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Abstract
E———

This work deals with numerical modeling of the mechanical behavior of steel-fiber-reinforced concrete beams using a constitutive model based on
damage mechanics. Initially, the formulation of the damage model is presented. The concrete is assumed to be an initial elastic isotropic medium
presenting anisotropy, permanent strains, and bimodularity induced by damage evolution. In order to take into account the contribution of the
steel fiber to the mechanical behavior of the media, a homogenization procedure is employed. Finally, numerical analyses of steel-fiber-reinforced
concrete beams submitted to bending loading are performed in order to show the good performance of the model and its potential.

Keywords: damage mechanics, steel-fiber-reinforced concrete beams, constitutive model, concrete.

Resumo
E———

O artigo trata de uma contribuigdo a modelagem numérica do comportamento mecanico de vigas de concreto armado reforgado com fibras de
aco utilizando modelos constitutivos baseados na Mecanica do Dano. O mesmo apresenta a formulagdo de um modelo de Dano proposto que
admite o concreto como material inicialmente isétropo e elastico, mas com a evolugéo do processo de danificagédo, exibe deformagdes plasticas,
anisotropia e bimodularidade induzidas pelo dano. A incorporagédo das fibras na modelagem é efetuada por meio de um procedimento de homo-
geneizagéo. Por fim, analises numéricas de vigas de concreto armado reforgado com fibras de ago sujeitas a flexdo séo realizadas com o objetivo
de avaliar a aplicabilidade da modelagem proposta.
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Numerical analysis of steel-fiber-reinforced concrete beams using damage mechanics

1. Introduction

EE

Every mechanical system submitted to static, dynamic, or thermal
loads presents a response. However, complex analyses must be
performed to obtain the mechanical response because the me-
chanical system is composed of several structural elements that
evidence different mechanical behaviors. Some studies have re-
ported the use of different constitutive models for analysis of me-
chanical concrete systems, such as references [1], [2], and [3].

In the context of numerical theories used in computational mechan-
ics, Continuum Damage Mechanics (CDM) deserves a mention,
because it shows reliable numerical responses for mechanical sys-
tems composed of complex materials like concrete. An important
work was developed by La Borderie [4], who proposed a homog-
enization rule with a damage model for fiber-reinforced concrete in
order to obtain the updated stress in the composite matrix.

On the other hand, Li and Li [5] studied concrete damage models
applied to the analysis of tensioned fibers. In their work, the con-
crete was treated as a medium that shows hardening behavior for
increasing strain. The results are satisfactory when compared to
experimental ones. The same observation is valid for the work de-
veloped by Lee and Liang [6], who applied CDM to fiber-reinforced
cellular concrete.

Moreover, Hameed et al. [7] used damage mechanics to model
steel-fiber-reinforced concrete beams, obtaining satisfactory re-
sults when compared to experimental tests. Pasa [8] also evalu-
ated the mechanical behavior of steel-fiber-reinforced concrete us-
ing the finite element method with smeared crack models.
According to Guello [9], the nonlinear behavior of the concrete,
which takes place even at low stress levels, is influenced by nucle-
ation and propagation of microcracks during the loading process.
Thus, the importance of a reliable cracking model can be seen.
However, in the context of improved materials for structural appli-
cation, nowadays, steel-fiber-reinforced concrete is largely used,
which reduces the tensile brittle behavior of concrete, leading to a
better strain capacity due to the clipping effect of the cracks pro-
vided by fibers.

According to reference [18], the effect of the addition of steel fibers
on the flexural strength of concrete and mortar is more evident with
regard to the tensile behavior than the compression strength. This
paper intends to present a proposal for modeling the mechanical
behavior of fiber-reinforced concrete using the damage model pro-
posed by Pituba and Fernandes [3], which has already been tested
in conventional concrete structures. The one-dimensional version
of this proposed modeling is presented and applied to the analysis
of fiber-reinforced concrete beams in order to mark out a discus-
sion about the viability and employment restrictions in simplified
numerical analyses in the context of structural engineering.

2. Computational modeling
—

2.1 Modeling of reinforcement

In this paper, a one-dimensional model has been used to describe
the mechanical behavior of reinforcement bars, which contribute
only to the axial strength of the structure. The reinforcement trans-
versal section is transformed into a layer located according to its
center of gravity (see Figure 1). A bilinear elastoplastic model is

used to represent the tension and compression behavior of rein-
forcement bars.

2.2 Damage model for concrete

In this paper, it can be assumed that the concrete belongs to the
category of materials that can be considered as initially isotropic
and unimodular, showing different behaviors in tension and com-
pression regimes. Also, transverse isotropic behavior is shown
when the medium presents a damage process. Moreover, the
model respects the principle of energy equivalence between the
damaged real medium and the equivalent continuum medium es-
tablished in the CDM and presented by Pituba and Fernandes [3].
The damage model proposed in [3] is briefly described. Initially, for
dominant tension states, a damage tensor can be written as:

DT=f1(D1, Dy, D5)(A®A)+2f2(D4, D5) (-I)
[(ASI + I®A)— (A ® A)]

where f,(D,, D,, D,) = D, - 2 f,(D,, D,) and f,(D,, D,) =1 - (1-D,)
(1-Dy).

The variable D1 represents the damage in the direction orthog-
onal to the transverse isotropy local plane of the material, while
D4 is representative of the damage due to the sliding movement
between the crack faces. The third damage variable, D5, is only
activated if a previous compression state accompanied by dam-
age has occurred. The tensor | is the second-order identity tensor,
and the tensor A is formed by the dyadic product of the unit vec-
tor perpendicular to the transverse isotropy plane for itself. Those
products are given in [3].

Figure 1 - Finite element applied
to Pituba's computer code (10)
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For dominant compression states, another damage tensor is
proposed:

Dc = f1(D2,D4,D5) (A® A) +f2(D3)[(I®]) — (4 ® A)] <2>
+ 2f3(D4,D3) [(A®I + I®A) — (A® A)]

where f,(D,, D,, D,) =
1-(1-D,) (1-D,).
Note that the compression damage tensor introduces two addi-
tional scalar variables in its composition: D2 and D3. The variable
D2 (damage perpendicular to the transverse isotropy local plane)
reduces the Young’s modulus in that direction and, in conjunction
with D3 (which represents the damage in the transverse isotropy
plane), degrades the Poisson’s ratio throughout the planes perpen-
dicular to the transverse isotropy plane.

Finally, the constitutive tensor is written as:

D, -2 f,D,, D,) ,f,(D,) = D, and f,(D,, D,)=

Ep=3,[1® I1+2p,[I®]]

—,(D,,D,,D5) [A® 4] ()
= (D) [A T+ A]=p(

D,,D,) [A®I + I®A]

B¢ =318 1+ 21181 ~Ay(Dy,D,,D,, D) [4® 4] ), (D, D) [A 1 A]

by (D)1 1]-( °MD ) [181]-1,(D;, 1) [481 +184] <4)

0

where L, =c, and p, = u,. The remaining parameters will exist
only for no-null damage, evidencing the anisotropy and bimodu-
larity induced by the damage process. Those parameters are
given by:

}L;E(DI’D-l Ds]=(?‘n"'21-"0)(2])1‘Df]‘erz(Dl)'zllz(DvDs)
4*2(1)}:1,]1),;p,,(D,,.Ds)=2;10[1-(1-04]2(1-05)1] (5>
’111 2»”2 D,,D;)

Mz (D, D) = ho[(1=Dy)* =(1-D,)(1-D;)]  (6)

}\’l_l (D3) = 7‘0(2D3 _D.?,z); <7)
W, (D,, Ds) :2“0[1_(1_D4)2(1_D5)2]

The constitutive model includes two damage tensors in order to
take into account the bimodularity induced by damage in the con-
crete behavior. Therefore, a criterion defining the tension and com-
pression dominant states is necessary to indicate what damage
tensor should be used. Besides, there are two criteria dealing with

the beginning and evolution of the damage process. More details
can be found in Pituba and Fernandes [3].

The one-dimensional version of the damage model has been im-
plemented in a finite element code for bar structures analysis with
finite layered elements in order to model the reinforced concrete
framed structures (Figure 1). In the transversal section, a certain
layer can contain steel and concrete. A perfect adherence between
materials is adopted and an equivalent elasticity modulus and in-
elastic strain are defined for each layer by using the homogeniza-
tion rule (see reference [3]).

The model proposed in reference [3] does not take into account
plastic strains that arise when unloading situations take place.
Thus, if plastic strains are not negligible, they should be consid-
ered for reliable modeling in unloading situations.

In fact, the inelastic strains and damage occur simultaneously. Ac-
cording to La Borderie [4], microcracking and the existence of voids
in the material are responsible for those phenomena. The micro-
voids are a cause of inelastic strains because they do not permit
the full closure of microcracks in the unloading processes. On the
other hand, the surfaces of the microcracks are irregular, and this is
another reason for the difficulty in achieving their total closure.
Taking into account just the uniaxial cases, the formulation of the
proposed model is then extended to incorporate permanent strains,
which are assumed to appear after the damage has been activated.
Assuming, for simplicity, that the permanent strains are exclusively
composed of volumetric strains, as has already been considered
in other work [11], and taking into account the unilateral effect, the
evolution law for the permanent strains is:

» _ 0gr 0g.
e’ ==LD;+—=5D,
oo oo (8)

where g, and g, are inelastic potentials.

For simplicity, it is assumed that the plastic strains are exclusively
composed of volumetric strains [12]. The potentials can be ex-
pressed by:

(D)1, ©

gr= BT

gc= BC(DC)II (]0)

where the damage functions B, (D,) and B (D.) are material pa-
rameters. In order to apply the damage model to concrete, the fol-
lowing functions are adopted:

Br(Dy)= (1)

BI
(1-D,)’
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BZ * 0'2
Pe(De)=—2=5 12)| | wo=—" 19
(1-D,) (12 2E(1-D,) (19)
where Il is the first invariant of the stress tensor. Therefore, Eq. 8
is given by: aW*
Y =—¢=-Y 20
,, =S¥ (20
& :/B’f'(DT)IlDT +tB(.‘ (DC)IIDC <]3)
Finall i ic strains &, taking i ow,.
y, the evolution law for plastic strains €, taking into account Y = = = Y (2])
the unilateral effect, is: c aD 2
2
&= P _pi P _p i (14)
(I-p,)" = (1-D.) ol o2
k= —n=—2l B
26(1-D) (1-D,) * E(1-D,)
Observe that B, T and f.C are parameters that are directly re-

lated to the evolution of permanent strains induced by damage in
tension and in compression, respectively. When these parameters
are null, the constitutive model originally proposed in reference [3]
is recovered. It is important to note that uniaxial tests in tension
and compression with loading and unloading are necessary for the
identification of parameters S, T and f..

On the other hand, considering Direction 1 as the longitudinal di-
rection of the finite element, the formulation previously presented
is simplified and described as follows:

E.seg(e,D;,D.)<
E, seg(&,D;,D.)>0

E(e)= (19)

E, =E(1-D,)' (1-D,)’ (16)

(17)

E.=E(1-D,)

The complementary elastic energies of the damaged medium in ten-
sion- and compression-dominant states, respectively, as well as the
variables associated with damage variables, are now expressed by:

. o}
2E(1-D,)’ (1-D,)°

(18)

More details can be found in Pituba and Fernandes [3]. Figure 1
shows the finite element used in this paper to perform the numeri-
cal analyses.

2.3 Homogenization model for steel fibers
in concrete

The mechanical behavior of the steel-fiber-reinforced concrete struc-
tures submitted to loading and unloading processes depends on the
interaction between fibers and matrix. In this paper, the homogeniza-
tion procedure proposed by La Borderie [4] is used. The constitutive
relationship of the steel-fiber-reinforced concrete in the dominant ten-
sion regime is presented in Figure 2, which is obtained from the fiber
pullout test. The following parameters can be obtained from this test:

peak stress (o), initial yield stress (), and ultimate strain (g

pic)’ rup!)'

Figure 2 - Model of tensile behavior in concrete
with fibers proposed by La Borderie (4)

T e

a; ?'f‘““
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Table 1 - Features of the steel fibers used
by Velasco (13)

Specific weight (kg/m?) 7800
Length (mm) 35

Diameter (mm) 0.54
Aspect ratio (I/d) 65
Modulus of elasticity (GPa) 202

Tensile strength (MPa) 1342

On the other hand, via the Voigt kinematic homogenization meth-
od, La Borderie [4] proposed the following expression for calculat-
ing the homogenized stress of the composite:

(23)

G = =05, F e,

where:

O iy - hOmogenized stress;

C : volumetric fraction of the steel fibers;

o, : concrete matrix stress;

o, interfacial fiber—matrix stress;

It can be observed that a simplifying assumption has been in-
troduced: the strain of the fiber and the matrix is considered the
same. Furthermore, the random fiber orientation is not taken into
account in the proposed homogenization.

3. Numerical examples
I
3.1 Modeling of Velasco's tests [13]

The first numerical example deals with steel-fiber-reinforced con-
crete prisms submitted to a bending moment and tested by Velas-
co [13]. The steel fibers are named A to | in accordance with NBR
15530:2007 [14]. Table 1 shows the main characteristics of the
steel fibers.

The concrete mixtures used in Velasco’s tests [14] were previously
studied by Lopes [15]. MCWSF concrete matrix (see reference
[13]) was chosen for the numerical modeling as well as steel-fiber-
reinforced concretes with fiber contents of 1.0% (MCWSFA10),
1.5% (MCWSFA15), and 2.0% (MCWSFAZ20). Table 2 shows the
characteristics of the concrete mixtures.

3.1.1 Parametric identification of the Damage Model

Firstly, it is necessary obtain the values of the damage model pa-
rameters of the concrete matrix in order to model the behavior of
the steel-fiber-reinforced concrete. For this purpose, the MCWSF
concrete matrix is taken (Table 2). These parameters were ob-
tained from the uniaxial compression and tension tests performed
by Velasco [13]. The stress—strain curve for tension was obtained
from 100 x 100 x 400 mm prismatic specimens molded in the hori-
zontal direction, whereas the stress—strain curve for compression
was obtained from tests on cylindrical specimens [19]. From an
inverse analysis of these tests, the values of the damage param-
eters for the concrete matrix were found and are listed in Table 3.

Soon after, these damage parameters were used to model 100 x
100 x 400 mm prismatic specimens with a span of 300 mm and
were submitted to bending moments. Nineteen finite elements with
ten layers each were used for modeling the prismatic specimen.

MCWSF 55.1
2 MCWSFA10 61.7
3 MCWSFA15 70.0
4 MCWSFA20 72.4

Table 2 - Mechanical properties of concrete studied by Lopes (15)

Modulus of i
m slasticity (GPay ___FORsen e 2

Fiber percentage

35.7 0.17 0.00
34.8 0.19 1.00
37.4 0.19 1.50
37.7 0.21 2.00

A, 0.7
B, (Mpa™) 2.5
YO, (Mpa) 0.004945
B, 0.000300

Table 3 - Damage parameters identified for concrete
without fibers submitted to axial compression and tensile

Damage variable for compression Damage variable for tensile

A, 15
B, (Mpa™) 1200
YO, (Mpa) 0.000086
B, 0.000025
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Table 4 - Damage parameters and modulus of elasticity identified for concrete with 0.0% fibers from
four-point flexural test on prismatic specimens of 100 mm x 100 mm x 400 mm

Parameters Tensile Compression Foico.num’ Foico, oxp

E Mpa 41000 41000 0.0860%
A 15 0.7 0.0860%

B (Mpa™) 1030 2.5 0.0860%
YO (Mpa) 0.00085 0.04945 0.0860%
B 0.00000045 0.0003 0.0860%

Table 5 - Model parameters of homogenization of La Borderie (4) for concrete with 1.0, 1.5, and 2.0%
steel fibers - Example |

: Peak stress - ¢, Yield stress - ¢ Strain fracture - ¢
Foo rum (M) MPa) MPa) L I

1.00% 38.20 530.00 477.00 0.0200 0.0460%
1.50% 58.00 570.00 513.00 0.0220 0.9600%
2.00% 62.80 460.00 414.00 0.0220 1.0800%

The load—displacement curve in the middle of the span obtained  obtained from the damage model was not satisfactory and, for
from the damage model was compared with result of the experi-  this reason, new values for the damage model parameters in ten-
mental test. This comparison showed that the numerical response  sion were determined (Table 4). A strong sensibility of the tension

Figure 3 - Comparison of load curve versus Figure 4 - Comparison of load curve versus
displacement in the numerical and experimental displacement in the numerical and
middle-span of Velasco (13) for the four-point experimental middle-span for the four-point
flexural test with concrete with 0.0% fibers flexural test with concrete with 1.0% fibers
Load (kN) o Load (kN)

0 01 02 0.3 0.4 0
Displacement (mm) Displacement (mm)

~
o
™
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damage parameters was evidenced after convergence problems
arose in peak loadings due to the high level of damage processes
in tensioned concrete layers. This evidences damage localization
processes in the middle of the span that the damage model is not
capable of describing. The final result for the concrete without fi-
bers is illustrated in Figure 3.

In sequence, the homogenization model parameters proposed by
La Borderie [14] were obtained for the concrete with steel fibers.
An inverse analysis from prismatic specimens submitted to four
bending points, with the same dimensions of the prismatic speci-
mens without fibers, was used for the parametric identification of
the SFRC [13]. The numerical and experimental responses are
presented in Figures 4 to 6, where the numerical responses are
considered satisfactory. The difference between numerical and
experimental peak loads is smaller than 1%. The values of the ho-
mogenization model parameters are listed in Table 5. All analyses
related to damage processes are presented in Section 3.2.1.

3.1.2 Analyses of damage process

In order to analyze the damage distribution in the prismatic speci-
mens with steel-fiber-reinforced concrete, the tension damage
values near to peak loading are shown in Figure 7a. It can be ob-
served that there is a high-level damage process at the bottom and
middle span of the prism and a vanishing process of the damage is
evidenced towards the support of the prism.

For the concrete with a steel fiber content of 1.5%, the numerical mod-
eling shows up to 1.05 mm of displacement at the middle of the span
near to peak loading. The damage process in the prism is illustrated

in Figure 7b. For the concrete with a steel fiber content of 2.0%, the
damage distribution near to peak loading is shown in Figure 7c.
Figure 8 and Table 6 show results of the effect of the steel fiber in
the system for a load level of 30 kN. From this figure and the table it
is possible to note that the specimen with the highest fiber content
showed lower damage at the same loading level, which evidences
the crack clipping by steel fibers, which leads to increased tensile
strength of the concrete specimen.

3.2 Modeling of Lopes’s tests [15]

The second numerical example deals with the analysis of a beam
tested by Lopes [15]. Steel fibers A to | were used and their charac-
teristics are given in Table 7. Table 8 shows the mechanical prop-
erties of the concrete used to make up the beam analyzed in this
section.

3.2.1 Parametric identification of the damage model

The damage model parameters in tension for concrete without fi-
bers were obtained from inverse analysis of prismatic specimens
of 100 x 100 x 400 mm (Figure 9) with a span of 300 mm. These
specimens were submitted to four-point bending tests. On the
other hand, the same parameters were adopted for compression
as for the previous numerical example (Table 9). The comparison
between experimental and numerical responses is shown in ref-
erence [16]. A tolerance factor of 5% between experimental and
numerical peak loads was adopted. The elasticity modulus for the
concrete obtained in tests was used here.

Figure 5 - Comparison of load curve versus
displacement in the numerical and
experimental middle-span for the four-point
flexural test with concrete with 1.5% fibers

Load (kN)
o
- 4
H\
\ Legend
\ ——— expenmental
@7 \ ———— numeric
\
\
\
. \\
N\
20 — \\\H
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—_—

Displacement (mm)

Figure 6 - Comparison of load curve versus
displacement in the numerical and
experimental middle-span for the four-point
flexural test with concrete with 2.0% fibers
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Figure 7 - Graphical representation of tensile
damage (D)) in concrete prismatic specimens
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Soon after, the parameters of the homogenization model proposed
by La Borderie [4] for concrete with 2% steel fiber content were
determined by inverse analyses of the prismatic specimens tested
by Lopes [15]. In this case, the damage model parameters for plain
concrete were kept constant. Table 10 lists the values of the ho-
mogenization model parameters.

Table 6 - Damage analyses for tension in
function of fiber percentage

. Damage in
Fiber percentage the element

1.00% 19 0.2563

1.50% 19 0.1184

2.00% 19 0.1179
1,00E-02 1,00E-02 0

Figure 8 - Evolution of damage in the
1° tensileed layer in function of the percentage
of fibers in the load of 30 kN

Damage first layes
03 —
Legead

1.00%

+4 | —— 1.50%

2.00%
02 —
01 —

' ' | ' ! ] ! |

3.2.2 Modeling of beam test

The geometry of the beam analyzed in this example, as well as
the bar reinforcement detail, is shown in Figure 10. This beam was
made of concrete with a steel fiber content of 2% and was submit-
ted to bending due to two loads applied at two points 100 cm apart
from each other.

Due to beam symmetry, only half of the beam was modeled, using
50 finite elements. The cross-section was divided into 24 layers, as
shown in Figure 11. The longitudinal reinforcement properties used
in the modeling are shown in Table 11. The parameters of the dam-
age model and the homogenization model are the same as those
shown in the previous item because the concrete of the beam is
the same. Tables 9 and 10 list these parameters.

The comparison between numerical and experimental results is
presented in Figure 12. A good approximation can be observed in
the initial loading, while there is a divergence between the curves
for loading near to structural collapse. This behavior is due to frac-
ture nucleation in the collapse regime, where the damage model
does not present an efficient response to damage localization.

Table 7 - Steel fiber properties

used by Lopes (15)
Modulus of elasticity (GPa) 200
Tensile strength (MPa) 1150
Specific weight (kg/m3) 7850
Length (mm) 85
Diameter (mm) 0.55
Aspect rafio (I/d) 64
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Table 8 - Mechanical properties of concrete obtained by Lopes (15) and used in numerical modeling

Modulus of : : Fiber percentage
Concrete Nomenclature elasticity (GPa) Poisson ratio (v) %)
1 FOV5SPrx1 59.06 34.91 0.20 0.00
2 FAb2V5SPg1 64.22 30.19 0.22 2.00
Figure 9 - Four-point flexure test used to identify the fiber variables
J 100 mm J
AN e N S g I LT T R ke Y T RN T “4 o 4| 100 mm
BT o : A G g b ‘4 I ¥ ] “s .
A 100 mm

Table 9 - Damage parameters and elastic modulus of concrete without fibers identified from
the four-point flexural tests on prismatic specimens of 100 mm x 100 mm x 400 mm

Parameters Tension Compression Foico, num (KN) F ico,num! Foico,om
E (MPa) 34910 34910 25.746 2.52%
A 15 0.7 25.746 2.52%
B (Mpa) 1290 25 25.746 2.52%
YO (Mpa) 0.000086 0.004945 25.746 2.52%
B 0.00000045 0.0003 25.746 2.52%
Table 10 - Model parameters for homogenization of La Borderier (4)
for concrete with 2.0% fibers - Example Il
2.00% 64.49 525.00 420.00 0.0250 0.2444%

Therefore, the analysis of this beam is limited to service loading,
which is defined in this paper as a loading lower than 40% of the
ultimate load.

This load level was chosen due to the fact that the Brazilian struc-
tures are designed in the Ultimate Limit State [NBR 6118, 2014].
In the context of a normal combination of loadings, the loads are
increased by a coefficient equal to 1.4 and the material’s strength
is decreased by coefficients equal to 1.4 for concrete and 1.15 for
steel reinforcement. If the collapse load of the beam is divided by
the product of these coefficients in order to obtain the structural
service loading, a value of 44% of the collapse load is obtained.
This situation corresponds, approximately, to the rare combination
for the Service Limit State established by the Brazilian Standards
[NBR 6118, 2014]. A value of 40% of the collapse load was ad-
opted because in the service state only 40 to 70% of the live load is
acting on the structures. Then, the service load of the beam tested
can be estimated as 68 kN, and a displacement of 3.297 mm in

the middle span was obtained from this load. The displacement
obtained from the numerical simulation for this load was 2.695 mm,
which represents an error of 18% in the evaluation of the vertical

Table 11 - Steel data used in the beam
modeling tested by Lopes (15)

Fiber percentage D;renrﬁgﬁ‘d
Modulus of elasticity (MPa) 210000
Yield stress (MPa) 500
Ulfimate stress (MPa) 550
Specific weight (kg/m3) 7850
Failure strain (%) 1.000
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Figure 10 - Beam numerically tested based on Lopes (15) geometry
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o Geometry of the beam tested by Lopes (15)

80 cm 233 cm

$8@5 cm 8

0 Beam reinforcement tested by Lopes (15)

displacement of the beam. On the other hand, the displacement
obtained using the NBR 6118 [2014] procedure is 3.69 mm. This
value is 12% higher than the displacement observed in the test for
loading of 68 kN.

The tension damage distribution in the beam near to service
loading is shown in Figure 13. It can be noted that the increas-
ing load also leads to increasing damage and dissipates more
and more along the beam. Besides, it can be noted that the
damage variable already presents high values in the service
load state, and in the more tensioned regions it approaches
0.9. This is observed more clearly in Figure 19, which shows

Figure 11 - Schematic representation of the
cross-section of the beam tested by Lopes (15)

Steel bars /

the evolution of damage in the first tensioned layer in the mid-
dle span of the beam.

Figure 15 shows a general view of the tension damage distribution
in the beam at the load of 85.8 kN, which evidences a cracking
concentration in the pure flexure region. This behavior is consistent
with the cracking pattern observed in the experimental test. On

Figure 12 - Chart stress versus displacement of
the beam middle-span tested by Lopes (15)
200 - Load (kN)
180 — e
120 —
Legend
1 expenmental
numexnc
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the other hand, because the damage model does not consider the
shear contribution, the cracking in the combined shear and flexure
region is not well represented by the numerical modeling.

3.3 Modeling of Oliveira’s Tests [17]

The third numerical example deals with the analysis of a beam
tested by Oliveira [17]. Steel fibers A to | were used and their char-
acteristics are given in Table 12. Table 13 lists the mechanical
properties of the concrete.

3.3.1 Parametric identification of the damage model

Prismatic specimens with different sizes were tested by Oliveira
[17] to evaluate the load—displacement curve. The prismatic speci-
mens chosen for numerical analysis in this paper had dimensions
of 150 x 150 x 500 mm (span of 400 mm), 100 x 100 x 400 m
(span of 300 mm), and 200 x 200 x 800 m (span of 600 mm).

Prismatic specimens with sizes of 150 x 150 x 500 mm and a fiber

Figure 13 - Tensile damage evaluation (D,) of
beam V2 of reinforced concrete with fibers

]

o Tensile damage evaluation (D,) at 53 kN with
a fiber concentration of 2.0%

]

0 Tensile damage evaluation (D,) at 63 kN with
a fiber concentration of 2.0%

—

Tensne damage evaluation (D,) at 68 kN with
q fiber concentration of 2.0%

content of 1.25% were used to identify the damage parameters.
This specimen corresponds to the characterization of the concrete
of the V9 beam tested by Oliveira [17]. Tables 14 and 15 show
the parameter values obtained from the damage model. These pa-
rameters were kept constant during the numerical analyses and
only the parameters related to the homogenization model were
changed. Figure 16 shows the comparison between numerical and
experimental responses for the prismatic specimens. The error be-
tween the numerical and experimental peak loads was 1.24%. It is
important to note that the damage model is not capable of repre-
senting the mechanical behavior of the beam when dealing with a
high level of displacement due to damage localization.

For the V8 beam with a fiber content of 0.75%, the prismatic speci-
men of 150 x 150 x 500 mm tested by Oliveira was used again
[17]. The parameter values obtained for the homogenization model
are presented in Table 16 and the numerical and experimental
curves for the prismatic specimen are presented in Figure 23.

For the V7 beam with a fiber content of 0.50%, the three sizes of
prismatic specimens tested by Oliveira were analyzed [17]. The
parameter values for the homogenization model are presented in
Table 17. Note that in this table the parameters are dependent on
the specimen size. Figure 18 shows the numerical and experimen-
tal responses for the three sizes of the prismatic specimens with
fiber contents of 0.50%. It can be clearly observed that the damage
model is dependent on the specimen size.

3.3.2 Modeling of the beam tests

Oliveira [17] also performed experimental tests on nine beams in order
to determine the influence of steel fibers on the minimum reinforcement
of the reinforced concrete beams. Figure 19 shows the geometric char-
acteristics of the beam tested by Oliveira [17]. For the numerical model-
ing of this beam, 50 finite elements were used and the cross-section
was divided into 24 layers, as shown in Figure 11. The properties of
reinforcement used in the modeling are shown in Table 18.

Figure 14 - Damage evolution in the
1° tensioned layer of the beam tested
by Lopes (15)
Damage first layer
Legend
] —— 53KN
63 KN
08 — 68 KN
0.4 —
¢ I L L L
0 10 20 30 40 50
Element
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Figure 15 - Comparison of cracking parameters with 85.80 kN load
for numerical and experimental values

o Numerical evaluation of tensile damage (D,) with the proposed load of 85.80 kN
| i

' L "
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0 Cracking map elaborated by Lopes (15) with the 85.80 kN load

Figure 20 shows the numerical and experimental load—displace-  content of 0.50%. The numerical responses were obtained using
ment curve in the middle span of the V7 beam with a steel fiber  the parameters of the homogenization model from three different
prismatic specimen sizes. The names P450, P600, and P300 refer
to the span of the prismatic specimens; that is, P450 refers to the
Table 12 - Steel fiber properties 150 x 150 x 500 mm specimen, P600 to the 200 x 200 x 800 mm

used by Oliveira (17) specimen, and P300 to the 100 x 100 x 400 mm specimen. Analy-
ses were performed in the service load state.

It is possible to note the size effect on the high-level load of the
Analysed prope| Value
b property beam. As this paper is concerned with the mechanical behavior

Modulus of elasticity (GPa) 200 in the service load state whose results are in agreement with ex-
Tensile resistance (MPa) 1100 perimental ones, all analyses were performed with parameters ob-
Specific weight (kg/m?3) 7850 tained from specimen P600.

The maximum experimental load was 111.8 kN and the estimated

Length (mm) o0 service load for the numerical analysis was 44.75 kN. The displace-
Diameter (mm) 0.75 ment in the middle span of the beam for the experimental service
Aspect ratio (I/d) 80 load was 0.503 mm, whereas the displacement obtained from the

numerical analysis was 0.514 mm, presenting an error of 2%.

Table 13 - Mechanical propetrties of the concrete beams tested by Oliveira (17)

Beam f.n (MPQ) ModuIIEus ?éggshcﬂy Poisson ratio (v) Fiber percentage (%)
cm

V7 55.27 51.10 0.21 0.50
V8 53.27 45.20 0.18 0.75
V9 62.33 40.67 0.18 1.25
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Table 14 - Damage parameters and elastic modulus of concrete without fibers identified
from the four-point flexural tests on prismatic specimens of 150 mm x 150 mm x 500 mm

Parameters Tensile Compression Foico. num (KN) Foico.num’ Foico, oxp
E (MPa) 33700 33700 78.74 1.24%
A 12 0.7 78.74 1.24%
B (Mpa™) 6500 2.5 78.74 1.24%
YO (Mpa) 0.000003 0.004945 78.74 1.24%
B 0.00000295 0.0003 78.74 1.24%

Table 15 - Model parameters for homogenization of La Borderier (4)
for concrete with 1.25% fibers - Example llI

Strain fracture - ¢
(m/m)

0.0400

Peak stress - o,

Yield stress - o,
(MPa)

344.00

rupt F

pico, num

1.24

Fiber volume F (kN) /F

pico, num pico, exp

(MPa)
430.00

1.25% 78.74

Table 16 - Model parameters for homogenization of La Borderier (4)
for the beam V8 with 0.75% steel fibers by Oliveira (17)

Strain fracture - ¢
(m/m)

0.040

Peak stress - o

Yield stress - o,
(MPa)

384.00

Fiber volume Foico num (KN) WPt F o num/ Foico, exp

(MPa)

0.75% 54.31 480.00 0.254%

Table 17 - La Borderie (4) parameters for the calibrated curve
of the concrete beam V7 with 0.5% fibers

Strain fracture -
(m/m)

Fiber
volume

Peak stress - o
(MPa)

Yield stress - o,

(MPa) d

(kN)  Prismatic specimens et/

pico, exp

Fpico, num

glupi

0.50% 22.89 100 x 100 x 450 mm 675.00 540.00 0.040 0.180%
0.50% 46.84 150 x 150 x 500 mm 615.00 492.00 0.040 1.134%
0.50% 61.17 200 x 200 x 800 mm 430.00 344.00 0.040 0.015%

Table 18 - Longitudinal reinforcement data used in the modeling
of beams tested by Oliveira (17)

Modulus of elasticity

(MPa) Peak stress - o, (MPa)  Yield stress - o, (MPa) (m/m) rupt
V7 210000 729 628 1.1156
V8 210000 729 628 1.115
V9 210000 790 651 1.013

Strain fracture - ¢

Figure 21 shows the tension damage distribution near to the load
of 50 kN. Even at small load levels, the beam shows high dam-
age values in the middle span due to the small reinforcement rate
used in this beam. At that loading level, there is fracture nucleation
in the experimental test. The numerical modeling tries to repro-
duce this phenomenon, evidencing a decrease in strength for a
load of 55 kN. However, the numerical modeling shows a recovery

of strength and the mechanical behavior of the beam starts to be
influenced by the homogenization model. Figure 22 illustrates this
phenomenon, presenting a greater increase of the damage in the
first layer of the beam in the middle span when the load increases
from 50 to 60 kN.

Figure 23 shows the numerical and experimental load—displace-
ment curves for the V8 beam with a fiber content of 0.75%. For
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Figure 16 - Numerical curve versus
experimental prismatic specimens of V9 beam
by Oliveira (17) with 1.25% fibers
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numesnc
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Figure 17 - Numerical curve versus
experimental prismatic specimens of V8 beam
by Oliveira (17) with 0.75% fibers
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a L I L} I L} |
0 4 8 12
Displacement (mm)

this beam, the numerical analysis does not show results after a
load of 80 kN due to the intense damage process. The maximum
load applied to this beam was 138.21 kN and a service load equal
to 55.29 kN was adopted. For this load, the experimental displace-
ment in the middle span of the beam was 0.730 mm, whereas the
numerical analysis achieved a displacement of 1.398 mm, repre-
senting an error of 92%. For loads smaller than 53 kN, the dam-
age model presented a smaller error compared to experimental
values. For example, an error of just 7% was obtained for a load of
52.11 kN. In this case, the vertical displacement estimated by the
Brazilian Standard NBR 6118 [2014] was 0.510 mm, representing
a value 23% smaller than the experimental one.

The numerical and experimental load—displacement curves for the
V9 beam are shown in Figure 24. The service load for this beam
was estimated as 66.48 kN, which corresponds to an experimental
displacement of 0.844 mm. The numerical modeling presented a
value of 1.56 mm, that is, 87% greater than the experimental val-
ue. For small loads, the numerical modeling presents good results
when compared to the experimental ones. For example, an error
of 17% is presented for a loading of about 58.62 kN. In this case,
the vertical displacement estimated by the Brazilian Standard NBR
6118 [2014] was 0.512 mm, which represents a value 30% smaller
than the experimental one.

In order to evaluate a possible influence of the steel fiber orienta-
tion, the three beams tested by Oliveira [17] were simulated again
in order to find new parameters for the homogenization model. In
this case, the inverse analysis was performed on the experimental
response of the beams and not on the prismatic specimen response.
Figures 25 to 27 show the load—displacement curves for the new
parameters of La Borderie’s model [4], which are shown in Table 19.
First of all, there is a better approach for the maximum numeri-
cal load to the maximum experimental load. However, a difference
between the numerical and experimental responses after the dam-
age localization in the middle of the span is still noted. This diver-
gence tends to decrease with increasing the steel fiber content due
to a more distributed cracking along the tested beams. Another
important observation is that the parameters of the homogeniza-
tion model vary with the fiber content, as one would expect from La
Borderie’s model. However, these parameters show a little varia-
tion for fiber contents greater than 0.75%, which approximately
represents the critical fiber content for this concrete matrix.

4. Conclusions
E——

First of all, it is important to note that the damage model is capable
of dealing with structures in service loading state. It is possible to

Fiber volume
(%)

Table 19 - Model parameters of homogenization by La Borderier (4) obtained
by retro-analysis of the beams tested by Oliveira (17)

Peak stress - o,
(MPa) € (M/M)

V7 0.50 110.21 220.00 187.00 0.020 1.49%
V8 0.75 130.88 240.00 204.00 0.020 5.69%
% 1.25 170.66 245.00 208.50 0.020 2.09%

Strain fracture -

1 G0

IBRACON Structures and Materials Journal * 2016 * vol. 9 +n°2



W. M. PEREIRA JUNIOR | D.L.ARAUJO | J.J.C.PITUBA

observe that in the service loading state (defined in this paper as
about 40% of the ultimate loading), the numerical model presented
good results compared to experimental tests.

Another factor observed in all examples is the massive process
damage in the more tensioned layers even under service loading

state. The constitutive model represents the cracking pattern of
beams under flexure well. As the cracking process intensifies, it
naturally leads to fracture nucleation. Thus, as the loading increas-
es and the cracking process intensifies, it is expected that the dam-
age model will present instabilities and numerical convergence

Load (kN)

25 —

20 —

Legend
- ———— expenmental
_— numetic

/

T

0 T T I T I

0 4 8 . 12
Displacement (mm)

o Prismatic specimens of
100 mm x 100 mm x 450 mm

80 | Load (kN)

Figure 18 - Numerical curve versus experimental prismatic
specimens of V7 beam by Oliveira (17) with 0.50% fibers

80 — Load I'k.'\-)
20 —
20 —
20 —
Legend
7 ——— expenmental
numexc
10 —
° — T T T T T T 1
o 2 4 e s 10

Dasplacement (mm)

e Prismatic specimens of
150 mm x 150 mm x 500 mm

40 —

Legend
expenmental
numenc

\

e Prismatic specimens of
200 mm x 200 mm x 800 mm

! | ' | ' |
s 10
Displacement (mm)

o
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Figure 19 - Beam numerically tested based on Oliveira's (18) geometry
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o Beam reinforcement tested by Oliveira (18)

Figure 20 - Numerical and experimental curves
of beam V7 of Oliveira (17)
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Figure 21 - Damage by tensile (D,)
in beam V7 of Oliveira (17) for
a specific strength

|

o 44.75 kN strength

o

o 60.00 kN strength
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Figure 22 - Comparison of damage
in the first layer of beam V7
Damage first laver
1 =—
Legend
1 |——— 50KN
60 KN
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° — T T T T T 1
0 10 2 20 40 50
Element

Figure 24 - Load versus numerical and
experimental displacement of beam V9
of Oliveira (17)
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Figure 23 - Load versus numerical
and experimental displacement
of beam V8 of Oliveira (17)
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Figure 25 - Parametric identification through
beam V7 with 0.5% fibers
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Figure 26 - Parametric identification through

beam V8 with 0.75% fibers
160 — Load (kN)

Ty
expenmental
numenc

? — T T T T T
0 5 10 15 20 25
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Figure 27 - Parametric identification through
beam V9 with 1.25% fibers
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0 10 20 30 40
Displacement (mm)

problems. In fact, these problems arise after the service loading
state. This feature is more pronounced in concrete prisms with or
without low values of fiber content, in which there is nucleation of
localized fractures in the absence of reinforcement. Therefore, the
damage model cannot capture the effect of strain localization. In
future work, the authors intend to propose a two-dimensional mod-
eling coupling a fracture model with the damage model in order to
investigate the localization problem described here.

The parametric identification of a constitutive model is one of the
most important features involved in computational modeling of
structures. It is observed that the responses obtained from beam
modeling in the third example are not satisfactory with regard to
the softening behavior. In addition, the damage model does not
consider the fracture nucleation, another important observation
concerns the possible influence of the size effect and the fiber ori-
entation. In both the second and the third example, the parametric
identifications were performed in prismatic specimens with dimen-
sions smaller than those of the beams. As the damage model does
not take into account those two factors, it may be that the numeri-
cal response was affected and the numerical strength was greater
than the results obtained from experimental tests. The change of
prismatic size of the V7 beam in the third example led to changes
of the homogenization parameters and consequently changes in
the numerical response of the beam.

The influence of the size effect and fiber orientation can be more pro-
nounced when the parameters of the homogenization model have been
obtained from inverse analysis of the beams. In this case, a reduction of
the maximum load obtained from numerical modeling, which was near-
est to the experimental values, was observed. This suggests that fewer

steel fibers were oriented in the longitudinal direction of the beams. The
increase in the maximum load of the beams in the third example was
not proportional to the increase in fiber content. On the other hand, the
parameters obtained from the inverse analysis of prismatic specimens
in the second example were adequate to represent the service state of
the beam, as well as the maximum experimental load. This feature can
be explained by the similarity of the cross-section dimensions of the
specimen and the beam in this example.

Finally, it can be concluded that the damage model can be applied
in the analysis of steel-fiber-reinforced concrete beams once the
numerical responses show good agreement with the experimental
results, mainly in service loading state. In a preliminary analysis,
if the proposed damage model response is compared with the
displacement evaluated from the Brazilian Standard NBR 6118
[2014], the damage model tends to provide values of displacement
closer to those observed in the experimental tests. However, this
assertion needs to be better investigated in future works.
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Abstract
E———

This work deals with numerical modeling of the mechanical behavior of steel-fiber-reinforced concrete beams using a constitutive model based on
damage mechanics. Initially, the formulation of the damage model is presented. The concrete is assumed to be an initial elastic isotropic medium
presenting anisotropy, permanent strains, and bimodularity induced by damage evolution. In order to take into account the contribution of the
steel fiber to the mechanical behavior of the media, a homogenization procedure is employed. Finally, numerical analyses of steel-fiber-reinforced
concrete beams submitted to bending loading are performed in order to show the good performance of the model and its potential.

Keywords: damage mechanics, steel-fiber-reinforced concrete beams, constitutive model, concrete.

Resumo
E———

O artigo trata de uma contribuigdo a modelagem numérica do comportamento mecanico de vigas de concreto armado reforgado com fibras de
aco utilizando modelos constitutivos baseados na Mecanica do Dano. O mesmo apresenta a formulagdo de um modelo de Dano proposto que
admite o concreto como material inicialmente isétropo e elastico, mas com a evolugéo do processo de danificagédo, exibe deformagdes plasticas,
anisotropia e bimodularidade induzidas pelo dano. A incorporagédo das fibras na modelagem é efetuada por meio de um procedimento de homo-
geneizagéo. Por fim, analises numéricas de vigas de concreto armado reforgado com fibras de ago sujeitas a flexdo séo realizadas com o objetivo
de avaliar a aplicabilidade da modelagem proposta.
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1. Introducgao

EE

Todo sistema mecanico quando submetido a carregamentos, sejam
eles estaticos ou dinamicos, ou de natureza térmica, apresenta uma
resposta. Contudo, prevé-la neste sistema mecanico pode tornar a
analise muito complexa, pois ela esta ligada diretamente com a lei
constitutiva do material que faz parte de seus componentes em anali-
se. Dentre alguns trabalhos relacionados a diferentes modelos consti-
tutivos para anadlise de sistemas mecanicos compostos por concreto,
podem ser citados alguns bastante difundidos como em [1], [2] e [3].
No ambito das ferramentas numéricas utilizadas na mecéanica com-
putacional destaca-se a Mecanica do Dano Continuo (MDC) devido
ao fato de apresentar bons resultados para as respostas de sistemas
mecanicos compostos por materiais complexos como o concreto. Em
meio aos trabalhos pioneiros na area destaca-se o trabalho proposto
por La Borderie [4], no qual ha uma proposta de regra de homogenei-
zagao com um modelo de dano para concreto reforgado com fibras
para determinagao da tensao corrigida na matriz composita.

Ja Li e Li [5] estudaram a aplicagéo de modelos de dano para analise
de concreto com fibras na situagéo de tragdo. Naquele trabalho, o
concreto possuia a caracteristica de endurecimento com incremen-
tos de deformagdo, demonstrando bons resultados quando compa-
rados as analises experimentais. O mesmo pode ser dito do trabalho
proposto por Lee e Liang [6], porém aplicando a MDC para o concreto
celular reforgado com fibras.

Por outro lado, Hameed e colaboradores [7] utilizaram mecanica do
dano para modelar vigas de concreto reforcado com fibras de aco,
obtendo resultados satisfatérios quando comparado aos testes expe-
rimentais. Pasa [8] avaliou o comportamento mecanico do concreto
reforgado com fibras de ago por meio do método dos elementos fini-
tos utilizando modelos constitutivos e fissuragéo distribuida.
Segundo Guello [9], o comportamento ndo linear do concreto, que
se da mesmo em baixos niveis de tensao, € influenciado pela mi-
crofissuragao inicial e pela sua propagagao durante o processo de
carregamento. Logo, pode-se perceber a importancia de um modelo
de fissuragéo que se aproxime da realidade. Porém, no ambito dos
materiais aprimorados para uso estrutural, destaca-se o concreto re-
forcado com fibras de ago, que mitiga esse efeito de fragilidade ao
efeito da tragéo, permitindo que o concreto com esse reforgo na ma-
triz cimenticia tenha sua capacidade de deformagdo melhorada pelo
efeito de grampeamento das fissuras proporcionado pelas fibras. De
acordo com [18], a influéncia da adi¢ao de fibras de ago em concretos
e argamassas na resisténcia a flexao € muito maior que nas resistén-
cias a tragao direta e a compressao.

Este trabalho tem o objetivo de apresentar uma proposta de modela-
gem do comportamento mecanico do concreto com fibras utilizando o
modelo de Pituba e Fernandes [3], o qual ja foi testado em estruturas
de concreto convencional. A versdo unidimensional desta propos-
ta de modelagem ¢ apresentada e empregada na analise de vigas
de concreto reforgado com fibras de modo a balizar uma discusséo
sobre a viabilidade e limitagdes de emprego em analises numéricas
simplificadas da Engenharia Estrutural.

