100

80

60

40

5(%)

20

L/d,

Figura 10 - Comparagdo entre as cargas Ultimas das vigas mistas
celulares obtidas pelas metodologia de Ward (3) e de Lawson e Hicks (4)

= == =\W 310x32,7 Lawson

=W 310x32,7 Ward
W 530x85 Lawson

—@— W 530x85 Ward

40 50
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Pela Tabela 13, pode-se notar que a utilizacao de vigas mistas
com perfil celular obtido a partir do perfil W 530x32 é vantajosa
para razao L/dg igual ou superior a 20. Pode-se observar também
que a geometria mais adequada para as vigas mistas com perfil
celular nesse caso € aquela com altura final variando entre 1,3, 1,5
ou 1,6 vezes a altura do perfil original. O didmetro das aberturas
variando de 0,6, 0,73 e 0,8 vezes da altura final e a distancia entre
as aberturas variando entre 1,3, e 1,5 vezes o didmetro dessas.
A andlise das Tabelas 12 e 13 também mostra uma maior van-
tagem econdmica no emprego de vigas mistas com perfil celular
de maior altura, pois a diferenga percentual entre a carga ultima
da viga mista celular e a de alma cheia, d, € maior para o perfil
W 530 x 85 em todas as razdes L/dg. Também, observa-se que
quando maior a razao L/dg, maior a diferencga percentual, chegan-
do a passar dos 50% para as vigas VC 530-1,6-0,8-1,3-35 e VC
530-1,6-0,8-1,3-40.

A Tabela 14 apresenta a relagéo entre a geometria da viga mista
com perfil de ago celular obtida a partir do perfil W 310x32,7 e os
modos de colapso. Pode-se observar que a flambagem e flexao
do montante da alma ocorre em vaos pequenos a médios (razdo
L/dg igual a 10, 15, 20 e 25) em vigas com pequena largura do
montante da alma, ou seja, nos casos onde a razado s/d, € menor
que 1,4 e a razéo do/dg €& menor que 0,63. O Mecanismo Vieren-
deel governou o dimensionamento nos casos de vaos pequenos
a grandes (razéo L/d, igual a 10, 15, 20, 25 e 30) e a razéo d /d,
igual a 0,8, ou seja, quando a largura do montante da alma era
maior. Para vaos grandes (razao L/dg igual a 30, 35 e 40), o estado
limite critico foi a flecha excessiva.

A Tabela 15 apresenta a relagéo entre a geometria da viga mista
com perfil de ago celular obtida a partir do perfil W 530x85 e os
modos de colapso. Pode-se observar que a flambagem e flexao
do montante da alma ocorre em vaos pequenos a médios (razéo
L/dg igual a 10, 15, 20) em vigas com pequena largura do montante
da alma, ou seja, nos casos onde a razéo s/d, € menor que 1,4 e a
razao doldg € menor que 0,73. O Mecanismo Vierendeel governou
o dimensionamento nos casos de vaos pequenos a grandes (ra-
z&o L/d, igual a 10, 15, 20, 25 e 30) e a raz&o d /d_igual a 0,8, ou
seja, quando a largura do montante da alma era maior. Para vaos
grandes (razéo L/dg igual a 30, 35 e 40), os estado limite critico foi
a flecha excessiva.

3.4 Comparacao das metodologias

O grafico da Figura mostra a comparagéo entre as cargas Ultimas
das vigas mistas com perfil celular obtidas por ambas as metodo-
logias que apresentaram o melhor desempenho (maior resisténcia
ou menor flecha, dependendo do estado limite que governa) em
relagao as vigas mistas com perfil de alma cheia. A analise do gra-
fico da Figura 15 mostra que na maioria dos casos estudados a
metodologia de Ward [3] apresenta resultados mais conservadores.

4. Conclusdes

EE

Duas metodologias de dimensionamento de vigas de acgo e vigas
mistas de ago e concreto com perfis celulares foram estudadas,
a metodologia de Ward [3] e a metodologia de Lawson e Hicks
[4]. Ambas as metodologias utilizavam as prescrigdes das normas
europeias quando se refere a estados limites e resisténcias de
calculo ja consagradas. Nesse trabalho, procedeu-se a adaptagao

das metodologias de acordo com a ABNT NBR 8800:2008 [2].
Foi desenvolvido no MATLAB (2010) um programa computacional
para o dimensionamento de vigas mistas de ago e concreto com
perfis de ago celulares abordando ambas as metodologias supra-
citadas. A aferigdo do programa computacional foi feita por meio
de dois exemplos numéricos disponiveis na literatura.
Apos a validagdo do programa, a adequacéo das metodologias foi
verificada por meio de comprovagédo experimental, comparando
os resultados do programa computacional com resultados de en-
saios experimentais disponiveis na literatura, a saber, os resulta-
dos de Nadjai et al. [10] e de Muller et al. [11]. Foi observado que
tanto a metodologia de Lawson e Hicks [4], quanto a metodologia
de Ward [3], apresentaram resultados um pouco conservadores,
sendo que a metodologia de Lawson e Hicks [4] mostrou-se mais
adequada na previsao da carga de colapso.

Por fim, foi realizado um estudo paramétrico de vigas mistas com

perfil de aco celular obtidas a partir de dois perfis laminados, W

310x32,7 e W 530x85. O estudo foi feito para ambas as meto-

dologias apresentadas, de onde foi possivel obter uma série de
conclusdes sobre os procedimentos de calculo:

B Ambas as metodologias mostraram que a utilizagado de vigas
mistas com perfil de acgo celular é vantajosa quando a razao
entre vao e altura, L/d, € maior ou igual a 20. Isso era espe-
rado, uma vez que nesses casos, quem governa o dimensio-
namento de vigas mistas com perfil de alma cheia é flecha
excessiva e, as vigas celulares possuem maior inércia. Vale
observar que, na pratica, as vigas mistas séo utilizadas para
vencer vaos maiores L/d225;

B Ambas as metodologias mostraram uma maior vantagem eco-
némica no emprego de vigas mistas com perfil celular de maior
altura, visto que a diferenga percentual entre as cargas ultimas
da viga mista celular e da viga mista de alma cheia, d, foi maior
para o perfil W 530x85 em todas as razoes L/d,

B Os procedimentos propostos por Ward [3] para a verificagao
da flambagem e flexdo do montante da alma, do mecanismo
Vierendeel e da flecha excessiva geraram resultados mais
conservadores, o que fez com que a metodologia de Lawson
e Hicks [4] fornecesse cargas ultimas maiores em todos os
casos analisados.
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