2. Modelo computacional utilizado
EE
2.1 Modelo das armaduras

Neste trabalho foi utilizado um modelo unidimensional para descri-

¢ao do comportamento mecanico da armadura no concreto, a qual
contribui apenas com os esforgos axiais atuantes na estrutura. A
area de ago é transformada numa area disposta como uma cama-
da posicionada segundo seu baricentro (ver Figura 1) O ago, aqui
representado em seu modelo elasto-plastico, possui comporta-
mento equivalente em regime de tragdo e compressao. Adota-se,
entdo, um diagrama bilinear para representacao do comportamen-
to tenséo versus deformagao.

2.2 Modelo de dano para concreto

O concreto € aqui considerado como um material que pertence a
categoria dos meios inicialmente is6tropos que passam a apre-
sentar isotropia transversal e resposta bimodular induzidas pelo
dano. A formulagdo do modelo para o concreto tem por base o
principio de equivaléncia de energia e o formalismo é apresentado
por Pituba e Fernandes [3].

No que segue, o modelo proposto por [3] € descrito brevemente
neste trabalho, iniciando pela apresentagao do tensor de dano para
estados predominantes de tracéo, cuja expresséo & dada na forma:

Dr = f1(D1, Dy, Ds) (AR A)+ 2 f2(D4, D5) (])
[(ASI + I®A)— (A ® A)]

sendof,(D,,D,,D,)=D,-21,D,, D,)ef,D,, D;)=1-(1-D,) (1-D,).
O tensor de dano apresenta duas variaveis escalares na sua
composicéo (D, e D,) e uma terceira variavel escalar de dano, D,
ativada somente se ocorrer compressao prévia com danificagéo
correspondente. A variavel D, representa a danificagéo na diregcdo
perpendicular ao plano local de isotropia transversal do material

Figura 1 - Elemento finito empregado no
codigo computacional de Pituba (10)

3]

u .
L Elemento de viga

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2

EEEEEEEE————— |73



Numerical analysis of steel-fiber-reinforced concrete beams using damage mechanics

e D, é a variavel representativa da danificagdo gerada pelo cisa-
Ihamento entre as bordas das fissuras pertencentes aquele plano.
Na Eq. (1), o tensor | é o tensor identidade de segunda ordem e o
tensor A é, por definigao, formado pelo produto tensorial do versor
perpendicular ao plano de isotropia transversal por ele mesmo. As
operagoes de produtos tensoriais entre os tensores de segunda or-
dem | e A que aparecem na Eq. (1) estdo descritas em [3].

Para estados predominantes de compressao, o tensor de dano é
dado pela relagao:

Dc = f1(D2,D4,Ds) (A® A) +f>(D3) [(Iél) —(A® A)] (2)
+ 2f3(D4,Ds) [(ARI + I®A) — (A ® A)]

sendo f,(D,, D,, D,) =D, -2 f,(D,, D,) ,f,(D,) =D, e f,(D,, D)= 1 -
(1-D,) (1-Dy).

Notam-se trés variaveis escalares na sua composigédo: D,, D, e D,,
além de D,, relacionada a efeitos de tragéo pré-existentes. A varia-
vel D, (danificag&o perpendicular ao plano local de isotropia trans-
versal do material) penaliza o médulo de elasticidade nessa diregéo
e juntamente com D, (representante da danificagdo no plano de
isotropia transversal) penaliza o coeficiente de Poisson em planos
perpendiculares ao de isotropia transversal.

Finalmente, os tensores constitutivos resultantes sao descritos por:

Er =3,11 ® 11+ 2w,[I®11 —25,(D;, D, D5) [4® A] (3)
-Ay (D) [A I+ A]_uz(D4aD5)[A§1+1§A]

EC=K”[1®1]+2u1[@1]—kgz(Dz,Dx,DA,DS)[A®A] -1,(D,,D,)[A K Al

SHIRY 1]—“%3 il

1o(D) 111y (D D)) (481 1A (4)

onde A, =, e u,=p,. Os outros parametros so existem para dano
nao-nulo, evidenciando dessa forma a anisotropia e bimodularidade
induzidas pelo dano, e séo definidos por:

}L;E(Dl’ DvDs] = (?‘n + 2”0 )(2D1 - Df] _21:‘2([)1) - 2112([)4’[)5)
’{1+:(D| )=4Dy; 4y(Dy, Ds) =24, [1-(1- D4]2(1 - D5)2] (5)
-1,
D2 0)-20(,.0)
0

Mz (D, D) = ho[(1=Dy)* =(1-D,)(1-D;)]  (6)

7"1_1 (Ds) = 7‘-0 (2D3 _D32) ; (7)
1, (D,,D5) = 2“0[1_(I_D4)2(1_D5)2]

O modelo trabalha ainda com a definigdo de um hiperplano separa-
dor no espacgo das deformagdes de modo a determinar se o estado
de deformacéo estda em um regime predominante de compressao
ou de tragdo Além disso, ha também a definigdo de critérios de ini-
cio e de evolugao dos processos de danificagdo. Maiores detalhes
encontram-se em Pituba e Fernandes [3].

O modelo de dano foi implementado em um cdédigo computacio-
nal baseado no Método dos Elementos Finitos de barra com seg¢ao
transversal estratificada para a analise numérica de estruturas em
barras discretizadas com se¢éo transversal estratificada (Figura 1),
permitindo assim colocar na secao transversal camadas equiva-
lentes de ago ou concreto. Aderéncia perfeita entre concreto e ago
€ admitida na modelagem. Também sao atribuidas caracteristicas
especificas de cada camada, tais como: médulo de elasticidade e
deformagdes anelasticas equivalentes, utilizando regra de homoge-
neizagao para tal fim (vide [3]).

O modelo proposto por [3] n&o contabilizava valores de deforma-
¢bes permanentes, ou seja, para situagdes de descarregamento o
modelo recupera totalmente o valor de deformagéo na peca. Po-
rém, isto ndo ocorre em situagdes reais de carregamento e descar-
regamento. Logo, se essas deformagdes permanentes ndo forem
despreziveis, elas devem ser consideradas para aproximacéo da
realidade em situagdes de descarregamento.

De fato, as deformacgdes anelasticas e a danificagdo evoluem simul-
taneamente. Segundo La Borderie [4], a microfissuragéo e a exis-
téncia de vazios no material estdo na origem dos dois fendmenos.
Por um lado os microvazios sdo uma causa para as deformagdes
anelasticas, pois impedem que as microfissuras fechem totalmente
num processo de descarregamento. Por outro lado, nota-se numa
microfissura que suas faces sdo irregulares, sendo esta outra razéo
para a dificuldade do seu fechamento total.

Como critério geral, admite-se que as deformagdes residuais sur-
gem apos o inicio da danificagao. A proposta aqui apresentada limi-
ta-se apenas aos casos uniaxiais do modelo de [3], pois se tratando
de um modelo de dano com anisotropia induzida, as deformacgdes
plasticas em estados mais complexos de solicitagdo devem ser me-
Ihor avaliadas.

Nesse contexto, e tendo-se em vista a bimodularidade, propde uma
lei de evolugdo nao associativa para as deformagdes residuais, ins-
pirada na proposta de [11], dada por:

& =%DT +%Dc (8)
0o oo

Sendo g; e g, potenciais anelasticos.

Admitindo-se, ainda por simplificagéo, que as deformagdes plasti-
cas sao compostas exclusivamente por deformagdes volumétricas,
nos moldes de alguns modelos encontrados na literatura [12], os
potenciais podem ser expressos por:

r= Br (DT)Il (9)

174 ——
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&= BC(DC)II (]0)

(17)

E.=E(1-D,)’

Onde as fungoes de dano B, (D;) e B, (D.), séo dependentes do
material. No caso do modelo proposto para aplicagéo ao concreto,
assumem-se as seguintes funcgodes:

(1)

B,
(1-D,)’

Sendo I, o primeiro invariante do tensor de tens&es.
Segue, dai, que a Eq. 8 assume a forma descrita a seguir:

Be(De)= (12)

e’ = /8';' (DT)IIDT + tBC (DC)IIDC (]3)

Ja a energia associada W, , e W, _ ao desenvolvimento do mode-
lo se reduz ao formato simplificado:

. o}
Ve (D) (1-D) (18)
W:_ — 0'121 (]9)

(20)

ow,_
- P e | Yo=Y, @
inalmente, a lei de evolugdo para as deformagdes plasticas €, aD
levando-se em conta o efeito unilateral, resulta: 2
o = i [i})) D|+(l /85 )2 D, I, (14) - o} e o} (22)
1 2 | 2E(I_D|)3(1_Dz)2, : ‘E(l_*'-)z):i

Observa-se que nesta proposta B1 e [32 sdo parametros direta-
mente relacionados as evolugdes das deformacgdes plasticas in-
duzidas pelo dano em tragdo e em compresséao, respectivamente.
Quando os valores desses parametros sdo impostos como nulos,
recupera-se o modelo originalmente proposto em [3], ou seja,
comportamento elastico-danificado sem a consideragéo de defor-
magcdes plasticas.

E importante observar que a identificagdo dos parametros [31 e
Bz necessita da realizagdo de ensaios uniaxiais de tensdo em
tracdo e compressao, respectivamente, com carregamento e
descarregamento.

Por outro lado, admitindo para o problema analisado neste
trabalho que a diregdo longitudinal representa a direcao per-
pendicular ao plano de isotropia transversal, a versao unidi-
mensional do modelo de dano é descrita brevemente pelas
equagdes seguintes:

E.seg(&,D;,D.)<0
E, seg(&,D,,D.)>0

B(e)= (15)

E, =E(1-D,)' (1-D,) (16)

Maiores detalhes sobre o modelo de dano podem ser encontrados
em Pituba e Fernandes [3]. A Figura 1 apresenta o modelo de ele-
mentos finitos utilizado neste trabalho.

2.3 Modelo de homogeneizagao para considerag¢ao
da presenca das fibras no concreto

O comportamento mecanico de estruturas de concreto reforgado

Figura 2 - Modelo do comportamento a tracdo
para o concreto com fibras proposto
por La Borderie (4)

[ e e =
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Tabela 1 - Caracteristicas da fibra de aco
utilizadas por Velasco (13)

Propriedade analisada Valor

Massa Especifica (kg/m?) 7800
Comprimento (mm) 35
Di@metro (mm) 0,54
Relacdo de aspecto (I/d) 65
Moddulo de elasticidade (GPa) 202
Resisténcia a fracdo (MPa) 1342

com fibras, quando submetidas a situagdes de carregamento e
descarregamento, depende das interagdes do conjunto fibra/ma-
triz. Neste trabalho, o procedimento de homogeneizagao proposto
por La Borderie [4] é utilizado. Na Figura 2 é apresentada a re-
lagéo constitutiva do comportamento a tracdo da fibra imersa no
concreto proposta por La Borderie, a qual é obtida do ensaio de
arrancamento de fibras. Nessa figura observam-se os pardmetros
tens&o de pico (), tenséo inicial de patamar do escoamento (c,)
e deformagéo limite (¢, ).

Por outro lado, via método de homogeneizagdo cinematica de
Voigt, La Borderie [4] propde a seguinte expresséo para o calculo
da tensdo homogeneizada do compdsito:

(23)

G = =055, 3 T,

Onde:

O creq - Tensdo do material homogeneizado, dito CRFA;

C : Fragao volumétrica de fibras de ago;

o, - Tenséo na matriz cimenticia;

o ,: Tens&o na interface fibra tracionada imersa no concreto;
Observa-se que foi introduzida uma hipétese simplificadora, onde
a deformacgao é suposta idéntica para a matriz e a fibra. Além dis-
s0, a orientagdo das fibras, que é aleatdria e ndo privilegiada no
sentido da solicitagdo, ndo é levada em conta na modelagem pro-
posta.

3. Simulagdes numéricas
=~

3.1 Simulagao dos experimentos de Velasco [13]

O primeiro exemplo trata da simulagdo numérica de prismas de
concreto reforgado com fibras de ago ensaiados a flexao por Ve-
lasco [13]. As fibras utilizadas no concreto foram do tipo A-l segun-
do classificagdo da NBR 15530:2007 [14] com gancho nas extre-
midades. As caracteristicas da fibra de ago sdo apresentadas na
Tabela 1.

Os tragos dos concretos utilizados para a producédo dos prismas
por Velasco [13] foram previamente estudados por Lopes [15].
Para a modelagem numérica foi escolhido o concreto de referén-
cia MCWSF (nomenclatura empregada por Velasco [13]) e suas
variagbes com 1,0% (MCWSFA10), 1,5% (MCWSFA15) e 2,0%
(MCWSFAZ20) de fibras de ago com as caracteristicas informadas
na Tabela 2.

3.1.1 Parametros do modelo de dano

Para a representagdo do comportamento do concreto reforga-
do com fibras de ago (CRFA), primeiramente deve-se obter as

Tabela 2 - Propriedades mecdnicas dos concretos estudados por Lopes (15)

| oo torenions L 09_ yoiinceg Rns”"Rn”
1 MCWSF 55,1 35,7 0,17 0,00
2 MCWSFA10 61,7 34,8 0,19 1,00
3 MCWSFA15 70,0 37.4 0,19 1,50
4 MCWSFA20 72,4 37,7 0,21 2,00

A, 0,7
B, (Mpa™) 2,5
YO, (Mpa) 0,004945
B, 0,000300

Tabela 3 - Pardmetros de dano identificados para o concreto sem fibras e submetido
4 compressdo e tracdo uniaxial

Varidveis de dano para compressdo Varidveis de dano para tragdo

A, 15
B, (Mpa™) 1200
YO, (Mpa) 0,000086
B, 0,000025
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Tabela 4 - Paréimetros de dano e modulo de elasticidade identificados para o concreto com 0,0% de fibras a
partir do ensaio de flexdo a quatro pontos em corpos de prova prisméaticos de 100 mm x 100 mm x 400 mm

E Mpa 41000 41000 0,0860%
A 15 0,7 0,0860%

B (Mpa™) 1030 2,5 0,0860%
YO (Mpa) 0,00085 0,04945 0,0860%
B 0,00000045 0,0003 0,0860%

Tabela 5 - Par@dmetros do modelo de homogeneizacdo de La Borderie (4) para concretos com 1,0%,
1,5% e 2,0% de fibras de aco - Exempilo |

m Tensdo de pico-  Tensdo de escoamento Deformacdo de P JE.

de fibras G e (MPQ) - 5, (MPa) ruptura - &, (m/m) ~ "pico.num Tpico,exp
1,00% 38,20 530,00 477,00 0,0200 0,0460%
1,50% 58,00 570,00 513,00 0,0220 0,9600%
2,00% 62,80 460,00 414,00 0,0220 1,0800%

variaveis do modelo de dano para o concreto de referéncia, que
neste caso é a mistura 1 (MCWSF), sem fibras, da Tabela 2. Para
tanto, os parametros do modelo de dano foram determinados a

partir das curvas obtidas dos ensaios de tragdo e compressao
uniaxiais de Velasco [13]. A curva tensao versus deformagéo a tra-
¢ao experimental foi obtida de corpos de prova prismaticos de 100

Figura 3 - Comparacgdo entre as curvas carga Figura 4 - Compara¢do da curva carga versus
versus deslocamento no meio do vao deslocamento no meio do vdo numérica e
numérica e experimental de Velasco (13) para experimental para situagdo de flexdo a quatro
situacdo de flexdo a quatro pontos para o pontos para o concreto com 1,0% de fibras
concreto com 0,0% de fibras
40 R
Legenda
30 —| Legenda Expariljnental
Experimental Numeérica
b Numérica
_ g
g g2
B¥ 8
8 —
10 —
10 —
0 —— 77— ° ' | ! | ' |
0 6
¢ B mM&ﬁtqmm] 0:3 4 Deslocamento(mm)
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mm x 100 mm x 400 mm moldados na diregao horizontal e a curva
de compressao foi obtida de corpos de provas cilindricos padroni-
zados pela NBR 6118:2003 [19]. Por meio de retroanalise, foram
determinadas as variaveis de dano do modelo empregado neste
estudo, para o concreto sem fibras, apresentadas na Tabela 3.

Na sequéncia, os parametros obtidos para o modelo de dano a
tracdo e compressao foram utilizados para simular prismas, com
dimensao de 100 mm x 100 mm x 400 mm e véo livre de 300 mm,
submetidos a flexdo. Para isso, foi definido um modelo computa-
cional com uma malha de elementos finitos com 10 camadas e 19
elementos longitudinais. A partir desse modelo, foi obtida a curva
forca versus deslocamento no meio do vao do prisma, a qual foi
comparada com a respectiva curva experimental. Essa compara-
¢do mostrou que ndo houve uma boa aderéncia dos resultados
numéricos com os resultados experimentais e, por essa razao, fo-
ram determinados novos parametros para o modelo de dano a tra-
¢ao, os quais sdo mostrados na Tabela 4. Tal comportamento pode
ser explicado pelo fato da sensibilidade dos parametros a tragéao
no efeito da flexao, visto que os mesmos apresentaram problemas
de convergéncia nas cargas ultimas devido ao alto nivel de dani-
ficagdo nas camadas tracionadas de concreto, evidenciando uma
localizagdo do processo de danificagdo que o modelo em questao
nao é propicio para capturar. Na Figura 3 é mostrado o resultado
final obtido com os valores ajustados das variaveis de dano para
o concreto sem fibras.

Na sequéncia, foram determinados os parametros do modelo de
homogeneizagéo de La Borderie [4] para o concreto reforgado
com fibras. Essa identificagéo foi realizada por meio da retroanali-
se dos corpos de prova prismaticos ensaiados a flexao por quatro

pontos de forca e com as mesmas dimensdes dos prismas de con-
creto sem fibras citados em Velasco [13]. As curvas experimentais
e numéricas obtidas sédo apresentadas nas Figuras 4 a 6, de onde
se observa boa aproximagéao entre as curvas. Ja os valores finais
obtidos para os parametros do modelo de homogeneizagéo de La
Borderie [4] sdo apresentados na Tabela 5, na qual se observa
que a diferenga entre a forga de pico numérica e experimental
foi menor que 1%. Todas as analises relativas aos processos de
danificagao das Figuras 4 a 6 sdo apresentados na segéo 3.1.2.

3.1.2 Analise do processo de danificagao

Para analisar a distribuicdo da danificagdo nos prismas de CRFA,
os valores de dano em tragdo num carregamento proximo ao pico
foram representados graficamente (Figura 7a). Pode-se observar
que existe uma danificagao acentuada na face inferior e no meio
do prisma, diminuindo o processo de danificagdo conforme se
aproxima do apoio.

Para o concreto com de 1,50% de fibras, o modelo numérico apre-
sentou resposta apenas até 1,05 mm de deslocamento no meio do
vao, proximo a carga de pico. A danificagdo no prisma neste caso
¢ ilustrada na Figura 7b. Para o concreto com 2,00% de fibras, a
danificagao no prisma préxima a carga de pico € apresentada na
Figura 7c.

Analisando a Figura 7 é possivel perceber uma ampliagéo da area
danificada na carga de pico e isso se deve ao fato de que o sis-
tema consegue absorver uma quantidade maior de esforgo, in-
tensificando assim a sua danificagdo. Na Figura 8 e Tabela 6 séo
realizados estudos para verificagao do efeito da fibra no sistema.

Figura 5 - Compara¢do da curva carga versus
deslocamento numérica e experimental no
meio do vao para situacdo de flexdo a quatro
pontos para o concreto com 1,5% de fibras

B0 —

/ Legenda
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’ ——  — Numérica

Carga(KN)
1

° N L L
2

4
Deslocamento(mm)

Figura 6 - Compara¢do da curva carga versus
deslocamento no meio do véio numérica e
experimental para situacdo de flexdo a quatro
pontos para o concreto com 2,0% de fibras
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Figura 7 - Representacdo grdfica do dano
a tracGo (D,) nos prismas de concreto
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O carregamento utilizado para a analise é de 30 kN.

Da Figura 8 e Tabela 6 € possivel perceber que em um mesmo
nivel de carregamento (P=30 kN) a peca com maior concentragao
de fibra apresentou uma menor danificagdo, o que evidencia o
efeito de grampeamento das fissuras, diminuindo o efeito de tra-
¢ao na pega de concreto.

Figura 8 - Evolu¢do do dano na 1° camada
tracionada em funcdo da porcentagem de
fibras para carga de 30 kN
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Tabela 6 - Andlise da danificagdo a tracdo
em fun¢do da porcentagem de fibras

Porcentagem de Elemento
fibras danificado elemento
1,00% 19 0,2563
1,50% 19 0,1184
2,00% 19 0,1179

1.00E-02 1.00E-02 0

3.2 Simulagao dos experimentos de Lopes [15]

O exemplo Il analisa uma das vigas de CRFA ensaiada por Lo-
pes [15]. As fibras de aco utilizadas no concreto neste caso foram
do tipo A-l, sendo que suas caracteristicas sdo apresentadas na
Tabela 7. Ja a Tabela 8 apresenta as propriedades mecanicas do
concreto utilizado na confeccéo da viga analisada neste exemplo.

3.2.1 Parametros do modelo de dano

Os parametros do modelo de dano a tragao para o concreto sem
fibras foram obtidos por meio de retroanalise de prismas de 100
mm x 100 mm x 400 mm (vide Figura 9), com v&o livre de 300 mm,
ensaiados a flexao sob quatro pontos de forga. Ja os parametros
de compressao foram adotados os mesmos do exemplo citado
em 3.1. Os valores finais obtidos sdo mostrados na Tabela 9. A
comparacgao entre as curvas experimental e numérica € mostrada
na referéncia [16], tendo sido adotada uma tolerancia de 5% para
a relagdo entre a forga de pico experimental e numérica. Neste

Tabela 7 - Propriedades das fibras
de aco utilizadas por Lopes (15)

Propriedade analisada Valor

Mdédulo de elasticidade (GPa) 200
Resisténcia a tragdo (MPa) 1150
Massa especifica (kg/m?3) 7850
Comprimento (mm) 85
Didmetro (mm) 0,55
Relacdo de aspecto (I/d) 64
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Tabela 8 - Propriedades mecdnicas do concreto obtidas por Lopes (15) e utilizadas na modelagem numérica

Concreto Nomenclatura f  (MPa) Médulo de Coeficiente de Percentual de
cn elasticidade (GPa) Poisson (v) fibras (%)
1 FOV5SPrx1 59,06 34,91 0,20 0,00
2 FAb2V5SPg1 64,22 30,19 0,22 2,00

Figura 9 - Flexdo em quatro pontos utilizada para identificagcdo das variGveis de fibras

100 mm

Tabela 9 - Par@metros de dano e médulo de elasticidade do concreto sem fibras identificados a partir
do ensaio de flexdo a quatro pontos em corpos de prova prismdaticos de 100 mm x 100 mm x 400 mm

Parémetros Tracdo Compresscio Foico. num (KN) F ico,num! Foico,om
E (MPa) 34910 34910 25,746 2,52%
A 15 0,7 25,746 2,52%
B (Mpa™) 1290 2,5 25,746 2,52%
YO (Mpa) 0,000086 0,004945 25,746 2,52%
B 0,00000045 0,0003 25,746 2,52%

Tabela 10 - Parémetros do modelo de homogeneizacdo
de La Borderier (4) para concreto com 2,0% de fibras - Exemplo Il

Tensdo de pico -

Deformacdo de

/F

Volume de
fibras

2,00% 64,49

Cpic (MPa)
525,00

Tensdo de escoamento
- o, (MPa)

ruptura = srup' (m /m) pico, num pico, exp

0,0250

420,00 0,2444%

caso, foi utilizado o valor do moédulo de elasticidade do concreto
determinado nos ensaios.

Na sequéncia, foram determinados os paradmetros do modelo de
homogeneizagdo de La Borderie [4] para o concreto reforgado
com 2% fibras de aco utilizando os prismas de Lopes [15], man-
tendo-se constante os parametros do modelo de dano determina-
dos para o concreto sem fibras. A Tabela 10 apresenta os valores
obtidos para o modelo de homogeneizagao de La Borderie [4].

3.2.2 Modelagem da viga submetida a flexdo

A geometria da viga analisada neste exemplo, assim como o deta-
lhamento de sua armadura, esta ilustrada na Figura 10. Essa viga
foi confeccionada com um concreto com 2% de fibras de acgo e foi
solicitada a flexdo por meio de duas forgas concentradas distantes
10 cm entre si.

Devido a simetria, apenas a metade da viga foi modelada

utilizando 50 elementos finitos longitudinais e a segéo transver-
sal foi estratificada em 24 camadas. A distribuicdo das camadas
encontra-se ilustrada na Figura 11. As propriedades da armadura

Tabela 11 - Dados do aco utilizado na
modelagem das vigas ensaiadas por Lopes (15)

ParGmetro Valor

eIC|s‘,r\i/clzci)élj(l:-:J cljoecéf/l Pa) 210000
Tensdo de escoamento (MPa) 500
Tensdo Ultima (MPa) 550
Massa especifica (kg/m?) 7850
Deformacdo de ruptura (%) 1.000
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Figura 10 - Viga ensaiada numericamente com embasamento na geometria de Lopes (15)

| I:I 25 cm
=

A
12,5cm

Secao transversal

A

230cm

o Geometria da viga ensaiada por Lopes (15)

80 cm 233 cm

$8@5 cm 8

0 Armadura da viga ensaiada por Lopes (15)

longitudinal utilizadas na modelagem sao mostradas na Tabela 11.
Ja os paradmetros do modelo de dano e os parametros do modelo
de homogeneizagao sao os ja apresentados nas Tabelas 9 e 10,
visto que essa viga foi confeccionada com o mesmo concreto utili-
zado na confecgao dos prismas previamente analisados.

A comparagao entre os resultados numérico e experimental dessa
viga é apresentada na Figura 12, de onde se observa uma boa
aproximagao nos carregamentos iniciais e uma divergéncia entre
as curvas para carregamentos proximos a ruina. Tal comporta-
mento é devido a formacéo de fraturas nesse estagio de carre-
gamento, visto que o modelo aqui empregado n&o apresenta res-

Figura 11 - Representacdo esquemdtica da
estratificacdo da secdo transversal da viga
ensaiada por Lopes (15)

Regido de cobrimento + <
estribos

%’f
-Barras de ago

posta satisfatoria para localizagéo de dano/fratura. Sendo assim,
a analise dessa viga ficou restrita a carregamentos em regime de
servico, aqui definido como carregamentos inferiores a 40% da
forga ultima.

A razdo para a escolha desse valor se deve ao fato que as es-
truturas sdo dimensionados no Estado Limite Ultimo, segundo a

Figura 12 - Grdfico forca versus deslocamento
no meio do vao para a viga ensaiada por
Lopes (15)
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NBR 8681 e NBR 6118. Para isso, as acbes sao majoradas e a re-
sisténcia dos materiais € minorada. De forma geral, as estruturas
sao dimensionadas para a combinagdo normal de agbes. Neste
caso, o coeficiente de majoracéo das agbes vale 1,4. Ja o coe-
ficiente de minoragao do concreto vale 1,4 e o do ago vale 1,15.
Se a for¢a de ruina das vigas for dividida pelo produto desses
coeficientes, no sentido de se obter o carregamento em servigo
da estrutura, chega-se a uma forga igual a 44% do valor da forga
de ruina. Esta situagao corresponde, aproximadamente, a combi-
nagao rara para os Estados Limites de Servigo estabelecidos pela
NBR 6118 e NBR 8681, no qual se adotagm=gf= 1,0. Adotou-se
40% do valor da forga de ruina da viga como sendo aquela a que
a viga estaria submetida em situagcao de servigo, uma vez que
para a combinagdo quase permanente de agdes a sobrecarga é
reduzida, ainda, de 40% a 70% do seu valor caracteristico. Isto
corresponde, segundo o ensaio, a uma for¢a de aproximadamente
68 kN e um deslocamento no meio do vao igual a 3,297 mm. O
valor do deslocamento obtido da modelagem numérica para esse
carregamento foi de 2,695 mm, o que representa um erro de 18%

Figura 13 - Avaliacdo do dano tragdo (D,)
na viga V2 de concreto armado com fibras

ol

Avallc«;c:o a 53 kN do dano a tracdo (D))
com concentracdo de 2,00% de fibras

Avaliacdo a 63 kN do dano a tragdo (D,)
com concentracdo de 2,00% de fibras

Avadliagcdo a 68 kN do dano a tracao (D,)
com concentracdo de 2,00% de fibras

na avaliagao da flecha da viga. Por outro lado, avaliando a fle-
cha dessa viga pelo modelo de calculo sugerido pela NBR 6118
para vigas de concreto, chega-se a um deslocamento de 3,69 mm.
Esse valor é 12% maior que o registrado no ensaio para o carre-
gamento de 68 kN.

A danificacdo de tracdo na viga para carregamentos proximos a
carga de servigo é apresentada na Figura 13. Percebe-se que a
medida que o carregamento aumenta a danificagao aumenta e se
dissipa cada vez mais ao longo da viga. Observa-se, também, que
a danificagdo em regime de servigo ja apresenta valores elevados,
sendo que nas regides mais tracionadas ela se aproxima de 0,9.
Isto é verificado mais claramente na Figura 19 que apresenta a
evolucéo do dano na 1° camada tracionada da viga.

A Figura 15 mostra o panorama da danificagao a tragéo na viga
para o carregamento total de 85,8 kN, o que ilustra que ha uma
concentragao de fissuras na regido de flexao pura. Esse compor-
tamento é coerente com o panorama de fissuragdo observado no
ensaio. Por outro lado, como o modelo ndo considera a tensdo
de cisalhamento, as fissuras da regiao de flexdo simples nédo sao
bem representadas pelo modelo numérico.

3.3 Simulagao dos experimentos de Oliveira [17]

O exemplo Il é baseado no trabalho de Oliveira [17]. Neste tra-
balho, foi utilizada a fibra de ago tipo A-l, cujas caracteristicas sao
apresentadas na Tabela 12. Na Tabela 13 sdo apresentadas as
propriedades mecanicas do concreto.

3.3.1 Parametros do modelo de dano

Corpos de prova prismaticos de diferentes dimensdes foram en-
saiados para avaliagdo do comportamento carga versus desloca-
mento no trabalho de Oliveira [17]. Os corpos de prova seleciona-
dos para analise neste trabalho foram os de 150 mm x 150 mm x
500 mm (com vao livre de 400 mm), 100 mm x 100 mm x 400 mm

Figura 14 - Avalia¢do da evolucdo do dano
na 1° camada tracionada da viga ensaiada
por Lopes (15)

Legenda
. Carga 53 KN

Carga 63 KN
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F

Figura 15 - Comparacdo do padrdo de fissuracdo no carregamento
de 85,80 kN para valores numéricos e experimentais

o Avaliagdo numérica do dano a tragdo (D)) no carregamento proposto de 85,80 kN

[F

|
L7 128 A
—

0 Mapeamento de fissuras detectadas por Lopes (15) no carregamento de 85,80 kN

(com vao livre de 300 mm) e 200 mm x 200 mm x 800 mm (com
vao livre de 600 mm).

Tabela 12 - Caracteristicas da fibra
de aco do trabalho de Oliveira (17)

Propriedade analisada Valor

Moédulo de elasticidade (GPa) 200
Resisténcia a fracdo (MPa) 1100
Massa especifica (kg/m?3) 7850
Comprimento (mm) 60
Diémetro (mm) 0.75
Relacdo de aspecto (I/d) 80

Para obtencao dos parametros do modelo de dano utilizou-se
o corpo de prova prismatico de 150 mm x 150 mm x 500 mm
com 1,25% de fibras de ago da Viga V9 do trabalho de Oliveira
[17]. Os resultados obtidos sdo apresentados na Tabela 14 e
15. Esses parametros foram mantidos constantes em todas as
analises subsequentes, variando-se apenas os valores dos pa-
rametros do modelo de homogeneizagédo. Na Figura 16 é mos-
trada a comparacao da curva obtida da analise numérica com
a curva experimental. O percentual de erro entre a carga de
pico numérica e carga de pico experimental para este prisma
foi de 1,24%. Lembrando que o modelo aqui empregado néo
consegue representar numericamente grandes deslocamentos,
devido ao surgimento de fraturas localizadas.

Para a viga V8, com percentual de fibras de 0,75%, também
foi utilizado o corpo de prova de 150 mm x 150 mm x 500
mm ensaiado por Oliveira [17]. Os valores dos parametros
do modelo de homogeneizagédo obtidos sdo apresentados na

Tabela 13 - Propriedades mecanicas do concreto das vigas ensaiadas por Oliveira (17)

Viga f (MPa) : Médulo de Percentugl de fibras
em elasticidade E_, (GPa) () (%)
V7 55,27 51,10 0,21 0,50
V8 53,27 45,20 0,18 0,75
V9 62,33 40,67 0,18 1,25
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Tabela 14 - Parémetros de dano e médulo de elasticidade do concreto sem fibras identificados a partir
do ensaio de flexdo a quatro pontos em corpos de prova prismaticos de 150 mm x 150 mm x 500 mm

Parametros Tragcdo Compressdo F o, num (KN) Foico.num? Foico, exp
E (MPa) 33700 33700 78,74 1,24%
A 12 0.7 78,74 1,24%
B (Mpa) 6500 2,5 78,74 1,24%
YO (Mpa) 0,000003 0,004945 78,74 1,24%
p 0,00000295 0,0003 78,74 1.24%

Tabela 15 - Parémetros do modelo de homogeneizacdo de La Borderier (4)
para concreto com 1,25% de fibras - Exempilo lli

Volume Tensdo de pico - | Tensdo de escoamento = Deformacdo de

de fibras Foio, num (KN) O, (MPa) - o, (MPa) ruptura - ¢ (m/m) pico, num

1,25% 78,74 430,00 344,00 0,0400 1,24

/F

pico, exp

Tabela 16 - Par@metros do modelo de homogeneizag¢do de La Borderier para a viga V8 com 0,75%
de fibras de aco ensaiada por Oliveira (17)

Volume Tensdo de pico-  Tensdo de escoamento Deformac¢do de

de fibras Foco,num (KN) O, (MPa) - o, (MPa) ruptura - ¢ (m/m) pico, num

0,75% 54,31 480,00 384,00 0,040 0,254%

/F

pico, exp

Tabela 17 - Parémetros de La Borderie (4) da curva calibrada
para o concreto da viga V7 com 0,50% de fibras

;/::‘lijt:‘:s Fp(if:i\ln;m O Tensg: ?szi;:o - Tensﬁo_d: ?l\s;lcl:,z?mento ru[;ﬁ::zn_'\f;l:;:? n:j/?n ; p::on:,:p/
0,50% 22,89 100 x 100 x 450 mm 675,00 540,00 0,040 0,180%
0,50% 46,84 180 x 150 x 500 mm 615,00 492,00 0,040 1,134%
0,50% 61,17 200 x 200 x 800 mm 430,00 344,00 0,040 0,015%

Tabela 18 - Dados da armadura longitudinal utilizada na modelagem
das vigas ensaiadas por Oliveira (17)

Médulo de elasticidade Tensdo de escoamento Tensdo de pico - o, Deformacao de ruptura
do aco (MPa) - o, (MPa) (MPa) = £, (M/M)
V7 210000 628 729 1,115
V8 210000 628 729 1,115
V9 210000 651 790 1,013

Tabela 16 e as curvas numérica e experimental sdo apresenta-  dependentes das dimensbes dos corpos de prova. Na Figura 18
das na Figura 23. sdo apresentadas as respostas numérica e experimental para
Para a viga V7, com 0,50% de fibras de ago, foram analisadas  as trés dimensdes de corpos de prova com volume de fibras de
as trés dimensdes de corpos de prova ensaiados por Oliveira  0,50%. Um fator importante a ser dito neste momento é o fato
[17]. Os valores dos parametros do modelo de homogeneiza-  da limitacdo geométrica do modelo de dano, pois a medida que
c¢ao sdo apresentados na Tabela 17. Observa-se dessa Tabela  se muda a secao transversal é possivel verificar a influéncia da
que os parametros obtidos para o modelo de La Borderie sdo  secao na resposta numérica.
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Figura 16 - Curva numérica versus
experimental do corpo de prova da viga V9
de Oliveira (17) com 1,25% de fibras
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Figura 17 - Curva numérica versus
experimental do corpo de prova da viga V8
de Oliveira (17) com 0,75% de fibras
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3.3.2 Modelagem das vigas submetidas a flexdao

Além dos prismas, Oliveira [17] realizou o ensaio de nove vigas
com o objetivo de determinar a influéncia das fibras de ago na
armadura minima de vigas de concreto armado. Na Figura 19 séo
apresentadas as caracteristicas geométricas das vigas ensaiadas
por Oliveira [17]. Para a modelagem numérica dessa viga, utilizou-
-se uma diviséo de 50 elementos na diregéo longitudinal e se¢éo
transversal com 24 estratificagdes, conforme mostrado na Figura
11 do Exemplo Il. Na Tabela 18 sao apresentadas a propriedades
da armadura longitudinal utilizada na modelagem das vigas.
A Figura 20 apresenta as curvas forca versus deslocamento no
meio do vao numérica e experimental para a viga V7, com 0,5% de
fibras. As curvas numéricas foram obtidas a partir dos parametros
do modelo de homogeneizagao determinados dos trés tamanhos
diferentes de corpo de prova. As legendas P450, P600 e P300
referem-se ao vao livre do prisma, sendo P450 o prisma de 150
mm x 150 mm x 500 mm, P600 o prisma de 200 mm x 200 mm
x 800 mm e P300 o prisma de 100 mm x 100 mm x 400 mm. Da
mesma maneira que no Exemplo |l, as analises realizadas sao
todas no regime de servico.
E possivel observar dessa figura que o efeito escala é perceptivel em
regides de carregamento mais elevado. Como a analise deste trabalho

se restringe a regimes de servigo e os resultados neste caso foram
coincidentes, todas as andlises seguintes foram realizadas com os
parametros determinados a partir do prisma de 600 mm de vao livre.
Aforga de ruina experimental da viga foi de 111,88 kN e a forgca de
servigo estimada para analise da mesma foi de 44,75 kN. Neste
caso, o deslocamento no meio do vao da viga para este carrega-
mento foi de 0,503 mm. J& da andlise numérica, o deslocamento
correspondente a esse carregamento foi de 0,514 mm, apresen-
tando um erro de apenas 2%.
A Figura 21 apresenta o perfil de dano em tragdo préximo ao re-
gime de carregamento de 50 kN. E possivel perceber que mes-
mo em regides de baixos carregamentos a viga ja apresenta uma
danificagdo acentuada no meio do vao, o que se deve a baixa
taxa de armadura longitudinal utilizada no ensaio da viga. Assim,
a partir desse carregamento ha a formagéo de macrofissuras no
ensaio da viga. O modelo numérico tenta reproduzir esse fené-
meno com a queda de resisténcia para uma forga proxima de 55
kN, porém em seguida ha uma recuperacao da resisténcia da viga
e o comportamento a partir dai passa a ser influenciado pelas
propriedades obtidas para o modelo de homogeneizagéo. A Figu-
ra 22 evidencia esse fenébmeno ao ilustrar o aumento brusco da
danificagdo na primeira camada da viga, no meio do vao, com o
incremento do carregamento de 50 kN para 60 kN.

Tensdo de pico

Tabela 19 - Par@metros do modelo de homogeneizac¢do de La Borderier (4)
obtidos da retroandlise das vigas ensaiadas por Oliveira (17)

Deformac¢ado de

Volume de
fibras (%) = O (MPa) ruptura - €t (m/m)
V7 0,50 110,21 220,00 187,00 0,020 1,49%
V8 0,75 130,88 240,00 204,00 0,020 5,69%
Vo 1.25 170,66 245,00 208,50 0,020 2,09%
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Ja a Figura 23 apresenta o comportamento carga versus desloca-
mento numérico e experimental da viga V8, com 0,75% de fibras.
Para esta viga, a andlise numérica ndo conseguiu obter resultados
apos valores superiores a 80 kN, devido a intensa danificagédo no
sistema. A forca de servigo dessa viga, que atingiu um maximo de

138,21 kN, foi estimada em 55,29 kN. Para este carregamento, o
deslocamento no meio do vdo medido no ensaio foi de 0,730 mm.
O resultado do modelo numérico para esse carregamento foi um
deslocamento de 1,398 mm, Isto &, um erro de 92%. Para forgas
inferiores a 53 kN, o modelo de dano apresentou um erro bem

Figura 18 - Curva numérica versus experimental para corpos de prova da viga V7
de Oliveira (17) com 0,50% de fibras
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Figura 19 - Viga ensaiada nhumericamente com embasamento na geometria de Oliveira (18)
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Dano na camada 1

Figura 22 - Comparacdo do dano na primeira
camada dos elementos da viga V7
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Figura 24 - Carga versus deslocamento
numérico e experimental da viga V9
de Oliveira (17)
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Figura 23 - Carga versus deslocamento
numérico e experimental
da viga V8 de Oliveira (17)
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Figura 25 - Identificacdo paramétrica através
da viga V7 com 0,5% de fibras
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Figura 26 - Identificacdo paramétrica através
da viga V8 com 0,75% de fibras
160 —
/ '|'.f I ,(/_?‘"———-q______
120 — A e
A e ’
)I' / ¥
g '..I‘ v/ Legenda
g 8o Experimental
8 I ———— Numérica
1/,
40 —
° — T T T T T T T ]
0 5 10 15 20 25
Deslocamento{mm)

Figura 27 - Identificacdo paramétrica através
da viga V9 com 1,25% de fibras
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menor quando comparado com o deslocamento medido no ensaio
da viga. Por exemplo, para uma forga de 52,11 kN o erro foi de
apenas 7%. Neste caso, a flecha avaliada pelo modelo de calculo
da NBR 6118 fornece um deslocamento de 0,510 mm. Esse valor
é 23% menor que o observado no ensaio.

Para a viga V9, o comportamento numérico e experimental € apre-
sentado na Figura 24. A forga de servigo dessa viga foi estimada
em 66,84 kN. Neste caso, o deslocamento obtido do ensaio foi de
0,844 mm e na modelagem pelo modelo de dano o deslocamento
foi de 1,56 mm, isto &, 87% maior. Como na viga V8, entretanto,
em carregamentos inferiores houve uma boa convergéncia dos
resultados. Por exemplo, para o carregamento de 58,62 kN o erro
no valor do deslocamento diminuiu para 17%. Neste caso, a flecha
avaliada pelo modelo de calculo da NBR 6118 fornece um deslo-
camento de 0,512 mm. Esse valor € 30% menor que o observado
no ensaio.

Para uma avaliagao da possivel influéncia da orientagao das fibras
de ago no ensaio dos corpos de prova, as trés vigas do exemplo IlI
foram simuladas novamente a fim de encontrar novos pardmetros
para o modelo de homogeneizagao. Neste caso, a retroanalise foi
realizada na resposta experimental das préprias vigas. A Figura
25 a 27 apresenta as curvas carga versus deslocamento para os
novos parametros do modelo de La Borderie, os quais s&o mos-
trados na Tabela 19.

Primeiramente, nota-se uma melhor aproximagéo na forga de rui-
na obtida do modelo computacional quando comparado aos valo-
res obtidos do ensaio. Entretanto, ainda se nota uma divergéncia
na resposta do modelo computacional apds a concentragcdao do
dano no meio do vao. Essa divergéncia tende a diminuir com o

aumento do volume de fibras, ja que neste caso houve uma maior
distribuigao das fissuras ao longo das vigas ensaiadas. Outra ob-
servagao importante € que os parametros do modelo de homoge-
neizagao variam com o volume de fibras, como era de se esperar
do préprio modelo de La Borderie. Entretanto, eles apresentam
pequena variagdo para volumes de fibras superiores a 0,75%, o
que se refere, aproximadamente, ao volume critico de fibras para
essa matriz.

4. Conclusoes
E—

Primeiramente, é importante ressaltar a funcionalidade do modelo
de dano na analise do regime de servico das pecas estudadas,
pois foi possivel perceber que em regides medianas do regime
de servigo (definido neste trabalho como cerca de 40% da carga
de ruina) o modelo numérico se comportou bem, apresentando
baixos erros em relacéo ao ensaio experimental.

Outro fato observado em todos os exemplos é o alto processo de
danificagdes nas camadas mais tracionadas, mesmo em regime
de servigo. Isto € um fator preponderante nesta analise, visto que
o modelo representa bem zonas de microfissuragéo distribuida.
Na medida em que esse padréo de fissuragao se intensifica, na-
turalmente ha a jungéo das microfissuras que levam ao processo
de fratura do material. Dessa forma, na medida em que o carrega-
mento aumenta e o processo de fissuragéo se intensifica, é espe-
rado que o modelo de dano passe a apresentar problemas de con-
vergéncia na sua resposta numérica, fato que fica evidenciado nas
situagbes apos o regime de servigo. Essa caracteristica € mais
acentuada nos prismas de concreto simples ou com baixo volume
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de fibras, onde ha a formacgéo de fraturas localizadas devido a
auséncia da armadura de flexao. Assim, o modelo de dano, por ser
distribuido, ndo consegue capturar o efeito da localizagao de de-
formagéo. Em trabalho futuro, pretende-se investigar o problema
de localizagao descrito aqui com a utilizagdo de uma modelagem
2D acoplando um modelo de fratura ao modelo de danificagéao.
Um fator preponderante na andlise numérica de estruturas é a
identificagdo paramétrica do material utilizado na modelagem. Foi
possivel observar que as respostas obtidas na modelagem das
vigas no exemplo lll se distanciaram da resposta experimental no
regime pods pico. Além do modelo de dano nédo considerar a situa-
¢ao de formagao de fraturas, uma observagao importante é o fato
da possivel influéncia do efeito escala e do efeito de orientagédo
das fibras nas vigas. Em ambos os exemplos, Il e lll, a identifi-
cagao paramétrica das propriedades do material foi realizada em
corpos de prova prismaticos com dimensdes menores que as das
vigas. Como o modelo de dano utilizado ndo leva em conta esses
dois fatores, pode ser que a resposta numérica tenha sido afeta-
da, fazendo com que as vigas tenham uma resisténcia numérica
acima do valor obtido dos ensaios. Esse efeito foi sentido com
mais intensidade no exemplo lll. Com a mudanga do tamanho dos
corpos de prova prismaticos da viga V7, houve alteragéo nos para-
metros de entrada da homogeneizagao e, consequentemente, na
resposta numeérica da viga. A influéncia da dimens&o do elemento
na orientagao das fibras pode ser evidenciada quando a identifica-
¢ao dos parametros da homogeneizagdo do modelo foi realizada
nas proprias vigas. Neste caso, houve redugéo da tensdo de pico
do modelo quando comparado aos valores obtidos dos corpos de
prova, o que indica menor orientacdo das fibras na diregéo lon-
gitudinal das vigas, e o aumento dessa tensdo na viga ndo foi
proporcional ao aumento do volume de fibras. Para o exemplo Il
é importante ressaltar que mesmo com as limitagdes da modela-
gem, a mesma conseguiu obter éxito em trechos iniciais do regime
de servigo e na questao da representacédo da carga de pico expe-
rimental, conclus&o que é explicada devido ao fato das dimensdes
da secao transversal do prisma e da viga se aproximarem.
Conclui-se que o modelo de Dano pode ser aplicado na analise de
vigas de concreto armado com reforgo fibroso, sendo que os resul-
tados apresentados neste trabalho validam o emprego do modelo
principalmente em regime de servigco. Em uma andlise preliminar,
quando a resposta desse modelo € comparada com o desloca-
mento avaliado pelo critério especificado na NBR 6118 (ABNT,
2003) para elementos lineares, o modelo de dano tende a forne-
cer valores mais proximos dos observados nos ensaios. Contudo,
essa afirmagao deve ser melhor investigada em trabalhos futuros.
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Abstract
E———

In this moment in which civil engineering is undergoing a phase where structural projects have been developed with structural systems composed
of different and complex elements, some methods and criteria are used for the purpose of evaluating important aspects with regard to global and
local stability. Among them, it is necessary to mention the parameters of instability a and yz. In this sense, this work has the objective to present
the basic concepts of the instability parameters a and yz in accordance with what is clearly defined in the Brazilian standard ABNT NBR 6118; to
present the results of simulations of models in the Brazilian structural software TQS varying the stress of compression in the columns in order to
relate these values with the stability parameters.

Keywords: global stability, gama-z, structural analysis.

Resumo
E———

Nesse momento em que a Engenharia civil vem passando por uma fase onde os projetos estruturais tém sido elaborados com sistemas es-
truturais compostos por elementos diferenciados e complexos, alguns critérios e métodos sao utilizados com a finalidade de avaliar aspectos
importantes no que diz respeito a estabilidade global e local. Entre eles, faz-se necessario citar os parametros de instabilidade a e Gama-z.
Nesse sentido, este artigo tem o objetivo de apresentar os conceitos basicos dos parametros de instabilidade a e Gama-z de acordo com o que
é claramente definido na norma brasileira ABNT NBR 6118; apresentar os resultados de simulagdes de modelos no software estrutural Brasileiro
TQS variando a tensédo de compresséao nos pilares com a finalidade de relacionar estes valores com os parametros de estabilidade.
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1. Introduction

EE

The analysis of global stability of structures has become very im-
portant nowadays. Civil Engineering, as well as other branches of
Engineering, has experienced major advances in their fields. This
can be noticed by the total amount built or about to be built by
the different companies who operate in construction and design.
Not only by the significant number of services, this increasing
request of Civil Engineering also becomes cause and incentive
for the development of new technical production methods aimed
at better results.

Major projects are launched to supply the demand, which comes
day after day, whether in residential, commercial or industrial con-
struction. Behind this demand, technical production brings an in-
crease for goods and the requirement for the excellence.

Best practices in design and development projects have been con-
sidered in the viability procedures of the projects.

One of the advances is evidenced by the improvement design pro-
cedures. Factors previously considered only in special buildings
(tall buildings or engineering structures), such as the second order
effects and global and local stability of the structures, now become
necessary in the evaluation in more joint ventures.

These advances are used by most of the current versions of soft-
ware to simulate with greater precision the effects to which the
structure is subjected in different situations.

The Brazilian regulatory standard “NBR 6118:2014 - Concrete
Structures Project — Procedure” establishes, in item 15.5, guide-
lines for dismissal of the global second-order efforts. To analyze
stability, the standard uses two parameters to estimate the second-
order efforts: @ (alfa) and 7, (Gama-Z).

The parameter « , the simpler of the two, is used to evaluate the
global stability in the structure, but is not able to estimate the sec-
ond-order efforts. This parameter allows classifying a structure as
fixed or mobile nodes. Parameter 7, , on the other hand, by means
of its formulation, allows estimation of the second-order efforts.

In this context, this paper is presented, aiming to discuss the main
concepts involved in the study of global stability of structures, mak-
ing use of the stability parameters « and 7.

2. Brief history of stability parameters:
the beginning

The study on the parameters of stability was started in 1967 by
Hurbert Beck and Gert Konig (1967, cited by Vasconcelos, 1991)
after presentation of a doctoral dissertation Germany. This study
analyzed the structure of a building with many floors, which were
considered the columns braced by rigid walls with a slim struc-
ture. Studies led to a complicated solution of the differential equa-
tion with variable coefficients, but after a mathematical simplifica-
tion, the equation was reduced to Bessel functions. Based on the
solution of this equation, a parameter called “stability coefficient
a” was proposed.

This coefficient was able to provide information of what is the dis-
placement and definitions about fixed and mobile nodes of the
structure under analysis. By simplifying displacement calculations
of the structure, it states that fixed node structures would be those
in which the addition of internal forces (existing moments) was less
than 10% of the internal forces already present. For these cases,
the value of the coefficient a would be below 0.6.

2.1 Differential equation

Starting from the differential equation of a straight bar of length L,
with constant section and made of a linear elastic material, subject
to an axial load P at the ends, one has:

2

Y i y=0 )

where y(x) represents the displacement curve of the bar in the
transverse direction and EJ the flexural rigidity. From the equa-
tion of the straight bar, it follows that:

P I
al == 2

where @ is treated such as a stability coefficient and its value is
related to the conditions of support from the bar ends. The value
of a_, is low when the bar is embedded and high when the bar is
biarticulated or mono crimped.

2.2 The differential equation according Beck
e Kénig

The equation proposed by Beck and Konig (1967, cited by Vascon-
celos, 1991) at the time of their studies, was:

Yo [E) @) = L (3)

EJ

when:

& =x/L (4)

In this equation, W is the horizontal distributed load across the
height I. of the building.

After some mathematical operations, the equation of the value of
«a found by Beck and Kénig was:

) ©)

where p is the distributed load to which the bracing structure is
subjected and V is the distributed load at the braced structure.

In table 1 the limit values found by Beck and Konig according with
the number of floors are shown.

These results were obtained considering that the bracing structure
of the building could be replaced by a structure composed of only
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Table 1 - Value of o found

by Beck and Kénig
.

2.80 nz4 -
0.60 nz4 AM. £0.10 - Mygor o
0.50 n=3 -
0.40 n=2 -
0.30 n=1 -

Source: Origem dos Parémetros de Instabilidade a,, e v, (Vasconcelos, 1991)

a single column whose geometric characteristics were equivalent
to the original. Thereby, it was decided that the sum of the stiffness
of the bracing structure was equal to the rigidity of a single column.
To calculate the equivalent rigidity in cases of bracing columns, the
horizontal force acting on the spatial frame should be applied, in
order to determine the value of the deformation with the horizontal
loads. This deformation must be the same as the one obtained
from the equivalent column subject to the same horizontal loads.
Once calculated the & value, it must be verified to make sure it
does not exceed the limit value. In affirmative case, modify the
dimensions of the structural elements in order to get below the
limit values.

Studies of parameters for stability analysis were continued by oth-
er authors with interest in the subject (CEB e ABNT). In 1978, the
CEB started using the values &/}, . described by Beck & Konig, as
well as ABNT NBR 9062 (Brazilian code pre-shaped structure). In
1985, Mario Franco (1985) studied again how to obtain the limit
values of the stability coefficient for buildings with more than three
floors finding values ranging close to 0.6 in structures with wall-like
columns, frames and combination frames and wall-like columns.
Vasconcelos (1985) found for structures with 1, 2 and 3 pavements
values as described in Table 2.

In 1986, Augusto C. Vasconcelos took over studies by Beck &
Konig, but this time with the advent of the computer, he could as-
sess the same structure previously studied discretized, instead
of continuous structure. The results were not different for up to
three floors, and from four floors the difference between Ol and
a = 2.8 was decreasing with the increase of the amount of floors.
This study resulted in the suggestion of a formula for calculating
Q.. according to the number n of floors. Follows the formula:

Table 2 - Values of o, in according
with the number of floors

0.50 1
0.55 2
0.60 3

Source: Origem dos Par@metros de Instabilidade o, e v, (Vasconcelos, 1991)

o, =2.8-1.1-¢ (6)

In 1990, the CEB decides to drop the considerations on the cal-
culation of ¢ stability parameter. In this context, Mario Franco
and Augusto C. Vasconcelos (1997, Franco, M. and Vasconcelos,
AC, cited Vasconcelos, 1991) introduced the first concept of the
amplification coefficient of the moment 7z in the state of Rio de
Janeiro, as an auxiliary tool in the study of global stability. Through
the P-Delta process, come up to the idea of /7.

When the structure is requested by the loads, it undergoes a dis-
placement altering its original configuration. From this new con-
figuration, new internal forces are created, which in turn generate
new displacements. In this continuous process, it is noted that at
every step new strains are generated which, compared to the pre-
vious results, can be represented by a geometric progression. This
progression has the following ratio:

= ()
where:
AM =Py, (®

and ), is the eccentricity of first order, and M, it is the first order
moment.

Years after the definition of the moment amplification 7., several
studies were conducted on this topic. In the year 1993, the TQS cre-
ates the Spatial Frame module in which it begins to use the param-
eters of stability ¢ and 7, . Correlations between ¢ and 7, were
also formulated as approaches for practical applications. Table 3 has
some of the correlations that were presented in articles and studies.

3. Study of global stability of structures
—

The study of global stability of the structures has gained a high

Table 3 - Correlations of o,
andy,

Prof. Mario Cérrea e

_ _ 2
Prof. Marcio Ramalho ¥z =1.10-0.330:+0.500

Regina Maria

_ _ 2 3
dos Santos Carmo Y, =0.90+0.520.—-0.620" +0.460

Source: Origem dos Parémetros de Instabilidade a,, e v, (Vasconcelos, 1991);
“Efeitos de Segunda Ordem em Edificios Usuais de Concreto Armado”,
(Carmo, 1995)
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Figure 1 - Relation moment-curvature

(extracted by NBR 6118)
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importance position because it has become common to devel-
opment projects in which buildings have been increasingly high,
slender and with features aimed at excellent performance, low
consumption of materials, structural systems with speed of execu-
tion without giving up the structural safety of the guarantee to the
ultimate limit state.

Accordingly, the verification of the global stability can be checked
through the global stability parameters, which are described in the
standard NBR 6118, in the items 15.5.2 and 15.5.3.

Using these parameters allows us to estimate data on the stability
of the structure and estimate the second-order effects in a sim-
plified manner. For this reason, it is necessary to present some
concepts related to second-order effects and that should be con-
sidered in the project.

3.1 Related concepts to global stability
of structures

3.1.1 Physical nonlinearity

According to NBR 6118, in section 15.3, structural analysis consid-
ering the effects of second order shall take into account the effects
of physical nonlinearity. The nonlinearity is related to the behavior
of the material, which in the case of reinforced concrete can be
considered a non-linear material. The effects caused by creep,
shrinkage and concrete cracking affect the final value of concrete
elastic modulus, hence the physical non-linearity of concrete. For
consideration of these effects, the rule establishes the concept of
moment-curvature, shown in Figure 1.

According Moncayo (2011), the advantage in using the moment-cur-
vature relationship is due to the fact that is possible to directly obtain
the value of rigidity El, which is used in the structural analysis. In the
case of the study of global stability, the NBR 6118 states, in section
15.7.3, that the consideration of the approximated nonlinearity takes
as stiffness of structural elements the following values:

Slabs: (EI)_ =0,3E,],
Beams: (EI),, =0,4E ], para A; # A,
(EI) =0,5E1, para A=A,

Columns: (EI)_ =0,8E I,

where:

]C is the moment of inertia of the gross concrete section, includ-
ing, where applicable, the co-operating tables (T section),

A’S is the compression reinforcement when double armor,

Ag is the tensile armor,

E; is the initial modulus of elasticity of the concrete, given by
E, =5600-/f, ;
fck is the characteristic compressive strength of concrete in MPa.
The approximate stiffness values must be used according to the

conditions described in paragraph 15.7.3 of NBR 6118.
3.1.2 Geometric nonlinearity

The consideration of the effects of geometric nonlinearity is re-
lated to changes that may occur in the geometry of the structural
elements. Like the physical nonlinearity, it is also determined by
analyzing the deformed structure. Specially for high buildings, the
consideration of the effects of geometric nonlinearity becomes im-
portant because it generates increased internal forces due to verti-
cal loads and horizontal displacements.

For the consideration of geometric nonlinearity it is common to use
the P-A process, where is conducted the study considering the de-
formed structure.

3.1.3 Stiffness of structural elements

The rigidity of the structural elements has a direct influence on the
overall stability of a structure. In a conventional structure, consisting
of columns, beams and slabs, the main elements that will work to
ensure stability are the columns and beams. This fact can be seen
taking the NBR 6118 approximate stiffness values for the slabs,
which are lower compared to the stiffness of the beams and col-
umns. In fact, the slabs will work in another property giving overall
stability study: The hard diaphragm. The slabs are considered as
rigid elements in their own plane, aligning the displacements at all
points of this plane.

Another important consideration to be made is the consideration of
hard cores in the buildings. Normally they are formed by large col-
umns with “C” shape, and located in the stairs and elevators. This
type of structure has a high flexural rigidity in the analysis of stabili-
ty and horizontal displacement parameters, contribute significantly.

3.2 Global stability parameters

Following studies on the effects of second-order structures, the
NBR 6118 code, in chapter 15 - “Instability and second-order ef-
fects”, provides guidelines on how to apply test methods and anal-
ysis of second-order effects.

For their use, it is considered that it is applied to structures with
bars subject to flexion-compression efforts that must disregard
the twist. The concepts apply to shells structures, walls and wall-
beams. The second order effects are those in which the equilibrium
analysis is done using the deformed configuration.

The code adopts that to disregard the second-round effects the
increases caused by these should not exceed 10% in the reactions
and the loads of the structure. It should also ensure that the calcu-
lated bearing capacity should not be surpassed.

3.2.1 Stability parameters (a)

The structure classification as the lateral displaceability of the nodes

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2

Eaessssssm———— 105



Global stability analysis of structures and actions to control their effects

Figure 2 - Equivalence of sfiffness -
analogy with column in balance

Ziz/244 4

is performed by the Stability parameter o . Above a certain limit
value, the structure is classified as of mobile nodes, and therefore
should be considered second-order analysis. It is emphasized that
the parameter is not able to estimate the effects of second order.
Assuming initially that the bracing structure may be represented
by a single column clamped at the base and free at the top, an
equivalent E. stiffness of the sum of the stiffness of the bracing
columns of t'we structure (figure 2) and being constant over the
height H of the building, we have the following value for the param-
eter of instability:

o =H-

5 9

EJ,

In equation 9, Pk is the sum of all the vertical loads of the structure.
It will be a caveat that the amounts to be used are characteristic.

P=y, B =14-P,

(10)

(EJ), =0.7-(EJ), (1

The index “d” indicates design values.
The condition for the structure to be fixed nodes is that & <&,
thereby &, equal to:

o, =02+0.1-n if n<3 floors
a, =0.6 if n>4 floors

(12)

The limit value a, <0.6, when used in structures with less than

four floors, is generally well applicable to most building structures.
However, when the bracing structure is formed exclusively by wall-
like columns and frames, the value of @; should be changed. The
new limit values are described below:

- a, =0.7 For bracing with wall-like columns;

- a, =0.6 For mixed bracing (wall-like columns + frames);

- a, =0.5 For bracing in frames.

The equivalent stiffness of the bracing elements (framed systems
and mixed systems) of the structure is calculated by using the lat-
eral characteristic load over the entire height of the building and
determining its roof top displacement o .

Obtained the deformation on top of the building is done with that
for a new column equivalent balance, with constant equivalent
stiffness, under the action of the same loading, this new column
in balance suffer the same displacement at its end cantilevered.
Assuming that the load is constant over the entire height of the
building, it becomes

(s1), - 21 : (13)

where:

q, is the lateral load characteristic;

H is the total height of the building;

O isthe displacement at the top of the building.

3.2.2 Coefficient 7,

The Brazilian code gives the coefficient 7. assessing the pres-
ence or absence of second-order global efforts in framed struc-
tures with at least four floors.

For the determination of its value, it is necessary to make a first
order analysis for each loading case. The formula for 7. is:

1
Yz =0,
L AMry (14)
Ml,TOT,d
where:

M ;or 4 is the moment of tipping. It is the sum of the moments
of all horizontal forces in the considered combination, with design
values, in relation to the base structure.

AM ;4; 4 is the sum of the multiplication of the vertical forces act-
ing on the structure, in the combination design values considered,
for horizontal displacement of the respective points of application.
The above values are obtained by first order analysis.

For the structure to be considered as a fixed node structure, the
condition is that:

Yy, <1.1

(15)

The condition above being satisfied, the structural calculation with
fixed nodes can be performed on each compressed element alone.

106 I
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The element will be with the end linked to the other structural el-
ements. According to NBR 6118: 2014, in section 15.6 - “nodes
fixed structure Analysis”, under the action of horizontal forces the
structure is always calculated as displaceable.

The fact that the structure can be treated as fixed allows to disre-
gard only the verification of the second order global effects. Local
second-order effects must be considered.

The code NBR 6118 says that the global analysis of second order
provides only internal forces at the ends of the bars and should be
performed an analysis of the local second order effects along the
axes of the compressed bars.

On the other hand, when the value of 7z obtained from a first
order analysis is higher than y, >1.1, the structure should be con-
sidered of mobile nodes. In this case, the effects of physical and
geometric nonlinearity should be necessarily be considered. It is
therefore necessary to check the local and global second order
effects.

When the value of 7z is in the range of 1.1<y, <1.3 NBR 6118:

2014 says that the global second order internal forces can be con-
sidered in an approximate way by adopting different values of stiff-
ness for structural elements, which should be the same as shown in
item 3.1.1. Finally, the final solution to the approximate consideration
of the global second order internal forces is to increase the horizon-
tal forces from the combination of load seen by 0.95y, , obtained
after analysis of the first order structure. This process only applies
to y, <1.3.

In other cases in which ¥, >1.3 the structure will be of mobile
nodes and must be verified the analysis of second-order effects
considering refined methods such as P—A.

4. Structural modeling

EE—

To apply the concepts of structural stability, this article will simu-
late of a building in a structural modeling software. The CAD/TQS
software is one of the tools available in the Brazilian market to
professionals involved in the preparation of structural design of re-

Figure 3 - Floor plan without wall-like columns
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Figure 4 - Structure
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inforced concrete buildings and one of the most widely used.

Next will be presented the floor plan of the building used for simula-
tion, variations of each model used, the description of vertical and
horizontal loads to which the building is subject, the conditions and
considerations adopted for structural analysis and presentation of
values of & and ¥, .

4.1 Structural model adopted

The building consists of 10 floors (Figure 4) in accordance with the
floor plan shown in Figures 3 and 5. Were adopted two structural
solutions: one without wall-like columns (figure 3) and the other
with wall-like columns (Figure 5). This condition was set to com-

Table 4 - Loads used on
the structural model

Description of Value of the vertical load

the vertical load (kN/m?2)
Weight of the slab h=18cm 18x0.25=4.5
Dead load 1
Live load 1.5
Weight of walls
Total 10

Tabela 5 - Types of models in accordance
with the stress on the columns

Limit value of
stress adopted
(MPa)

Variation

Stress adopted

50% of reference

V1 11.6
value
60% of reference
vz value 210
70% of reference
V3 value 163
V4 80% of reference 186
value !
1O/
V5 90% of reference 21.0
value

pare which are the effects when using wall-like columns.

The CAD / TQS version 17.8 software provides six models for
design and structural analysis. In the case of this article “Model
VI”, also known as Flexibility Model with Slabs, was adopted. This
model is the most appropriate when is used to structural analy-
sis of reinforced concrete buildings, because the model considers
a three-dimensional space frame consisting of beams, columns
and slabs. The model consists of bars, which simulate the slabs,
beams and columns.

Table 6 - Preliminary design of Column P1 - Variation V1

| Floor | Number Al C/Pav. ~ C.Pav.  C.Acum. b h P.P. Stress
10th Floor 10 1,1 7 77 79 20 50 7 0,0794
9th Floor 9 1,1 10 111 198 20 50 7 0.1976
8th Floor 8 11 10 111 316 20 50 7 0.3158
7th Floor 7 11,1 10 111 434 20 50 7 0.4340
6th Floor 6 11,1 10 11 552 20 50 7 0,5522
5th Floor 5 11,1 10 111 670 20 50 7 0.6704
4th Floor 4 1,1 10 11 789 20 50 7 0.7886
3th Floor 3 1,1 10 111 907 20 50 7 0.9068
2nd Floor 2 1,1 10 111 1025 20 50 7 1,0250
1st Floor 1 1.1 10 m 1143 20 50 7 1,1432
Fundag@o 0 - 0.0 0.0 1143 20 50 0 1,1432
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The structure was modeled considering the following horizontal
loads provided in the code: plumb and wind; they were considered
automatically by the software during the structural analysis. The
wind speed was considered to 30 m/s, factor S1, S2 and S3 are
respectively 1, category IV-B and 1.

The vertical loads considered in the floors below according to Table
4. In order to simplify the study and facilitate the comparison of
results between each model, we chose to use surface charges for
the masonry load.

4.2 Pre-dimensioning of the columns

The principal objective of this article is to vary the compression
stress on the columns in order to relate these values with the sta-
bility parameters. For this, the pre-sizing of the columns was de-
termined by the method of the areas of influence on each floor of
the building. In accordance with what was previously presented by
Table 4, the total load surface is 10 kN/m?2.

The area of influence of each pavement was determined by the
structural calculation software, but could be obtained manually
considering that the distribution of loads occurs simply, i.e., a span
between two columns in a defined direction, the influence of loads
in each of these columns, is given until the middle of this span.
Reworking this step for the other directions will be obtained an

area. This area is equivalent to the distributed load that this column
absorbs.
The characteristic strength of compression adopted for design was:

£, =35MPa

(16)

The variation of compression stress in the columns is related ac-
cording with the criteria that the reference value for design would be:

%X . %x 35MPa = 23.3MPa

(17)

The models studied followed stress variations according to Table 5.
As an example, Table 6 presents how is determined the prelimi-
nary design of column P1, without wall-like columns, following V1
variation:

where:

Pav is the floor considered;

A.l. is the Influence Area in m?;

Figure 5 - Floor plan with wall-like columns
2 AP 3 P4 P5
20x50 25X65 23%80 25X65 20x54
ks
555325 = ?01725 L0 =1 TP:gzs ?sxzs
V2 2
A
W sl
bl | il P
P12 L3 w" P13
P14 2P | 5 T w60 Z2pig P17
55X25 80x25 75x25 55x25
0
0X50 fsxlssg 25X80 zPs??esI 20X50
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C/Pav is the Full charge adopted on the pavement (given in Table
4), units in kN/m?;

C. Pav is the Load obtained in the pavement for the column P1
(C.Pav=C/Pavx A.L), units in kN; C. Acum: Load accumulated
on the floor, where: C.Acum = C.Pav+ P.P.+C.Acum,,,, . .o ;

b and h are the column section dimensions of the considered floor,
incm;

P.P. is the Weight of the column, obtained by multiplying the cross-
sectional area of the column by floor height (2,88 m) and the dead
weight of the concrete (25 kN/m?);

Column Stress for each floor is a value obtained by C.Pav/bxh ,
units in kN/m?;

It is observed that the stress in the foundation and first floor do not
exceed the limit value for the V1 range: 11.6 MPa = 1.16 kN/m2.
To simplify the presentation of the results, were developed the fol-
lowing models with the variations V1 to V5 (Table 5), where the
dimensions of the columns were pre-determined by each floor plan
with and without wall-like columns. Ten different models were de-
termined in accordance with Table 7.

To obtain the results, the load combinations were considered in
models presented in Table 8.

The dead and love loads were increased by y , = 1.4 and wind loads
with coefficient ¥, = 0,6 . These values were obtained from the Bra-
zilian code NBR 6120: 1980 - Loads for Building Structures Design.

5. Results
E——

The proposed models were processed in the CAD/TQS software,

through three-dimensional frame analysis, and the values obtained
of & e ), are presented on table 9.

6. Conclusion

EE

After the presentation of the results using Table 9 and Graph 1, it
can be seen that the values of 7z obtained for the models calcu-
lated without wall-like columns are higher compared to models with
wall-like columns, which was expected because the presence of the
wall-like columns increases the bending stiffness of the building.
Itis also observed that the variation of stress on the columns of the
models with wall-like columns results in small differences of the
coefficient 7z, with values between 1.064 and 1.161. On models
without wall-like columns, the variation of the column stress modify
significantly the values of 7z, making them between 1.197 and
1.426. It is possible to conclude, therefore, that the variation of
the column stress is not the determining factor in acceptable 7z
values, but the presence of elements that contribute to increase
stiffness bending. In this case, the author has chosen to use wall-
like columns, but alternatives can also be used, like beams with
high stiffness, walls of reinforced concrete, increase of the columns
sections in the direction of less rigidity of the structure.

In this article, the models with wall-like columns have 7z values
below the limit, being possible to disregard the second order analy-
sis of the structure. It is only needed to perform first-order analysis
and increase the internal forces according to the code recommen-
dations. In models without wall-like columns, all of them with stress
over 70% of the reference value, second-order analysis is needed.

Model without wall-like columns and V1
Model without wall-like columns and V2
Model without wall-like columns and V3
Model without wall-like columns and V4
Model without wall-like columns and V5
Model with wall-like columns and V1
Model with wall-like columns and V2
Model with wall-like columns and V3
Model with wall-like columns and V4
Model with wall-like columns and V5

Table 7 - Types of models

Name used for the model

1-1
1-2
1-3

2-5

Weight slab
X

C1 X

C2 X X X
C3 X X X
C4 X X X

Table 8 - Used combinations

X

Wind 270° Wind 180°

20—
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Table 9 - Results

1-1 0.944 0.944 0.962 0.962
1-2 0.877 0.877 0.986 0.986
1-3 1.064 1.064 1.071 1.071
1-4 1.094 1.094 1.145 1.145
1-5 1.117 1.117 1.174 1.174
2-1 0.714 0.714 0.562 0.562
2-2 0.756 0.756 0.582 0.582
2-3 0.776 0.776 0.597 0.597
2-4 0.818 0.818 0.609 0.609
2-5 0.826 0.826 0.615 0.615

1.197 1.197 1.220 1.220
1.196 1.196 1.255 1.255
1.353 1.383 1.324 1.324
1.390 1.390 1.391 1.391
1.416 1416 1.426 1.426
1.114 1.114 1.064 1.064
1.130 1.130 1.069 1.069
1.138 1.138 1.074 1.074
1.157 1.187 1.078 1.078
1.161 1.161 1.080 1.080

In interpreting the values of « it is observed that most of the mod-
els set up with mobile nodes.

Thereby, this article presented the basic concepts of stability pa-
rameters a and 7z ; presented the results of models simulations on
the structural software CAD/TQS varying the compressive stress
in the columns for the purpose of relating these values with the
stability parameters « and 7z and presented actions that could
be taken in buildings to minimize the effects of global instability.
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Abstract
E———

In this moment in which civil engineering is undergoing a phase where structural projects have been developed with structural systems composed
of different and complex elements, some methods and criteria are used for the purpose of evaluating important aspects with regard to global and
local stability. Among them, it is necessary to mention the parameters of instability a and yz. In this sense, this work has the objective to present
the basic concepts of the instability parameters a and yz in accordance with what is clearly defined in the Brazilian standard ABNT NBR 6118; to
present the results of simulations of models in the Brazilian structural software TQS varying the stress of compression in the columns in order to
relate these values with the stability parameters.

Keywords: global stability, gama-z, structural analysis.

Resumo
E———

Nesse momento em que a Engenharia civil vem passando por uma fase onde os projetos estruturais tém sido elaborados com sistemas es-
truturais compostos por elementos diferenciados e complexos, alguns critérios e métodos sao utilizados com a finalidade de avaliar aspectos
importantes no que diz respeito a estabilidade global e local. Entre eles, faz-se necessario citar os parametros de instabilidade a e Gama-z.
Nesse sentido, este artigo tem o objetivo de apresentar os conceitos basicos dos parametros de instabilidade a e Gama-z de acordo com o que
é claramente definido na norma brasileira ABNT NBR 6118; apresentar os resultados de simulagdes de modelos no software estrutural Brasileiro
TQS variando a tensédo de compresséao nos pilares com a finalidade de relacionar estes valores com os parametros de estabilidade.
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1. Introducgao

EE

A analise da estabilidade global das estruturas tem se tornado de
extrema importancia nos dias atuais. A Engenharia Civil, assim
como outros ramos da Engenharia, tem experimentado grandes
avancos em suas areas de atuacdo. E observado tal fato, quando
se quantifica o volume produzido e a produzir entre as diversas
empresas que atuam tanto na area de execugao quanto na area
de projetos. Nao somente na expressiva quantidade de servigos,
essa crescente solicitacdo da Engenharia Civil também se torna
agente causador e fomentador do surgimento de novos métodos
técnicos de produgao que visam melhores resultados.

Grandes obras tém sido langadas a fim de suprir a demanda a
qual surge dia apos dia, seja na construgao residencial, comer-
cial ou industrial. Por tras desta demanda, a produgéo técnica tem
sentido um acréscimo na quantidade de produtos e na exigéncia
dos mesmos com relagdo a qualidade de exceléncia requerida.
Melhores praticas aprimoradas de concepgao e desenvolvimen-
to de projetos tém sido consideradas nos tramites da viabilizagao
dos empreendimentos.

Um destes avangos vividos tem sido evidenciado no aperfeigo-
amento da maneira de se projetar. Fatores antes considerados
apenas em edificagdes especiais (edificios altos ou obras de arte),
como os efeitos de segunda ordem e estabilidade global e local
das estruturas, agora se tornam necessarias a avaliagdo destes,
em empreendimentos mais comuns.

Estes avangos sdo aplicados em versdes de softwares mais atu-
alizados, simulando com maior precisao os efeitos ao qual uma
estrutura esta submetida em diferentes situagdes.

A norma brasileira de regulamentacao ABNT NBR 6118:2014 -
Projeto de Estruturas de Concreto — Procedimento estabelece no
item 15.5 as diretrizes para dispensa da consideracao dos esfor-
¢os globais de 22 ordem. Para a analise da estabilidade, a norma
utiliza dois parametros para auxiliar na estimativa os esforcos de
segunda ordem de maneira simplificada, séo eles: o (alfa)e 7,
(Gama-2).

O parametro « , o mais simples dos dois, é utilizado para avaliar
a estabilidade global da estrutura, mas nao é capaz de estimar os
esforgos de segunda ordem. Este permite classificar uma estru-
tura como sendo de nos fixos ou moéveis. Ja o parametro Y, por
meio de sua formulagéo é possivel obter estimativa dos esforgos
de segunda ordem.

E neste contexto que este artigo é apresentado, com o objetivo de
apresentar os principais conceitos envolvidos no estudo da esta-
bilidade global das estruturas, fazendo o uso dos parametros de
estabilidade: o e 7.

2. Breve histoérico sobre parametros
de instabilidade: origem

O estudo sobre os parametros de instabilidade foi iniciado em
1967 por Hurbert Beck e Gert Kénig (1967, apud VASCONCELOS,
1991) apods a defesa da tese de doutorado defendida na Alemanha.
Neste estudo, foi analisada a estrutura de um edificio de diversos
pavimentos, em que seus pilares eram considerados contraven-
tados por paredes rigidas com estrutura esbelta. Os estudos os
levaram a uma equacéao diferencial de complicada solugdo com
coeficientes variaveis, mas apés uma simplificagdo matematica, a

equagdo matematica foi reduzida as fungdes de Bessel. A partir da
solugao desta equacao, chegou-se a um parametro chamado por
“Coeficiente de Instabilidade a”.

Este coeficiente era capaz de informar qual o deslocamento da es-
trutura permitindo chegar-se as definigbes de Nos Fixos e Nos Mo-
veis para a estrutura em analise. Por simplificagdo dos calculos do
deslocamento da estrutura, convencionou-se que as estruturas de
nds fixos seriam aquelas, as quais, o acréscimo de esforgos (mo-
mentos existentes) fosse menor que 10% dos esforgos ja obtidos.
Para estes casos, o valor do coeficiente a ficaria abaixo de 0,6.

2.1 Equacao diferencial
Partindo-se da equagéo diferencial de uma barra reta de compri-

mento L, de sec¢do constante e material elastico linear sujeita a
carga axial P nas extremidades, tem-se:

2

d’y

S ta =0 (1)

y(x) representa o deslocamento dos pontos do eixo da barra na di-
recao transversal e EJ asua rigidez a flexao. A partir da equacgao
diferencial da barra reta, tem-se que:

(Equagéo 2)

a_ é tratado como coeficiente de estabilidade e seu valor esta
relacionado com as condig¢des de apoio das extremidades da bar-
ra. O valor de a_ ¢ baixo quando a barra esta engastada e alto

quando a barra é birrotulada ou monoengastada.
2.2 Equacao diferencial segundo Beck & Konig

A equagéao encontrada por Beck e Konig (1967, apud VASCONCE-
LOS, 1991), na ocasiao de seus estudos, foi:

v [y (O =L 3

Em que:

& =x/L @)

Nesta equagdo, W ¢é a carga horizontal distribuida em toda a al-
tura L do edificio.

Ap06s algumas operagdes matematicas, a equagao com o valor de
& encontrado por Beck e Kdnig foi:

) 6)

Onde p é a carga distribuida a qual a estrutura de contraventa-

204 E——

IBRACON Structures and Materials Journal * 2016 * vol. 9 +n°2



F. C. FREITAS | L.A.R.LUCHI | W. G. FERREIRA

Tabela 1 - Valor de o, encontrados

por Beck e Kénig
e

2,80 nz4 -
0,60 nz4 AM ;S 0,10 My e
0,50 n=3 -
0,40 n=2 -
0,30 n=1 -

Fonte: Origem dos Parémetros de Instabilidade o, e y, (Vasconcelos, 1991)

mento esta submetida e V é a carga distribuida na estrutura con-
traventada.

Na tabela 1, encontram-se os valores limites encontrados por
Beck e Konig em fungéo da quantidade de pavimentos.

Estes resultados foram obtidos considerando que a estrutura de
contravamento do edificio pudesse ser substituida por uma estru-
tura composta apenas de um Unico pilar cujas caracteristicas ge-
ométricas fossem equivalentes a original. Desta forma, definiu-se
que o somatorio das rigidezes da estrutura de contraventamen-
to fosse igual a rigidez de um pilar Unico. Para calcular a rigidez
equivalente nos casos de pilares de contraventamento, deve-se
aplicar a forga horizontal atuante no pértico espacial, de forma a
conhecer o valor da flecha para cargas horizontais. Esta flecha
deve ser a mesma flecha obtida no pilar equivalente sujeito as
mesmas cargas horizontais.

Calculado o valor de ¢ , basta verificar se este ndo supera o valor
limite. Em caso afirmativo, modificar as dimensdes dos elementos
estruturais de forma a obter valores abaixo do limite.

Os estudos sobre parametros para analise da estabilidade tive-
ram continuidade por outros autores e 6rgdos com interesse no
assunto (CEB e ABNT). Em 1978, o CEB passou a utilizar os va-
lores de &y, descrito por Beck & Konig, assim como a ABNT na
norma NBR 9062 (norma brasileira de estrutura pré-moldada). No
ano de 1985, Méario Franco (1985) estudou novamente a forma de
obtengao dos valores limites do coeficiente de estabilidade para
edificios com mais de trés pavimentos encontrando valores va-
riando préximo a 0,6 em estruturas com pilares-paredes, porticos
e combinacgao de porticos e pilares-paredes.

Vasconcelos (1985) encontrou para estruturas de 1, 2 e 3 pavi-
mentos valores como descritos na tabela 2.

Tabela 2 - Valores de o, em fungdo
da quantidade de pavimentos

0,50 1
0,55 2
0,60 3

Fonte: Origem dos Par@metros de Instabilidade o, e v, (Vasconcelos, 1991)

No ano de 1986, Augusto C. Vasconcelos retomou os estudos fei-
tos por Beck & Koénig, mas desta vez, com o advento do compu-
tador, pode-se avaliar a mesma estrutura anteriormente estudada
discretizada, ao invés de estrutura continua. Os resultados por ele
encontrados nao foram diferentes para até 3 pavimentos, e a partir
de 4 pavimentos, a diferencaentre QL . e & = 2,8 ia diminuindo
a medida que aumentava-se a quantidade de pavimentos. Desse
estudo, resultou uma formula de sugestéo para o calculo do O,
em fungdo do numero n de pavimentos. Segue a formula:

o, =2.8-1.1.¢"" (6)

Em 1990, o CEB decide retirar as consideragdes sobre o calculo
do parametro de instabilidade & . Neste contexto, Mario Franco
e Augusto C. Vasconcelos (1997, Franco, M. e Vasconcelos, A.
C., apud VASCONCELOQOS, 1991) apresentaram pela primeira vez
o conceito do coeficiente de amplificagdo de momentos 7z, no
estado do Rio de Janeiro, como ferramenta auxiliar no estudo da
estabilidade global. Por meio do processo P-Delta, chegou-se a
idéiado 7z .

Quando a estrutura é solicitada pelas cargas atuantes, sofre um
deslocamento alterando a sua configuracéo original. A partir desta
nova configuragéo, sdo gerados novos esforgos, que por sua vez,
geram novos deslocamentos. Neste processo continuo, observa-
-se que a cada passo, as novas deformagdes comparadas as
anteriores resultam em uma progressao geométrica (PG) para as
deformagdes. Chega-se a uma PG de razéo:

AM
1= 0
Onde:
AM =P-y, (8)

Tabela 3 - Correlagdes de o,
ey,

Prof. Md&rio Cérrea e )
Prof. Marcio Ramalho 72 =1,10-0,33a.+0,500
Regina Maria

2 3
= +0,520-0,620." +0,4
dos Santos Carmo 12 0,90+0,520-0,620” +0,460
Fonte: Origem dos Par&metros de Instabilidade o, e y, (Vasconcelos, 1991);
“Efeitos de Segunda Ordem em Edificios Usuais de Concreto Armado”,
(Carmo, 1995)
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Figura 1 - RelagGo Momento Curvatura
(Extraido Norma NBR 6118)
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JY1: é a excentricidade de 12 ordem eM1 : € o momento de
12 ordem.

Anos depois da definigdo do conceito de amplificagdo de momen-
tos 'z, vérios estudos foram realizados com este tema. No ano
de 1993, a TQS cria 0 mddulo Portico Espacial em que ele passa
a utilizar os parametros de instabilidade & e ). Algumas cor-
relagdes entre & e ), também foram formuladas como aproxi-
macdes para as aplicagdes praticas. Na tabela 3 seguem algumas
dessas correlagbes que foram apresentadas em artigos e estudos.

3. Estudo da estabilidade global

das estruturas
EE
O estudo da estabilidade global das estruturas tem ganhado po-
sicao de relevada importancia, visto que se tem tornado comum
a elaboracéo de projetos em que os edificios tém sido cada vez
mais elevados e esbeltos e com caracteristicas que visam um ex-
celente desempenho, baixo consumo de materiais, sistemas es-
truturais com rapidez na execugao sem deixar de lado a garantia
da seguranga da estrutura perante o estado limite ultimo.
Neste sentido, a verificagdo da estabilidade global pode ser verifi-
cada por meio dos parametros de estabilidade global & e Y, e
que sao descritos na NBR 6118, nos itens 15.5.2 e 15.5.3.
O uso destes parametros permite estimar dados sobre a estabili-
dade da estrutura e estimar os efeitos de segunda ordem de ma-
neira simplificada. Por este motivo, torna-se necessario apresen-
tar alguns conceitos relacionados aos efeitos de segunda ordem e
que devem ser considerados no projeto.

3.1 Conceitos relacionados a estabilidade global
das estruturas

3.1.1 Nao linearidade fisica

De acordo com a NBR 6118, no item 15.3, a analise estrutural
considerando os efeitos de 22 ordem deve obrigatoriamente consi-
derar os efeitos da nao linearidade fisica. A néo linearidade Fisica
esta relacionada ao comportamento do material, que no caso do
concreto armado, material ndo linear. Os efeitos causados pela
fluéncia, retragéo e fissuracao do concreto afetam o valor final do
maodulo de elasticidade do concreto, dai a ndo linearidade fisica do
concreto. Para consideragao destes efeitos, a norma estabelece o
conceito de Momento-curvatura, indicado na figura 1.

Segundo Moncayo (2011), a vantagem em utilizar a relagdo momento-
-curvatura deve-se ao fato de obter diretamente o valor da rigidez El,
que é utilizada na analise estrutural. Para o caso do estudo da estabi-
lidade global, a norma NBR 6118, estabelece no item 15.7.3, a consi-

deracéo da nZo linearidade fisica de maneira aproximada, tomando-se
como rigidez dos elementos estruturais os valores seguintes:

Lajes: (EI)_ =0,3E,I,

Vigas: (EI)_ =0,4E_I, para A #A

(EI)_ =0,5E .1, para Ag=Ag

Pilares: (EI)_ =0,8E,I,

Sendo:

I. o momento de inércia da segdo bruta de concreto, incluindo,
quando for o caso, as mesas colaborantes (segéo T)

A'S é a armadura de compressao quando houver armadura dupla
Ay € a armadura de tragéo

ECi € o modulo de Elasticidade inicial do concreto, dado por
E, =5600-./f, ;
fCk € a resisténcia caracteristica do concreto a compressao,
em MPa.

Os valores de rigidez aproximada devem ser utilizados de acordo
com as condigdes descritas no item 15.7.3 da NBR 6118.

3.1.2 Nao linearidade geométrica

Ja a consideracgao dos efeitos da nao linearidade geométrica, esta
relacionada as mudangas que possam ocorrem na geometria dos
elementos estruturais. Da mesma forma que a nao linearidade
fisica, esta também é determinada pela analise da estrutura de-
formada. Principalmente em edificios altos, a consideracdo dos
efeitos da nao linearidade geométrica torna-se importante, pois
esta gera acréscimos de esforgos devido ao carregamento vertical
e aos deslocamentos horizontais.

Para a consideragéo da nao linearidade geométrica, € comum o
uso do processo P-A em que é realizado o estudo considerando a
estrutura deformada.

3.1.3 Rigidez dos elementos estruturais

A rigidez dos elementos estruturais tem influencia direta na esta-
bilidade global de uma estrutura. Em uma estrutura convencional,
formada por pilares, vigas e lajes, os principais elementos que irdo
trabalhar para garantir a estabilidade sdo os pilares e as vigas.
Este fato pode ser observado tomando na norma NBR 6118 os
valores de rigidez aproximada para as lajes, que é de 0,3-E_I_,
valor menor comparado a rigidez das vigas e pilares. Na verdade,
as lajes irdo trabalhar conferindo outra propriedade no estudo da
estabilidade global: o diafragma rigido. As lajes s&o consideradas
como um elemento rigido no seu plano, compatibilizando os des-
locamentos em todos os pontos deste plano.

Outra consideragao importante a ser feita, € a consideragao de nu-
cleos rigidos nos edificios. Normalmente séo formados por pilares
de grandes dimensdes em formato de “C”, e localizados nas esca-
das ou elevadores. Este tipo de estrutura possui grande rigidez a
flexdo e na analise dos paradmetros da estabilidade e deslocamen-
tos horizontais, contribuem de maneira significativa.

3.2 Parametros de estabilidade global

Seguindo os estudos sobre os efeitos de segunda ordem em estru-
turas, a norma NBR 6118, no capitulo 15 — “Instabilidade e efeitos
de segunda ordem” sdo fornecidas diretrizes sobre como aplicar
métodos de verificagao e analise dos efeitos de segunda ordem.
Para a sua utilizagéo, considera-se que ela é aplicada as estrutu-
ras com as barras sujeitas aos esforgos de flexo-compresséo em
que se deve desprezar a torgéo. Os conceitos se aplicam as estru-
turas de cascas, paredes e vigas-paredes. Os efeitos de segunda
ordem sao aqueles em que a analise do equilibrio é feita utilizando
a configuracéo deformada.

Anorma adota que, para se desprezar os efeitos de segunda ordem, os
acréscimos causados por este, ndo devem ser superiores a 10% nas
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Figura 2 - Equivaléncia de rigidez -
analogia com pilar em balanco

Ziz/244 4

reagoes e nas solicitagdes da estrutura. Deve-se assegurar também
que nao ocorrera o esgotamento da capacidade resistente de calculo.

3.2.1 Parametros de instabilidade (a)

A classificagao da estrutura quanto a deslocabilidade lateral dos nés é
realizada por meio do parametro de instabilidade ¢ . Acima de certo
valor limite, a estrutura é classificada com de nés méveis, €, portanto,
deve ser considerada a analise de segunda ordem. Destaca-se que o
parametro & nao é capaz de estimar os efeitos de segunda ordem.
Adotando inicialmente que a estrutura de contraventamento possa
ser representada por um unico pilar engastado na base e livre no
topo, de rigidez E]k equivalente a soma das rigidezes dos pilares
de contraventamento da estrutura (figura 2) e sendo constante ao
longo da altura H do edificio, temos o seguinte valor para o para-
metro de instabilidade:

P, k
EJ, )

Na equagéo 9, tem-se que P, é a soma de todas as cargas ver-
ticais da estrutura. Faz-se uma ressalva que os valores a serem
usados sé&o caracteristicos.

Pd :’Yf.f)k :1.4.f)k

(10)

(EJ), =0.7-(EJ), (11)

O indice “d” indica valores de calculo.
A condicdo para que a estrutura seja de nos fixos é de que
o <a,,sendo &, igual a:

o, =0,2+0,1-n se n<3 pavimentos

(12

o, =0,6 se n=4 pavimentos

O valor limite de o, <0,6, quando utilizado em estruturas com
menos de 4 pavimentos &, em geral, bem aplicavel a maioria das
estruturas de edificios. Entretanto, quando a estrutura de contra-
ventamento é formada exclusivamente por pilares-parede ou por-
ticos, o valor de ¢, deve ser alterado. Os novos valores limite de
O, estdo descritos abaixo:

- a, =0,7 Para contraventamento em pilares-parede;

- a, = 0,6 Para contraventamento misto (pilares-parede + Pérticos);
- a, =0,5 Para contraventamento em porticos.

A equivaléncia da rigidez dos elementos de contraventamento (siste-
mas mistos e sistemas aporticados) da estrutura é calculada aplican-
do-se a carga lateral caracteristica sobre toda a altura da edificagéo e
determinando-se o0 seu deslocamento & do topo do edificio.

Obtido o valor do deslocamento no topo do edificio, faz-se com que,
para um novo pilar equivalente em balanco, de rigidez equivalente
constante, sob a agédo da mesma carga, este novo pilar em balango
sofra 0 mesmo deslocamento na sua extremidade em balango. Admi-
tindo-se que a carga é constante sobre toda a altura do edificio, tem-se:

Qk'H4

8.5 (19

(EI )k =

Em que:

q, € a carga lateral caracteristica;

H : Altura total da edificagao;

o : Deslocamento no topo da edificagao.

3.2.2 Coeficiente 7,

A norma atribui ao coeficiente /. a avaliagdo da ocorréncia ou
nao dos esforgos globais de segunda ordem para estruturas reti-
culadas com no minimo quatro pavimentos.

Para a determinagéo de seu valor, faz-se uma analise de primeira
ordem em cada caso de carregamento. Segue a formula para }_ :

1
Yz=—aasr
L AMpry, (14)
Ml,TOT,d
Sendo:

M, 1or.4: momento de tombamento. E a soma dos momentos de
todas as forgas horizontais da combinagao considerada, com va-
lores de calculo, em relagao a base da estrutura.

AM 1o; 4 € @ soma da multiplicagéo das forgas verticais atuantes
na estrutura, na combinagéo considerada e com valores de calcu-
lo, pelos deslocamentos horizontais de seus respectivos pontos
de aplicagao.

Os valores acima sao obtidos por andlise de primeira ordem.
Para a estrutura ser considerada como de nos fixos, a condigéo
estabelecida é de que:

Yy, <1.1

(19)

Sendo satisfeita a condi¢gdo acima, o calculo em estruturas com
nos fixos pode ser realizado considerando cada elemento compri-
mido isoladamente. O elemento estara com a extremidade vincu-
lada aos demais elementos estruturais. De acordo com a norma
NBR 6118:2014, no item 15.6 — “Analise de estrutura de nos fixos”
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é dito que sob a agdo de forgas horizontais, a estrutura é sempre
calculada como deslocavel.

O fato de a estrutura ser tratada como de nés fixos permite apenas
a nao verificagao dos efeitos globais de segunda ordem. Os efei-
tos locais de segunda ordem devem ser considerados.

A norma NBR 6118 diz: “A andlise global de 22 ordem fornece
apenas os esforgos nas extremidades das barras, devendo ser
realizada uma analise dos efeitos locais de 22 ordem ao longo dos
eixos das barras comprimidas”.

Por outro lado, quando o valor de 7z obtido a partir de uma anali-
se de primeira ordem, for maior que y, >1,1, a estrutura deve ser
considerada de nés moveis. Nesse caso, devem ser obrigatoria-
mente considerados os efeitos da n&o linearidade fisica e geomé-
trica, sendo, portanto, necessaria a verificagdo dos efeitos locais e
globais de segunda ordem.

Quando o valor de 7z estiver no intervalo entre 1,1 <y, <1,3, a nor-
ma NBR 6118:2014 diz que os esforgos globais de segunda ordem
podem ser considerados de maneira aproximada adotando-se valo-

res diferentes de rigidezes para os elementos estruturais, os quais
devem ser iguais aos demonstrados no item 3.1.1. Por fim, a solugéo
final para consideragao aproximada dos esforgos globais de 22 ordem
consiste na majoragao dos esfor¢os horizontais da combinagéo de
carregamento considerada por 0,957, , obtidos apds analise de pri-
meira ordem da estrutura. Esse processo s6 é valido para y, <1,3.
Nos demais casos em que y, >1,3 a estrutura sera de nés mo-
veis, sendo obrigatéria a analise dos efeitos de segunda ordem
considerando métodos refinados, comoo P—A.

4. Modelagem estrutural

EE

Para aplicagéo dos conceitos sobre estabilidade estrutural, este
artigo fara a simulagdo de um edificio em software de modelagem
estrutural. O software utilizado, CAD/TQS, é uma das ferramentas
disponiveis no mercado brasileiro a disposigao dos profissionais li-
gados a elaboragao de projetos estruturais de edificos de concreto
armado e um dos mais utilizados atualmente.

Figura 3 - Planta baixa sem pilar parede
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A seguir sera apresentada a planta baixa utilizada para simula-
¢ao do edificio, variagbes de cada modelo adotado, descrigdo das
cargas verticais e horizontais a qual o edificio esta submetido, as
condigbes e consideracdes adotadas para analise estrutural e
apresentacgdo dos valoresde & e } ;.

4.1 Modelo estrutural adotado

O edificio & constituido de 10 pavimentos (figura 4) de acordo com
a planta baixa indicada nas figuras 3 e 5. Foram adotadas duas
solugdes estruturais: uma sem pilar parede (figura 3) e outra com
pilar parede (figura 5). Esta condigao foi definida para que possa
ser comparado qual efeito gerado quando se usa pilares parede.

Tabela 4 - Cargas utilizadas
no modelo estrutural

Descricdo da carga vertical Valor da carga verfical

(kN/m?)
Peso da laje e=18cm 18x0,25=4,5
Permanente 1
Acidental 1,5
Peso da alvenaria
Total 10

Tabela 5 - Tipos de variacdo de modelos
de acordo com a tensdio nos pilares

Valor limite
adotado
(MPa)

Tensdo adotada

Tipo de variagdo

10/
V1 50% do yolgr 1.6
de referéncia

10/
V2 60% do yolqr 14,0
de referéncia

1O/
V3 70% do yok?r 16,3
de referéncia

0,
va 80% do yolgr 18,6
de referéncia

0,
V5 90% do yelqr 21.0
de referéncia

O software CAD/TQS versao 17.8 disponibiliza 6 modelos de re-
feréncia para o dimensionamento e analise estrutural. No caso
deste artigo, foi adotado o “Modelo VI”, conhecido também como
Modelo Flexibilizado com Lajes. Este modelo é o mais recomen-
dado quando se trata de analise estrutural de edificios de concreto
armado, pois o modelo é considerado um poértico espacial tridi-
mensional formado por vigas, pilares e lajes. O modelo é compos-
to por barras que simulam as lajes, vigas e pilares.

O modelo estrutural foi modelado considerando as seguintes car-
gas horizontais previstas na norma: desaprumo e vento; e foram

C/Pav. C. Pav.
10° tipo 10 11,1 7 77
9° fipo 9 11,1 10 111
8° tipo 8 11,1 10 111
7° tipo 7 11,1 10 111
&° fipo 6 11,1 10 1
5° tipo 5 11,1 10 111
4 tipo 4 11,1 10 11
3° tipo 3 11,1 10 111
2° fipo 2 11,1 10 1
1° fipo 1 11,1 10 11
Fundagdo 0 - 0.0 0.0

Tabela 6 - Pré-dimensionamento Pilar P1 - Variagéo V1

C. Acum. Tensdo
79 20 50 7 0,0794
198 20 50 7 0,1976
316 20 50 7 0,3158
434 20 50 7 0,4340
552 20 50 7 0,5522
670 20 50 7 0,6704
789 20 50 7 0,7886
907 20 50 7 0,9068
1025 20 50 7 1,0250
1143 20 50 7 1,1432
1143 20 50 0 1,1432
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consideradas automaticamente, pelo software, durante a analise
estrutural. A velocidade do vento considerada foi de 30m/s, fator
S1, S2 e S3 séo respectivamente 1, categoria IV-B e 1.

As cargas verticais consideradas nos pavimentos seguem de
acordo com a tabela 4. Com o objetivo de simplificar o estudo e
facilitar a comparagéo dos resultados entre cada modelo, optou-se
por utilizar cargas superficiais para as cargas de alvenaria.

4.2 Pré-dimensionamento dos pilares

Um dos objetivos principais deste artigo € variar a tensdo de com-
pressdo nos pilares com a finalidade de relacionar estes valores
com os parametros de estabilidade. Para isto, o pré-dimensiona-
mento dos pilares foi determinado por meio do método das areas
de influencia em cada pavimento tipo da edificagdo. De acordo
com o que foi apresentado anteriormente pela tabela 4, a carga
total por pavimento é de 10 kN/m?2.

Aarea de influéncia do pavimento tipo foi determinada pelo software de
calculo estrutural, mas poderia ser obtida manualmente considerando
que a distribuicdo das cargas ocorre de maneira simplificada, isto &,
dado um vao entre 2 pilares em uma direcéo definida, a influencia de
cargas em cada um destes pilares, se da até a metade deste vao. Re-
fazendo este passo para as outras diregdes, pode-se obter entdo uma
area. Esta area equivale a carga distribuida que este pilar absorve.

A resisténcia caracteristica a compressao adotada para dimensio-
namento foi de:

f.. =35MPa

(16)

A variacdo da tensdo de compressao nos pilares seguiu o critério
de que o valor de referéncia para dimensionamento seria de:

%x . =§><35MPa=23.3MPa (17)

Os modelos estudados seguiram as variagdes de tensdo de acor-
do com a tabela 5.

Como exemplo, sera apresentado na tabela 6 como é determina-
do o pré-dimensionamento do pilar P1, do modelo sem pilar pare-
de seguindo a variagao V1:

Sendo:

Pav: Pavimento considerado;

A.l.: Area de Influencia, em mz;

Figura 5 - Planta baixa com pilar parede
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C/Pav: Carga total adotada no pavimento (determinado na tabela 4),
valor em kN/m?;

C. Pav: Carga obtida no pavimento para o pilar P1
(C.Pav=C/PavxA.l.), valor em kN;

C. Acum: Carga acumulada no
C.Acum = C.Pav+ P.P.+C.Acum ,,, . orior
b e h: segao do pilar no pavimento considerado, em cm;

P.P.: Peso proprio do pilar, obtido pela multiplicagédo da area da
secao transversal do pilar pela altura do pavimento (2,88m) e pelo
peso proprio do concreto (25 kN/m3);

Tens&o do pilar por pavimento: valor obtido por C.Pav/b x h , dado
em kN/m?;

Observa-se que o valor da tensdao no pavimento fundagao e 1°
Tipo nado ultrapassam o valor de limite para a variagéo V1: 11,6
MPa=1.16kN/m?2.

Para a modelagem e simplificagdo da apresentagao dos resul-
tados, foram elaborados edificios seguindo as variagdes V1 a
V5 (tabela 5), foram pré-determinadas as dimensodes dos pila-
res para as plantas baixas com e sem pilares parede. Com isto
foram determinados 10 modelos diferentes, de acordo com a
tabela 7.

Para obtencdo dos resultados, foram consideradas as combina-
¢des de cargas nos modelos apresentadas na tabela 8.

As cargas Peso proprio, Permanente e acidental foram majoradas
em y, =14 e as cargas de vento com coeficiente y/, = 0,6 . Estes
valores foram obtidos da norma brasileira NBR 6120:1980 — Car-
gas para o Calculo de Estruturas de Edificagao.

pavimento, sendo:

5. Resultados

N

Os modelos propostos foram processados no software CAD/TQS
e, por meio da analise de portico tridimensional, foram obtidos os
valores de & e ), apresentados na tabela 9.

6. Conclusao

N

Apoés a apresentagao dos resultados por meio da tabela 9 e do
gréfico 1, pode-se observar que os valores de 'z obtidos para
os modelos calculados sem pilar parede se apresentam maiores
comparados aos modelos com pilar parede, o que ja era esperado
pois a presenga deste tipo de pilar aumenta a rigidez a flexao da
edificagao.

Observa-se também que, a variagdo de tensbes nos pilares dos
modelos com pilar parede faz com que a diferenga entre os re-
sultados de 7z seja de pequena intensidade, com valores entre
1,064 e 1,161. Ja para os modelos sem pilar parede, a variagao
da tensao nos pilares alterou de maneira significativa os valores
de 7z, fazendo-os estar entre 1,197 a 1,426. Permite-se concluir,
portanto, que a variagdo da tensdo dos pilares ndo é o fator de-
terminante na determinagdo dos valores de )z aceitaveis, e sim
a presenca de elementos que colaborem com aumento da rigidez
a flexdo. Neste caso, optou-se pelo uso de pilares parede, porém
podem-se usar também vigas com rigidez elevada, paredes es-
truturais em concreto armado, aumento da sec¢ao dos pilares na
direcdo de menor rigidez da estrutura.

Modelo sem pilar parede e V1
Modelo sem pilar parede e V2
Modelo sem pilar parede e V3
Modelo sem pilar parede e V4
Modelo sem pilar parede e V5
Modelo com pilar parede e V1
Modelo com pilar parede e V2
Modelo com pilar parede e V3
Modelo com pilar parede e V4
Modelo com pilar parede e V5

Tabela 7 - Tipos de modelos

Descri¢do do modelo Nomenclatura adotada para o modelo

1-1
1-2
1-3
1-4
1-5
21
2:2
23
24
25

C2 X X X
C3 X X X
(o7} X X X

Tabela 8 - Combinac¢oes adotadas

Permanente Acidental Vento 90° Vento 270°
C1 X X X X -

Vento 0° Vento 180°

= X = =
- — X —

- - - X
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Tabela 9 - Resultados obtidos
o ) f
1-1 0,944 0,944 0,962 0,962 1,197 1,197 1,220 1,220
1-2 0.877 0,877 0,986 0,986 1,196 1,196 1,255 1,255
1-3 1,064 1,064 1,071 1,071 1,353 1,353 1,324 1,324
1-4 1,004 1,004 1,145 1,145 1,390 1,390 1,391 1,391
15 1,117 1,117 1,174 1,174 1,416 1,416 1,426 1,426
2-1 0714 0714 0,562 0,562 1,114 1,114 1,064 1,064
2-2 0,756 0,756 0,582 0,582 1,130 1,130 1,069 1,069
2-3 0,776 0,776 0,597 0,597 1,138 1,138 1,074 1,074
2-4 0,818 0,818 0,609 0,609 1,157 1,157 1,078 1,078
2-5 0.826 0.826 0,615 0,615 1,161 1,161 1,080 1,080

Neste artigo, os modelos com Pilar parede se enquadram abaixo
do limite permitido para que seja dispensada uma analise de se-
gunda ordem na estrutura, ou seja, y, <1,3. Basta realizar ana-
lise de primeira ordem e majorar os esforcos de acordo com as
recomendagdes da norma. No caso dos modelos sem pilar pare-
de, os modelos com tensdes acima de 70% do valor de referencia
precisam de analise de segunda ordem.

Ao interpretar os valores de (¢ observa-se que a maioria dos mo-
delos adotados configura-se com de nds moveis.

Desta forma, este artigo apresentou os conceitos basicos dos pa-
rametros de instabilidade & e ) ; apresentou os resultados de
simulagdes de modelos no software estrutural Cad/TQS variando
a tensdo de compress&o nos pilares com a finalidade de relacio-
nar estes valores com os parametros de estabilidade & e Y, e

apresentou agdes que poderiam ser adotadas em edificios para
minimizar os efeitos da instabilidade global.
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Abstract
E———

The number of buildings higher than 30 floors has shown remarkable growth; many of them are supported on foundations of hollow circular piles.
This increasing of height of constructions causes an increment of the shear stresses that are transmitted to their foundations, however these
elements are more shear critical due to the hollow core. Most of the existing codes are based on shear models for rectangular sections, and
guidelines for assessment of shear strength of members with hollow circular cross sections are practically non-existent. This study evaluates, on
a comparative basis, the shear strength of elements with hollow circular cross sections, obtained from experimental tests, with values computed
using the Canadian Code (CSA A23.3) and using a proposed simple procedure based on the Brazilian standard (NBR 6118).

Keywords: shear strength, hollow circular cross section, modified compression filed theory.

Resumo
E———

O numero de edificios com mais de 30 pavimentos tem apresentado notavel crescimento, muitos dos quais apoiados sobre fundagdes de estacas
circulares vazadas. Este aumento da altura das edificagbes provoca o aumento das tensdes de cisalhamento que séo transmitidas para suas
respectivas fundagdes, no entanto tais elementos sdo mais criticos em relagéo ao cisalhamento devido ao seu nucleo vazado. A maioria das
normas existentes é baseada em modelos de cisalhamento para se¢des retangulares, enquanto que diretrizes para avaliagao da resisténcia ao
cisalhamento de membros com segdes circulares vazadas sdo praticamente inexistentes. Este estudo avalia, de forma comparativa, a resistén-
cia ao cisalhamento de elementos de sec¢des circulares vazadas, obtida através de ensaios experimentais, com valores calculados utilizando a
Norma Canadense (CSA A23.3) e utilizando um procedimento simples proposto baseado na norma Brasileira (NBR 6118).
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1. Introduction

EE

Despite the frequent use of members with hollow circular cross
sections, little research work has been done to perform behavior
analysis of such members when subjected to bending, shear and
normal forces. The codes requirements for designing of elements
subjected to shear forces are based on rectangular sections mod-
els. Some codes, such as ACI 318 [1], for example, recommend
the transformation of circular sections into equivalent rectangular
sections, which may be questionable since stirrups contribute dif-
ferently to the shear strength of both sections.

The literature presents a few models developed especially for
members with hollow circular cross sections, and the number of
specimens tested is very limited. JENSEN & HOANG [2] consid-
ered that the shear strength of a specimen will, depending on the
axial compressive force, be governed either by shear failure in
cracked concrete or in uncracked concrete. They proposed a com-
bination of a classical upper bound model with the so-called crack
sliding model. Figure 1 shows typical shear collapse of a hollow
cored specimen tested by KISHIDA et al. [3].

VOLGY! et al. [4] presents a model based on the analysis of poten-
tial rupture sections subjected to bending and shear. It was applied
a compatibility criteria which considers the way that a member
carry the applied load. It is also presented an analogy between the
failure of the concrete compression zone and the failure of a soil
along a sliding surface.

COLLINS et al. [5] defends the use of the Modified Compression
Field Theory (MCFT) to predict the shear strength for circular ele-
ments. Several authors all over the world consider the MCFT one
of the most accurate models on determining the shear strength of
members. According to VOLGYI et al. [4] the final draft of FIB Mod-
el Code for Concrete Structures [6] implements three approxima-
tion levels to calculate the shear resistance of members with shear
reinforcement; and the approximation level Ill, which is based on
the MCFT, is the most accurate one. However the MCFT was not

considered a simple method by the designers, then BENTZ et al.
[7] presented a simplification for the model which formed the basis
of AASHTO LFRD [8] and CSAA23.3 [9].

NBR 6118 [10] considers two calculation models, both based on
the truss model along with complementary resistant mechanisms
that develop inside the element. The truss model has been con-
sidered the basis for the design of transverse reinforcement of
concrete beams for over half a century, and is far from being over-
come. Researches suggest only modifications or additions to its
theory, maintaining its fundamental aspect, the analogy between
the beam of reinforced concrete, after cracked, and a truss.

For the particular case of hollow circular section there is lack of ex-
perimental data. As a consequence, proposed models found in the
literature are either limited or too complex for routine design work,
like the model proposed By VOLGYI et al. [4]. Additionally, the main
reinforced concrete codes do not establish parameters to determine
the shear strength of members with hollow circular sections. In this
context it is up to the designer to determine such parameters, which
many times are established without any technical support. There-
fore, this paper aims to propose a suggestion to NBR 6118 of safe
parameters (b, and d) that allows to include a simple and safe analy-
sis of the shear strength of members with hollow circular cross sec-
tions subjected to bending, shear and axial force.

2. Methodology
HEET

Values for parameters b, and d for hollow circular sections sub-
mitted to shear, bending and axial force are here discussed. In
order to achieve such goal, this study was divided into six meth-
odological steps, which are: searching for codes and experimental
data; establishing parameters based on the existing codes and
studies found in the literature; computation of the shear strength
using the proposed models adopted by Brazilian and Canadian
Codes, including the new parameters determined by the previous
step; and comparison of the results found, using the codes, with

Figure 1 - Collapse of the member JP12 00 15 35 tested by KISHIDA et al (3)
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experimental results. The main idea is to find and propose parame-
ters (b, and d) that if adopted by the Brazilian Standard would lead
to conservative results of shear strength when compared to the
few experimental values available. At the same time compare such
results using NBR 6118 [10] with results obtained using Canadian
code, CSA A23.3 [9], which is based on the MCFT.

By analyzing existing codes, basically there exist two approaches
for shear design of members: the first approach presents empirical
and truss-based models, like for instance, ACI 318, NBR 6118 and
EUROCODE 2; The second one presents mechanical based mod-
els, like CSA A23.3, ASSHTO LFRD and FIB 2010. Hence, it was
chosen a representative code for each approach in order to make
a comparison of their accuracy.

3. The Modified Compression Field
Theory - MCFT

EE

Developed initially by VECCHIO & COLLINS [11] and afterwards
by COLLINS & MICHEL [12], the MCFT is a general model used
to find the load deformation response of cracked reinforced con-
crete elements subjected to shear forces. This model considers
equilibrium, compatibility of deformations and stress-strain rela-
tionship of the materials. Unlike other models, the MCFT considers
the tension strength between the cracks. Thus, after cracked, the
concrete carries shear by a field of diagonal compression and by

tension stresses between the cracks, which in turn lead to smaller
strains and therefore shear strength less conservative. This ten-
sion stresses at the other hand varies in magnitude from zero at
the cracks to its maximum value between the cracks.

As expected, the MCFT brings a new unknown to be determined,;
the tension stress (f,), nevertheless it additionally presents two strain
compatibility equations and constitutive relationships for the mate-
rials, which link stresses and strains. It is important to notice that
reinforced concrete is treated as a continuous material, and conse-
quently there is no slipping between steel and concrete, moreover
compatibility relationships are expressed in terms of average strains.
Another important aspect of the MCFT is that it considers that the
principal stresses and principal strains have the same inclination,
. Thereby, such model makes it possible to determine the aver-
age stresses and strain for any level of load until the member col-
lapses. The MCFT was used as the base of the general method in
the 1994 CSA and continues being used in the current Canadian
code. The equations of the MCFT are shown in the Figure 2.

4. Codes and studies developed
_——

The design of a member subject to shear usually consists of two
steps: verification of the concrete web crushing and verification of
the diagonal tension. The web crushing verification establishes the
maximum shear strength of a member.

Figure 2 - Equations of the Modified Compression Field Theory (Adapted fromm COLLINS & MICHEL (12))
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The diagonal tension generally determines the actual shear
strength of a member, which should be smaller them the shear
strength determined by the web crushing verification. Such resis-
tance is composed by the concrete contribution (V) plus the shear
reinforcement contribution (V). The formulation proposed for V,
is uniform among most of the codes. The main challenge lies on
determining the contribution of the concrete V..

4.1 Shear strength according to NBR 6118

This study only considered the model | of the Brazilian standard,
which considers that the inclination (8)is equal to 45°, differently from
the model Il, which allows the designer choose any value among 30°
and 45°. The Model | was adopted due to its simplicity involving less
parameters and also due to the lack of experimental data.
According to NBR 6118 [10], the design shear force (V) must
be smaller than the design shear resistance concerning the col-
lapse by diagonal tension (V,,,) and also smaller than the shear
resistance concerning the collapse of the compressed diagonals
of concrete (V,).

The shear resistance regarding the collapse by diagonal tension
(Vi) 18 €qual to the sum between the shear resistance provided
by the shear reinforcement (V) and the strength provided by the
complementary mechanism (V). For members subject to bending

and compression, the complementary mechanism is given by:

M
+—0

sd,max

Vc = Vd) ’ S ZVLO <]>

Where V_ is the concrete contribution for members subjected to
pure bending, or combined tension and bending with neutral axis
through the cross section, and is given by:

Vco = O’6fadbwd (2)

NBR 6118 [10] considers the influence of the compression force on
shear strength of a member by adding the term between brackets
in Equation (1), where: M, is the value of the bending moment that
annuls the compression stress on the edge of the section (ten-

sioned by M_, ), caused by normal forces of different origins with
concomitant V_; M, is the maximum bending moment within

the analyzed portion; f_, is the design shear strength of concrete.
One may note that the larger the compressive force is, the larger
will be M,, and as consequence the concrete’s contribution will in-
crease.

Concerning the verification of the web crushing, considering verti-

cal stirrups, the shear strength (V,,) will be given by:

Vi =027-0, foy-b,-d (3)

Here @ , is a reduction factor of concrete design resistance; f_, is

the design compressive strength of concrete; and b, is effective
web width.

Itis important to notice that the Brazilian standard does not specifi-
cally mention circular cross section, neither hollow nor solid.

4.2 Shear strength according to CSA A23.3

According to the Canadian standard, regions of members, where
it is reasonable to assume that the plane sections remain plane,
should be designed to shear using both methods based on MCFT
or strut-and-tie models. Thus, beams, columns and walls are
typically designed using the “engineering beam theory”, which as-
sumes the shear stresses are distributed over the height of the
member.

Differently from the Brazilian standard, CSA A23.3 [9] establishes
parameters for circular cross sections. In such cases the effective
web width (b,) should be taken as the diameter of the section,
whereas the depth (d) need not be less than 0,8h for prestressed
members with circular sections.

For the Canadian standard, V_ is considered as the concrete’s
ability to transmit shear stress through the cracks by the action of
aggregates interlocking. Thus the shear strength provided by the
concrete will be given by:

Ve=ho [ b, d, @

where B.f’c”2 is the shear stress (see Figure 2), also called ag-
gregate interlock, @ is the resistance factor for concrete and A is
a factor to account for low-density concrete. However CSA A23.3
[9] limits the specified compressive strength of concrete (f')) to 64
MPa in order consider that the aggregate interlock is less effective
in high strength concretes.

The most general procedure of the Canadian standard for deter-
mining the factor accounting for shear resistance of cracked con-
crete (3) and the inclination (8) takes into account the axial force
(N), prestressing (V,), crack spacing (s,.), longitudinal reinforce-
ment ratio, and ratio between shear force and bending moment.
The equations for determining 8 and O according to the general
method are given below:

0=

0,40 1300 )
1+1500c, 1000+s,,

0 =29 +7000g, (6)

Where € is the longitudinal strain and s, is the equivalent crack
spacing parameter dependent on crack control characteristics of
longitudinal reinforcement.

For sections containing at least the minimum transverse rein-
forcement, the equivalent space of crack, s,_, can be adopted as

ze’
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300 mm, or alternatively by Equation (7), where s, is the crack
spacing parameter, adopted as the effective shear depth, d, or as
the maximum distance between layers of distributed longitudinal
reinforcement, whichever is less; and a, is the specified nominal
maximum size of the coarse aggregate.

35s,
S = m > O,SSSZ (7)

CSAA23.3 [9] considers € at the mid-depth of the cross-section by
conservatively approximating € to half of the strain at the bending
tension reinforcement. Thus the longitudinal strain is given, con-
servatively, by the following equation:

AL
7+Vf—Vp+O,5Nf—Ap-jjDO )

2-(A,-E,+A,E,)

E =

X

where M, is the bending moment due to design loads; N, is the
design axial loading, normal to the cross section, including tension
effects due to creep and shrinkage (adopted as positive for ten-
sion and negative for compression); Ap is the area of prestressing
reinforcement on the tension side of the member; E_is the modu-
lus of elasticity of prestressing tendons; A_ is the area of non-pre-
stressed longitudinal reinforcement; E_ is modulus of elasticity of
non-prestressed longitudinal reinforcement; and V,, is the factored
vertical component of the effective prestressing force, V, is the
factored shear force, and fpo is the stress in prestressed tendons
when strain in the surrounding concrete is zero.

One may notice that the bigger the compressive force, the smaller
the longitudinal strain, and as consequence V_ will be larger be-
cause it is a function of 3.

4.3 Other codes and studies that deal with hollow
circular and solid circular cross sections

Traditional standards generally propose empirical formulas to
evaluate the shear force resisted by complementary mecha-
nisms (V). Such formulations are usually taken from tests on
beams with rectangular cross sections, and the results are ex-
trapolated to members with any cross section. The same holds
true for analytic formulas proposed to assess shear force re-
sisted by the stirrups (V). Parameters established by codes
and studies that somehow deal with circular cross sections are
discussed below.

The American standard ACI 318 [1], as mentioned previously, pres-
ents a simplified method for calculating the shear strength of mem-
bers with circular cross sections. It is recommended a replacement
of the circular cross-section by an equivalent rectangular cross
section with the effective web width (b,) equal to the diameter, D;
and effective height (d) equal to 0,8. D.

The American standard, AASHTO LRFD [8] specifies that for cir-
cular sections, such as prestressed concrete columns or piles, d,

may be adopted as 0,9 d,, as can be seen in the Figure 3, where
d, is the effective depth from extreme compression fiber to the cen-
troid of the tensile force in the tensile reinforcement, D_is the di-
ameter of the circle passing through the centers of the longitudinal
reinforcement and d is the effective shear depth.

d= 7+ )

ACI 371R [13] which deals with analysis, design and construction
of concrete-pedestal water towers, considers that the shear forces
caused by wind and earthquakes are resisted by two equivalent
shear walls parallel to the direction of the applied load. The length
of each shear wall cannot exceed 0,78d,, where d, is the mean
diameter of the concrete cylinder as can be seen in Figure 4.
Although the EUROCODE 2 [14] does not treat any type of cir-
cular sections, it considers an important aspect not addressed by
any other codes presented in this study. The European standard
considers the degrading effect of shear strength due to high com-
pressive stresses. Such behavior is included in the resistance
check of the compressed diagonals, V, ., by the inclusion of
the coefficient O, which takes account of the state of the stress
in the compression chord. Hence, when O, /f , is equal to 0,6;
a,, is taken as 1, and the upper limit for the enhancement due
to compression force is achieved. For any ratio O /f , larger than
0,6 and smaller than 1, linear interpolation between this solution
and zero must be used to determine A . Here O is the compres-
sive stress in the concrete at the centroid axis, due to normal and
prestressing forces.

REGIS [15] presented an experimental study where he pro-
posed some modifications to a computational program in order
to include hollow circular cross sections in the analysis of shear
strength of members subject to shear, bending and compression
forces. According REGIS [15], the failure mechanisms of mem-
bers with hollow circular cross sections differ substantially from
mechanisms of solid circular sections, due to the fact that the
compression struts have curved axis. Consequently they undergo
a more unfavorable stress state.

Figure 3 - Parameters bw, dv and de for circular
cross sections according to the AASHTO LFRD(8)
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Figura 4 - Shear wall model equivalent
for pedestal water towers according
to the guide ACI 371R (13)

I, =0,78dw

/ \ 05 Vu
a3 I50
center of sHear resistance E 2
e

dw

g

-

RUIZ & TURMO [16] aiming to study the rupture mechanisms of
cylindrical and hollow bridges piers, subjected to shear forces,
proposed an approximation of the hollow section to two equiva-
lent webs, each one with an effective width (b,) equal to the thick-
ness of the hollow section (f) and the depth (d) equal to 90% of
half the cylinder’s outer perimeter.

JENSEN & HOANG [2] presented a model using a plasticity ap-
proximation to determine the shear strength of pillars and piles
of bridges, loaded with combinations of shear and normal forces.
Depending on the normal compressive force, it was assumed that
the shear strength of a member with hollow circular cross section
is determined by the shear failure in a cracked concrete or in an
uncracked concrete. Thus, it was possible to calculate the benefi-
cial effect on the shear strength due to axial compression. They
found very similar results in comparison to the experimental data
taken from the literature.

Recently VOLGY!I et al.[4] presented an experimental study
where it was examined the ultimate shear resistance, propaga-
tion of characteristic crack and shape of the rupture sections as
function of the wall thickness (t), of the longitudinal and trans-
verse reinforcement amount, of the shear span (a), and of the
axial force (N). The test results were used to verify a calculation
model presented by VOLGYI & WINDISCH [17]. The proposed
method is based on a balance of internal forces along the col-
lapse section. It proposes an adjustment in the calculation of the
stirrups resistance, and an analysis of concrete contribution in the
compression zone as a function of the distance between the end
of the crack and the loading point (/ ), where the inclination of the
central portion of the collapse section was adopted as being 45°
(see Figure 5).

VOLGYI et al. [4] concluded that the strength of reinforced con-
crete members with hollow circular cross sections, increases with

the increasing of the wall thickness (t), with the amount of longi-
tudinal and transverse reinforcement, with the level of prestress
applied, and with the reduction of the shear span (for a/D smaller
than 3.5). It was also observed that the strength of members with-
out stirrups has proved to be greater than the shear force at the
appearance of the first shear crack.

4.4 Analysis of the existing codes and studies
— proposition of parameters b _and d

Although the ACI 318[1], the CSA A 23.3[9] and the AASHTO
LFRDI[8] present some parameters that allow the determination of
the shear strength of members with solid circular cross sections,
the only one that somehow deal with hollow circular cross sec-
tions, subjected to shear forces, is ACI 371R [13] which is applied
to concrete pedestal water towers. According to this report, water
towers are regarded as two equivalent shear walls and parallel to
the direction of the applied load.

Thus, adopting the analysis done by ACI 371R [13] report, b, was
considered as being twice the thickness of the member (2.t). With
regard to the depth (d), after some analyses of the parameters
suggested by the above mentioned codes, it was adopted the
values suggested by CSAA23.3 [9] and ACI 318[1], i.e. d is equal
to 0,8D. Such analyses were performed by calculating the shear
strength of some specimens, using the formulation proposed by
both Brazilian and Canadian codes, replacing only b, and d by
the suggested parameters.

Concerning the degradation effect on the shear strength of mem-
bers subjected to very high compression forces, it was adopted
the approach suggested by the EUROCODE 2 [14]. However,
since the Brazilian code already considers the enhancement ef-
fect of the shear strength of members subject to compression
forces, the formulation proposed by the EUROCODE 2 [14] was
adjusted in order to take into account only the degradation effect.
Hence, we propose including the coefficient O, to the analysis of
the shear strength to guard against possible detrimental effects
on web crushing of high normal stresses.

VRdZ = 0’27'0“1)2 (X‘cwfalbwd

(10)

Figure 5 - Model proposed for the compression
zone according to VOLGYI & WINDISCH, (17)
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Where,
a, =1,00 if 0<Z¥X<0,6

d

Oy . Oy
a, = 2,5(1——‘\J if 0,6<—-<1,0
ad d
Here O is the compressive stress in the concrete at the centroidal axis due

to axial load and/or prestress.
5. Experimental data base
—

To evaluate the calculation procedure established in the previous
section of this paper, results of 79 tests have been collected. These
tests are the only published tests found by the authors.

The specimens presented by REGIS [15] were tested as simply
supported members subjected to two symmetric shear forces, and
axial compression applied by means of a hydraulic jack. According
to REGIS [15], all the members presented bending-shear failure.
The specimens tested by RUIZ & TURMO [16] were also simply
supported, however without axial compression. The concentrated
load was applied by means of a hydraulic jack at the mid-length
of the beam. According to RUIZ & TURMO [16] all the members
presented bending-shear failure.

The data presented by JENSEN & HOANG [2], was actually based on
tests carried by KISHIDA et al [3]. The level of axial compression (o,
/) varied between zero (0) and 0,33; with axial compression applied
either as combination of prestressing and external normal force, or as
prestressing only. JENSEN & HOANG [2] published only members
that presented bending-shear failure. In this study, it was omitted the
specimens with central length of 600 mm, as well as some members
with prestressing and/or axial compression for lack of precise data.
Figure 6 shows the test setup performed by KISHIDA et al [3].

In the study developed by VOLGYI et al. [4], they tested 45 speci-
mens, from which 27 were not subjected to any type of axial com-
pression, and the remainders were subjected to prestressing. The
tests were performed by making an equivalent scheme of a hori-
zontal beam, simply supported, subjected to a concentrated load,
applied by means of a hydraulic jack, at variable distances (625, 825
and 975 mm) from the center of one of the supports. According to

Figure 6 - Test setup reproduced
from KISHIDA et al (3)

VOLGYI et al. [4] all the members presented bending-shear failure.
Figure 7 shows the test setup performed by VOLGY] et al. [4]; and
Tables 1 and 2 presents the collected experimental data base where:
D and D, are the external and internal diameter of piles respectively;
@, is the diameter of the transverse reinforcement; @, is the diameter
of the longitudinal reinforcement; s is the spacing of headed shear
reinforcement or stirrups, tis the wall thickness; O, is the compressive
stress in the concrete at the centroidal axis, f is the specified yield
strength of non-prestressed reinforcement, V,  is the shear strength
obtained experimentally through the test results, V,, and Vris the
shear strength calculated through the Brazilian and Canadian codes
respectively.

6. Results and analysis
—

6.1 Influence of axial compression force
on shear resistance

Observing the experimental data base presented in Table 1 and 2, it
is possible to notice that as the axial compressive forces increase so
does the shear strength. Such behavior was observed either in mem-
bers with stirrups as well as members without shear reinforcement.

Figure 7 - Test setup reproduced from VOLGY et al (4)
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As example, one may point out the specimens JP3-40-15-70 and
JP3-40-15-105, presented by JENSEN & HOANG, [2] which have
same characteristics except the normal compressive stresses which
increase gradually, and as consequence the shear resistance also in-
creases. In some cases the increase in normal stresses compensates
for the decrease in longitudinal reinforcement as can be seen from the
results of specimens JP3-40-15- 70 and JP3-80-15-35.

6.2 Influence of wall thickness on shear resistance

By comparing the members 55-16-0-825 and 90-16-0-825 of Table
2 which have the same characteristics, except for the wall thick-
ness, it is possible to notice that the shear resistance of the mem-
ber 90-16-0-825 is about 57% higher than of member 55-16-0-825,
whose thickness is 40% smaller. The same holds true for the mem-
bers 55-12-0-625 and 90-12-0-625.

In general it is possible to state that: as the wall thickness in-
creases, so does the shear strength. Greater wall thickness results
greater effective web width (b, ), which in turn leads to larger shear
area of aggregate interlock, therefore there is a greater contribu-
tion of the concrete for shear resistance.

6.3 Influence of the shear span ratio (a/D)
on the shear resistance

Observing the results presented by VOLGYI et al [4] in Table 2
one may see that: as shear span ratio (a/D) decreases, the shear
strength increases. In the case of specimens 55-12-150-625 and 55-
16-150-975 the reduction in longitudinal reinforcement is more than
compensated by the reduction of shear span (a) and larger shear
strength is obtained. Similarly in the case of specimens 90-16-150-
F2-975 and 90-16-150-F1-625 the decrease in normal stresses is
more than compensated by the decrease in the shear span.

6.4 Comparison of test results with shear
resistance computed using the
Brazilian and Canadian codes

Using the experimental data base, and adopting the effective width

(b, = 2.t) and depth ((d =0,8D)) as previously proposed in the sec-
tion 4, the shear resistance of each member was calculated using
the provisions of NBR 6118 [10] and CSA A23.3 [9], without the
safety factors.

The last two columns of Table 1 and 2 present the results using
both Brazilian and Canadian codes.

6.4.1 Results using CSA A23.3

Regarding the results obtained using the Canadian Code, it was
observed that, similarly to the analysis of the experimental results,
increasing normal compressive stress, results in an increase in
shear strength. According to CSA A23.3 [9], as the normal com-
pression stress increases, the longitudinal strain decreases, caus-
ing an increasing in B and consequently in V_. At the same time
there is also a decrease in 6, which in turn causes an increase in
the shear strength supported by the stirrups (V).

It was also possible to verify that as shear span (a) decreases,
the shear strength of the members increase, similarly to what was
observed from the experimental data. Such behavior is considered
by the Canadian Standard through the influence of the bending
moment of the critical section, in the calculation of the longitudinal
strain. Regarding the influence of the wall thickness (t), it was ob-
served the same behavior observed in the experimental results, i.e,
as the wall thickness increases, the shear strength also increases.
The graph of Figure 8 presents the results of Table 1 and Table
2. It can be seen that all the shear strength calculated using the
Canadian Standard are on the safe side. The average value of V/
V,,, was 0,62 with a standard deviation of 0,077.

6.4.2 Results using NBR 6118

Regarding the results using the model | of NBR 6118 [10], one may
notice that: as compressive stress increases shear strength also
increases. Such behavior is modeled through the decompression
bending moment M,. Thus, as compression stresses increase, so
does M,, therefore the complementary mechanism (V) increases.
Differently from the Canadian code, as the compressive stress in-
creases there is no increasing of the stirrups contribution (V,), due

Figure 8 - Ratio between the Shear
strength calculated according to CSA A23.3
and experimental results, as a function
of the applied compressive stress
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Figure 9 - Ratio between the Shear strength
calculated according to NBR 6118
and experimental results, as a function
of the applied compressive stress
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to the fact that the model | considers a fixed angle, 6, of 45°. span (a) does not influence the shear strength of the members.
It was also observed when analyzing Table 2, that for elements  However for the elements subjected to combined bending and
that are not subject to compressive stress, the change in the shear  compression, as the shear span (a) decreases, occurs a decrease

Table 1 - Data collected form REGIS (15), RUIZ & TURMO (16) and JENSEN & HOANG (10)

V,, 300 180 0.2 12 - 16 - 34,2 - 0,25 59 38,23 43,51

V., 300 180 0,2 12 - 16 - 32,7 - 0 83 58,29 59,35
Va, 300 180 0,2 12 6,35 16 150 BI5) 600 0,25 130 84,80 106,96
Ve, 300 180 0.2 12 6,35 16 150 37 600 0 158 96,77 119,94

\ 600 400 0,17 12 6 20 300 31,93 500 - 233,20 162,49 153,0

vV, 600 400 0,17 12 6 20 300 31,93 500 - 239,20 162,49 153,0

Vi, 600 400 0,17 12 6 20 300 24,72 500 - 236,70 143,36 144,9

Vi, 600 400 0,17 12 6 20 300 24,72 500 - 216,70 143,36 144,9
JP3401570 300 180 0.2 6 3.2 7.1 50 93,5 539 0,194 259,22 170,93 147,91
JP34015105 300 180 0,2 6 3,2 7.1 50 93,5 539 0,274 300,39 186,60 159,99
JP38015 300 180 0.2 8 3.2 9,0 50 93,5 539 0,074 214,43 144,34 137,45
JP3801535 300 180 0.2 8 3,2 9,0 50 93,5 539 0,158 250,62 163,60 147,55

JP3001535 300 180 0.2 10 3.2 9.0 50 93.5 539 0,094 198,60 149,49 141,23

JP310015 300 180 0.2 10 3.2 9.0 50 93.5 539 0,096 216,69 149,93 141,90
JP3001570 300 180 02 10 3,2 9.0 50 93.5 539 0,163 239,77 164,71 149,72
JP31001535 300 180 0.2 10 3,2 9,0 50 93,5 539 0,171 240,67 166,38 150,77
JP30015105 300 180 0.2 10 3.2 9.0 50 93,5 539 0231 241,12 178,82 159,80

JP6401570 300 210 0,15 6 2,9 7.2 55 93,5 589 0,246 228,92 141,49 126,28
JP64015105 300 210 0,15 6 2,9 7,2 55 93,5 589 0,333 244,78 153,82 138,10

JP68015 300 210 0,15 8 2,9 9.0 55 93,5 589 0,073 170,88 109,56 107,28
JP6801570 300 210 0,15 8 2,9 9.0 55 93.5 589 0,288 248,02 147,60 129,80

JP610015 300 210 0,15 10 29 9.0 55 93,5 589 0096 183,85 114,38 110,47
JP6001570 300 210 0,15 10 2,9 9.0 55 93,5 589 0,218 201,88 137,16 122,57
JP60015105 300 210 0,15 10 2,9 9.0 55 93,5 589 0,306 228,56 150,16 133,30
JP61001570 300 210 0,15 10 29 9,0 55 93,5 589 0,309 211,61 150,60 133,70
JP610015105 300 210 0,15 10 2,9 9.0 55 93,5 589 0,396 228,56 161,93 146,50
JP210015 300 220 0,133 8 2,9 9,0 50 93,5 589 0,098 164,67 107,86 106,21
JP98015 300 220 0,133 2,9 7.1 50 93,5 589 0,079 159,44 104,37 106,93
JP12 80 15 300 225 0,125 29 9.0 45 93,5 589 0,071 150,91 102,22 104,19
JP12401535 300 225 0,125 2,9 7.2 45 93.5 589 0,147 16236 11492 109,71
JP12401570 300 225 0,125 2,9 7.2 45 93,5 589 0,280 208,74 132,89 121,60
JP1210015 300 225 0,125 2,9 9.0 45 93.5 589 0,092 151,91 10599 100,84
JP12001570 300 225 0,125 2,9 9.0 45 93,5 589 0,254 191,74 129,67 105,00
JP12001535 300 225 0,125 2,9 9.0 45 93,5 589 0,119 160,81 110,62 119,00

o
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Table 2 - Data collected form VOLGYI et al. (4)

POQOS msm Mflc’a
56-12-0-975 300 190 0,19 12 12 — = 975 72,9 581 — 68,60 60,16 40,49
55-12-0-625 300 190 0,19 12 12 - - 625 72,9 581 - 105,00 61,22 46,08
55-12-150-825 300 190 0,19 12 12 5 150 825 66,9 581 = 10500 8509 74,09
55-12-150-625 300 190 0,18 12 12 5 150 625 66,9 581 - 135,00 83,09 7825
55-14-0-825 300 190 0,20 12 14 - - 825 66,1 581 - 71,70 58,34 49,47
55-14-0-625 300 190 0,20 12 14 - - 625 66,9 581 - 82,80 59,80 5329
55-14-150-825 300 190 0,18 12 14 5 150 825 66,9 581 = 133,00 82,10 79,99
55-14-150-625 300 190 0,20 12 14 5 150 625 66,9 581 - 162,00 88,08 87,94
55-14-75-825 300 190 0,19 12 14 5 75 825 66,1 581 - 143,00 111,92 111,39
55-14-75-789 300 190 020 12 14 5 75 789 66,1 581 - 163,50 114,88 113,69
55-16-0-975 300 190 021 12 16 = = 975 66,9 581 = 78,00 63,79 54,30
55-16-0-825 300 190 0,19 12 16 - - 825 66,9 581 - 8540 56,81 52,26
55-16-150-975 300 190 0,18 12 16 5 150 975 72,9 581 - 115,00 86,32 82,60
55-16-150-825 300 190 0,20 12 16 5 150 825 72,9 581 - 140,00 90,54 87,69
90-12-0-825 300 120 0,32 12 12 = = 825 70,2 581 = 95,00 92,63 59,25
90-12-0-625 300 120 031 12 12 - - 625 70,2 581 - 158,00 94,69 62,38
90-16-0-825 300 120 0,32 12 16 - - 825 66,9 581 - 134,00 9568 74,49
90-16-0-825 300 120 033 12 16 - - 825 66,9 581 - 13500 98,67 76,02
90-16-150-975 300 120 031 12 16 150 975 70,2 581 = 158,00 123,99 99,17
90-16-150-825 300 120 0,32 12 16 150 825 66,9 581 - 177,00 123,96 106,20
90-16-150-825 300 120 031 12 16 150 825 66,9 581 - 169.00 121,96 105,32
90-16-150-825 300 120 031 12 16 150 825 70,2 581 - 178,00 123,99 103,44
90-16-150-625 300 120 0,32 12 16 150 625 70,2 581 = 218,00 127,08 111,73
90-16-150-625 300 120 031 12 16 150 625 70,2 581 - 228,00 12502 110,77
90-16-110-825 300 120 0,30 12 16 110 825 66,9 581 = 187.00 129,26 115,25
90-16-110-625 300 120 031 12 16 110 625 66,9 581 - 210,00 130,25 123,32
90-16-75-635 300 120 0,33 12 16 75 635 66,9 581 = 258,00 155,22 146,00

55-16-150-F1-825 300 190 0,19 12 16
556-16-150-F1-625 300 190 0,20 12 16
556-16-75-F1-8256 300 190 0,20 12 16
55-16-75-F1-6256 300 190 0,19 12 16
90-16-150-F1-975 300 120 0,31 12 16
90-16-150-F1-975 300 120 0,31 12 16
90-16-150-F1-825 300 120 0,32 12 16
90-16-150-F1-825 300 120 0,31 12 16
90-16-160-F1-625 300 120 0,32 12 16
90-16-150-F1-625 300 120 0,32 12 16
90-16-150-F2-975 300 120 0,31 12 16
90-16-150-F2-975 300 120 0,32 12 16
90-16-150-F2-825 300 120 0,32 12 16
90-16-150-F2-825 300 120 0,32 12 16
90-16-150-F2-625 300 120 0,33 12 16
90-16-150-F2-625 300 120 0,32 12 16
90-0-150-F2-825 300 120 0,31 12 0
90-0-150-F2-976 300 120 0,30 12 0

150 825 62,5 581 005 140,00 8925 8892
150 625 625 581 005 147,00 9286 96,09
75 825 62,5 5881 005 170,00 119,09 120,90
75 625 625 581 005 180,00 117,64 127,81
150 975 64,8 581 0,02 141,00 12093 97.13
150 975 69,8 581 0,03 146,00 127,13 96,38
150 825 64,8 581 0,03 16500 12636 104,36
150 825 69,8 581 0,03 167,00 127,65 101,32
150 625 64,8 581 0,03 229,00 12684 111,44
150 625 64,8 581 0,03 23400 12636 111,86
150 975 62,5 581 0,06 163,00 124,02 10254
150 975 69,7 581 0,06 161,60 133,17 101,42
150 825 62,5 581 0,07 18600 130,98 107.21
150 825 69,7 581 006 179,00 13506 111,69
150 625 62,5 581 0,07 23300 13531 121,30
150 625 62,5 581 0,08 21600 133,88 121,47
150 825 722 581 005 174,00 133,69 8913
150 975 722 581 004 14500 128,65 81,59

(€2, BN, BN, RS, BNG, BING, IS, BING, NG, BN, BN, NG, BN, BNG ) BN, BENG) IING) IING,) BN NG, BENG) NG, BN G, NG, NG, BNe)
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in the maximum design bending moment, therefore increasing
concrete resistance (V).

Concerning the influence of the wall thickness (t), NBR 6118 [10]
formulation reproduces the observed effect of increase of shear
strength with wall thickness

The graph of Figure 9 presents the results of Table 1 and Table 2.
It can be seen that for all members, the shear strength computed
using the model | of NBR 6118[10] are safe. The average value of
Vr/Vexp is 0,69 with standard deviation of 0,084.

Thus, it can be seen that the shear strength computed using the
Brazilian Standard presents values closer to the experimental re-
sults than the shear strength calculated using the Canadian Stan-
dard. However the standard deviation of V,/V, = computed using
NBR 6118 is higher.

7. Suggested procedure for hollow
circular cross sections - NBR 6118
EE
Finally, adopting the parameters proposed in item 4.4, it is possible
to present a simple procedure that allows designers to compute
safe shear strength for members with hollow circular cross sec-
tions, subjected to shear, bending and compressive axial forces.
The procedure summarized below is based on model | of NBR
6118 provisions, and is valid for 0,125<t/h<0,33.
Effective web width: /, =27 (tis the thickness of the section wall)
Depth: d = 0,8D (D is the external diameter of the cross section)
Factored shear strength: 17, <17, . =17 +1",

Sd — 7 Rd3

Maximum Shear strength: 1, , =0,27-a,,-a,, - f,,-b,-d
Where, o, =1 if 0<v<0,6
a,=2,5-(1-v) if 0,6<v<1
v= N,
At ../;d
aﬂZ = 1_£
250

Shear strength carried by concrete (V)

For simple bending:

V.=V,=0,6:f,b,d

For combined bending and axial compression:

Sd max

M
V=V, -(1 +—“] <2V,
Shear strength carried by the shear reinforcement

< 435MPa

sw ywd

A
Vv :(i).o,%]-fw~(sina+cosa) where f
; ; .

8. Conclusions

EE

Although there are few experimental data available in the litera-
ture, it was possible to carry out the necessary analyses through
the 79 tests found. Thus, taking into account the existing codes
and literature, and the results obtained in this study, it is possible
make the conclusions below.

The codes analyzed for determining the shear strength do not spe-
cifically cover members with hollow circular cross sections;
Adopting b, as 2.t and d as 0,8.D and using the provisions of the
Brazilian and Canadian codes to calculate the shear strength for

all tests found in the literature, the shear strength calculated pre-
sented safe results for specimens with 0,125 < t/h < 0,33;

Shear strength increases by raising the axial compression force,
the wall thickness (t), and by decreasing the shear span (a). How-
ever, excessive axial compressive stresses may be detrimental to
shear strength;

Both standards A23.3-04 and NBR 6118 do not consider the shear
strength deterioration due to a very large compression force N.
EUROCODE 2 however considers such effect including the coeffi-
cient d_, in the analysis of the shear strength regarding web crush-
ing, which is incorporated in the proposed simplified procedure;
The proposed NBR 6118 based procedure to compute the shear
strength of hollow circular sections subjected to combined axial
compressive force, bending and shear is both simple and safe.
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Abstract
E——

The mixing process of fiber-containing cementitious suspensions is a crucial factor to obtaining a good dispersion of fibers and guarantee ad-
equate mechanical performance of the hardened products. The addition of fibers into the suspension causes reduction of the fluidity of the sys-
tem due to factors inherent to the fibers, the matrix and their interaction. During mixing, these interactions make dispersion and homogenization
processes more difficult due to the formation of fibers - particles agglomerates. Conventional techniques to assess workability of mortars are
inadequate to evaluate the rheological behavior of fiber-reinforced systems, in which parameters like viscosity and yield stress are not completely
taken into account. Therefore, this work employs rotational rheometry to evaluate the influence of fiber and water addition sequences on mix-
ing and rheological behavior of mortars containing Polyvinyl Alcohol (PVA) fibers. Constant test parameters were: mixing time of 317s; impeller
velocity 126.5 rpm; water flow 128g/s. A constant mix design was used with a water content of 16%wt, and a 0.2%vol of fibers were added to the
reference composition. Four mixing sequences were studied: S1 and S2 are based on the addition of fibers at different stages of the mixing pro-
cess; while in S3 and S4 not only the fibers are added at different stages, but also the water addition is performed in two steps (25% first and 75%
latter).Results showed that it is possible to optimize the mixing step of fiber-containing systems by changing the moment of fiber addition into the
mixture. The introduction of fibers after mixing the dry mortar with water, when it already had achieved its fluidity point, demanded a lower mixing
effort and produced a more flowable material.

Keywords: mixing sequence, rheology, PVA fibers.

Resumo

O processo de mistura de suspensdes cimenticias contendo fibras € uma etapa crucial para que se obtenha uma boa distribuigao das fibras, garantindo
os beneficios que as mesmas podem trazer ao desempenho mecanico. A introducéo das fibras na suspenséo tende a provocar redugao na fluidez. Isso
ocorre devido a uma série de fatores inerentes as fibras, a matriz e, a interagéo entre elas. Durante a mistura, essas interagdes tornam a dispersao e
homogeneizacéo mais dificil devido a formagao de aglomerados de particulas e fibras. Técnicas convencionais de avaliagdo da trabalhabilidade sdo
insuficientes para avaliar o comportamento reolégico de sistemas reforgados com fibras porque parametros como viscosidade e tensédo de escoamento
nao sdo considerados em sua totalidade. Assim, este trabalho propde utilizar técnicas de reometria rotacional, para avaliar a influéncia da sequéncia
de adigao da fibra e da agua na mistura e no comportamento reolégico de argamassas. O tempo de mistura € mantido fixo em 317s, a velocidade do
equipamento é 126,5rpm e a taxa de adigdo de agua 128g/s para todas as sequéncias. Uma mesma composi¢do granulométrica foi usada fixando o
teor de agua em 16% e o de fibra em 0,2%. Quatro sequéncias de mistura foram estudadas: S1 e S2 séo baseadas na adi¢éo das fibras em diferentes
estagios do processo de mistura, enquanto na S3 e S4, ndo s6 as fibras sdo adicionadas em diferentes estagios, mas também a agua ¢ adicionada
em duas etapas (primeiro 25% e depois 75%). Os resultados indicaram que é possivel otimizar o preparo de sistemas com fibras de PVA modificando
etapas simples do processo como o momento de introduzir as fibras. Entre as sequéncias avaliadas concluiu-se que introduzir as fibras apds a homo-
geneizagao prévia dos materiais, no ponto de fluidez, tende a produzir sistemas mais fluidos e com menor esforgo para mistura.

Palavras-chave: sequéncia de mistura, reologia, fibras de PVA.
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1. Introduction

EE

Mixing is the main preparation step of cementitious suspensions,
since the adequate dispersion and homogenization of the raw ma-
terials in the system is the starting point for fresh and hardened
properties to achieve their full potential based on the product’s mix
design. In this sense, fresh characteristics of the cementitious sus-
pensions like rheological behavior, water retention capacity, and
phase separation stability (robustness) are very important because
they determine the initial conditions for a suitable microstructural
development, which will have substantial effect on the hardened
properties of cement-based products.

During mixing, the formation of agglomerates occurs when the lig-
uid (water) get in contact with the solid particles, increasing the
necessary efforts for mixing until a point of maximum cohesion
between particles is achieved. At this point, the mixing efforts are
high and there is a competition between the forces of agglomer-
ate formation and their break. The agglomerates are destroyed by
impact and shear energy provided by the mixing equipment, thus,
promoting fines and aggregates dispersion, as well as, the homog-
enization of the solid particles between them and with water [1-6].
The efforts related to the mixing process can be assessed by spe-
cial rheometers capable to withstand and measure the high levels
of torque generated during mixing of highly concentrated suspen-
sions (like mortars and concretes) [1-4], or by mixers equipped
adequately to quantify the energy consumption [5-7] during the
process, also allowing for the identification of the moment that the
material starts to behave like a fluid [2,8], the fluidity point. This
point can be determined in the mixing curve as the moment in
which the torque levels start to stabilize and the first derivative of
the curve tends to zero asymptotically, Figure 1 [2].

Mixing stages can be assessed by torque vs. time curves, while

shear cycles performed immediately after mixing provide informa-
tion regarding the effects of mixing on the rheological behavior of
the material, Figure 1 [9]. In Figure 1, each red point marked on
the curve indicates a mixing time when the rheological profile of
a mortar was evaluated by a shear cycle (accelerating and de-
celerating with steps at different rotation speeds). It can be noted
that the shorter the mixing time, the larger the difference between
acceleration and deceleration curves (hysteresis), indicating that
the system was still rheologically unstable because the mixing was
incomplete, therefore the mortar needed an additional energy —
provided by the shear cycle — to proceed with dispersion and ho-
mogenization and, then, achieve a stable state. For longer mixing
times, the hysteresis area gets progressively smaller until it zero or
almost zero, which indicates that the procedure provided enough
energy for an adequate mixing that produced a rheologically stable
mortar for the experimental conditions applied [9].

Fibers are generally incorporated into cementitious materials as re-
inforcements aiming to improve their strength [10], dynamic prop-
erties [11,12], resistance to shrinkage cracking and post-failure re-
sidual strength [13]. The reinforcement depends on fibers’ features
— nature, mechanical properties, geometry — their anchorage with-
in the matrix and their dispersion as well. A poor fiber distribution in
the matrix promotes little or no reinforcement at all, and it can even
generate critical defects within the composite if its concentration is
extremely localized [14]. There are various types of fibers used in
cementitious matrix: natural, metallic, ceramic, glassy, polymeric
and recycled [15]. They are classified in function of the raw mate-
rial from which they are produced, inorganic or organic types; and
they can be also characterized by length, shape and diameter. Ac-
cording to their size, they are called macrofibers (diameter bigger
than 0.3mm and length from 30 to 60mm) or microfibers (diam-
eter between 10 and 30um and length between 3 and 18mm) [16].

Figure 1 - Torque vs. time curve and rheological behavior of the reference
composition at different mixing times. (adapted (9))
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In general, microfibers are used to reduce shrinkage cracking and
macrofibers for structural reinforcement [17]. Microfibers present
an advantage over the larger ones to prevent cracking because
they require a higher pressure to initiate or to propagate cracking
due to their smaller diameter [18].

The addition of fibers in cementitious materials causes loss of their
workability or reduction of fluidity. This phenomenon is mainly as-
sociated to the fiber content, its features (type, geometry, surface
treatment, and stiffness), distribution and orientation of the fibers
in the matrix, fiber-fiber and fiber-matrix interactions. All these fac-
tors make the rheological behavior of fiber-containing suspensions
quite complex [19,20].

During mixing, these fiber-related interactions make dispersion and
homogenization processes more difficult due to the formation of
fibers-particles and even fiber-fiber agglomerates. Trying to reduce
/ avoid the perturbations caused by fiber interactions during mix-
ing, some authors have suggested different mixing methods and
sequences of addition of raw materials to improve the processing
of cementitious composites. For mortars reinforced with polypro-
pylene (PP) fibers, it was observed that sequence of addition of
the materials and mixing time had influence on the homogeneity
of the obtained mortar [21]. Others [22] showed that mixing the
fibers with the liquid previously to the particulate materials affected
fiber dispersion and consequently the toughness of the composite.
An initial mixing of the fibers with the dry particulate materials also
reported a better dispersion of sand and fibers [23]. In refractory
castables technology, some authors investigating alumina-based
concretes with PP fiber addition studied two types of processing: (i)
mixing the fibers with the dry materials and (ii) addition of the fibers
into the fluid concrete already mixed [4]. The study [4] concluded
that depending on the addition method different shear levels dur-
ing mixing and damage to the fibers were obtained. Damage was
lower for shorter fibers and when they were added after the con-
crete was already mixed [4]. Another investigation also showed
better results when the fibers were mixed in the final stage of the
processing, after all particulate materials had already been mixed
with water [18]. The cementitious composites reinforced with PVA
fibers obtained by this mixing method presented a more homo-
geneous fiber distribution, improved mechanical properties, and
reduced shrinkage [18].

The investigations of diverse mixing procedures for fiber-contain-
ing cementitious composites seek optimum dispersion of the fibers
within the matrix with reduced damaged (that may be caused dur-

Table 1 - Mix proportions and physical
characteristics (specific gravity, BET specific
surface area) of the raw materials

Raw
material

Filler 1.23 2.76 12.3
Cement 1.43 3.10 14.5
Hydrated Lime CHIII 6.15 2.49 45
Crushed sand 0.27 2.79 68.7

Figure 2 - PVA fibers

ing processing), in order that the fibers can perform their reinforce-
ment role as expected and, consequently, to produce a composite
that can achieve its designed properties. In this context, the goal of
the present work is to use rheometry techniques to evaluate the in-
fluence of different addition sequences of PVA-fibers and water on
mixing and rheological behavior of mortars. Four mixing sequenc-
es are studied: S1 and S2 are based on the addition of fibers at
different stages of the mixing process; while in S3 and S4 not only
the fibers are added at different stages, but also the water addition
is performed in two steps (25% first and 75% latter).

2. Experimental
——

2.1 Materials

The reference composition — R — is composed of Portland cement
CPII F, hydrated lime Brazilian type CH lll, calcium carbonate filler
and crushed sand with maximum particle size of 2mm. Mix design
in volume is demonstrated in Table 1 along with the physical char-
acteristics (specific gravity and specific surface area) of the raw
materials. Water content in weight was 16% for all mixtures (water/
solids ratio of 0.16).

Polyvinyl Alcohol or PVA fibers with 6mm in length, 16um of diam-
eter and specific gravity of 1.3 g/cm® were employed, Figure 2. A
fiber content of 0.2%vol was added to the reference composition
(0% of fibers). Before all the mixing procedures with the mortars,
the dry fibers were dispersed manually and, then, with the aid of an
air jet flow inside a plastic bag.

2.2 Equipment

The rotational rheometer for mortars and concretes (Figure 3) de-
veloped at Poli-USP (Brazil) was used. The equipment performs
speed-controlled tests while the electric power of the engine is
measured and, then (using calibration constant), converted into
torque values. The impeller used in the planetary setup for mixing
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and rheological tests has six blades in spiral configuration, and the
blades pass in a minimum distance of 1mm from the wall and bot-
tom of the vessel. The device is capable of mixing mortars from dry
powder to fluid state and of performing shear cycles for determina-
tion of rheological behavior.

2.3 Mixing sequences

Four mixing sequences are studied. Sequences S1 and S2 are
based on the addition of fibers at different stages of the mixing
process: S1 —fibers are added in the beginning of the process with
the particulate materials; S2 — fibers are introduced at the fluid-
ity point. While in S3 and S4 procedures, not only the fibers are
added at different stages, but also the water addition is performed
in two steps (25% first and 75% latter). These last sequences were
based on previous studies [1,24—26] that showed that the addition
of water in two steps increased mixing energy and improved the
dispersion of particles. All mixing sequences are described below
and in Figure 4.

Mixing sequence 1 — S1 : Dry PVA fibers previously dispersed are
incorporated into the 4kg-batch of the dry mixture of raw materials
and the whole mixture is homogenized inside a plastic bag. Then,
this mixture is transferred to the rheometer vessel. The first 20s
of mixing in the rheometer consist of a dry homogenization step,
then all the water is added at a rate of 128g/s. Mixing continues at
126.5rpm until 317s.

Sequence 2 — $2: This sequence is similar to S1, but the mortar
is mixed without the fibers, which are added manually for 10s only
at the fluidity point (100s). This point was determined analyzing
the mixing curve of sequence S1 with the same methodology
used in [2].

Sequence 3 — $3 : Dry particulate materials are introduced in the
vessel. After 20s of dry mixing, 25% of the water are added at a

rate of 128g/s and mixed for 120s. Then, the remaining 75% of
water are added at the same rate and mixing continues. After 120s,
the fibers are introduced manually into the system in 10s and mix-
ing proceeds until 317s.

Sequence 4 — §4 : Dry particulate materials are introduced in the
vessel. After 20s of dry mixing, 25% of the water are added at a
rate of 128g/s and mixed for 120s. Then, the fibers are introduced
manually into the system in 10s and mixing continues. At 200s, the
remaining 75% of water are added at the same flow rate and mix-
ing proceeds until 317s.

2.4 Assessment of mixing behavior

Batches of 4kg of dry material were mixed in the rotational rheom-
eter with the planetary setup (Figure 3). Mixing speed, total mixing
time and flow rate of water addition were kept constant and, re-
spectively, equal to: 126.5rpm, 317s, and 128g/s. The variation of
the torque required to maintain the impeller at a constant rotation
speed was monitored by the rheometer during the whole process,
from dry material mixing to the end of each procedure (described
in 2.3), thus, resulting in the mixing curves as exemplified in Figure
1. The overall work during each mixing sequence is quantified by
the area under the torque vs. time curve (integral).

2.5 Rheological evaluation

Immediately after mixing, the mortars are subjected to a ro-
tational shear cycle with the same rheometer setup used
for mixing (impeller geometry and planetary configuration).
The shear cycle consists of accelerating and decelerat-
ing the mortar with 5-second steps at different rotations (6.3;
12.7; 25.3; 38; 63.3; 126.5; 190, 253; and 316 rpm), as illus-
trated in Figure 5. The rheological behavior is obtained from

Figure 3 - a) Rotational rheometer Poli-USP, (1) Rotational device, (2) base reaction and console,
(3) elevator, (4) Mortar vessel, (5) mortar impeller; b) Details of impeller
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Table 2 - Air content of the mortars prepared
by different mixing sequences

0% fiber 0,2% fibers

RS1_0% 5.1 RS1_0.2% 5.6
RS2_0% 5.1 RS2_0.2% 5.8
RS3_0% 4.5 RS3_0.2% 7.8
RS4_0% 5.2 RS4_0.2% 6.5

the shear cycle, as well as, the hysteresis area (the differ-
ence between acceleration and deceleration curves) that re-
gards the stability condition of the material, therefore, also
indicating the mixing efficiency provided by the procedure ap-
plied [27].

After the rheological test, fresh density and air content of the mor-
tars were determined by gravimetric method according to the Bra-
zilian standard ABNT NBR 13278 (2005) [28].

3. Results and discussion
E——

3.1 Air content

Table 2 shows the results of air content entrained in the mortars
after the shearing cycle. For the reference composition (0% fi-
ber), there is no observed influence of the mixing sequence on
the entrained air. The fiber-containing mortars presented a slightly
higher air content than the reference compositions, especially for
sequences S3 and S4.

3.2 Mixing curves

Mixing curves for the mortars prepared by the diverse sequences
are demonstrated in Figure 6. For sequences S1 and S2, Figure
6a, after water was added torque levels increased rapidly until
peak, which corresponds to the point of maximum cohesion of the

mixture. Then, shear forces due to intense mixing started to over-
come capillary and van de Walls forces breaking the agglomerates
and distributing entrapped water throughout the system, causing a
gradual decrease of torque. When torque levels tend to stabilize,
it marks the point from which the material started to behave as a
fluid, i.e. the fluidity point.

The torque levels of the mortars with PVA fibers mixed following S1
are considerably higher than for the reference mortar prepared by
the same sequence. Due to the presence of the fibers a strong ag-
glomerate structure is formed, because the non-linear shape of the
flexible fibers creates a greater interaction between the particles
[20], probably creating bigger agglomerates and mechanical bridg-
ing between agglomerates and between the fibers themselves as
well. Moreover, van der Waals attractive forces added by the fibers
collaborate for the formation of the agglomerates, making disper-
sion of the fine particles even more difficult and, consequently, in-
creasing mixing efforts and reducing flowability [29].

The fibers were previously mixed with the dry mortar in S1 resulting
in efforts greater than the ones observed for S2, in which the fibers
were added only at the fluidity point. In S1, fibers participate in the
formation of the agglomerates since the beginning of the process,
having an adverse effect on dispersion and homogenization of par-
ticles, also on their own dispersion as well. It reasonably expected
that mechanical damaged of the fibers could be more intense in
the mortar prepared by S1 than in the one prepared by S2 because
time and shear, that the fibers were subjected to, are considerably
higher in the first than in the latter sequence. In S2, fibers were
introduced when the material was already in a fluid condition, at
a much lower torque when compared to S1. From this point on,
fibers were most homogenized throughout the system and a mod-
erate increase in torque occurred immediately after their addition,
but it tended to decrease slightly until the end of the procedure.

In the preparation sequences S3 and S4, water was added in
two steps (25% and 75%); therefore, the mixing curve profile was
changed, as illustrated in Figure 6b. After the initial 25% of water
addition, torque rose abruptly (as for S1 and S2) and reached a
plateau (= 5N.m) until the remaining 75% of water were introduced
at 140s for S3. The amount of water corresponding to 25% of the
total was not enough for this composition to turn into a fluid-like
material, therefore torque levels remained high until the rest of the
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Figure 7 - Scheme of granules formation in the mixture with water
and fibers addition according to the $4 sequence

Particles e 25% water O

Fibers 7 75% water

water was added, which caused an instantaneous drop of torque.
For the reference mortar, torque levels continued to reduce until
the end of the mixing as dispersion and homogenization processes
with all the water took place. In S3, fibers were added to the mortar
only at 260s and caused the torque to increase.

The process of adding only 25% of the water in the beginning of the
mixing promoted a pre-homogenization of the raw materials in a low
level of liquid saturation. Torque increased until the maximum cohe-
sion state (or capillary forces) was reached when water created cap-
illary bridges surrounding the particles, thus forming small granules
(Figure 7). During sequence S4, the fibers were introduced under
this high-torque plateau situation, therefore causing the cohesion to
increase even more and pushing torque to higher values. As already
mentioned, owing to fibers-particles interaction, fibers are likely to
create bridges between different granules, thus promoting them to
grow and intensifying cohesion forces (both by mechanical bridging
and by surface area increase). When the remaining 75% of water
were added, the liquid saturation is reached rapidly and most of the
granules are destroyed, increasing interparticle separation distance
and the distance between fibers as well, making the system much
more disperse and, consequently, more fluid.

The overall work associated to each mixing sequence was quantified
by the area under the torque vs. time curves (integral) and results are
shown in Table 3. For the reference mortar without fibers, S3 and S4
sequences displayed much larger work values than S1 because the
time mixing with only 25% of water in S3 and S4 resulted in significantly
high torque levels, thus increasing shear energy during the process.

Table 3 - Equivalent work of mixtures
according to torque vs. time integral curve

0% fiber 0,2% fibers

RS1_0% 6474 RS1_0.2% 12097
RS2_0% 6474 RS2_0.2% 9075
RS3_0% 11305 RS3_0.2% 11317
RS4_0% 14703 RS4_0.2% 15525

In the case of the mortars with 0.2% of PVA fibers, adding the fibers
at the fluidity point as in S2 reduced the work 25% compared to S1,
in which the fibers were mixed with the particulate materials since
the start of the process.

Adding the fibers at the fluidity point, as in S2, seems to be a more
appropriate procedure, because it demands less energy (which
also means that it requires an equipment with lower power capac-
ity) and the rheological behavior of the matrix composite, which in
this case is the mortar, governs directly fiber dispersion [30]. Ac-
cording to Table 3, S2 resulted in the lowest mixing work compared
to the others sequences applied to the compositions with fibers.
When comparing S2 and S4, they final torque are similar, but the
work associated to the first is considerably lower (42%) than the
work of the last. S3, on the other hand, did not increase the work,
but final torque was higher and not yet stabilized since fiber were
added at the end of the mixing procedure and did not had time to
disperse properly.

Results showed that the sequence of fiber and water addition does
have a significant influence on mixing behavior, which may contrib-
ute for fiber distribution and reducing the required mixing energy.
Work of Zhou et al [31] demonstrated that the plastic viscosity of
the mortar before fiber addition needs to be controlled in order to
promote a good fiber distribution and that changes in the mixing
sequence can improve the process.

3.3 Rheological behavior

Figure 8a shows the results of the shear cycles for sequences S1
and S2. The mortar without fibers (RS1_0%) display a curve with
much lower toque levels than the fiber-containing mortar mixed
following sequence S1 (RS1_0.2%). Hysteresis area for RS1_0%
is also lower than for RS1_0.2%. For S2, in which the fiber were
added at the fluidity point, torque levels are an intermediate posi-
tion between the reference composition and RS1_0.2%, which are
in accordance to final mixing torques showed in Figure 6a.

For sequences S3 and S4 0% fibers, Figure 8b, torque levels
of the shear cycle are lower than the mortars with fibers but
slightly higher than RS1_0%, especially at high rotation speeds.
The mortars with fibers prepared by S3 and S4 displayed torque
levels two times greater than the reference mortars prepared by
the same procedures; also, they presented the largest hysteresis
areas of all curves.

232

IBRACON Structures and Materials Journal * 2016 * vol. 9 +n°2



M. S. DE FRANCA | F. A. CARDOSO | R. G. PILEGGI

==%=-RS1_0% —8—RS1 _0.2% =& RS2 0.2%

TR S N

Torque (Nm)

Fema
e eSS
£ad

- *.-:::- -

X X

1,0

0,0 + T T
50 100

150 200 250 300 350
pm

Figure 8 - Results of shear cycles of mortars. a) S1 and $2. b) S3 and $4

9 5,0

4,0 -

Torque (Nm)
— [ ad
E=] =} k=)

=
=

—=—RS3 0% --&--RS4_0%
—>—RS3_0.2% -0--RS4_0.2%
0 50 100 150 200 250 300 350
rpm

From the shear cycles of Figure 8, it can be seen that the mortars
without fibers presented lower yield torque than the fiber-contain-
ing ones. Amongst the mortars with fibers, S2_0.2% had the low-
est yield torque of them, which indicates a lower demand of initial
stress to begin flowing, while S3_0.2% displayed the highest yield
torque of them all.

Ultimately, for the experimental conditions employed it this study,
the sequence S2 showed the best performance regarding the mix-
ing process of fiber-containing mortars, as well as, it promoted the
mortar with the most flowable rheological behavior. Adding the fi-
bers at the fluidity point not only reduced the overall energy re-
quired to mixing the system, but it also decreased yield torque and
torque levels of the shear cycle.

4. Conclusions
E—

In this work, four different addition sequences of water and PVA
fibers were evaluated. The mixing process had a great influence
on the rheological behavior of fiber-containing mortars, espe-
cially regarding the moment of fiber addition during the proce-
dure. When the fibers were added in the beginning of the proce-
dure — still in the dry composition — they demanded much higher
mixing efforts than when they were added after an initial mixing
of the particulate materials with water. The two-step water addi-
tion procedures did not improve the rheological behavior of the
mortars with fibers and it even increased the overall mixing work
of these systems.

The introduction of the fibers at the fluidity point — sequence S2
— reduced significantly the mixing work and improved the rheo-
logical behavior of the mortar when compared to the other mix-
ing sequences. Therefore, this study showed that it is possible to
optimize the mixing behavior of mortars containing PVA fibers by
simple modifications in the addition sequence of water and fibers.
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Abstract
E——

The mixing process of fiber-containing cementitious suspensions is a crucial factor to obtaining a good dispersion of fibers and guarantee ad-
equate mechanical performance of the hardened products. The addition of fibers into the suspension causes reduction of the fluidity of the sys-
tem due to factors inherent to the fibers, the matrix and their interaction. During mixing, these interactions make dispersion and homogenization
processes more difficult due to the formation of fibers - particles agglomerates. Conventional techniques to assess workability of mortars are
inadequate to evaluate the rheological behavior of fiber-reinforced systems, in which parameters like viscosity and yield stress are not completely
taken into account. Therefore, this work employs rotational rheometry to evaluate the influence of fiber and water addition sequences on mix-
ing and rheological behavior of mortars containing Polyvinyl Alcohol (PVA) fibers. Constant test parameters were: mixing time of 317s; impeller
velocity 126.5 rpm; water flow 128g/s. A constant mix design was used with a water content of 16%wt, and a 0.2%vol of fibers were added to the
reference composition. Four mixing sequences were studied: S1 and S2 are based on the addition of fibers at different stages of the mixing pro-
cess; while in S3 and S4 not only the fibers are added at different stages, but also the water addition is performed in two steps (25% first and 75%
latter).Results showed that it is possible to optimize the mixing step of fiber-containing systems by changing the moment of fiber addition into the
mixture. The introduction of fibers after mixing the dry mortar with water, when it already had achieved its fluidity point, demanded a lower mixing
effort and produced a more flowable material.

Keywords: mixing sequence, rheology, PVA fibers.

Resumo

O processo de mistura de suspensdes cimenticias contendo fibras € uma etapa crucial para que se obtenha uma boa distribuigao das fibras, garantindo
os beneficios que as mesmas podem trazer ao desempenho mecanico. A introducéo das fibras na suspenséo tende a provocar redugao na fluidez. Isso
ocorre devido a uma série de fatores inerentes as fibras, a matriz e, a interagéo entre elas. Durante a mistura, essas interagdes tornam a dispersao e
homogeneizacéo mais dificil devido a formagao de aglomerados de particulas e fibras. Técnicas convencionais de avaliagdo da trabalhabilidade sdo
insuficientes para avaliar o comportamento reolégico de sistemas reforgados com fibras porque parametros como viscosidade e tensédo de escoamento
nao sdo considerados em sua totalidade. Assim, este trabalho propde utilizar técnicas de reometria rotacional, para avaliar a influéncia da sequéncia
de adigao da fibra e da agua na mistura e no comportamento reolégico de argamassas. O tempo de mistura € mantido fixo em 317s, a velocidade do
equipamento é 126,5rpm e a taxa de adigdo de agua 128g/s para todas as sequéncias. Uma mesma composi¢do granulométrica foi usada fixando o
teor de agua em 16% e o de fibra em 0,2%. Quatro sequéncias de mistura foram estudadas: S1 e S2 séo baseadas na adi¢éo das fibras em diferentes
estagios do processo de mistura, enquanto na S3 e S4, ndo s6 as fibras sdo adicionadas em diferentes estagios, mas também a agua ¢ adicionada
em duas etapas (primeiro 25% e depois 75%). Os resultados indicaram que é possivel otimizar o preparo de sistemas com fibras de PVA modificando
etapas simples do processo como o momento de introduzir as fibras. Entre as sequéncias avaliadas concluiu-se que introduzir as fibras apds a homo-
geneizagao prévia dos materiais, no ponto de fluidez, tende a produzir sistemas mais fluidos e com menor esforgo para mistura.

Palavras-chave: sequéncia de mistura, reologia, fibras de PVA.
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Influence of the addition sequence of PVA-fibers and water on mixing and rheological behavior of mortars

1. Introducgao

EE

A mistura é a principal etapa de preparo de suspensdes cimenti-
cias uma vez que a adequada homogeneizacao e dispersdo dos
constituintes possibilitam que o sistema alcance todo seu poten-
cial de desempenho no estado fresco e endurecido. O comporta-
mento reoldgico do sistema, a capacidade de retengéo de agua, a
estabilidade quanto a separagao de fases sao caracteristicas que
determinam as condigdes iniciais favoraveis ao desenvolvimento
microestrutural adequado que tera impacto nas propriedades no
estado endurecido.

Quando o liquido (agua) entra em contato com as particulas s6-
lidas ocorre a formagéo de aglomerados, que aumenta o esforgo
necessario para a mistura até que se atinja o ponto de coesao
maxima, onde os esforgos na mistura sdo mais acentuados e
ha competicdo entre as forgas de formagéo dos aglomerados e
quebra deles pelo cisalhamento da mistura. Os aglomerados s&do
destruidos pela energia de impacto e cisalhamento fornecidos
pelo equipamento de mistura, favorecendo assim a dispersao das
particulas finas e agregados presentes no sistema, bem como a
homogeneizagéo destes constituintes entre si e com a agua [1-6].
Os esforgos que ocorrem durante o processo de mistura podem
ser avaliados em reémetros capazes de monitorar os elevados
niveis de torque geralmente associados ao processo de mistura
de suspensdes concentradas (argamassas e concretos) [1-4], ou
mesmo por equipamentos equipados adequadamente para quan-
tificar o consumo de energia [5-7], permitindo identificar o momen-
to em que o material pode ser considerado como fluido [2,8], ou
seja, o ponto de fluidez. Esse ponto pode ser avaliado na curva
de mistura demonstrada na Figura 1, sendo o momento no qual
os niveis de torque tendem a se estabilizar e a curva da primeira
derivada tende a zero assintoticamente [2].

O monitoramento dos estagios de mistura pode ser acompanhado
através de curvas que relacionam o torque com o tempo e, os
ciclos de cisalhamento fornecem informagdes sobre o efeito da
mistura no comportamento reoldgico, Figura 1 [9]. Em cada pon-
to identificado na curva de mistura, Figura 1, foi avaliado o perfil
reoldgico pelo ciclo de cisalhamento que consiste em impor ao
material, diferentes rotagdes, primeiro acelerando depois desace-
lerando. Observa-se que quanto menor o tempo de mistura maior
a area entre as curvas de aceleragéo e desaceleragao (histerese),
indicando que o sistema ainda estava instavel, e a mistura foi in-
completa necessitando da energia adicional imposta pelos ciclos
para continuar a homogeneizagao e dispersao dos aglomerados.
Com o aumento do tempo, essa area vai diminuindo até estabilizar
ou ser minima indicando que a mistura forneceu energia suficien-
te para a dispersdo e homogeneizagao das unidades moveis e o
material encontra-se estavel (em relagéo a mistura) nas condigdes
avaliadas [9].

As fibras geralmente sdo incorporadas nos sistemas cimenticios
com intuito de melhorar sua capacidade de reforgo [10], contribuir
na melhoria das propriedades dindmicas [11,12], na resisténcia
a fissuragdo por retragao e resisténcia pos-fissuragao [13] entre
outros. O reforgo depende das caracteristicas das fibras (nature-
za, propriedades mecanicas, geometria), da interagao delas com
a matriz e, também, da dispersao das mesmas no material. Uma
distribuicdo pobre promove pouco ou nenhum reforgo, podendo
até gerar defeitos em algumas regides do compésito quando ha
alta concentragédo das mesmas [14]. Existem varios tipos de fi-
bras usadas em matrizes cimenticias: naturais, metélicas, vitreas,
poliméricas e de produtos reciclaveis [15]. Sdo classificadas em
fungdo da matéria prima com a qual sdo produzidas, podendo ser
organicas ou inorganicas e, caracterizadas geometricamente pelo
comprimento, pela forma e pelo diametro. Podem ser classificadas

Figura 1 - Curva de mistura torque vs. tempo e perfil reolégico da composicdo de referéncia
obtido em diferentes tempos de mistura (adaptado (9))
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ainda entre macrofibras (diametro superior a 0,3mm e comprimen-
to variando entre 30 e 60 mm) e microfibras (didametro da ordem
de 10 a 30 um e comprimento entre 3 e 18mm) [16]. Em geral
as microfibras sdo usadas para reduzir fissuras por retragao e as
macrofibras para objetivos estruturais [17]. Microfibras em com-
paragao com as macrofibras tem uma vantagem no processo de
fissuragéo porque uma maior pressao expansiva pra iniciar ou pro-
pagar a fissura é requerida devido ao seu pequeno diametro [18].
A introdugdo de fibras em matrizes cimenticias tende a provocar
uma perda ou redugéo na fluidez do sistema. Essa perda de flui-
dez é associada a uma série de fatores: tipo, teor, fator de forma,
distribuigdo, orientagédo, geometria, tratamento superficial e as in-
teragdes fibra — fibra, fibra — parede do recipiente de mistura, fibra
— matriz. Todos esses fatores tornam o comportamento reolégico
de suspensodes com fibras bastante complexo [19,20].

Durante a mistura, essas interagdes relacionadas as fibras tornam
o processo de dispersdo e homogeneizagdo mais dificil devido a
formagéao de aglomerados de fibras e particulas-fibras. Na tentativa
de minimizar essas perturbagdes da interagao fibra particula e ter
uma mistura mais eficiente que consiga dispersar e homogeneizar
as unidades moveis do sistema, alguns autores sugerem seus mé-
todos e sequéncias de mistura para a produgao do composito. Em
argamassas com fibras de polipropileno — PP — observou-se que a
ordem de introdugao dos materiais € o tempo de mistura séo para-
metros importantes na homogeneidade da argamassa obtida [21].
Outros autores [22], indicaram a mistura das fibras com o liquido
previamente a introdugcao dos demais materiais e concluiram que
a dispersao das fibras afeta a tenacidade do compésito. Avaliou-
-se também a adigao das fibras com os materiais secos no inicio
da mistura e esse procedimento promoveu uma melhor disperséo
da areia e das fibras [23]. Para concretos refratarios com fibras
de PP, os autores investigaram duas formas de processamento:
(i) adicao das fibras no material seco e (ii) adicdo apds a mistura
do concreto [4]. O estudo [4] concluiu que o método de adi¢gao das
fibras gera diferentes niveis de cisalhamento e niveis distintos de
dano a fibra. O dano é menor para fibras mais curtas e quando sado
adicionadas ap6s homogeneizacgao prévia do concreto [4]. Outra
investigagdo também mostrou melhor resultado quando as fibras
foram misturadas no estagio final do processamento, apds a mis-
tura prévia de todos os materiais com a agua [18]. Compdsitos
cimenticios reforgados com fibras de PVA obtidos por esse método
de mistura apresentaram uma distribuicdo mais homogénea das
fibras no sistema e consequentemente melhorou as propriedades
mecanicas além de ter diminuido a retragédo por secagem [24].

Tabela 1 - Caracteristicas das matérias-primas
e teor na composicdo

Constituintes D?g";:::::; -

Filer 1,23 2,76 12,30
Cimento 1,43 3,10 14,50
Cal CHIll 6,15 2,49 4,50

Areia 0,27 2,79 68,70

Figura 2 - Fibras de PVA. Foto: Mario Takeashi

Os diferentes procedimentos de mistura sdo investigados/adota-
dos na busca de uma melhor homogeneizacao e disperséo das
fibras com o menor dano possivel das mesmas, para que as fi-
bras desempenhem sua fungdo adequadamente e as proprieda-
des desejadas do compdsito sejam alcangadas. Nesse contexto,
o trabalho tem por objetivo utilizar técnicas de reometria rotacional
para avaliar a influéncia de diferentes sequéncias de mistura no
comportamento de mistura e reolégico de argamassas reforgadas
por fibras de PVA. Sao propostas quatro sequéncias de preparo de
mistura: (S1, S2) propdem a introdugao das fibras em diferentes
momentos da mistura; e (S3 e S4) ndo apenas as fibras sao adi-
cionadas em diferentes estagios, mas também a agua é adiciona-
da em duas etapas (primeiro 25% e depois 75%).

2. Experimental
E—

2.1 Materiais

A formulagdo — R — estudada é composta das seguintes maté-
rias-primas, com proporgdo em volume: cimento Portland CPII F
(14,50%), cal CH-IlI (4,5%), filer calcario (12,3%) e areia de pedra
britada (68,7%). As composigdes foram preparadas em laboratério
com dosagem em volume e proporgao dos constituintes na Tabela
1. A relagdo agua/materiais sélidos foi mantida fixa e igual a 0,16
para todas as misturas.

Foram utilizadas fibras de PVA de 6mm de comprimento, didametro
de 16um e densidade de 1,3 g/cm?, Figura 2. O teor de fibras em
volume com relagdo a composigéo foi igual a 0,2% e comparou-se
com o teor de referéncia 0%. As fibras foram dispersas manualmen-
te e com auxilio de injegdo de ar comprimido, colocando as fibras
em um saco plastico, antes de serem incorporadas ao sistema.

2.2 Equipamento

O redbmetro rotacional tipo planetario (Figura 3) desenvolvido na
Poli-USP ¢ utilizado nos testes. O equipamento é capaz de obter

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2
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medicdes reoldgicas de materiais pré misturados e principalmen-
te realizar e monitorar o comportamento de mistura devido a sua
alta capacidade de torque e por possuir geometria apropriada para
avaliar a mistura.

Os testes sao executados com velocidade controlada enquanto o
sinal elétrico do motor é medido, e entdo, usando uma constan-
te de calibracéo, é convertido em valores de torque. A geometria
de mistura possui seis l@minas em configuragéo espiral distando
1mm das paredes e da parte inferior do recipiente de mistura.

2.3 Sequéncias de mistura

Sao propostas quatro sequéncias de mistura. As sequéncias de
mistura S1 e S2, focam na introdugao das fibras em diferentes mo-
mentos durante o processo. Na S1 as fibras sdo adicionadas no
inicio junto ao material seco e na S2 as fibras sédo adicionadas no
ponto de fluidez, apds mistura prévia dos materiais. Nas sequén-
cias S3 e S4, nao apenas as fibras sdo adicionadas em diferentes
estagios, mas também o liquido é adicionado de forma fraciona-
da em duas etapas. As sequéncias S3 e S4 foram baseadas em
estudos prévios [1,25-27] que apontam o método de adicionar a
agua fracionada como eficiente na homogeneizagéo do sistema.
As sequéncias de mistura seguem descritas abaixo e na Figura 4.
Sequéncia 1 — S1: As fibras de PVA sédo dispersas manualmente
e com auxilio de ar comprimido em seguida s&o adicionadas e
homogeneizadas no material seco (4kg), dentro do saco plasti-
co, antes do material ser colocado na cuba do reémetro para a
caracterizagao no estado fresco. Os primeiros 20s de mistura, no
redbmetro, sao destinados a homogeneizacao do material seco, até
que toda agua seja adicionada numa taxa de 128 g/s. A mistura
continua numa velocidade de 126,5rpm até completar 317s.

Sequéncia 2 — $2: Procedimento semelhante a sequéncia S1,
mas a argamassa € misturada sem as fibras, que sao adicionadas
manualmente por 10s no ponto de fluidez (100s). Este ponto foi
determinado analisando a curva de mistura da sequéncia S1 com
a mesma metodologia usada por Franga [2].

Sequéncia 3 — $3: O material seco € introduzido na cuba do re6-
metro. Apos 20s de homogeneizagao da mistura seca, adiciona-se
25% da agua numa taxa de 128 g/s, misturando 120s com esse
teor. Entéo, adiciona-se a outra parte da agua 75% na mesma taxa
e a mistura continua por mais 120s. As fibras sao colocadas no
sistema, manualmente em 10s, nos 60s finais de mistura.
Sequéncia 4 — §4: Coloca-se o material seco na cuba. Apods 20s
da mistura seca, adiciona-se 25% da agua na taxa de 128 g/s e
mistura por 120s. Entdo as fibras sado introduzidas manualmente
no sistema em 10s e a mistura continua. Em 200s, o restante da
agua 75% € adicionado na mesma taxa de adicdo e a mistura
continua até 317s.

2.4 Monitoramento da mistura

Amostras de 4kg da composigao foram preparadas para esse es-
tudo. Os sistemas foram misturados no reémetro rotacional pla-
netario, Figura 3, mantendo a velocidade de mistura constante de
126,5rpm por um tempo de 317s e a agua adicionada numa taxa
de 128g/s. A variagao do torque requerido para manter a geome-
tria de mistura numa velocidade constante foi monitorada durante
0 processo, desde a mistura do material seco até o fim de cada
procedimento (descrito no item 2.3), resultando em curva de mis-
tura exemplificada na Figura 1. O esforgo durante a mistura ou o
trabalho equivalente é quantificado pela integral da curva torque
vs. tempo.

A

Figura 3 - a) Redmetro rotacional tipo planetdrio e seus itens 1. Dispositivo rotacional; 2. Base; 3.
Elevador; 4. Recipiente de mistura; 5. Geometria de mistura com 6 haletas dispostas em espiral.
b) Detalhe da geometria de ensaio com as especificacoes das dimensoes das aletas e da
cuba. Foto: Mario Takeashi
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Tabela 2 - Teor de ar das argamassas
preparadas por diferentes sequéncias
de mistura
0% fibra 0,2% fibra
RS1_0% 5,1 RS1.0.2% 5,6
RS2_0% 5.1 RS2_0.2% 58
RS3_0% 4,5 RS3_0.2% 7.8
RS4_0% 52 RS4_0.2% 6,5

2,5 Caracterizagao reoloégica

Os ciclos de cisalhamento sao realizados imediatamente apds a mis-
tura no mesmo equipamento. O procedimento referente aos ciclos de
cisalhamento consiste em impor ao material diferentes velocidades
de rotagéo (6,3; 12,7; 25,3; 38; 63,3; 126,5; 190, 253; e 316 rpm) em
patamares de 5 segundos, primeiro acelerando e depois desacele-
rando Figura 5a. Foi utilizada a média dos valores de torque de cada
patamar para a confecgédo das curvas de torque vs. rotagéo Figura
5b, consideradas na analise. O comportamento reolégico é obtido
do ciclo de cisalhamento, assim como, a area de histerese (diferenga
entre as curvas de aceleragédo e desaceleragao) que sdo indicativos
da condigao de estabilidade do material e também da eficiéncia de
mistura de acordo com o procedimento aplicado [27].

Apbs a caracterizagao reoldgica o teor de ar incorporado no esta-
do fresco é avaliado pelo método gravimétrico segundo a norma
ABNT NBR 13278 (2005) [28].

3. Resultados e discussoes
EE—
3.1 Teor de ar incorporado

A Tabela 2 mostra os resultados de teor de ar nas argamassas de-
pois dos ciclos de cisalhamento. Para a composicao de referéncia

(0% fibra), ndo é observado influéncia da sequéncia de mistura
no teor de ar. As argamassas contendo fibras apresentam valor
pouco maior de teor de ar que as composigdes de referéncia, es-
pecialmente para as sequéncias S3 e S4.

3.2 Curvas de mistura

A Figura 6 apresenta as curvas de mistura das sequéncias avalia-
das. Para as sequéncias S1 e S2, Figura 6a, com a introdugéo da
agua, apos 20s de mistura do material seco, ocorre aumento dos
niveis de torque até que este atinge o maximo. Correspondendo
ao ponto de coesao maxima da mistura. Entéo os niveis de torque
comegam a diminuir. O sistema se torna como um fluido e, o nivel
de torque estabiliza ou tende a se estabilizar assintoticamente.
No caso das argamassas com fibras de PVA, uma forte estrutura
tende a ser formada, devido ao formato n&o linear das fibras que
sao flexiveis, resultando numa maior interagéo entre as particulas
[20]. O que causa elevagao nos niveis de torque comparado ao
sistema sem fibras. Outra questao é que forgas atrativas de van
der Waals entre as fibras criam aglomerados dificeis de dispersar
na matriz cimenticia reduzindo a fluidez da mistura [29]. Além do
intertravamento mecanico (entrelagamento) entre elas.

Na sequéncia S1, as fibras sdo misturadas no material seco e os
esforgos para a mistura sao mais elevados que em S2. As fibras
participam da formagéo dos aglomerados desde o inicio da mis-
tura, dificultando a quebra desses e a homogeneizagao delas no
sistema. O dano causado na fibra também pode ser maior na se-
quéncia S1, devido ao maior tempo de exposi¢ao das fibras ao
cisalhamento da mistura, comparado a sequéncia S2, em que as
fibras sdo adicionadas no ponto de fluidez.

Na sequéncia S2, toda agua entra no sistema em uma Unica
etapa espalhando-se, saturando o material e atingindo o pon-
to de coesdo em poucos segundos apds introdugdo da agua,
gerando esforgos bem menores na mistura. E, as fibras sdo
adicionadas quando o material esta na condigdo de um fluido.
A partir desse ponto as fibras sdo apenas homogeneizadas na
mistura sem gerar grandes esforgos, mantendo o nivel de tor-
que praticamente constante.

Nas sequéncias de mistura S3 e S4 além da introdugao das fibras
como etapa do processo, a agua é fracionada em duas partes
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Figura 6 - Curvas de mistura para as sequéncias avaliadas. Sem fibras 0% e com
adicdo de fibras de PVA 0,2%. a) Sequéncias S1 e S2. b) Sequéncias S3 e $4
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Figura 7 - Esquema de formacdo dos granulos na mistura com
adi¢cdo da agua e das fibras conforme a sequéncia S4

Particulas e 25% agua O

Fibras .~ 75% agua

(25% e 75%) e, por conseguinte, adicionada em momentos distin-
tos, mudando o perfil tipico da curva, Figura 6b. Com a introdugao
de 25% da quantidade de agua observa-se o aumento dos niveis
de torque e subsequente permanéncia no platd durante os 120s
de mistura com esse teor de agua para sequéncia S3, Figura 6b.
Os esforgos na mistura sdo mais acentuados nesse estagio até
que seja adicionada a parte restante da agua, diminuindo drastica-
mente esses niveis de torque. Por fim, as fibras sdo adicionadas,
aumentando o torque nos 60s finais de mistura.

Na sequéncia S4, Figura 6b, os niveis de torque aumentam com
a adigao da primeira parte da agua mantendo o perfil semelhan-
te ao que ocorre na sequéncia S3. As fibras sado adicionadas
no momento do platdé, apds 140s de mistura, o que eleva ainda
mais o torque na mistura até o ponto em que toda agua é adi-
cionada no sistema, 60s ap6s a adigao das fibras, reduzindo os
niveis de torque.

O torque final da mistura dos sistemas com fibras é€ maior tanto na
sequéncia S4 quanto na S3. Observa-se que adicionar as fibras
nos 60s finais de mistura, sequéncia S3, provoca um incremento
consideravel dos niveis de torque, sugerindo que um tempo maior
de mistura com as fibras seria necessario para uma homogeneiza-
¢ao mais efetiva delas no sistema.

O processo de adicionar 25% da agua promove uma pré-homoge-
neizagao dos materiais em um baixo nivel de saturagéo. Elevando
o torque até o maximo estado de coesdo na mistura ou estado
de capilaridade, onde a agua cria pontes capilares envolvendo
as particulas, formando pequenos granulos Figura 7. Na sequén-
cia S4 as fibras sdo adicionadas aumentando o nivel de coeséo
na mistura. Na interagao fibra particula, possivelmente, as fibras
fardo pontes entre os granulos (particula + agua) aumentando o
tamanho deles, pelo aumento da area superficial do conjunto, o
que pode justificar os maiores niveis de torque. Quando toda agua
é adicionada numa quantidade trés vezes maior que a inicial, o
nivel de saturagéo do sistema aumenta rapidamente desfazendo
os granulos, ou a maioria deles, afastando as particulas e fibras,
tornando o sistema mais disperso.

Assim como em S2, na sequéncia S3 as fibras também sao adicio-
nadas quando o material esta fluido e toda agua presente no siste-
ma, porém como isso ocorre nos 60 segundos finais de mistura, s6
é possivel observar a elevagao do torque, talvez seja necessario
um tempo adicional para garantir que a mistura estabilizou a um
nivel de torque constante. Nessa analise os resultados dos ciclos

de cisalhamento podem fornecer um indicativo desse estado final
de mistura, como sera abordado no decorrer do trabalho.

O esforgo para a mistura obtido pela integral da curva torque vs.
tempo é apresentado na Tabela 3. As sequéncias S3 e S4 sao res-
ponsaveis por maior esforco na mistura nos sistemas sem fibras,
pelo fato de a mistura com o teor de agua fracionada provocar um
alto cisalhamento no sistema durante o periodo sem toda agua,
assim elevando os niveis de torque.

Adicionar as fibras na composigado seca antes de colocar agua,
sequéncia S1, produz um esforgo para mistura menor que a se-
quéncia S4, porém nao tao eficiente quanto colocar as fibras no
ponto de fluidez, sequéncia S2. Colocar as fibras no sistema apods
atingir o ponto de fluidez, ou seja, no momento em que o sistema
é considerado um fluido, demonstrou ser o processo de mistura
mais adequado. Uma vez que a reologia da matriz do composito,
neste caso a argamassa, governa diretamente a dispersao da fi-
bra [30], o esforgo para a mistura correspondente a sequéncia S2
€ 0 menor entre as sequéncias avaliadas, Tabela 3.

Como observado na Figura 6, mudangas na sequéncia de adigdo
dos materiais influenciam no comportamento de mistura o que
pode indicar uma melhor distribuicdo das fibras na argamassa.
Isso corrobora com os estudos de Zhou et al [24] no qual conclu-
iram que a viscosidade plastica da argamassa antes da adigéao
das fibras necessita ser controlada para obter uma boa distribui-
¢éo das fibras, e que ajustes na sequéncia de mistura melhoram
essa distribuigdo.

Tabela 3 - Trabalho equivalente das
misturas considerando a integral da curva
torque vs. tempo

0% fibra 0,2% fibra

RS1_0% 6474 RS1_0.2% 12097
RS2_0% 6474 RS2_0.2% 9075
RS3_0% 11305 RS3_0.2% 11317
RS4_0% 14703 RS4_0.2% 15525
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Figura 8 - Resultados de ciclos de cisalhamento. a) Sequéncias S1 e $2. b) Sequéncias S3 e S4
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3.3 Comportamento reolégico

A Figura 8a mostra os resultados de ciclo de cisalhamento para as se-
quéncias S1 e S2. No sistema sem fibras (RS1_0%) a curva esta situa-
da em um nivel de torque mais baixo e sua area de histerese € minima
enquanto que para o sistema com fibras RS1_0,2%, onde as fibras sdo
adicionadas no inicio com o material seco, o ciclo esta em um nivel de
torque maior e com area de histerese também maior. Esses resultados
estéo de acordo com o torque final da curva de mistura Figura 6.

Na sequéncia S2, as fibras séo introduzidas no ponto de fluidez e
da mesma forma como ocorreu na mistura o ciclo esta em um nivel
de torque intermediario, pouco acima do sistema sem fibras. Esse
resultado confirma a hipétese que adicionar as fibras no ponto de
fluidez, S2, é mais adequado que coloca-las no inicio da mistura,
para as condigbes estudadas.

Para as sequéncias S3 e S4 0%, Figura 8b, o nivel de torque das
curvas & menor e semelhante ao verificado em RS1_0%, apenas
S4 esta situada um pouco acima do nivel de torque de S1, mas
seguindo o comportamento verificado nas curvas de mistura. Nos
sistemas com fibras os ciclos tem uma histerese maior e estédo em
nivel de torque maior que nas sequéncias S1 e S2.

A partir dos resultados dos ciclos da Figura 8 observou-se que
os sistemas sem fibras apresentam menor torque de escoamento.
Entre aqueles com fibras, S2_0,2% apresentou menor torque de
escoamento indicando maior capacidade de fluir quando solicita-
do e S3_0,2% maior valor. Esses resultados ratificam o que foi
encontrado anteriormente nas curvas de mistura e na analise do
trabalho equivalente da mistura.

Por fim, numa analise geral das sequéncias de mistura avaliadas,
S2 demonstrou ser a mais apropriada. Uma vez que reduziu o es-
forgo na mistura assim como o torque de escoamento, indicando
que para as condigdes deste estudo introduzir as fibras no ponto
de fluidez é o procedimento mais adequado.

4. Conclusoes
E—

Nesse trabalho, quatro diferentes sequéncias de adigdo de agua

e fibras de PVA foram avaliadas. O preparo da mistura exerce
forte influéncia no comportamento reoldgico das suspensdes ci-
menticias reforgadas por fibras. Principalmente com respeito ao
momento de introdugdo das fibras no sistema. Quando as fibras
foram adicionadas no inicio do processo — ainda na composigéo
seca — elas demandaram um esforgo de mistura muito maior do
que quando elas foram adicionadas depois da mistura inicial do
material particulado com a agua. O procedimento de introduzir a
agua de forma fracionada n&o melhorou o comportamento reold-
gico das argamassas com fibras e gerou um esforgo adicional na
mistura elevando o trabalho equivalente.

A introdugéo das fibras no ponto de fluidez — sequéncia S2 — re-
duziu significativamente o esfor¢go de mistura e melhorou o com-
portamento reoldgico da argamassa quando comparado com as
outras sequéncias de mistura. Assim, esse estudo mostrou que é
possivel otimizar o preparo de sistemas com fibras de PVA modifi-
cando etapas simples do processo como o momento de introduzir
a agua e as fibras.
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Abstract
E——

The construction system of prestressed flat slabs has been gaining market in Brazil, since it eliminates the use of beams, allows you to perform
structures under coluns by area and reduces the cycle of concrete slabs. Thus the analysis of global stability of buildings, takes into account the
effects of 2nd order, and these additional effects to the structure obtained from the deformation thereof, calculated by the iterative method P-Delta.
The Brazilian ABNT NBR 6118: 2014 [2] assesses the overall stability of reinforced concrete structures through practical parameters, which are
the parameter a (Alpha) and y, (Gamma z) coefficient. In this research we seek to study the global stability of slender buildings consist of flat
slabs, with slenderness (ratio of the smaller width with the height of the building) approximately one to six, from the modeling of a building with
prestressed slabs nonadherent and waffle slabs. To model will use the commercial software CAD / TQS.

Keywords: global stability, analysis of 2nd order, gamma z, p-delta.

Resumo

O sistema construtivo de lajes planas protendidas vem ganhando mercado no Brasil, pois dispensa o uso de vigas, permite executar estruturas com
menos pilares por area e reduz o ciclo de concretagem das lajes. Assim a analise de estabilidade global de edificagdes, leva em consideragéo os efeitos
de 22 ordem, sendo estes efeitos adicionais a estrutura obtidos a partir das deformagdes da mesma, calculadas pelo método iterativo P-Delta. A norma
brasileira ABNT NBR 6118:2014 [2] avalia a estabilidade global de estruturas de concreto armado através de parédmetros praticos, sendo estes o para-
metro o (alfa) e o coeficiente v, (gama z). Nesta pesquisa busca-se estudar a estabilidade global de edificagbes esbeltas compostas por lajes planas,
com ordem de esbeltez (relagdo da menor largura com a altura da edificagdo) de um para seis, a partir da modelagem de uma edificagdo com lajes
protendidas ndo-aderentes e lajes nervuradas. Para modelagem sera utilizado o programa comercial CAD/TQS.

Palavras-chave: estabilidade global, andlise de 22 ordem, gama z, p-delta.
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1. Introduction

EE

Of the slab construction technologies that are used in the Brazilian
market, prestressed flat and waffle slabs stand out for providing
increased productivity and material savings compared to conven-
tional slab and beam systems. Moreover, these slabs allow for
larger spans, fewer formworks, better utilization of materials, and
greater architectural flexibility.

Because of these advantages, a feasibility analysis of tall and slen-
der buildings that use these types of construction systems is pro-
posed in terms of the global stability of the structure.

The bracing in these types of buildings relies on the group of
columns that are part of the buildings. Because the structure is
devoid of beams, there is no a priori stabilization of the building
by space frames.

In this case, it is common to use conveniently positioned “U” or “L”
shaped column-walls to ensure the required stiffness in both direc-
tions for stability. Prestressed slabs have a minimum thickness of
sixteen centimeters (Item 13.2.4.1 of ABNT NBR 6118:2014 [2]),
but it is common to use thicknesses of at least eighteen centime-
ters to ensure the stiff diaphragm effect and the bracing of col-
umns, which guarantee that all of the components work together
to stabilize the structure. The greater thickness in the region where
the waffle slabs connect to the columns makes this location suf-
ficiently stiff to stabilize the building.

This study evaluates the influence of variations in several param-
eters on the global stability of the proposed structure, including the
slab thickness, the column section, the coefficients that represent
the physical nonlinearity of the structural elements, the height of
the typical floor plan and the characteristic strength of the concrete.

1.1 Objectives

The aim of this research is to analyze different models for buildings
with slenderness ratios of one to six by varying the type of slab
construction system that is used between prestressed slabs and
waffle slabs. Thus, this study will evaluate the instability param-
eters of the structure that result from variations of several general
parameters, such as the thickness of the slabs, the sections of the
columns, the coefficients that represent the physical nonlinearity
of structural elements, the height of the typical floor plan and the
characteristic strength of the concrete.

The commercial software CAD/TQS version 17.11.8 is used to
analyze and test these instability parameters.

2. Literature review
e

2.1 Nonlinear analysis

Reinforced concrete structures display important nonlinear be-
havior, which is a result of the nonlinear relationships between
the forces and displacements that result from physical and geo-
metric nonlinearities. Such behavior is inherent in all reinforced
concrete structures and must be taken into account during struc-
tural analyses.

The physical nonlinearity of reinforced concrete is generated be-
cause it consists of materials with different physical properties that
create an anisotropic, heterogeneous material with an elastic mod-

ulus that varies at each point of the stress-strain diagram curve.
In addition, the difference between the compressive strength and
tensile strength of concrete is large. In applications, this differ-
ence leads to the formation of cracks by tension, which reduces
the bearing capacity of the parts. In addition to cracking, creep,
the combination of different forces, and the presence of rebar also
generate nonlinear behavior in the concrete.
ABNT NBR 6118:2014 [2] uses a simplification to consider this
physical nonlinearity. The stiffnesses of the structural elements
are modified using reduction coefficients for each type of element
(beams, columns and slabs) according to the influence that the
element has on the global stability of the structure. A stiffness that
is reduced by a coefficient is called the effective stiffness or the
secant stiffness.
The aforementioned standard requires the physical nonlinearity to
be considered and proposes values that should be adopted to re-
duce the stiffnesses of the structural elements, namely:
B Slabs: (El) = 0,3 E_l,
B Beams:

- (El),=0,4 E | _paraA # A,

- (El).=0,5 E | para A’ =A,
m Columns: (El)_ = 0,8 E_I,
where:
I,- moment of inertia of the gross concrete section;
E,: modulus of the initial tangential strain of the concrete.
Iltem 15.7.3 of the previous version of the standard, ABNT NBR
6118:2007 [1], states that if the global instability factor vy, is less
than 1.3 and the bracing structure of the building is only composed
of columns and beams, the effective or secant stiffness of the col-
umns and beams could be taken as:
B Columns and Beams: (El), = 0,7 E |
However, this consideration is not included in the new 2014 version.
Less cracking occurs in prestressed elements (slabs and beams)
than in reinforced concrete elements. Thus, it would be interesting
to study the use of reduction coefficients with higher values than
those indicated by the current standard, or retaining the values from
the previous version of the standard and the value of 0.7 for a pre-
stressed slab, when a slab is used to resist the horizontal forces; i.e.,
when it is part of the global bracing system of the structure.
Even if a structure is built with a material that has a linear stress-
strain relationship, it may exhibit nonlinear behavior when it experi-
ences major displacements. The lateral strain of a structural com-
ponent leads to the appearance of additional bending moments
(second-order moments) due to the new location of the vertical
force. This behavior is called geometric nonlinearity because it
lacks a linear relationship between the forces and effects.
To perform a structural analysis that considers geometric nonlin-
earity, ABNT NBR 6118:2014 [2] uses a safety formula for the com-
bination of actions. The actions are increased by the factor g/g,,,
and the internal forces are then increased by the factor g,, which
is equal to 1.1.

sec

sec

2.2 Second-order effects

The first-order structural analysis considers the structure in its un-
disturbed geometric configuration. When the deformed geometry
of the structure is considered, additional forces, which are called
second-order effects, are generated in the structural system; these
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additional effects on the structure are caused by its deformation
and are responsible for the nonlinear behavior of the structure.
One way to take into consideration this effect in the structure is the
use of Iterative Method P-Delta (P-A).

The iterative P-Delta method, which converts the lateral displace-
ment into equivalent horizontal forces, is used in the second-order
analysis of structures. The first-order analysis of a structure, which
considers its undisturbed initial configuration, obtains the displace-
ments, which will be the basis for the definition of “pseudo” hori-
zontal loads that are equivalent to the second-order loading. In
each step, new “pseudo” lateral forces are obtained, which tend
to decrease as the structure reaches an equilibrium position. The
iterations end when the effect of the “pseudo” load is small com-
pared to the effect of the previous load or when is determined that
the structure will cannot have global stability.

2.3 Global stability

The global stability of the structure is defined as its sensitivity to
second-order effects and is an inversely proportional relationship
in which the more sensitive the structure is to the second-order ef-
fects, the less stable it will be.

The Brazilian standard ABNT NBR 6118:2014 [2] does not require
second-order forces to be considered if they are less than 10% of
the first-order forces. Thus, it is always necessary to perform the
second-order analysis regardless of whether these effects will be

used to design the structure. The standard uses the gamma Z (y,)
coefficient and the alpha (o) parameter to assist in the decision to
consider the second-order effects.

The v, instability coefficient was introduced by Franco and Vascon-
celos (1991) [5] and measures the sensitivity of the structure to
second-order effects; it can also be used to increase the first-order
effects from the horizontal loads to obtain the approximate second-
order effects. The y, coefficient is defined by:

1
Y= 75 1
1_nMd *i (l)
M, 1,
where:

AM,: The sum of the products of all of the vertical forces that act on
the structure by the horizontal displacements, which are obtained
in the first-order analysis;

M, - The moment of tipping, which is the sum of the moments that
are produced by the horizontal forces with respect to the base of
the structure.

Feitosa e Alves (2014) [6] presents a study on the global instability
of buildings with slenderness ratios of one to four with flat slabs. In
this study it is presented the influence of the nonlinearity effect and
impact on the instability coefficient.

Figure 1 - Architecture and structure for the typical floor plan with prestressed slabs - Model 01/01

MMEIRY

g

WARTE
EarTis

246 EEEE———

IBRACON Structures and Materials Journal * 2016 * vol. 9 +n°2



V. M. PASSOS | L.A.FEITOSA | E.C. ALVES | M. S. AZEVEDO

2.4 Main factors that influence the global stability

Of the factors that influence the global stability of buildings, the
vertical loading and the stiffness of the structure are the most influ-
ential. The y, parameter indicates this relevance in the formula be-
cause an increase in the vertical load increases the value of y, for
the same horizontal loading. A greater horizontal loading does not
increase the value of y, because the first- and second-order forces
increase at the same rate; that is, AM, / M, , remains constant.
The stiffer the structure is, the smaller its displacements will be;
this will generate lower second-order moments, which will reduce
the y, coefficient.

3. Models

EE

The building models feature prestressed flat slabs or waffle slabs.
Slenderness ratios of one to six were adopted, thus, a building
width of 24 meters, which is measured from the edge of the corner
column, gives a building height of 144 meters. This slenderness
ratio includes the tower geometry but does not include the base
of the building model. Based on an architectural plan with a geo-
metrically-asymmetric design, the buildings were modelled using
the CAD/TQS software to evaluate the influence of the parameters
based on the v, instability parameter and lateral displacements.

3.1 Analysis model VI- CAD/TQS

Model VI simulates the building as a single frame that is composed
of elements that simulate the slabs, beams and columns of the
structure. The slabs contribute strength to resist wind forces along
with the beams and columns. The connections between the beams
and columns are regarded as semi-rigid.

3.2 Considering P-Delta in CAD/TQS

TQS Informatica LTDA developed a coefficient called RM2M1 to
represent the intensity of the second-order forces relative to the
first-order forces. The second-order forces are calculated using the
iterative P-Delta method. RM2M1 is given by:

RM2M1=1+&

1

@)

where:

M,: The moment of the horizontal forces with respect to the base
of the building;

M,: The sum of the vertical forces multiplied by the displacement
of the nodes of the structure due to the nonlinear combination of
horizontal forces from the P-Delta calculation.

3.3 Description of models

The building shown in Figure 1 was modelled with a flat slab, and
the cross section of the columns was varied until it reached a value
similar to the v, coefficient limit that is recommended by ABNT NBR
6118:2014 [2]. This model, which is called 01/01, was the basis for

Figure 2 - 3D - Typical floor plan with
prestressed slabs - Model 01/01
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the subsequent models and resulted in a value of y, of 1.297 (wind
90°-270°). The Figures 2 and 3 show 3D details of building.

In model 01/02, the thickness of the lift column (stiff core) was
changed to assess whether a higher stiffness would lead to a sig-
nificant reduction in the value of y,.

In model 01/03, the thickness of the slab was increased because
in model VI takes into account the effect of the transverse bend-
ing stiffness of the slabs on the frame. Thus, the slabs begin to
contribute to resisting the horizontal forces. Therefore, increasing
the thickness of the slab would increase the stiffness of the brac-
ing system. The increased weight due to the increased thickness
of the slab would be offset by its increased stiffness, as stated
FEITOSA and ALVES (2015) [6].

In model 01/04, the ceiling height of the typical floor plan was de-
creased, which increased the frame stiffness due to the decrease
in the length of the unbraced columns.
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Figure 3 - 3D - Typical floor plan with
prestressed plans slabs - Model 01/01

As stated previously, prestressed slabs and beams experience
less cracking than reinforced concrete slabs and beams. Thus, the
values of the coefficients that represent the physical nonlinearity of
these elements were increased in model 01/05.

Finally, model 01/06 considered all of the changes from the previ-
ous models to decrease the section of the columns and evaluate

the reduction of the amount of concrete used for the columns rela-
tive to the total amount of concrete used in the structure. The data
for the model with the flat slabs are presented in Table 1.

The Model 02/01 is based on model 01/01, but the construction
method was changed to waffle slabs as shown in Figures 4, 5 and
6. The formworks were sixteen centimeters high, and the cover
was five centimeters thick. The cross section of the columns was
varied, and the model resulted in a y, value of 1.297 (wind 90°-
270°). The Figures 5 and 6 show 3D details of building.

The changes in models 02/02, 02/03 and 02/04 were the same as
those that were made in the models with the prestressed slabs.
The changes in the coefficients that represent the physical non-
linearity were not implemented because of the absence of pre-
stressed elements in the waffle slab models.

In model 02/05, the cross sections of the columns were decreased
as much as possible while keeping the y, coefficient below the limit
that is recommended by the standard. The data for the waffle slab
models are presented in Table 2.

4. Results and discussions
—

The results obtained using the proposed design shown in Figure 1
and the models described above were analyzed and are shown in
Tables 3, 4 and 5.

Figure 4 - Architecture and structure for a typical floor plan with waffle slabs - Model 02/01
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Figure 5 - 3D - Typical floor plan Figure 6 - 3D - Typical floor plan with
with waffle slabs - Model 02/01 details of waffle slabs -Model 02/01

Increasing the thickness of the lift column (stiff core) in model
01/02 did not cause a significant reduction in the v, coefficient; the
reductions were approximately 0.617% (wind 90°-270°) and 0%
(wind 0°-180°).

The increase in slab thickness that was considered in model 01/03
reduced the v, instability coefficient by approximately 4.472% (wind
90°-270°) and 4.111% (wind 0°-180°). These reductions demon-
strate the importance of considering the cross stiffness of the slab
in the global stability of the structure.

Reducing the ceiling height of the floors in model 01/04 reduced v, by
approximately 2.005% (wind 90°-270°) and 2.213% (wind 0°-180°).
The greatest reduction in the v, instability coefficient was obtained
in model 01/05, which considers the largest values of the physi-
cal nonlinearity coefficients; the reductions were approximately
9.368% with wind directions of 90°-270° and 8.142% with wind di-
rections of 0°-180°. These results confirm the possibility of extend-
ing the prestressed slabs, which increase the coefficient of physi-
cal nonlinearity when they are used in the bracing system of the
structure because of their cross stiffness.

In model 01/06, the sections of the columns were decreased while
keeping the y, coefficient below the limit that is recommended by
ABNT NBR 6118:2014 [2]. Compared with model 01/01, model
01/06 resulted in a reduction of approximately 37.5% in the volume
of concrete used for the columns and a reduction of approximately

| |
[ |
B
1
|
l-
|
IE
1.

31.3% in the formworks used for the columns.

01/01
01/02
01/03
01/04
01/05
01/06

Table 1 - Data for the prestressed slab models

Prestressed slab - data from models

Nonlinearity coefficient f.. (MPa)
Columns
40 0.3 0.4 18 30 30 40 3,24
50 0.3 0.4 18 30 30 40 3,24
40 0.3 0.4 20 30 30 40 3,24
40 0.3 0.4 18 30 30 40 2,88
40 0.7 0.7 18 30 30 40 3,24
50 0.7 0.7 20 30 30 40 2,88
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Table 2 - Data for the waffle slab models

Waffle slab - data from models

Llﬁ_column Nonlinearity coefficient Slab thickness f.. (MPa) Ceiling helght
thickness for typical
(cm) Slabs Beams (cm) Beams  Columns | foor plan (m)
02/01 40 0.3 0.4 21 30 30 40 3,24
02/02 50 0.3 0.4 21 30 30 40 3,24
02/03 40 0.3 0.4 23,5 30 30 40 3,24
02/04 40 0.3 0.4 21 30 30 40 2,88
02/05 50 0.3 0.4 23,5 30 30 40 2,88

Table 3 - Results from models 01/01 e 01/02

Model 01/01 Model 01/02
Instability coefficient Service limit state - SLS Instability coefficient Service limit state - SLS
Wind GammaZ  Alpha S clelX] Wind GammaZz  Alpha e (& el
disp. disp. disp. disp.
Q0° - 270° 1,297 1,262 0,12 (2120) 5,53 (2734) Q0° - 270° 1,289 1,254 0,12 (2142) 5,39 (2805)
0° - 180° 1,265 1,186 0,09 (2705) 3,34 (4521) 0°-180° 1,265 1,187 0,09 (2695) 3,32 (4552)
RM2M1 - 1,330 RM2M1 - 1,324
Quantity of columns Quantity of columns
Concrete volume (m3) Area of formwork (m?) Concrete volume (m?) Area of formwork (m?)
Column Total Column Total
8561,9 15121,7 36795,4 74365,1 8725,5 15284, 1 36735,6 74322,2
Concrete volume rate Area of formwork rate Concrete volume rate Area of formwork rate
56,62% 49,48% 57,09% 49,43%

Table 4 - Results from models 01/03 e 01/04

Model 01/03 Model 01/04

Instability coefficient Service limit state - SLS Instability coefficient Service limit state - SLS
Wind GammaZ  Alpha et Cime) Wind GammaZz  Alpha Tz el
disp. disp. disp. disp.
90° - 270° 1,239 1,141 0,12 (2662) 4,45 (3399) Q0° - 270° 1,271 1,216 0,11 (2449) 4,74 (3146)
0° - 180° 1,213 1,069 0,07 (3452) 2,66 (5683) 0°-180° 1,237 1,128 0,08 (3226) 2,76 (5399)
RM2M1 - 1,277 RM2M1 - 1,318
Quantity of columns Quantity of columns
Concrete volume (m3) Area of formwork (m?) Concrete volume (m?) Area of formwork (m?)
Column Column Column Total Column Total
8561,9 15744,2 36765,4 74353,3 8450,1 15714,3 36230,0 77846,2
Concrete volume rate Area of formwork rate Concrete volume rate Area of formwork rate
54,38% 49,45% 53,77% 46,54%
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Service limit state - SLS

Local Global
disp. disp.

0,10 (3328) 3,49 (4336)
0,06 (6474) 2,13 (7113)

Instability coefficient

Wind Gamma Z

Alpha

90° - 270°
0°-180°

1,172
1,162

0,976
0,953

RM2M1 - 1,190
Quantity of columns

Concrete volume (m3) Area of formwork (m?)

Column Column
8561,9 15121,7 36765,4 74365,1
Concrete volume rate Area of formwork rate
56,62% 49,44%

Table 5 - Results from models 01/05 e 01/06

Model 01/05 Model 01/06

Service limit state - SLS

Local Global
disp. disp.

0,12 (2160) 5,21 (2859)
0,16 (1517) 3,65 (4089)

Instability coefficient

Wind Gamma Z

Alpha

90° - 270°
0°-180°

1,275
1,298

1,178
1,110

RM2M1 - 1,357
Quantity of columns

Concrete volume (m?) Area of formwork (m?)

Column Total Column Total
5346,5 13420,7 25285,9 67476,4
Concrete volume rate Area of formwork rate

39,84% 37.47%

4.2 Analysis results of models 02/01 to 02/05

The results obtained using the proposed design shown in Figure
3 and models described above were analyzed and are shown in
Tables 6, 7 and 8.

As in the model with the prestressed slabs, increasing the thickness
of the lift columns (stiff core) in the model with the waffle slabs (model
02/02) did not significantly decrease the vy, coefficient; the reductions
were approximately 0.694% (wind 90°-270°) and 0% (wind 0°-180°).
Increasing the slab cover in model 02/03 resulted in decreases
of the v, coefficient of approximately 3.392% (wind 90°-270°) and
3.014% (wind 0°-180°). The increase in weight due to the larger
slab cover was offset by the greater stiffness as was discussed
byFEITOSA and ALVES (2015) [6].

Decreasing the ceiling height of the floors in model 02/04 de-

creased the value of y, by approximately 4.086% (wind 90°-270°)
and 3.632% (wind 0°-180°).

Finally, decreasing the size of the columns in model 02/05 caused
a reduction of approximately 10.5% in the volume of concrete used
for the columns and a reduction of approximately 6.22% in the
formworks used for the columns compared to model 02/01. It is
worth noting that the value of v, in model 02/05 is also less than the
limit that is recommended by ABNT NBR 6118:2014 [2].

5. Conclusoes
| .

The analysis of models of prestressed slabs and waffle slabs
showed that increasing the thickness of the lift columns (stiff core)
did not significantly reduce the y, instability coefficient.

Thicker prestressed slabs and a greater waffle slab cover

Model 02/01

Instability coefficient Service limit state - SLS

Local Global
disp. disp.

0,14 (1821) 6,12 (2470)
0,12 (2096) 4,04 (3758)

Wind Gamma Z

Alpha

90° - 270°
0°-180°

1,297
1,294

1,280
1,249

RM2M1 - 1,345
Quantity of columns

Concrete volume (m3) Area of formwork (m?)

Column Column
8744,8 13362,8 37497.1 40303,7
Concrete volume rate Area of formwork rate
65,44% 93,04%

Table 6 - Results from models 02/01 e 02/02

Model 02/02

Instability coefficient Service limit state - SLS

Local Global
disp. disp.

0,14 (1851) 5,94 (2546)
0,12(2097) 4,01 (3773)

Wind Gamma Z

Alpha

90° - 270°
0°-180°

1,288
1,294

1,269
1,248

RM2M1 - 1,335
Quantity of columns

Concrete volume (m?) Area of formwork (m?)

Column Total Column Total
8908.,4 13525,2 37467,3 40261,1
Concrete volume rate Area of formwork rate

65,87% 93,06%
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Model 02/03

Instability coefficient

Service limit state - SLS

disp.
1,253 1,187 0,11 (2187) 5,14 (2939)
1,255 1,172 0,09 (2704) 3,39 (4467)

Wind

90° - 270°
0°-180°

RM2M1 - 1,299
Quantity of columns

Concrete volume (m3) Area of formwork (m?2)

8744,8 14231,5 37497,1 40287,8
Concrete volume rate Area of formwork rate
61,45% 93,07%

Table 7 - Results fromn Models 02/03 e 02/04

Model 02/04
Instability coefficient Service limit state - SLS

Local Global
disp. disp.

0,11 (2268) 4,84 (3079)
0,07 (3340) 3,15 (4734)

Wind Gamma Z Alpha

90° - 270°
0°-180°

1,244
1,247

1.173
1,165

RM2M1 - 1,283
Quantity of columns

Concrete volume (m3) Area of formwork (m?)

Column Total Column Total
8632,0 13747,2 36957,7 39985,7
Concrete volume rate Area of formwork rate

62,79% 92,43%

significantly reduced the v, coefficient. The greater vertical loads
due to the thicker slabs are offset by the greater stiffness of the
connections between the slabs and columns and also by the great-
er transverse bending stiffness. MARTINS (2001) [8] and FEITOSA
and ALVES (2015) [6] obtained similar results.

Reducing the ceiling height between the floors in the models re-
sulted in smaller y, coefficients due to the shorter unbraced lengths
of the columns.

The application of a higher coefficient to represent the physical nonlin-
earity in prestressed slabs significantly reduced the v, coefficient; this
reduction was the greatest of all of the models. Thus, it is interesting to
study the use of higher values of the reduction coefficients than are in-
dicated by the current standard given the lower amount of cracking that

Table 8 - Results from Modelo 02/05

Model 02/05

Instability coefficient

Service limit state - SLS

Global
disp.

0,12 (2061) 5,39 (2768)
0,10 (2523) 3,50 (4260)

Gamma Z

90° - 270°
0°-180°

1,285
1,291

1,251
1,216

RM2M1 - 1,355
Quantity of columns

Concrete volume (m?) Area of formwork (m?)

Column Column Total
7824,5 13904,5 35163,9 38168,8
Concrete volume rate Area of formwork rate
56,27% 92,13%

occurs in prestressed elements than in reinforced concrete elements.
A comparison of the total volume of concrete used in models 01/06
and 02/05 revealed that model 01/06 used approximately 3.5%
less concrete than model 02/05. A similar comparison of the con-
crete volume of the columns shows that model 01/06 used approxi-
mately 31.6% less concrete for the columns. Thus, using a higher
coefficient of physical nonlinearity for the prestressed slab makes
this type of system competitive with waffle slabs in terms of the
required volume of concrete for tall and slender buildings.
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Abstract
E——

The construction system of prestressed flat slabs has been gaining market in Brazil, since it eliminates the use of beams, allows you to perform
structures under coluns by area and reduces the cycle of concrete slabs. Thus the analysis of global stability of buildings, takes into account the
effects of 2nd order, and these additional effects to the structure obtained from the deformation thereof, calculated by the iterative method P-Delta.
The Brazilian ABNT NBR 6118: 2014 [2] assesses the overall stability of reinforced concrete structures through practical parameters, which are
the parameter a (Alpha) and y, (Gamma z) coefficient. In this research we seek to study the global stability of slender buildings consist of flat
slabs, with slenderness (ratio of the smaller width with the height of the building) approximately one to six, from the modeling of a building with
prestressed slabs nonadherent and waffle slabs. To model will use the commercial software CAD / TQS.

Keywords: global stability, analysis of 2nd order, gamma z, p-delta.

Resumo

O sistema construtivo de lajes planas protendidas vem ganhando mercado no Brasil, pois dispensa o uso de vigas, permite executar estruturas com
menos pilares por area e reduz o ciclo de concretagem das lajes. Assim a analise de estabilidade global de edificagdes, leva em consideragéo os efeitos
de 22 ordem, sendo estes efeitos adicionais a estrutura obtidos a partir das deformagdes da mesma, calculadas pelo método iterativo P-Delta. A norma
brasileira ABNT NBR 6118:2014 [2] avalia a estabilidade global de estruturas de concreto armado através de parédmetros praticos, sendo estes o para-
metro o (alfa) e o coeficiente v, (gama z). Nesta pesquisa busca-se estudar a estabilidade global de edificagbes esbeltas compostas por lajes planas,
com ordem de esbeltez (relagdo da menor largura com a altura da edificagdo) de um para seis, a partir da modelagem de uma edificagdo com lajes
protendidas ndo-aderentes e lajes nervuradas. Para modelagem sera utilizado o programa comercial CAD/TQS.

Palavras-chave: estabilidade global, andlise de 22 ordem, gama z, p-delta.
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1. Introducgao

EE

Dentre as tecnologias construtivas de lajes existentes no mercado
brasileiro, as lajes planas protendidas e nervuradas se destacam
pelo aumento de produtividade e economia de materiais respec-
tivamente. Isto quando comparadas ao sistema de lajes e vigas
convencional. Ademais, essas lajes permitem a utilizacao de vaos
livres maiores, reducdo do consumo de formas, melhor aproveita-
mento dos materiais e uma maior flexibilidade arquiteténica.
Tendo em vista essas vantagens, propde-se uma analise da viabili-
dade da execugao de edificios altos e esbeltos, no que tange a esta-
bilidade global, utilizando-se destes tipos de sistemas construtivos.
Nestes tipos de edificagdes, o contraventamento das mesmas fica
a cargo, pelo menos numa primeira analise, do conjunto de pilares
que a compdem. Pois, sendo a estrutura desprovida de vigas, nao
haveria a priori a estabilizagéo da edificagdo por porticos espaciais.
Neste caso, € comum a utilizagdo de pilares-paredes no formato
de “U” ou “L” convenientemente posicionados na planta da edifica-
¢ao, conferindo a esta a rigidez necessaria em ambas as dire¢des
para estabilidade da mesma. Ocorre que lajes protendidas apre-
sentam uma espessura minima de dezesseis centimetros (Item
13.2.4.1 da ABNT NBR 6118:2014 [2]), sendo comum o uso de
pelo menos dezoito centimetros, o que garante o efeito de dia-
fragma rigido e travamento dos pilares, assegurando que todos
trabalhem juntos na estabilizagéo da estrutura. No caso de lajes
nervuradas, a elevada espessura da laje na regido de ligagéo dos
pilares com esta, torna este ponto da estrutura suficientemente
rigido para estabilizar a edificagao.

A partir da variagdo de parametros tais como a espessura das
lajes, secdes dos pilares, coeficientes que simulam a nao lineari-
dade fisica dos elementos estruturais, altura do pavimento tipo e
resisténcia caracteristica do concreto, buscou-se avaliar a influen-
cia destes na estabilidade global da estrutura proposta.

1.1 Objetivos

O objetivo desta pesquisa consiste na analise de diferentes mode-
los de calculo de uma edificagao com relagéo de esbeltez de um
para seis, variando em cada modelo o tipo de sistema construti-
vo de laje adotado: lajes protendidas e lajes nervuradas. Assim,
buscar-se-a avaliar os parametros de instabilidade da estrutura
devido a variagao de parametros gerais tais como: espessura das
lajes, secdes dos pilares, coeficientes que simulam a nao lineari-
dade fisica dos elementos estruturais, altura do pavimento tipo e
resisténcia caracteristica do concreto dos elementos entre outros.
Para a analise e verificagdo dos parametros de instabilidade, sera
utilizado software comercial CAD/TQS versao 17.11.8.

2. Revisao bibliografica
EE

2.1 Analise nao linear

Estruturas de concreto armado apresentam um comportamento
nao linear relevante, isto €, uma relagéo nao linear entre esforgos
e deslocamentos, decorrente de sua ndo linearidade fisica e geo-
métrica. Tal comportamento € inerente a toda estrutura de concre-
to armado e deve ser sempre levado em consideragao durante a
analise estrutural.

A néo linearidade fisica do concreto armado advém do fato des-
te ser constituido de materiais com propriedades fisicas variadas,
formando um material anisotrépico, heterogéneo, com maodulo de
elasticidade que varia em cada ponto da curva do diagrama de
tensdo-deformagéo. Adicionalmente, o concreto apresenta uma
grande diferenga de resisténcia a esforcos de compresséo e tra-
¢ao, o que em situagdo de uso comum, leva a formagéo de fissu-
ras por tragao, reduzindo a capacidade resistente das pecgas. Além
da fissuragao, a fluéncia, a combinagéo de diferentes esforgos e
como dito, a propria presenga de armaduras também conferem
um comportamento n&o linear ao concreto.
AABNT NBR 6118:2014 [2] utiliza uma simplificacdo na considera-
¢ao da nao linearidade fisica. A rigidez dos elementos estruturais
¢é alterada a partir de coeficientes de redugao para cada tipo de
elemento (vigas, pilares e lajes), de acordo com a influéncia que
este elemento possui para a estabilidade global da estrutura. Esta
rigidez reduzida pelo coeficiente € chamada de rigidez efetiva ou
rigidez secante.
A norma supracitada torna obrigatdria a consideracao da nao line-
aridade fisica e propde os valores que devem ser adotados para
redugao da rigidez dos elementos estruturais, sendo estes:
m Lajes: (El) =03 E_|,
B Vigas:

—(El),=0,4 E | _para A # A,

- (El),.=0,5E | paraA’~ =A_
B Pilares: (El),,=0,8 E I,
Onde:
I,: Momento de inércia da secgao bruta de concreto;
E,: Mddulo de deformagéo tangencial inicial do concreto.
Em sua versao anterior, a ABNT NBR 6118:2007 [1] no seu item
15.7.3 admitia que se o fator de instabilidade global y, fosse menor
que 1,3 e a estrutura de contraventamento da edificagdo fosse
composta unicamente por pilares e vigas, a rigidez efetiva ou se-
cante de pilares e vigas poderia ser assumida como:
B Pilares e Vigas: (El) = 0,7 E |
No entanto, tal consideragao foi subtraida em sua nova verséo de
2014. Ocorre que, a fissuragédo de elementos protendidos (lajes e
vigas) € menor quando comparada a fissuragdo de um elemento
de concreto armado. Assim, seria interessante estudar a possibili-
dade da utilizagado de coeficientes de redugdo com valores maio-
res que os apontados pela norma atual, ou a manutengéo dos
valores da versé&o anterior da norma e a extensdo do valor de 0,7
para as lajes, quando esta for protendida e atuar como elemento
resistente aos esforgos horizontais, isto €, compor o sistema de
contraventamento global da estrutura.
Ainda que constituida de um material que apresente uma relagéo
tensdo-deformagéo linear, uma estrutura pode ter um comporta-
mento nao linear ao sofrer grandes deslocamentos. A deformacao
lateral de um componente estrutural leva ao aparecimento de mo-
mentos fletores adicionais (momentos de segunda ordem), devido
a nova posigao do esforgo vertical. Esse comportamento é chama-
do de nao linearidade geométrica, por ndo apresentar uma relagao
linear entre esforgos e efeitos.
Para realizar a analise estrutural considerando a nao linearidade
geométrica, a ABNT NBR 6118:2014 [2] utiliza uma formulagado de
seguranca para a combinacao de agdes. As agdes sao majoradas
pelo fator g,/ g,,, € em seguida, os esforgos solicitantes sdo majo-
rados pelo fator g,, sendo este fator igual a 1,1.

sec

sec

254 E——
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2.2 Efeitos de 22 ordem

Aanalise de 12 ordem considera a estrutura com sua configuragéo geo-
métrica indeformada para a analise estrutural. A partir da consideragao
da configuragdo geométrica deformada da estrutura, surgem solicita-
¢Oes adicionais no sistema estrutural denominadas efeitos de 22 or-
dem, ou seja, esses efeitos sao adicionais a estrutura, oriundos de sua
deformagao. Portanto, este efeito é responsavel pelo comportamento
nao linear da estrutura. Um das formas de levar em consideragao este
efeito na estrutura é a utilizagdo do Método lterativo P-Delta (P-A).

O método iterativo P-Delta é utilizado na analise de 22 ordem das
estruturas, o qual transforma os deslocamentos laterais em forgas
horizontais equivalentes. Ao realizar a analise de 12 ordem de uma
estrutura, considerando sua configuragao inicial indeformada, ob-
tém-se os deslocamentos, os quais serdo base para a definigao
das cargas horizontais ficticias equivalentes ao carregamento de
22 ordem. A cada andlise, novas forgas laterais ficticias sdo obti-
das, que tendem a diminuir devido a estrutura atingir uma posigao
de equilibrio. A iteragdo do método s6 é interrompida quando o
efeito da carga ficticia € pequeno comparado ao efeito da carga
anterior ou quando for verificado que a estrutura pode nao tera
estabilidade global.

2.3 Estabilidade global

A estabilidade global das estruturas é definida como sua sensibi-

lidade aos efeitos de 22 ordem, sendo esta relagdo proporcional-
mente inversa, ou seja, quanto mais sensivel a estrutura for aos
efeitos de 22 ordem, menos estavel ela sera.

Anorma brasileira ABNT NBR 6118:2014 dispensa a consideragéo
das solicitagbes de 22 ordem se estas ndo forem em intensidade
maiores que 10% das solicitagbes de 12 ordem. Assim, é sempre
necessaria a realizagao da analise 22 ordem, independente se es-
tes efeitos seréo utilizados para dimensionar a estrutura. A norma
prevé o coeficiente y, (Gama Z) e o parametro a(alfa) para auxiliar
na deciséo de se considerar os efeitos de 22 ordem.

O coeficiente de instabilidade vy, foi introduzido por Franco e Vas-
concelos (1991) [5], o qual mensura a sensibilidade da estrutu-
ra aos efeitos de 22 ordem, também podendo ser utilizado para
majorar os efeitos de 12 ordem devido as cargas horizontais para
obteng&o de efeitos aproximados de 2% ordem. O coeficiente v, &
definido por:

1
T M T M
M, 11
Onde:

AM E a soma dos produtos de todas as forcas verticais que
atuam na estrutura, pelos deslocamentos horizontais aplicados

Figura 1 - Arquitetura x estrutura - pavimento tipo - laje protendida - Modelo 01/01
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Figura 2 - 3D - Edificio com laje
protendida -Modelo 01/01

em seus respectivos pontos, os quais sdo obtidos na anadlise de
12 ordem;

M, E o momento de tombamento, ou seja, a soma dos momentos
produzidos pelas forgas horizontais em relagéo a base da estrutura.
Feitosa e Alves (2014) [6], apresenta um estudo sobre a a instabi-
lidade global de edificios com relagdo h/4 com lajes lisas. Nesse
estudo é apresentada a influéncia do efeito da néo linearidade e o
impacto no coeficiente de instabilidade v,.

2.4 Principais Fatores que Influenciam
na estabilidade global

Dentre os varios fatores que influenciam na estabilidade global de
edificios, destaca-se o carregamento vertical e a rigidez da estrutura
como os de maior influéncia na estabilidade global. O parametro v,
indica essa relevancia em sua formulagéo, pois, quando do aumen-
to do carregamento vertical, verifica-se um aumento no valor do co-

eficiente y, para um mesmo carregamento horizontal. Ja o aumento
do carregamento horizontal ndo gera um aumento no valor do coe-
ficiente v,, pois os esforgos de 1% ordem e 2% ordem aumentam na
mesma proporgéo, ou seja, AM, / M, , permanece constante.
Quanto a rigidez da estrutura, quanto mais rigida esta for, menores
serao seus deslocamentos e, consequentemente, menores serao 0s
momentos de 22 ordem, resultando na diminui¢éo do coeficiente v,.

3. Modelos

EE——

Os modelos da edificagéo ora apresentam lajes planas protendi-
das, ora apresentam lajes nervuradas. Adotou-se uma relagéo de
esbeltez de um para seis, isto €, para uma largura de 24 metros,
medida pela extremidade dos pilares de canto, tem-se uma altura
de 144 metros para a edificagdo. Ressalta-se que esta relagdo de
esbeltez retrata a geometria da torre, ndo incluindo o embasamen-
to da edificagdo modelo. A partir de uma planta arquitetonica, a
qual foi concebida geometricamente assimétrica, foi feita a mode-
lagem dos edificios no software CAD/TQS para avaliar a influén-
cia dos parametros disponiveis no programa sob o parametro de
instabilidade y, e nos deslocamentos laterais.

3.1 Modelo de analise VI do CAD/TQS

O modelo de célculo VI do CAD/TQS simula o edificio como um
portico unico, o qual € composto por elementos que simulam as
lajes, vigas e pilares da estrutura. Assim, as lajes passam a con-
tribuir na resisténcia aos esforgos oriundos do vento, bem como
vigas e pilares. As ligagdes entre vigas e pilares sao consideradas
como semi-rigidas.

3.2 Modelo de analise VI do CAD/TQS

A TQS Informatica LTDA desenvolveu um coeficiente nomeado
RM2M1 para representar a intensidade dos esfor¢os de segunda
ordem em relagado aos esforgos de primeira ordem. Para tanto,
sdo considerados os esforgos de 22 ordem oriundos do método
iterativo P-Delta. RM2M1 é dado por:

M
RM2MI=1+-"2 v)

1

Onde:

M,: E o momento das forgas horizontais em relagdo a base do
edificio;

M, E a somatdria das forcas verticais multiplicadas pelos deslo-
camentos dos nés da estrutura sob a agdo das forgas horizontais,
resultantes do célculo de P-Delta em uma combinacéo néo linear.

3.3 Descrigao dos modelos

Primeiramente, modelou-se a edificacdo proposta na Figura 1
(p.15) com laje lisa e variou-se a segdo transversal dos pilares
até que fosse atingido um valor proximo do limite do coeficiente
v, preconizado pela ABNT NBR 6118:2014 [2]. Este modelo, ora
nomeado 01/01, foi a base dos modelos subsequentes e o valor
do v, encontrado foi de 1,297 (vento 90°-270°). A Figura 2 (p.16)

IBRACON Structures and Materials Journal * 2016 * vol. 9 +n°2
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Figura 3 - 3D - pavimento fipo - laje
protendida - Modelo 01/01

mostra o 3D da estrutura e a Figura 3 mostra o 3D com detalhe da
laje lisa protendida.

No Modelo 01/02, alterou-se a espessura do pilar do elevador (nu-
cleo rigido), a fim de avaliar se o acréscimo de rigidez deste gera-
ria uma redugéo significativa no valor do coeficiente y,.

Para o modelo 01/03, aumentou-se a espessura da laje, pois, no

modelo de analise VI do CAD/TQS, a rigidez a flexao transversal
das lajes € considerada no portico. Assim, as lajes passam a con-
tribuir na resisténcia aos esforgos horizontais. Deste modo, o au-
mento da espessura da laje, significaria um aumento na rigidez do
sistema de contraventamento. O acréscimo de peso decorrente do
aumento da espessura da laje, seria compensado pelo aumento
da rigidez da mesma, como afirma FEITOSA e ALVES (2015) [6].

Ja no Modelo 01/04, reduziu-se o pé direito dos pavimentos tipo,
aumentando assim a rigidez do pértico, dada a diminuigdo do
comprimento destravado dos pilares.

Como dito anteriormente, em lajes e vigas protendidas o nivel de
fissuragdo € menor que no concreto armado. Assim, no Modelo
01/05, aumentou-se o valor dos coeficientes que consideram a
ndo linearidade fisica desses elementos.

Finalmente, no Modelo 01/06, contemplaram-se todas as altera-
¢Oes dos modelos anteriores a fim de reduzir a se¢ao dos pilares e
avaliar a redugao de consumo de concreto dos pilares em relagéo
ao consumo total. Os dados dos modelos de lajes lisas protendi-
das seguem na Tabela 1.

Partindo-se do Modelo 01/01, alterou-se o método construtivo
para lajes nervuradas conforme apresentado na Figura 4(Mode-
lo 02/01), sendo a altura das formas de dezesseis centimetros e
capa de cinco centimetros. Variou-se a segao transversal dos pi-
lares e o valor de y, encontrado foi de 1,297 (vento 90°-270°). A
Figura 5 mostra o 3D da estrutura e a Figura 6 mostra o 3D com
detalhe da laje nervurada.

Figura 4 - Arquitetura x estrutura - pavimento tipo - laje nervurada - Modelo 02/01
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Figura 5 - 3D - edificio com lagje
nervurada - Modelo 02/01
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Figura 6 - 3D - pavimento fipo - laje
nervurada -Modelo 02/01

Nos Modelos 02/02, 02/03 e 02/04, as alteragbes foram as mes-
mas efetuadas anteriormente para os modelos de lajes protendi-
das. Nao foi implementada a alteragéo dos coeficientes que levam
em consideragao a nao linearidade fisica, dada a auséncia de ele-
mentos protendidos nos Modelos 02.

No Modelo 02/05, buscou-se reduzir ao maximo as segdes trans-
versais dos pilares mantendo o coeficiente y, abaixo do limite pre-
conizado pela norma.Os dados dos modelos de lajes nervuradas
seguem na Tabela 2.

4. Resultados e discussoes
E——

4.1 Modelos 01/01 a 01/06

A partir do projeto proposto na Figura 1 e dos modelos descritos,
analisaram-se os resultados obtidos que seguem concatenados
na Tabela 3, Tabela 4 e Tabela 5.

Observa-se que o aumento de espessura do pilar do elevador
(nucleo rigido) no modelo 01/02, ndo gerou uma redugéo signifi-
cativa no coeficiente y,, sendo esta redugéo de aproximadamente
0,617% (vento 90°-270°) e 0% (vento 0°-180°).

O aumento de espessura da laje considerado no modelo 01/03
teve relevancia na reducéo do coeficiente de instabilidade y,, sen-
do esta reducdo de aproximadamente 4,472% (vento 90°-270°)
e 4,111% (vento 0°-180°). Esta redugdo demonstra a importancia

01/01
01/02
01/03
01/04
01/05
01/06

Tabela 1 - Dados dos modelos de laje protendida

Laje protendida - dados dos modelos
Coef. ndo linearidade

40 0,3 0.4
50 0.3 0.4
40 0,3 04
40 0,3 0.4
40 0,7 0.7
50 0.7 0,7

f (MPq)
Pilares

30 30 40 3,24
30 30 40 3,24
30 30 40 3,24
30 30 40 2,88
30 30 40 3,24
30 30 40 2,88
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Tabela 2 - Dados dos modelos de laje nervurada

Laje nervurada - dados dos modelos

Esp. pilar Coef. ndo linearidade f.. (MPq)

\Y [eTo (=110} elevador Esp. laje (cm) Pé c.iireito
(cm) Lajes Vigas Lajes Vigas Pilares pav.tipo (m)
02/01 40 0.3 0.4 21 30 30 40 3,24
02/02 50 0.3 0.4 21 30 30 40 3,24
02/03 40 0.3 0.4 23,5 30 30 40 3,24
02/04 40 0.3 0.4 21 30 30 40 2,88
02/05 50 0.3 0.4 23,5 30 30 40 2,88

Tabela 3 - Resultados dos modelos 01/01 e 01/02

Modelo 01/01 Modelo 01/02
Coeficientes de instabilidade Estado limite de servico - ELS Coeficientes de instabilidade Estado limite de servico - ELS
Vento  GamaZ = Alfa Bes Des Wind GammaZz  Alpha soce Slobal
local global disp. disp.
90° - 270° 1,297 1,262 0,12 (2120) 5,53 (2734) 90° - 270° 1,289 1,254 0,12 (2142) 5,39 (2805)
0°-180° 1,265 1,186 0,09 (2705) 3,34 (4521) 0°-180° 1,265 1,187 0,09 (2695) 3,32 (4552)
RM2M1 - 1,330 RM2M1 - 1,324
Quantitativo dos pilares Quantitativo dos pilares
Volume de concreto (m?) Area de formas (m?) Volume de concreto (m?3) Area de formas (m?)
Pilar Total Pilar Total
8561,9 15121,7 367954 74365,1 8725,5 15284,1 36735,6 74322,2
56,62% 49,48% 57,09% 49,43%

Tabela 4 - Resultados dos modelos 01/03 e 01/04

Modelo 01/03 Modelo 01/04

Coeficientes de instabilidade Estado limite de servico - ELS Coeficientes de instabilidade Estado limite de servico - ELS
Des. Des. Des. Des.
Vento Gama Z Alfa local global Vento Gama Z i (e] local global
90° - 270° 1,239 1,141 0,12 (2662) 4,45 (3399) Q0° - 270° 1,271 1,216 0,11 (2449) 4,74 (3146)
0° - 180° 1,213 1,069 0,07 (3452) 2,66 (5683) 0°-180° 1,237 1,128 0,08 (3226) 2,76 (5399)
RM2M1 - 1,277 RM2M1 - 1,318
Quantitativo dos pilares Quantitativo dos pilares
Volume de concreto (m?3) Area de formas (m?) Volume de concreto (m?3) Area de formas (m?)
Pilar Total Pilar Total
8561,9 15744,2 36765,4 74353,3 8450,1 15714,3 36230,0 77846,2
54,38% 49,45% 53,77% 46,54%
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Modelo 01/05
Coeficientes de instabilidade

Estado limite de servico - ELS

Des. Des.
local global

0,10 (3328) 3,49 (4336)
0,06 (6474) 2,13 (7113)

Vento Gama Z Alfa

90° - 270°
0°-180°

1,172
1,162

0,976
0,953

RM2M1 - 1,190
Quantitativo dos pilares

Volume de concreto (m3) Area de formas (m?)

Pilar Total Pilar Total
8561,9 16121,7 36765,4 74365,1
56,62% 49,44%

Tabela 5 - Resultados dos modelos 01/05 e 01/06

Modelo 01/06
Coeficientes de instabilidade Estado limite de servico - ELS

Des. Des.
local global

0,12 (2160) 5,21 (2859)
016 (1517) 3,65 (4089)

Vento Gama Z Alfa

90° - 270°
0°-180°

1,275
1,298

1,178
1,110

RM2M1 - 1,357
Quantitativo dos pilares

Volume de concreto (m?3) Area de formas (m?)

Pilar Total
5346,5 13420,7 25285,9 67476,4
39.84% 37.47%

de se considerar a rigidez transversal da laje para a estabilidade
global da estrutura.

A partir da redugado do pé direito dos pavimentos no modelo 01/04,
obteve-se uma redugdo aproximada no y, de 2,005% (vento 90°-
-270°) e 2,213% (vento 0°-180).

Observa-se que a maior redugéo no coeficiente de instabilidade v,
foi no modelo 01/05 que considera coeficientes de néo linearidade
fisica maiores, sendo a reducao de aproximadamente 9,368% na
direcdo do vento 90°-270° e de 8,142% na diregdo do vento 0°-
-180°. Este resultado corrobora com a hipétese de se estender
as lajes protendidas, o aumento no coeficiente de néo linearidade
fisica quando esta atuar no sistema de contraventamento da es-
trutura através da consideragéo de sua rigidez transversal.
Finalmente, no modelo 01/06 conseguiu-se reduzir as segdes dos
pilares mantendo o coeficiente y, abaixo do limite do coeficien-

te y, preconizado pela ABNT NBR 6118:2014 [2]. Comparado ao
modelo 01/01, o modelo 01/06 resultou numa redugao de aproxi-
madamente 37,5% no volume de concreto utilizado nos pilares e
uma redugdo de aproximadamente 31,3% nas formas utilizadas
nos pilares.

4.2 Modelos 02/01 a 02/05

A partir do projeto proposto na Figura 2 e dos modelos descritos,
analisaram-se os resultados obtidos que seguem concatenados
na Tabela 6, Tabela 7 e Tabela 8.

Assim como no modelo de lajes protendidas, observa-se que
no modelo de lajes nervuradas (modelo 02/02) o aumento de
espessura do pilar do elevador (nucleo rigido), ndo gerou uma
reducéo significativa no coeficiente y,, sendo esta redugéo de

Modelo 02/01

Coeficientes de instabilidade Estado limite de servico - ELS

Des. Des.
local global

0,14 (1821) 6,12 (2470)
0,12 (2096) 4,04 (3758)

Gama Z Alfa

Vento

90° - 270°
0°-180°

1,297
1,294

1,280
1,249

RM2M1 - 1,345
Quantitativo dos pilares

Volume de concreto (m?) Area de formas (m?)

8744,8 13362,8 37497.1 40303,7
65,44% 93,04%

Tabela 6 - Resultados dos modelos 02/01 e 02/02

Modelo 02/02

Coeficientes de instabilidade Estado limite de servico - ELS

Des. Des.
local global

0,14 (1851) 5,94 (2546)
0,12(2097) 4,01 (3773)

Gama Z Alfa

Vento

Q0° - 270°
0°-180°

1,288
1,294

1,269
1,248

RM2M1 - 1,335
Quantitativo dos pilares

Volume de concreto (m?) Area de formas (m?)

Pilar Total Pilar Total
8908.,4 13525,2 37467,3 40261,1
65,87% 93,06%
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Modelo 02/03
Coeficientes de instabilidade

Estado limite de servico - ELS

Vento Gama Z

90° - 270°
0°-180°

1,253
1,255

1,187
1,172

0,11 (2187) 5,14 (2939)
0,09 (2704) 3,39 (4467)

RM2M1 - 1,299
Quantitativo dos pilares

Volume de concreto (m?) Area de formas (m?)

8744,8 14231,5 37497.1 40287,8
61,45% 93,07%

Tabela 7 - Resultados dos modelos 02/03 e 02/04

Modelo 02/04
Coeficientes de instabilidade Estado limite de servico - ELS

Des. Des.
local global

0,11 (2268) 4,84 (3079)
0,07 (3340) 3,15 (4734)

Vento Gama Z Alfa

90° - 270°
0°-180°

1,244
1,247

1,173
1,165

RM2M1 - 1,283
Quantitativo dos pilares

Volume de concreto (m3) Area de formas (m?)

Pilar Total Pilar Total
8632.0 13747.2 36957,7 39985,7
62,79% 92,43%

aproximadamente 0,694% (vento 90°-270°) e 0% (vento 0°-180°).
O aumento da capa da laje no modelo 02/03 resultou numa re-
dug&o do coeficiente y, de aproximadamente 3,392% (vento 90°-
-270°) e 3,014% (vento 0°-180°). Nota-se que o acréscimo de
peso decorrente do aumento da capa da laje foi compensado pelo
aumento da rigidez da mesma, como afirma FEITOSA & ALVES
(2015) [6].

Com a redugado do pé direito dos pavimentos no modelo 02/04,
obteve-se uma redugdo aproximada no y, de 4,086% (vento 90°-
-270°) e 3,632% (vento 0°-180).

Por fim, comparando com o modelo 02/01, com a redugédo dos
pilares no modelo 02/05 obteve-se uma reducédo de aproximada-
mente 10,5% no volume de concreto utilizado nos pilares e uma
reducgao de aproximadamente 6,22% nas formas utilizadas nos pi-
lares. Vale ressaltar que o coeficiente y, do modelo 02/05 também

Tabela 8 - Resultado do modelo 02/05

Modelo 02/05

Estado limite de servico - ELS

Coeficientes de instabilidade

90° - 270°
0°-180°

1,285
1,291

1,251
1,216

0,12 (2061) 5,39 (2768)
0,10 (2523) 3,50 (4260)

RM2M1 - 1,355
Quantitativo dos pilares

Volume de concreto (m?) Area de formas (m?)

Pilar Total
7824,5 13904,5 35163,9 38168,8
56,27% 92,13%

esta abaixo do limite do coeficiente y, preconizado pela ABNT NBR
6118:2014 [2].

5. Conclusoes
| .

A partir da analise dos resultados dos modelos de lajes protendi-
das e lajes nervuradas, observou-se que o acréscimo de espessu-
ra no pilar do elevador (nucleo rigido), ndo resultou numa redugéo
significativa no coeficiente de instabilidade v,.

O aumento da espessura das lajes protendidas e o aumento da
capa das lajes nervuradas proporcionaram redugoes significa-
tivas no coeficiente y,. O aumento de carga vertical devido ao
acréscimo de espessura das lajes € compensado pelo maior
enrijecimento das ligagdes das lajes com os pilares e também
pelo aumento da rigidez transversal a flexado. Vale ressaltar que
MARTINS (2001) [8] e FEITOSA e ALVES (2015) [6] obtiveram
resultados semelhantes.

A reducgao do pé direito entre os pavimentos nos modelos de
lajes protendidas e lajes nervuradas resultou no decréscimo do
coeficiente v,, haja vista a diminuigdo do comprimento destrava-
do dos pilares.

A aplicagdo de um valor maior do coeficiente que considera a ndo
linearidade fisica nas lajes protendidas resultou numa redugéo sig-
nificativa do coeficiente y,, sendo essa redugéo a maior entre todos
os modelos. Assim, como dito anteriormente, é interessante estudar
pormenorizadamente a utilizagdo de coeficientes de redugdo com
valores maiores que os apontados pela norma atual, tendo em vista
que a fissuragéo e elementos protendidos € menor quando compa-
rada a fissuragéo de elementos de concreto armado.

Ao se comparar o volume total de concreto entre os modelos 01/06
e 02/05, nota-se que o volume total de concreto do modelo 01/06
€ menor aproximadamente 3,5%. Essa mesma comparacgao feita
com volume de concreto dos pilares mostra que no modelo 01/06
€ menor aproximadamente 31,6%. Assim, percebe-se a grande in-
fluéncia da consideracdo de um valor maior do coeficiente de néo
linearidade fisica na laje protendida, possibilitando, para edificios
altos e esbeltos, competir com o sistema de lajes nervuradas em
consumo de concreto.
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Abstract
E——

Four continuously reinforced concrete pavement (CRCP) sections were built at the University of Sdo Paulo campus in order to analyze the pave-
ment performance in a tropical environment. The sections short length coupled with particular project aspects made the experimental CRCP
cracking be different from the traditional CRCP one. After three years of construction, a series of nondestructive testing were performed - Falling
Weight Deflectometer (FWD) loadings - to verify and to parameterize the pavement structural condition based on two main properties: the elastic-
ity modulus of concrete (E) and the modulus of subgrade reaction (k). These properties estimation was obtained through the matching process
between real and EverFE simulated basins with the load at the slab center, between two consecutive cracks. The backcalculation results show
that the lack of anchorage at the sections end decreases the E and k values and that the longitudinal reinforcement percentage provides additional
stiffness to the pavement. Additionally, FWD loadings tangential to the cracks allowed the load transfer efficiency (LTE) estimation determination
across cracks. The LTE resulted in values above 90 % for all cracks.

Keywords: concrete pavement, consitnuous reinforcement, deflections, backcalculation, load transfer efficiency.

Resumo

Quatro segbes experimentais de pavimento de concreto continuamente armado (PCCA) foram construidas no campus da Universidade de Sao
Paulo com a finalidade de analisar o desempenho deste tipo de pavimento em clima tropical. A curta extensdo das secdes aliada a aspectos
especificos de projeto fizeram com que o PCCA experimental apresentasse um padréo de fissuragao bastante distinto dos PCCA tradicionais.
Passados trés anos da construcéo, realizou-se uma série de testes ndo destrutivos — aplicagdes de Falling Weight Deflectometer (FWD) — para
verificar e parametrizar a condigéo estrutural do pavimento com base em dois fatores principais: 0 modulo de elasticidade do concreto (E) e o
maodulo de reacéo do subleito (k). A estimativa das propriedades foi obtida através da equiparagdo de bacias reais com bacias simuladas pelo
programa EverFE para a carga aplicada no meio da placa formada por duas fissuras. Os resultados da retroanadlise mostram que a falta de an-
coragem no final das placas diminui os valores de E e k e que a porcentagem de armadura proporciona um adicional de rigidez ao pavimento.
Adicionalmente, aplicacdes de carga tangenciais as fissuras possibilitaram a determinagao da eficiéncia de transferéncia de carga (LTE) entre
fissuras. A LTE resultou em valores acima de 90% para todas as fissuras.

Palavras-chave: pavimento de concreto, armadura continua, deflexdes, retroanalise, eficiéncia de transferéncia de carga.
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Experimental continuously reinforced concrete pavement parameterization using nondestructive methods

1. Introduction

N

Over the past 20 years, the evaluation of pavements by Falling
Weight Deflectometer (FWD) became the main non-destructive
analysis method of operational pavements. Factors such as no
need for material removal (destruction) and relatively user-friendly
equipment explain the success of this methodology [1]. The de-
termination of pavement properties through backcalculation al-
gorithms based on deflection measurements has also become a
routine operation in the study and evaluation of road structures.
However, one should perform a very careful process both in the
choice of the backcalculation method and in the equalization of
real (field) and theoretical deflection basins. Warns have been is-
sued of disastrous parameterization results if failures occur in the
backcalculation process [2].

For concrete pavements, a study compared the three most common
models used for backcalculation models based on finite element,
and concluded that the logarithm based on the “infinite slab” pres-
ents more accurate results than the “single slab” one. The “nine-
slab” model presents correlation values between the real and the
theoretical deflections very similar to those of the “infinite slab”, al-
though the former process has a much more complex methodology
than the latter. Therefore, the authors’ recommendation for general

studies is the use of “infinite slab” model because of its easier ap-
plicability and that the of “nine-slab” model should only be performed
for specific cases that require a more detailed approach [3].

The work described here presents the entire backcalculation pro-
cess of an experimental continuously reinforced concrete pave-
ment (CRCP) in order to parameterize the four sections and to esti-
mate the elastic modulus of concrete (E) and modulus of subgrade
reaction (k). The relation of these parameters with very specific as-
pects of this pavement type is discussed. For the backcalculation,
a finite element model with nine slabs called EverFE was used.
Additionally, the deflection analysis made it possible to calculate
the load transfer efficiency (LTE) across cracks for all the cracks
in the pavement. The LTE affects the performance of both jointed-
plain concrete pavements (JPCP) and CRCP; and can be a good
indicator of early structural problems on the slab that could lead to
future failures [4]. In JPCP, a low LTE can lead to excessive spall-
ing on the transverse joints and the development of longitudinal
cracks; in the CRCP, LTEs below 70% are routinely found on slabs
with punchouts failures [5].

1.1 Short experimental CRCP

The CRCP is a concrete pavement without contraction joints: a

Figure 1 - CRCP versus JPCP
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Figure 2 - FWD test position for LTE measurement
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continuous slab with only a constructive joint when the concrete
pouring stops. The major difference from JPCP is the presence
of a high reinforcement ratio slightly above the slab neutral axis
whose sole purpose is to keep the inevitable cracks, caused by
the concrete shrinkage, strongly tight. As a result of this tightening
action, the cracks are imperceptible to the user and load transfer
efficiency is highly satisfactory due to aggregate interlocking. Thus,
there is not a cracking control or induction as it is in JPCP, because
there is a whole steel structure designed to maintain the slab struc-
tural and functional integrity once the random cracking begins [6].
Figure 1 shows the basic differences between the traditional CRCP
and JPCP.

In 2010, an experimental CRCP was built at the USP campus in
Sao Paulo. The idea was to evaluate the slab behavior under a
tropical climate, as well as to develop a new technology for bus
corridors and stops in Brazil. To simulate a bus stop, the experi-
mental CRCP sections are only 50 m in length and 5.05 m wide, a
short length in relation to traditional CRCP with more than 300 m
in length between constructive joints. Also, there was no anchor-
age system at the end of the slabs; the sections were free to move
during the concrete curing. Those differences impacted the short
CRCP crack behavior; there were less cracks than expected and,
therefore, a greater crack spacing [7]. The study of dynamic de-
formations with different operating speeds showed stresses below
the concrete strength, indicating a good structural performance of
the slab [8]. The design of the short CRCP was a 240 mm thick
concrete slab over a 60 mm asphalt concrete base over a 300 mm
dry macadam sub-base. The only difference between the sections
was the amount of longitudinal steel: section 1 has 0.6%, section 2,
0.7%, section 3, 0.5% and finally section 4 with less steel at 0.4%;
more details and construction aspects can be found elsewhere [9].

2. Falling Weight Deflectometer (FWD)
test methodology
[
To determine the LTE across cracks, the simplest and most rou-
tinely applied method is the one introduced by Shahin in 1985
[10], in which the load transfer percentage is determined by the
relation between the symmetrical deflections at the loaded slab
(1) and at the unloaded slab (82). For this, the FWD plate must
be positioned tangentially to the crack so that at least two sen-
sors are equally distanced from the slab, one at the loaded slab
and the other at the unloaded slab. The calculation is performed
by Equation 1.

8
LTE =2x 100% (1)

1

While a study held in JPCP joints indicated a minimum LTE of
75% as an indication of pavement good structural performance
[10], another work showed, again in JPCP joints, that for new
pavements without dowel bars, the LTE varied between 70 and
100%, and that for new pavements with dowel bars, the lower
limit was upgraded to 80% [11]. The author considers a LTE lower
than 70% unacceptable. For CRCP, LTE below 70% is also con-
sidered problematic [5].

Since the sensor device configuration was 0, 200, 300, 450,
600, 900 and 1200 mm, and the load plate had a 300 mm di-
ameter (first sensor), it was decided to use the deflections mea-
sured by the sensor at points 0 and 300, as shown in Figure 2.
The previously stipulated load was 60 kN due to the need of a

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2
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Experimental continuously reinforced concrete pavement parameterization using nondestructive methods

more detailed deflection reading, which a lower load could not
provide due to the high stiffness of a concrete pavement with
such steel ratios. Also, tests were performed in the middle of the
slabs, between consecutive cracks, in order to analyze the de-
flection basins and to determine essential parameters, through
backcalculation, to study slab performance such as the concrete
modulus of elasticity (E) and subgrade reaction module (k). As
section 1 has no visible cracks yet, the FWD tests at this sec-
tion were conducted 5 meters from each edge and then with a
10-meter spacing. Since each stretch has a width of 5.05 m,
the test point was always in the middle of the width, i. e., 2.525
m from the road center axis. Figure 3 encodes each point as a
crack (F) or slab (P) in all sections.

2.1 Backcalculation methodology

The consistent simulation of the slab structure behavior with a
theory by means of strains or stresses of the actual structure is
a quite suitable backcalculation concept. For such, the theoreti-
cal model (analytical or numerical) must be able to represent the
pavement geometric configuration and the loading parameters
employed. Once all the necessary elements are provided, the
theoretical simulation thus relies on a search through successive
approximations, for a theoretical response with sufficient level
of representation of the real answer. The most usual method of
checking the quality of these approaches is the analysis of the

squared error between the theoretically calculated deflections
and actual measured deflections in the field. Equation 2 dictates
this method.

SquaredError =Y SiField _ SiThearetical )2 (2)

E and k are known to range with the pavement age, which may
make measured values during construction quality control not rep-
resentative, for example. To estimate the input values of k and E
based on the deflections obtained, studies by Hall [12] and Crovetti
[13] are used herein. In the first research, the structural answer
analysis of innumerous concrete pavement sections based on the
slab radius of relative stiffness (£) concept defined the following
relation (Equation 3 and Equation 4) between this parameter and
the field deflections [12].

. 36— AREA )T
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Figure 3 - FWD crack (F) and slab center (P) points
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AREA = 6|1+ 220 2w | O (4)
80 60 80

The parameter AREA is the deflection basin area normalized by
the maximum deflection in relation to a FWD load applied onto a
300 mm diameter plate. It is worth highlighting that the concept be-
hind the study is based on loadings in the slab center. The knowl-
edge of { allows using the Westergaard equations for the load in
the slab center to determine the values of k and E [13]. To this end,
Equation 5 and Equation 6 are used.

2
=t 1+[i). ln[ij-o.67278436 [9) (5)
83,4 | \2n )] (2« (

o 12 (1 - :32) K ©)

Where:

P = FWD loads (Ibf)

a = FWD plate radius (pol)

J = Poisson ratio

h = slab thickness

Note that the model presented has its application field limited to
infinite slabs with loads in its center. It should also be noted that
for k-values, the calculated numbers refer to a static load; how-
ever, the FWD is a dynamic load; thus, the actual values should
be higher than the estimated ones. Table 1 shows the estimated
values of k and E according to the methodology described above.
Note that only slab center FWD points were selected for the analy-
sis. These values will be used as the initial input in the software for
the backcalculation process.

2.1.1 The EverFe software

First presented in 1998, the EverFe, now in version 2.24, allows
numerical simulations of load tests by finite element. Using the
software, it is possible to simulate the real tests in order to verify
the values of E and k.

Although the model was specifically developed for JPCP, it is pos-
sible to simulate other concrete slabs structures knowing their geo-
metric configurations. The software can simulate up to three layers
(each with its own characteristics and parameters) and transverse
and longitudinal joints between slabs; the maximum number of
slabs is nine. In addition, the software allows a number of vehicle
axle configurations and loads that satisfactorily contemplates the
traffic conditions currently found in highways [14].

To simulate the experimental CRCP, firstly, the sections geometric
configuration was informed. The cracks were simulated as joints; a
slab is considered the space between consecutive cracks (joints);
hence, section 3 has eleven slabs, for example. Section 1 was
simulated as a single slab with five FWD loading points. For the

cracked sections, aiming to provide the continuous pavement con-

figuration, the prior and posterior slabs to the analyzed slab were

considered for each P point.

Some considerations regarding the simulation:

B Along with the concrete slab, it was chosen to simulate only the
base layer. When simulating with or without the granular sub-
base layer, it was observed that the effect on the deflections
was negligible;

B The resilience modulus of the asphalt concrete base was
based on the analyses of two studies that indicate a relatively
high modulus to asphalt layers isolated (between two layers)
because it is less exposed to thermal variations than the sur-
face layer [15] [16];

B The values concerning the slab-base friction were set at 10
each, just to not let them null; again, in the simulations it was
observed that a three-value variation on a scale of 1 to 100
does not cause significant changes in the deflection;

B Regarding the slab thermal gradients, the temperature during
the FWD test was 20 ° C on a very cloudy day. According to
the equations developed during a thermal research in Sao Pau-
lo, the thermal gradient between top and bottom should be of
7°[17]. Applying this value to EverFE, the slab suffers such a se-
vere warping that deflections turned negative; even decreasing
this value to 2 ° C, the resulting deflections were only matched
with the field deflections with an E larger than 200MPa, which is
very unlikely in the concrete applied. The software is believed to
present some errors concerning the thermal effects. Therefore,
the thermal differential used was zero;

B As the longitudinal reinforcement on the CRCP has no load
transferring function — its only purpose is to keep the cracks
closed —, the cracks (joints) were considered to have no rein-
forcement [18]. The only crack input was the crack width and
the crack stiffness based on the crack width [19].

Based on the estimated E and k shown in Table 1, backcalcula-

tion attempts for an approximate value of E and a value twice the

estimated k were initiated. It is known that increasing the value of

k and E makes the structure stiffer, reducing the deflections. With

each attempt, the percentage error and the squared error were an-

alyzed, until the lowest possible error was obtained, this being the
most appropriate and representative of the field test basin. It was
clearly seen in all the basins matching that k was more influential in
the last three deflection sensors; on the other hand, the E modified
deflections of the first three sensors more intensely. After this find-
ing, the process changed to first fix a value of k that corresponds
to a very low error for the sensors at 600, 900 and 1200 mm, and
then the E was ranged until the 0, 200 and 300 mm sensors were
adequate. An example of this matching process can be found in

Table 2 and in Figure 4. In the case presented, try number P1.4h

was the one that best represented the field data.

3. Results and discussions

EE

The deflections in the slabs center allowed the deflection basin
layout shown in Figure 5. Firstly, we note that the lower maximum
deflection occurs at the longer slab formed between cracks, P2.2
in section 2 center. This can be explained by the section higher
ratio of reinforcement which gives it greater stiffness. The largest
maximum deflections - values above 25x102 mm — were always
found near the sections transverse edges. The lack of anchorage
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Table 1 - Estimated parameters for slab center FWD loadings
| o
PA.1 6171 33.344 60.710 10.022 48,080
P4.2 6198 32.238 47.733 20.106 36,862
P4.3 6227 31.985 45.561 42.883 65,265
P4.4 6200 31.473 41,769 29.349 31,552
P4.5 6187 32.670 52.005 20.460 52,858
PA.6 6219 29.758 32.801 70.594 28,861
PA.7 6169 31.362 41,032 41.544 41,591
P4.8 6167 31.729 43.576 34.023 43,328
P3.1 6192 30.981 38.702 36.600 29,003
P3.2 6170 30.670 36.999 38.493 25,477
P3.3 6214 32.792 53.378 25.667 73,588
P3.4 6169 31.608 42.701 40.960 48,094
P3.5 6206 31.283 40.524 48.133 45,844
P3.6 6159 31.248 40.307 46.972 43,789
P3.7 6169 31.834 44.372 37.039 50,713
P3.8 6170 31.906 44,930 33.390 48,057
P3.9 6159 32.173 47.158 26.303 45,943
P3.10 6163 31.811 44.192 26.378 35,531
P3.11 6134 31.732 43.596 20.082 25,622
P1.1 6100 31.646 42.976 16.147 19,453
P1.2 6177 31.979 45513 29.476 44,671
P1.3 6198 31,704 43.391 37.671 47,164
P1.4 6181 30.541 36.341 64.536 39,753
P1.5 6130 31.896 44,852 22.634 32,351
P2.1 6167 33.680 66.428 11.704 80,488
P2.2 6190 30.297 35.153 90.736 48,938
P2.3 6146 31.551 42.299 35.726 40,393

at these points elucidates this fact; near the edge, the slab is freer
to move and it is not uncommon to feel a vertical displacement
when a heavy vehicle access or exit the stretch. Despite its in-
creased reinforcement ratio in relation to sections 3 and 4, sec-
tion 1 presents point (P1.1) with the largest maximum deflection
(38x102mm) - much larger as compared to the second largest, the
P4.1 point (section 4) with 31,4x102 mm; this happens because
there is a settlement flaw in the interlocked pavement near the
joint with the experimental CRCP. This failure caused faulting and
breaking in the slab corner as shown in Figure 6. At this point, the
vertical “bump” is more easily noticed. It is also interesting to note
that the two points with the largest displacements are those where
the vehicles access the experimental CRCP, which suggest a more
advanced concrete deterioration due to the vertical impact at these
points. As for the shape, except for the P1.1 basin, all the basins
seem a typical outline for rigid pavements with a smooth deflection
decrease through sensors.

Deflections at the crack also enabled the deflection basins layout
as seen in Figure 7. The graph analysis shows the non-occurrence
of very high maximum deflections, as expected; cracks are fur-

ther from the edge than the final and initial slabs, which makes the
displacements due to lack of anchorage less influential. Despite
the lower values, the two highest maximum deflections are, again,
close to the edge (F3.10 and F4.1). No significant increase in de-
flections was noticed when comparing the measures taken at the
crack and in the slabs center — in some cases, the crack deflec-
tions were even smaller. A study showed in a JPCP that joints with-
out dowel bars presented much higher deflections than joints with
dowel bars [20]. Even though the CRCP joints (cracks) do not have
dowel bars, the cracks small width added to the tightening strength
provided by the longitudinal reinforcement, which increases the
stiffness, decrease deflections even in a physical discontinuity.

3.1 Load transfer efficiency across cracks

The FWD loading tangential to the crack provided equidistant de-
flections; the use of Equation 1 allowed the LTE calculation. Figure
8 illustrates the LTE value for each crack. Figure 8 allows the fol-
lowing findings:

B All cracks showed LTE over 90% (average 92.7%);

2068
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Table 2 - Deflections matching process for point P1.4

Deflections (0.01 mm)

E (MPa)

(MPa/m)
oplda 38000 o 0 onw 5% 266% 6% 28a% oo 18000% 5454
2 plb 00 gins 06y leas 1oz 186w 18o%  loew  alow 12010% 2708
3 prac ssoo R R U U s wow wmss  olgw 1420% 2184
4 plad 3OO0 el 0% jom%  9o% 0o 104%  109%  lop 0003% 7o
5  plde 38000 Err];?%) S%? 7]?;/1 71252 g%i 7H5£/1 7<;.><'52/o 9?52/() 47.70%  4.20
6 Pl SO0 Lol 0%e  ask 6ok B0% A7k 4d%  ao% S200% 183
7 opldg M0 ph e abm  asm  osw  osn  amm o 2706 148
8 plah OO oto. e osx  0s%  00%  00%  Ti% oo 2% 0%
O P MO0 gn ofa o  asm  o7e  o8%  oo% o 20426 083
0 pl4 om0 190 122 124 19 112 105 91 81 e 12

Error(%) 8.3% 0.8% 0.8% 0.9% 0.9% 1.1% 0.0%

B The crack with the lowest LTE (90.52%) is F3.1, positioned at not observed in the LTE. Figure 9 shows the relationship be-

the end of section 3; however, strangely, the crack with the
highest LTE (95.51%) also lies on a section edge - section 4 in
that case. Deflections were quite large in this position as seen
in Figures 5 and 7; however, more or less displacement does
not seem to influence the crack load transferring potential.

tween the LTE and the crack spacing of loaded and unloaded
crack. No trend is verified, i.e., very large crack spacing as those
presented by section 2 are not harmful to the load transfer;

Another aspect is that when simulating a crack at the P points
(slabs center) and calculating the LTE for this fictitious crack,

B As some researchers stress, the crack spacing influence was the values are very similar to those of Figure 8; this means that

Figure 4 - Deflection basin matching for P1.4
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0 200 400 600 800 1000 1200
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regarding load transfer, the short CRCP cracking behaves as
a continuous structure. The simulated LTE data are shown in
Table 3.

3.2 Backcalculation analysis

Before any analysis, it should be clear that, although the concrete
used was the same for all sections, provided by the same supplier,
the construction happened in different days for each section and
it is know that concrete, a heterogeneous material, can present
different properties even in a small volume. In addition, construc-
tive problems such as exudation and segregation of fresh concrete
may happen. All these variables are aggravated by the pouring
and vibration of the material, which is certainly not homogeneous
in situ. These factors are influential on the FWD test results, which
may consequently affect the basin matching during the backcal-
cutation. With these presuppositions in mind, the E and k results
are presented for all P points in table 4.

In spite of the factors discussed above, of the 27 basins analyzed,

only three cases (P3.3, P2.1 and P1.1) could not find a satisfactory
theoretical basin match according to the criteria presented. This
validates the FWD testing. An extra explanation for these three
cases could be that during the FWD test, the loading plate was
not uniformly placed on the surface due to the presence of very
hard aggregates, which can lead to uneven pressures. This is very
likely to have occurred in P3.3. However, for the P2.1 and P1.1
slabs, because of its location in the sections longitudinal edge, the
software used may be assumed not to have perfectly simulated the
slab anchorage system — or lack of it.

By analyzing the values of k and E, it appears that, except for the
P4.4 and P4.6, the nearest from the edge, the lowest values for
both parameters are presented; and more, especially at the slabs
edge where vehicles access the sections, the minimum values
were found. This fact is easily explained by the absence of an an-
choring system, which means that there is greater displacement at
the edges and also due to this displacement, a larger deterioration
of the concrete and the structure as a whole at these points.
Excluding these minimum values influenced by the edge, there is

Figure 5 - Deflection basins for slab center loadings
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Figure 6 - Concrete deterioration at the transversal edge

an E variation from 34,000 to 38,000 MPa for section 1; 25,000 to  error, the most representative values for each section are 38,000
42,000 MPa for section 3; and 25,000 to 45,000 MPa for section =~ MPa for section 1; 35,000 MPa for section 2; 38,000 MPa for sec-
4. This variation is common and expected in large volumes of con-  tion 3; and 25,000 MPa for section 4. For section 2, as there are
crete as a pavement slab. When checking the smallest squared  only three P points, the most representative ended up being the

Figure 7 - Deflection basins at crack
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Figure 8 - LTE for each crack
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closest to the edge; furthermore, the value of 60,000 MPa (near
the slab center) is very high for the concrete used. An FWD testing
error could also have occurred in this case, which generated lower
deflections. However, it is not entirely wrong to suppose that sec-
tion 2 presents a more rigid structure due to the large amount of
reinforcement steel, since even the edge P points resulted in E in
the magnitude of 30,000 MPa.

Concerning k, the parameter variation, excluding the values near
the edge, resulted in 95 to 160 MPa/m (Section 1); 85 to 135 MPa/m
(Section 3); 70 to 155 MPa/m (Section 4). loannides [21] states that

the modulus of subgrade reaction is not an intrinsic property of the
soil, but a representation of the structure support as a whole. Thus, it
is perfectly normal for a complex structure with several layers of dif-
ferent materials to present the variations mentioned. Values denote
a fairly stiff base on the subgrade; a research found for a JPCP with
a lean concrete base, in an area close to the short CRCP, values
between 60 and 125 MPa/m [20]. The sections are better represent-
ed (lower square error) for k equal to 160 MPa/m (Section 1); 105
MPa/m (Section 2); 135 MPa/m (Section 3); and 85 MPa/m (Section
4). Again, section 2, even near the edge, presents high values.

Figure 9 - Crack spacing versus LTE
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Table 3 - Fictitious LTE in the slab center
Deflections (0.01 mm) Deflections (0.01 mm)

Point LTE Point LTE

P41 31.4 30.3 96.50% P3.7 15.7 14.6 92.99%

P4.2 25.2 23.8 94.44% P3.8 17.0 15.9 93.53%

P4.3 13.0 12.2 93.85% P3.9 19.6 18.4 93.88%

P4.4 22.4 20.8 92.86% P3.10 222 20.6 92.79%

P4.5 20.9 19.9 95.22% P3.11 29.8 27.8 93.29%

P4.6 14.9 188 89.26% P1.1 37.9 35.4 93.40%

P4.7 16.3 15.0 92.02% P1.2 18.8 17.5 93.09%

P4.8 17.7 16.5 93.22% P1.3 16.2 15.0 92.59%

P3.1 20.8 19.1 91.83% P1.4 13.3 12.0 90.23%

P3.2 21.5 19.4 90.23% P1.5 250 23.3 93.20%

P3.3 15.9 15.1 94.97% P2.1 225 21.6 96.00%

P3.4 15.3 14.2 92.81% P2.2 10.1 9.0 89.11%

P3.5 14.5 13.3 91.72% P2.3 17.8 16.4 92.13%

P3.6 14.9 13.8 92.62%
4. Conclusions spacing in LTE were visible. By simulating a crack in the slab cen-
N ter points, the fictitious LTE was verified to be very similar to the

By analyzing the deflection basin in the slab center points, the
larger deflection was observed to occur near the pavement lon-
gitudinal edge. As the sections do not have an anchoring system,
the slab has free edges which cause a greater vertical displace-
ment when the slab is loaded. The basins obtained tangential to
the cracks showed similar results to those of slab center; again
the largest deflections were near the edges. This proves that even
without dowel bars at the cracks (joints) the CRCP behaves as a
continuous structure. The LTE across cracks showed a very sat-
isfactory performance of the sections. All the cracks presented a
value higher than 90%, including those near points that had large
deflections. No influence of the reinforcement ratio and the cracks

actual LTE at cracks. This shows that albeit cracked, the pave-
ment behaves as a single structure. The backcalculation process,
despite the many simplifications adopted, resulted in a variation of
the E and k parameters compatible for most basins. It is clear that,
due to the lack of an anchorage system, the deflections in the lon-
gitudinal edges of the sections were very large and, consequently,
E and K were lower at these points. Section 2 presents greater k
and E even for points closer to the edge in a direct influence of the
steel amount in the slab stiffness. For Section 1 edge, a settlement
presented by interlocked pavement near the experimental CRCP,
resulted in fast concrete deterioration, which was proved by the
very low E backcalculated.

Section 2

E
(MPQ)

(MPZ iy 80 200 105 95 95 120
Erorz 1723 016 011 037 090 3.0

Table 4 - Backcalculated E and k

Section 2
P2 PL3  Pl4  PI5
E
(MPa)
(Mpg my 53 95 120 160 70 53
Ero? 1718 053 043 039 112 096

T T
| rom b1 paz (pad rar paa maa 34 ras pas ra7 |38 ey paio pann

30000 60000 35000 25000 25000 30000 35000 42000 38000 42000 42000 28000 28000 25000

130

0.22

Section 3
P4.4 P4.5

12000 35000 34000 38000 28000 25000 27000 45000 25000 30000 28000 32000 30000

P4.3

70 145 85 85 155 125 115

0.29 0.22 0.21 0.56 0.24 0.29 0.27

Section 3

135 135 115 105 100 85 60

0.23 0.20 0.44 0.27 0.44 0.48 0.82
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Abstract
E——

The performance standard NBR 15575-1: 2013 [1] states that to achieve the higher level of performance for durability, buried concrete structures
must achieve a minimum service life (VUP) of 75 years. However, the NBR 6118:2014 [2] does not specify the minimum project properties for the
structure fulfill this VUP. The objective of this study is to provide recommendations for structural designers to meet higher performance require-
ments of NBR 15575:2013 [1] in durability. It was conducted a research of national and international standards and reference publications about
the durability and VUP 75 years for structural elements buried. The paper was divided into three parts: (1°) the analysis of the Brazilian and inter-
national legal system, as well as reference publications in the area; (2°) discussion of service life prediction models; and (3°) specifications to meet
the superior level of durability of structural elements buried.

Keywords: performance standard, superior performance, service life, burried structures.

Resumo

A ABNT NBR 15575-1:2013 [1] estabelece que, para atingir o nivel de desempenho superior em termos de durabilidade, as estruturas de con-
creto armado enterradas devem atender a uma vida util de projeto (VUP) minima de 75 anos. Contudo, a norma ABNT NBR 6118:2014 [2] ndo
apresenta recomendacdes de projeto para que esta VUP seja cumprida. O objetivo deste trabalho € determinar alguns parametros projetuais de
durabilidade para estas estruturas, visando atender ao requisito de desempenho superior da norma. Para tanto, realizou-se uma pesquisa em
normas nacionais e internacionais, além de publica¢cdes que remetam a especificacdes de projeto para vida util de 75 anos para elementos es-
truturais enterrados. O trabalho dividiu-se em trés partes: (1°) a analise do sistema normativo (nacional e internacional) e publicagdes referéncia
da area; (2°) discussdo de modelos tedricos de previsdo de vida util; e (3°) definicdo das especificacdes de projeto para elementos estruturais
enterrados para o nivel superior de desempenho.
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Specification faced with durability to meet superior level of performance in structural elements buried

1. Introduction
|

According to the performance standard for residential buildings,
ABNT NBR 15575-1:2013[1], a structural system must remain safe,
stable and efficient throughout its intended service life. Its constit-
uents must be designed and built so that, under pre-established
use conditions, they keep their functional capability throughout its
intended service life, which is 75 years for superior performance.
ABNT NBR 15575-1:2013[1] provides that the method for assess-
ing the durability of a structure can be to determine whether it com-
plies with the requirements set forth in applicable Brazilian stan-
dards or, in the absence thereof, specific international standards
addressing the matter.

The purpose of this paper is to provide design recommendations
for durability, which may be adopted to size and verify the ele-
ments in contact with the ground - such as foundations - in order to
achieve the ABNT NBR 15575:2013 [1] superior performance level
requirement. In such environments, major aggressive agents are
chloride ions, sulfate and humidity.

However, the Brazilian standards for structural design and struc-
tural system durability mentioned in ABNT NBR 15575-1:2013 [1],
ABNT NBR 6118:2014 [2] and ABNT NBR 12655:2015 [3] do not
provide recommendations on how to achieve the durability require-
ment for buried elements, particularly superior service life. Thus,
other references should be sought to meet this purpose, both nor-
mative and non-normative.

Therefore, this study was carried out in three stages: (1) analy-
sis of the national and international normative system; (2) review

of theoretical models for service life prediction; and (3) definition
and proposal of design recommendations for buried structural el-
ements to meet the service life requirement of 75 years. In the
first stage, the applicable Brazilian and international standards are
presented, as well as relevant technical publications addressing
the minimum design requirements to be in compliance with the
standard. In the second stage, these normative design parameters
are tested through theoretical models. In the third stage, specific
design specifications are recommended, integrating that used as
reference and the results of the service life prediction models.

2. Analysis of the brazilian and

international normative system
E—

2.1 Brazilian standards

ABNT NBR 15575-1:2013 [1] provides that the design of service
life for structural elements of residential buildings must be 50, 63 or
75 years to meet the minimum, intermediate and superior durability
levels, respectively, as shown in Table 1.

In reinforced concrete structure designs, environmental aggressive-
ness should be classified according to the criteria used by ABNT
NBR 6118:2014 [2], which stipulates that these structures must be
designed and built so that, under the environmental conditions es-
tablished at the time of design, they remain safe, stable and efficient
throughout its intended service life. Table 2 shows the criteria for en-
vironmental aggressiveness classification proposed by this standard.

Table 1 - Service life for minimum, intermediate and supetior levels for residential structures

Service life (years)

Examples
Minimum Intermediate Superior
Foundations, structural elements (columns,
Main structure beams, slabs and others), structural walls, 50 263 75

peripheral structures, contentions and retaining
walls

Source: ABNT NBR 15575-1:2013, edited by the authors

Table 2 - Environmental aggressiveness classes

Environmental aggressiveness : General classification of . : :
Aggressiveness : : : Risk of structure deterioration
classes environmental kind for design
Rural

| Weak Insignificant

Submerged
] Moderate Urban Small
i St Marine Bi

ron i
d Industrial ©
Industrial

v Very strong . Elevated

Tidal splash

Source: ABNT NBR 6118:2014
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Kind of

Element
structure

Slab
Reinforced concrete Beam/column

Buried structural elements
Source: ABNT NBR 6118:2014

Table 3 - Correspondence between environmental aggressiveness
class and nominal coverings thickness

Aggressiveness
Il [}

Nominal covering thickness (mm)

20 25 35 45
25 30 40 50
30 30 40 50

Concrete

Water/cement ratio, in mass
Concrete class (ABNT NBR 8953)

Cement consumption for concrete cubic meter, kg/m3
Source: ABNT NBR 12655:2015

Table 4 - Correspondence between environmental aggressiveness
class and concrete quality, for reinforced concrete structures

Environmental aggressiveness class

I Il 1] 1\
<0,65 <0,60 <0,55 <0,45
>C20 >C25 >C30 >C40
=260 >280 =320 =360

aggressiveness is necessary to use sulfate resistant cements.

Source: ABNT NBR 12655:2015

Table 5 - Requirements for exposed concrete of sulfates solutions

o : S Minimum f
Exposure conditions Water soluble sulfate Maximum w/c ratio, in ck
in function of (SO,) in soil - %, Sol_u ble sulfate (SO,) mass, for regular _(for regular ou

aggressiveness 4in mass 721 0 = 2L aggregate concrete* light aggregate

99 ggreg concrete) - MPa
Weak 0,00a0,10 0a 150 - -
Moderate** 0,10a0,20 150 a 1500 0,50 35
Severe*** Above de 0,20 Above de 1500 0,40 40

* Low w/c ratio or high strength could be necessary fo obtain low concrete permeability or steel corrosion protection or freezing and thawing; **See water; ***For severe

Depending on the environmental classification, ABNT NBR
6118:2014 [2] presents recommendations regarding reinforcement
cover thickness. This cover thickness is intended to ensure physi-
cal, chemical and mechanical protection of the reinforcement, as
shown in Table 3.

According ABNT NBR 12655:2015[3], when the requirements pro-
vided in ABNT NBR 6118:2014 [2] are met, structural durability will
depend on the characteristics of the concrete constituents. There-
fore, this standard defines the maximum water/cement ratio, mini-
mum compressive strength, and minimum cement consumption,
as shown in Table 4. It also shows the ground aggressiveness clas-
sification depending on the amount of water-soluble sulfate (SO,)
in soil, as shown in Table 5.

The recommendations provided by these standards are assumed

to be for a service life of 50 years. ABNT NBR 8681:2004 [4] deter-
mines that for actions that vary over time (variable actions) a refer-
ence period is required for them to be equaled or overcome. These
values were defined by consensus, having a 25%-35% probability
that they will be exceeded during 50 years.

2.2 International standards and reference literature

According to Tutikian, Isaia e Helene (2011) [5], the durability of
concrete structures depends on both extrinsic factors (presence of
salts, sea spray, acid rain) and intrinsic factors (cement type, wa-
ter/cement ratio, additives additions, etc.). This paper focused on
the assessment of intrinsic factors required to have a service life of
75 years. The intrinsic factors recommended by the national and
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Specification faced with durability to meet superior level of performance in structural elements buried

Sulfate concentration in SO,
Environmental

SO, in 2:1 ratio of
water and soil

Aggressive
ness zone

Total SO,

4 la2 3abd

Source: Indian Standard IS -456, adapted by the authors

Table 6 - Recommendations for high severe aggressiveness zones

Ground
water

25ab

Minimum
cement
consumption
(kg/m?)

Maximum
w/c ratio

Cement
type

Supersulfated
cement or Portland
cement resistant
to sulfates

370 0,45

international normative system for durability are (a) minimum ce-
ment consumption; (b) minimum reinforcement cover thickness;
and (c) maximum water/cement ratio. Concrete compressive
strength is also mentioned but, as it is related to water/cement ra-
tio, it does not require further specification. The type of cement
used could also affect the durability of these structures by chemical
deterioration, but it is rarely described in the standards.

2.2.1 Minimum cement consumption

Cement consumption is often related to parameters such as me-
chanical strength, durability, fluidity, setting time, and others. Ac-

cording to BRE (2005) [6], penetration of sulfate ions occurs in
porous alkaline solutions resulting from cement hydration, leading
to damage such as expansion and cracking. By using sulfate-resis-
tant cement, the level of tricalcium aluminate is kept at a minimum,
thus reducing the impact of such reaction on the structure.
Regarding structures embedded in sulfate environments, the recom-
mendations provided in IS 456:2000 [7] should be noted. This regula-
tion has a qualitative classification by zone of potentially aggressive en-
vironments to concrete structures. The Indian standard mentions buried
structures, classifying them under aggressiveness zone number 4. For
structures in these circumstances, the standard determines that mini-
mum cement consumption should be 370 kg/m?, as shown in Table 6.

Table 7 - Specifications to attend service life of 100 years in buried
reinforced or pretensed concrete elements

Source: adapted from BS 8500-1:2006

Corosion  Exposition | Cement Nominal covering thickness of concrete (mm)
type condition type 40 45 50 55 60 65 70 75
I A, IIBS, C45/55  C40/50  C35/45  C32/40, C28/35  (C28/35  C28/35  (C28/35
SRPC 040;380 045360 0,50;340 0,55320 0,60;300 0,60;300 0,60;300  0,60;300
Saft B TIA B B C35/45  C32/40, C28/35  C28/35  C28/35  C28/35
SDFF:K' b;” ’ 045360 050;340 0,55320 055320 0,55;:320  0,55;320
wiIThou

direct B B B C32/40, C28/35  C28/35  C28/35  C28/35  C28/35
———_, 045360 050,340 0,55:320 0,55320 0,55;320  0,55;320
VBV B B C28/35  C25/30  C20/30  C20/30  C20/30  C20/30
045360 0,50;340 0,55:320 0,55320 0,55:320  0,55;320
Chloride I, 1A, 1IB-S, B B B B _ C45/55 C40/50 C35/45
(except SRPC 0,40;380 0,40;380  0,45;360
see e v A . ) ) CA0/50  C35/45 ~ C32/40, C28/35  C25/30
water) dryy ’ 035380 0,40;380 0,45:360 0,50;340  0,55;320
1B VBV ~ B B C32/40, C28/35  C25/30 C25/30  C25/30
' 040;380 045360 0,50;340 0,55320  0,55;320
I, 1A, 1IB-S, B B B B B C45/55 ~ C40/50  C35/45
Wetting SRPC 0,35:380 0,40;380  0,45;360
and B TR, B B B C40/50  C35/45  C32/40, C28/35  C25/30
drying ‘ 035380 0,40;380 045360 0,50;340  0,55;320
cycles B, IVBLY ) B B C32/40, C28/35  C25/30  C25/30  C25/30
' 040;380 045360 050;340 0,50;340  0,50;340
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BS EN 206-1:2006 [8] recommendations for cement consumption
are similar to those provided by IS 456:2000 [7]. Similarly to Brazil-
ian regulations, these standards do not have a description about
the service life used. For both ACI 318-11:2002 [9] and ABNT NBR
6118:2014 [2], service life is assumed to be 50 years, based on the
time of return of the design variable actions. These recommenda-
tions are more conservative than those adopted by ABNT NBR
6118:2014 [2] for buried structural elements.

2.2.2 Nominal cover to reinforcement

Concrete cover is used to provide the reinforcement with chemical
and physical protection in order to ensure that the superior perfor-
mance level is obtained, that is, a minimum service life of 75 years.
Table 3, taken from ABNT NBR 6118:2014 [2], specifies the mini-
mum reinforcement covers for a service life of 50 years; for more
strict criteria, additional information is required.

According to Neville & Brooks [10], it is possible for structures to
have a service life of 100 years if specific nominal covers are ad-
opted based on the type and exposure condition of structures, in ad-
dition to the concrete strength classification. This is the principle ad-
opted in ABNT NBR 6118:2014 [2] and ABNT NBR 12655:2015 [3].
Within this context, Table 7 shows the BS 8500-1:2006 [11] specifi-
cations for a service life of 100 years, focusing on chloride ion attack.
Thus, for wet and rarely dry conditions in environments poten-
tially prone to corrosion by chloride, reinforcement covers should

CI (% cimento)

Figure 1 - Effect of w/c ratio in
chloride penetration
(Source: JAEGERMANN,

1990 apud POLITO, 2006)
Relagiao alc
- — 0,75
— 0,60
r — 0,50
— 040
LN B B B B B S B B B EEN B R
10 15 20 45 5.0

Sulfates
Design Class Water / soil 2:1 Ground water
of soil ratio (SO, mg/I) (SO, mg/I)
DS-1 < 500 <400 <024
DS-2 500 - 1500 400 - 1400 0,24-0,6
DS-3 1600 - 3000 1500 - 3000 07-12
DS-4 3100 - 6000 3100 - 6000 1.3-24
DS-5 > 6000 > 6000 >24
Source: adapted from BRE Special Digest 1:2005

Sulfates total
potential
(SO, %)

Table 8 -ACEC classification for natural soils

Ground water pH

Static water Mobile water ACE::S;::IO =
(pH) (pH)
> 25 = AC-1s
> 25 >55 Al-1
> 25 25-55 AC-2z
>3,5 - AC-1s
= >55 AC-2
25-35 - AC-2s
— 25-55 AC-3z
>35 - AC-2s
= >5,5 AC-3
25-35 - AC-3s
= 25-55 AC-4
>3,5 - AC-3s
= >95,5 AC-4
25-35 - AC-4s
= 25-55 AC-5
>35 - AC-4s
25-35 225 AC-5
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Table 9 - DC class and APM number for
concrete elements in zones with hydraulic
gradient less than or equal to 5: concrete for
general use in situ

ACEC class Planned service life
of soil Until 50 years Until 100 years
AC-1s, AC-1 DC-1 DC-1
AC-2s, AC-2 DC-2 DC-2
AC-2z DC-2z DC-2z
AC-3s DC-2 DC-3
AC-3z DC-3z DC-3z
AC-3 DC-2 DC-3
AC-4s DC-3 DC-3
AC-4z DC-4z DC-4z
AC-4 DC-3 DC-4
AC-4ms DC-4m DC-4m
AC-4m DC-4m DC-4m
AC-5z DC-4z + APM3 @ DC-4z + APM3 @
AC-5 DC-4 + APM3 @ DC-4 + APM3 @
AC-5m AC-4m + APM3 @ AC-4m + APM3 ¢

Source: adapted from BRE Special Digest 1:2005

be at least 55 mm, with fck of 40 MPa, maximum water/cement
ration of 0.40, and minimum cement consumption of 380 kg/m?.
BS 8500-1:2006 [11] uses concrete cover, compressive strength,

water/cement ratio and cement consumption to ensure struc-
tural durability, similarly to ABNT NBR 6118:2014 [2], ABNT NBR
12655:2015 [3] and other international standards.

2.2.3 Water/cement ratio

As the thickness of reinforcement covers, maximum water/cement
ratio will also depend on environmental aggressiveness. In order
to determine the ratio for a service life of 75 years for buried struc-
tures, attack by chloride and sulfate should be considered, as well
as soil humidity.

According to CCAA (2009) [12] and Figueiredo (2011) [13], concrete
resistance against chloride attack depends on the material poros-
ity, particularly size, distribution and interconnectivity of paste pores.
This variable is directly proportional to the water/cement ratio. Fig-
ure 1 shows the effect of such variable on chloride ion penetration
(POLITO, 2006 [14]). Table 8 shows the BS 8500-1:2006[11] specifi-
cation for maximum water/cement ratio allowed in designs for areas
having this type of environmental aggressiveness.

ACI 318-11:2002 [9], similarly to Brazilian standards, does not dis-
criminate the intended service life by adopting design parameters
(it is assumed to be 50 years), according to ASCE 7-05 (2005) [15].
However, similarly to the Brazilian standard, ACI 318-11:2002[9]
adopts an environmental classification based on aggressiveness.
Considering a structure exposed to humidity and external chloride
sources (class 2), a maximum water/cement ration of 0.4 is recom-
mended, consistent with the BS 8500-1:2006 [11] recommendation.
Another hypothesis to be considered when analyzing the durability
of buried structures is attack by sulfates in the ground, particu-
larly in industrial areas. Mehta & Monteiro (2014) [16] note that
magnesium sulfate, sodium and potassium are commonly found
in groundwater.

According to Isaia (2011) [17], sulfate attack occurs by chemical
reaction of the sulfate ion with the aluminate components of hard-

Table 10 - Concrete quality for resistance to chemical attack: concrete for general use in situ
DC w/c Minimum cement consumption (kg/m?), for maximum aggregate size ACEC class
class maximum m of soil
0,45 340 360 380 380 F
DC-4 04 360 380 380 380 E
0,35 380 380 380 380 D, G
Group Cements Combinations
A CEM I, CEM II/A-D, CEM II/A-Q, CEM II/A-S, CEM 1I/B-S, CEM II/A-V, CEM ClIA-V, CIIB-V, CII-S, CIIIA, CIIIB,
II/B-V, CEM IlI/A, CEM lII/B CIIA-D, CIIA-Q
B CEM II/A-L, CEM II/A-LL ClIA-L, CIIA-LL
C CEM II/A-L, CEM II/A-LL CIIA-L, CIIA-LL
D CEM II/B-V+SR, CEM IlI/A+SR ClIB-V+SR, ClIIA+SR
E CEM IV/B (V), VLH IV/B (V) CIVB-V
B CEM IIl/B+SR CIIIB+SR
G SRPC -
Source: adopted from BRE Special Digest 1:2005
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ened concrete. Mehta & Monteiro (2014) [16] argue that concrete
degradation can occur as expansion and cracking. Concrete ex-
pansion can cause cracking, which increases concrete perme-
ability, facilitating the penetration of other aggressive agents in the
structural element.

BRE (2005) [6] proposes a methodology to select sulfate-resistant
concrete. The starting point is to determine the ACEC (Aggres-
sive Chemical Environment for Concrete) class of the ground, as
shown in Table 9. This classification depends on the total potential
for sulfate and on the pH of the groundwater. After that it is possible
to determine the DC (Design Chemical) class of concrete for a ser-
vice life of 100 years (Table 10Erro! A origem da referéncia nao
foi encontrada.). With this it is possible to determine the maximum
water/cement ratio, cement type and consumption (Table 9).

For comparison purposes with the water/cement ratio recommen-
dations for chloride attack, the ground aggressiveness classifica-
tion is considered to be AC-5, the most severe level condition of
exposure to sulfates. In this class, for a service life of 100 years
the concrete class is DC-4. Accordingly, a water/cement ratio of
0.35, 0.4 or 0.45 is recommended (values associated with other
concrete characteristics).

2.2.4 Cement type

ABNT NBR 5736:1999 [18] allows adding up to 50% of pozzolan
to clinker, calcium sulfate and carbonate material to produce CPIV.
Pozzolanic cement, due to the reaction of the pozzolan with the
calcium hydroxide produced by cement hydration, has increased
durability, because the calcium hydroxide, which is highly soluble
and leachable, is combined as hydrated calcium silicate, more re-
sistant to aggressive agents. The same occurs with CPIIl, which,
according to ABNT NBR 5735:1991 [19], is a mixture of clinker,
calcium sulfate and carbonate material with 30%-70% of blast-
furnace slag.

These types o cement are therefore recommended for applications
exposed to flowing water and aggressive environments. They are
less permeable, more durable, having higher long-age compres-
sive strength as compared to concrete produced from Portland ce-

ment with lower levels of additions. They have lower heat of hydra-
tion during the setting period because their reactions are slower,
being recommended for high volume applications such as founda-
tion blocks, for example.

Also, the alkali-aggregate reaction, which can cause expansion of
the finished structure, is mitigated by adding pozzolan, according
to ABNT NBR 15577:2008 [20]. Nagesh (2012) [21] states that ap-
plication of this type of cement is recommended for the production
of structural elements potentially prone to this kind of attack, such
as those in contact with the ground.

ABNT NBR 6118:2014 [2] defines carbon dioxide and chloride ions
as the main aggressive agents for concrete structures, and they
should be anticipated and prevented in the design and use stage
of the building. This standard also refers to attack by leaching pro-
cesses and expansion reactions, such as that caused by alkali-ag-
gregate and sulfates. In the absence of experimental test values,
Medeiros, Andrade e Helene (2011) [22] recommend adopting a
guiding specification, as shown in Table 11 and Table 12, using
pozzolanic additives.

Therefore, in order to analyze the durability of buried structures
in terms of design, the chemical composition (type) and minimum
cement consumption should be assessed, among other factors.

2.3 Service life prediction models

Theoretical models for service life prediction are useful to under-
stand the propagation rate of aggressive agents in concrete and
to determine the required reinforcement cover and other means of
protection, such as reduced water/cement ratio, argue Bolina e Tu-
tikian [23]. Interpreting these theoretical models, which are usually
developed from experimental tests, helps to understand the rate of
chemical deterioration of concrete constituents.

To determine the durability of concrete structures, service life
prediction models must be analyzed for chloride ion penetration,
which will basically depend on the material porosity and reinforce-
ment cover, in the worst scenario, as penetration is rather quick.
The most adequate theoretical models are by Helene (1993) [24]
and Bob (1996) [25].

Strength
class

Durable >C50 <0,38

C35
C40
C45

C25
C30

C10
C15
C20

Source: Medeiros, Andrade e Helene, 2011

Resistant <0,50

<0,62

Normal

Ephemeron Any

Table 11 - Classification of concrete strength against the risk of reinforcement corrosion

Deterioration of carbonation Deterioration of chlorides
Addition content

<10% of pozzolan, metakaolin or blast
furnace slag

<10% of pozzolan or metakaolin
<15% of blast furnace slag

Any

Any

<20% of pozzolan or metakaolin
<65% of blast furnace slag, galvanized
steel or stainless steel

<10% of pozzolan or metakaolin
<35% of blast furnace slag, galvanized
steel or stainless steel

Any

Any
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2.3.1 Helene (1993) [24]

This model determines the penetration depth of chloride ion ac-
cording to equation 1.

y. =kt ()

Where tis time, in years, and k is the chloride ion diffusion coefficient.
Helene (1993) [24] suggests that chloride concentration in a structural
element should be expressed in relation to the cement mass (Cl ...,
), directly influenced by the chloride concentration in the environment
(Clamb) . This correlation is expressed in equation 2.

Cluimcmn = Clamh A(];'YO« Ol (2)

Where Cl,,,.... is cement consumption, in kg/m3, Ab is maximum
water absorption in concrete, expressed in %, and y is the bulk
density of concrete, in kg/m?.

2.3.2 Bob (1996) [25]
After verifications based on long-term experiments data, Bob

(1996) [26] observed that the modeling of chloride penetration
could be expressed by equation 3.

C

x -lso.[f:-";ﬂ].\/f (3)

Where X, is the average chloride penetration depth, in millimeters,
fc is the characteristic compressive strength of concrete, in MPa, ¢
is the fixing ability of chlorines, k1 is the influence of temperature
on the model, k2 is the influence of humidity and d is the ratio be-
tween critical concentration and surface concentration of chlorides
in the structure.

3. Results and discussion

[

Based on international standards and reference publications in the
area, minimum parameters were proposed to ensure a service life
of 75 years for buried structures, reaching the superior level of the
Performance Standard. These parameters build on standard rec-
ommendations that provide specifications for this kind of structures,
such as ACI 318-1:2002 [9], EN 206-1:2000 [8], IS 456:2000 [7],
ABNT NBR 15577-1 [26] and BS 8500-1:2006 [11]. These durabil-
ity parameters, similarly to ABNT NBR 6118:2014[2], are minimum
compressive strength, maximum water/cement ratio, minimum ce-
ment consumption, cement type and nominal reinforcement cover.
From these prediction models design parameters were derived to
yield a service life of 75 years for buried structures in slightly ag-
gressive, moderately aggressive and highly aggressive environ-
ments, as shown in Table 13. The models of Helene (1993) [24]
and Bob (1996) [25] were assessed to find an average value. As
these models represent chloride ion attack, a critical value was
obtained for buried elements.

Table 14 shows the design properties to meet such requirement,
where all parameters are numerically supported by and in line with
national and international references.

Specifications for water/cement ratio followed BS 8500-1:2006
[11]. This standard also provides for variations of water/cement ra-
tio and cover, which was not adopted in this paper.

It was used the aggressiveness classification of Brazilian stan-
dards, such as ABNT NBR 12655:2015 [3], and international
standards, such as ACI 318-11:2002 [9], EN 206-1:2000 [8] e IS

CA
content in
anhydrous

cement

Durable
resistant

Strength
class

Normall > C50 <5%
C35
C40

C45

C25
C30

C10
C15
C20

Source: Medeiros, Andrade e Helene, 2011

Ephemeron < 5%

Durable < 8%

Resistant Any

Table 12 - Classification of concrete strength against the risk of deterioration
by leaching or by formation of expansive compounds

Deterioration of expansion

Addition content

> 20% of pozzolan or metakaolin > 65% of
blast furnace slag

> 10% de pozolana ou metacaulim
> 35% of blast furnace slag

Any

Any

Deterioration of leaching

Addition content

> 20% of pozzolan or metakaolin
> 65% of blast furnace slag

> 10% of pozzolan or metakaolin
> 35% of blast furnace slag

Any

Any
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456:2000 [7], where environments are categorized as slightly ag-
gressive, moderately aggressive and severely aggressive. It should
be noted that for a slightly aggressive class a nominal cover of 45
mm is required, which, according to service life prediction models,
will protect the structure for 75 years. If the structure is located in a
moderately aggressive environment, nominal cover should be 55
mm. And for severely aggressive environments the specification if

for nominal cover of 70 mm. Use of fibers or cover reinforcement
is recommended when cover exceeds 50 mm (IS 456:2000 [7]).

4. Conclusions
S

ABNT NBR 15575-2:2013 [1] provides unprecedented durability
parameters, not yet seen in Brazil. As it is a performance standard,

Table 13 - Service life prediction model for elements subjected to severe aggression by chlorides,
according (a) Helene (1993) (24) e (b) Bob (1996) (25)
Weak aggressiveness
(@) (b)
C 340 kg/m?  Clsup. 0,0441 % fc 40 MPa
y 2500 k 0,0441 k1 0,75 Cover 36,5 mm
Cenvironmental 0.3 T 75 vyears k2 1 c+AC 46,5 mm
Abh 2 % y 3,309 cm d 1.5
Cover 33,1 C 1
c+AC 43,1 mm 1 75 years
INPUT DATA (gray) INPUT DATA (gray)
Moderate aggressiveness
((e)] (b)
C 370 kg/m?3 Clsup. 0,059028 % fc 40 MPa
y 2500 k 0,059028 k1 1.25 Cover 457 mm
Cenvironmental 0.5 t 75 years k2 1 c+AC 557 mm
Abh 1.7 % y 4,427083 cm d 1.5
Cover 443 c 1
c+AC 54,3 mm t 75 vyears
INPUT DATA (gray) INPUT DATA (gray)
Severe aggressiveness
(a) (b)
C 400 kg/m®  Clsup. 00781 % fc 50 MPa
y 2500 k 0,0781 k1 1.5 Cover 585 mm
Cenvironmental 2,5 t 75 vyears k2 1 c+AC 68,5 mm
Abh 0,5 % y 5,859 cm d 1.5
Cover 58,6 c 1
c+AC 68,6 mm t 75 vyears
INPUT DATA (gray) INPUT DATA (gray)
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Table 14 - Recommendations for specification of concrete
to meet service life of 75 years for buried structures

Exposure Minimum
condition LR L Concrete Maximum w/c cement Type of

sulfate (SO4) in I ti ti t
the soil (wi%) class ratio a/c consumption cemen
(kg/m?)

Nominal

covering

due to the thickness (mm)

aggressiveness

Cement
CPIIE or CPIlIZ
Weak 0,00a0,10 C40 0,50 340 or use 5% of 45
silica fume or
metakaolin

Cement CPIIl
(with atf least
60% of slag)
or CPIV (with
Moderate 0,10a 0,20 C40 0,40 370 at least 30% of 55
pozzolan) or
use of 10% of
silica fume or
metakaolin
Resistant

Severe Above of 0,20 C50 0,35 400 70
cement sulfate

it is based on prescriptive rules of the Brazilian normative system; [5] TUTIKIAN, B,F. ISAIA, G.C., HELENE, P. Dosagem dos

however, it provides no recommendation as to how to comply with concretos de cimento Portland In: ISAIA, Geraldo Cechella.
the higher performance requirement. For instance, there is a gap Concreto: Ciéncia e Tecnologia. Sdo Paulo: Ipsis. 2011. V.1.
on how to achieve superior performance for buried reinforced con- Cap. 12. P.415-452.
crete structures, such as foundation blocks and stakes. In order [6] BRITISH RESEARCH ESTABILISHMENT — BRE Construc-
to fill this gap, a review of the existing standards in the world and tion Division. Concrete In Aggressive Ground (Special Di-
other relevant publications was carried out to support the decision- gest 1). Garston, 2005.
making. Confirmation through theoretical models for service life  [7] INDIAN STANDARD. IS-456: Plain and Reinforced concrete
prediction was required to validate the comparison. It was conclud- - Code of Practice. New Delhi, 2000.
ed that to ensure a service life of 75 years, a buried concrete struc- [8] EUROPEAN STANDARD. EN 206-1: Concrete — Part 1:
ture can be made of cement with additions, providing increased Specification, Performance, Production and Conformity.
durability when in contact with contaminated areas or materials, Brussels, 2000.
thus preventing propagation of a potential alkali-aggregate reac- [9] AMERICAN CONCRETE INSTITUTE. ACI 318-11: Building
tion. Concrete dosage parameters were also determined in relation Code Requirements for Structural Concrete and Commen-
to compressive strength, water/cement ratio and cement consump- tary. Reported by ACI Committee, Detroit, Michigan, U.S.A.,
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Abstract
E——

The performance standard NBR 15575-1: 2013 [1] states that to achieve the higher level of performance for durability, buried concrete structures
must achieve a minimum service life (VUP) of 75 years. However, the NBR 6118:2014 [2] does not specify the minimum project properties for the
structure fulfill this VUP. The objective of this study is to provide recommendations for structural designers to meet higher performance require-
ments of NBR 15575:2013 [1] in durability. It was conducted a research of national and international standards and reference publications about
the durability and VUP 75 years for structural elements buried. The paper was divided into three parts: (1°) the analysis of the Brazilian and inter-
national legal system, as well as reference publications in the area; (2°) discussion of service life prediction models; and (3°) specifications to meet
the superior level of durability of structural elements buried.

Keywords: performance standard, superior performance, service life, burried structures.

Resumo

A ABNT NBR 15575-1:2013 [1] estabelece que, para atingir o nivel de desempenho superior em termos de durabilidade, as estruturas de con-
creto armado enterradas devem atender a uma vida util de projeto (VUP) minima de 75 anos. Contudo, a norma ABNT NBR 6118:2014 [2] ndo
apresenta recomendacdes de projeto para que esta VUP seja cumprida. O objetivo deste trabalho € determinar alguns parametros projetuais de
durabilidade para estas estruturas, visando atender ao requisito de desempenho superior da norma. Para tanto, realizou-se uma pesquisa em
normas nacionais e internacionais, além de publica¢cdes que remetam a especificacdes de projeto para vida util de 75 anos para elementos es-
truturais enterrados. O trabalho dividiu-se em trés partes: (1°) a analise do sistema normativo (nacional e internacional) e publicagdes referéncia
da area; (2°) discussdo de modelos tedricos de previsdo de vida util; e (3°) definicdo das especificacdes de projeto para elementos estruturais
enterrados para o nivel superior de desempenho.

Palavras-chave: norma de desempenho, desempenho superior, vida util de projeto, estruturas enterradas.
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1. Introducgao
|

Segundo a norma de desempenho das edificagdes habitacio-
nais, ABNT NBR 15575-1:2013 [1], um sistema estrutural deve
conservar sua segurancga, estabilidade e aptiddo em servigo du-
rante o periodo correspondente a sua vida util. Os elementos
constituintes deste sistema devem ser projetados e construidos
de modo que, sob condigbes pré-estabelecidas de uso, mante-
nham sua capacidade funcional durante a vida util do projeto, a
qual, para o desempenho superior, deve ser de 75 anos.

A ABNT NBR 15575-1:2013 [1] especifica que o método de
avaliacao da durabilidade de uma estrutura pode ser realizado
através do atendimento aos requisitos estabelecidos em nor-
mas brasileiras que estejam relacionadas com o tema e, na
inexisténcia destas, em normas estrangeiras e internacionais
especificas e coerentes com o assunto.

O intento deste trabalho é fornecer recomendacdes de projeto
em termos de durabilidade, as quais poderao ser adotadas no
dimensionamento e verificagdo dos elementos em contato com
solo - tais como os de fundagéo - que almejem atender o nivel
de desempenho superior da ABNT NBR 15575:2013 [1]. Nestes
ambientes os principais agentes agressivos sdo os ions clore-
tos, sulfatos e a umidade.

Contudo, as normas brasileiras relacionadas ao projeto estru-
tural e a durabilidade do sistema estrutural citadas na ABNT
NBR 15575-1:2013 [1], como a ABNT NBR 6118:2014 [2] e
ABNT NBR 12655:2015 [3], ndo fornecem as recomendacdes
necessarias para atender a este requisito de durabilidade dos

elementos enterrados, principalmente para vida util superior.
Assim, deve-se buscar outras referéncias, normativas ou néo,
para atender o proposito.

Com este intento, o presente estudo foi desenvolvido em trés
etapas: (1°) anadlise do sistema normativo brasileiro e interna-
cional, (2°) revisao de modelos tedricos de previsédo de vida util
e (3°) na definigdo e proposigcao de recomendagdes de projeto
para estruturas enterradas, visando atender uma vida util de 75
anos. No primeiro item sao apresentadas as normas brasileiras
e internacionais sobre o tema, além de publicagdes técnicas
da area, as quais abordam os requisitos minimos de projeto
para cumprir com o requisito. Na segunda parte realiza-se uma
comprovagao destes parametros projetuais normativos, através
de modelos tedricos. No terceiro item recomenda-se especi-
ficagbes de projeto a serem seguidas, integrando as referén-
cias consultadas e os resultados dos modelos de previsao de
vida util.

2. Anél_isq do sistema normativo
brasileiro e internacional
E———

2.1 Normas brasileiras

A ABNT NBR 15575-1:2013 [1] estabelece que a VUP para ele-
mentos estruturais de edificagdes residenciais deve ser de 50, 63
ou 75 anos para cumprir com os niveis minimo, intermediario e
superior de durabilidade, respectivamente, conforme a Tabela .

Nos projetos das estruturas de concreto armado, a

Exemplos

Parte da
edificagcdo

Estrutura principal

Fundagdes, elementos estruturais

estfruturais, estruturas periféricas,
contengdes e arrimos

Fonte: ABNT NBR 15575-1:2013, editada pelos autores

Tabela 1 - VUP para os niveis minimo, intermedidrio e superior para a estrutura da edificacéo residencial

(pilares, vigas, lajes e outros), paredes

VUP (anos)
Minimo Intermedidrio Superior
>50 >63 >75

Classe de agressividade

ambiental Agressividade
| Fraca
1l Moderada
1 Forte
v Muito forte

Fonte: ABNT NBR 6118:2014

Tabela 2 - Classes de agressividade ambiental

Classificagdo geral do tipo de

ambiente para efeito de projeto estrutura
Rural
Insignificante
Submersa
Urbana Pequeno
Marinha
Grande
Industrial
Industrial
Elevado

Risco de deterioracdo da

Respingos de maré
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Tipo de estrutura Componente ou elemento

Laje ®
Viga/pilar
Concreto armado ga/p

Elementos estruturais em contato
com o solo

Source: ABNT NBR 6118:2014

Tabela 3 - Correspondéncia entre classe de agressividade ambiental e cobrimento nominal
da armadura

Classe de agressividade ambiental

Cobrimento nominal (mm)

20 25 35 45
25 30 40 50
30 30 40 50

Concreto

Relacdo dgua/cimento em massa
Classe de concreto (ABNT NBR 8953)

Consumo de cimento por metro clbico de concreto kg/m?
Fonte: ABNT NBR 12655:2015

Tabela 4 - Correspondéncia entre classe de agressividade e qualidade do concreto,
para estruturas em concreto armado

Classe de agressividade

<0,65 <0,60 <0,55 <0,45
>C20 >C25 >C30 >C40
>260 >280 >320 >360

Sulfato sollvel em
dgua (SO,) presente no

Condicoes de

exposicdo em funcdao

resistentes a sulfatos.

Fonte: ABNT NBR 12655:2015

Tabela 5 - Requisitos para concreto exposto a solucées contendo sulfatos

Sulfato soldvel (SO,)
presente na

da agressividade solo - % em massa dagua - ppm agregado normal® leve) - MPa
Fraca 0,00a0,10 0a 180 = =
Moderada** 0,10a 0,20 150 a 1500 0,50 35
Severa*** Acima de 0,20 Acima de 1500 0,40 40

*Baixa relagdo a/c ou elevada resisténcia podem ser necessarias para a obtencdo de baixa permeabilidade do concreto ou prote¢do contfra a corrosdo da armadura
ou protecdo a processos de congelamento e degelo; **Agua do mar; ***Para condicdes severa de agressividade, devem ser obrigatoriamente usados cimentos

Maxima relagdo
a/c, em massaq,
para concreto com

Minimo f_, (para
concreto com
agregado normal ou

agressividade ambiental deve ser classificada segundo os crité-
rios admitidos pela ABNT NBR 6118:2014 [2], a qual especifica
que as estruturas devem ser projetadas e construidas de modo
que, sob as condigbes ambientais previstas na época do projeto,
sua seguranga, estabilidade e aptiddo em servico seja preservada
durante o periodo correspondente a vida util especificada em pro-
jeto. A Tabela 2 mostra o critério de classificagdo da agressividade
ambiental proposta por esta norma.

Em funcgdo da classe de agressividade ambiental definida, reco-
mendagdes quanto a espessura de cobrimento das armaduras
sdo apresentadas pela ABNT NBR 6118:2014 [2]. Esta espessura
de cobrimento visa garantir uma protecgao fisica, quimica e me-

canica das armaduras durante a vida util da estrutura, conforme
destaca a Tabela .

De acordo com a ABNT NBR 12655:2015 [3], quando atendidos os
critérios estabelecidos pela ABNT NBR 6118:2014 [2], a durabili-
dade estrutural sera fungéo das caracteristicas do concreto cons-
tituinte. Para tanto, esta norma define uma relagcdo agua/cimento
maxima, uma resisténcia minima a compressdo e um consumo
minimo de cimento, conforme Tabela . A norma ainda apresenta a
classificagdo de agressividade do solo em fungdo da quantidade
de sulfato soldvel em agua (SO,) presente no terreno, tal como
mostra a Tabela .

Entende-se que as recomendacgdes referenciadas nestas normas
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Tabela 6 - Recomendacdes para zona de agressividade com impacto muito severo

Concentracdo de sulfatos presentes em SO,

No solo

SO, em relagdo
2:1 de dgua e solo
extraido

Zona de
agressividade

Total SO,

4 l1a2 3ab

Fonte: Indian Standard IS -456, traduzida e adaptada pelos autores

Em dguas
subterraneas

2505

Consumo
de cimento
minimo
(kg/m,)

Tipo de cimento
a ser utilizado

Relacdo a/c
maxima

Cimento
supersfulfatado ou
cimento Portland
resistente a sulfatos

370 0,45

séo para VUP de 50 anos. AABNT NBR 8681:2004 [4] define que
para as acgdes que apresentam variabilidade no tempo (agdes
variaveis) é estabelecido um periodo de referéncia para que estas
sejam igualadas ou superadas. Estes valores foram definidos por
consenso, com a probabilidade entre 25% e 35% de serem ultra-
passados durante 50 anos.

2.2 Normas internacionais e bibliografias
referéncia na area

Segundo Tutikian, Isaia e Helene (2011) [5], a durabilidade das

estruturas de concreto depende tanto de fatores extrinsecos (pre-
senca de sais, maresias, chuvas acidas), quanto de fatores intrin-
secos (tipo de cimento, relagdo agua/cimento, adigdes, aditivos,
entre outros). Para este artigo, o interesse se concentra na avalia-
¢ao dos fatores intrinsecos, necessarios para atender a uma VUP
de 75 anos. Os fatores intrinsecos que o sistema normativo nacio-
nal e internacional recomenda para o atendimento da durabilidade
s&o (a) o consumo minimo de cimento; (b) a espessura minima do
cobrimento das armaduras; e (c) a relagdo agua/cimento maxima.
A resisténcia a compressao do concreto também é citada, porém
esta relacionada a relagdo agua/cimento, ndo necessitando de

Tabela 7 - Especificacoes para atender VUP de 100 anos
em elementos de concreto armado ou protendido

Tipode Condicdode = Tipo de Cobrimento do nominal concreto (mm)
corrosdo  exposicdo cimento
LA IBS, C45/55  C40/50  C35/45  C32/40, C28/35 (C28/35  C28/35  C28/35
SRPC  040;380 045360 0,550,340 0,55320 0,60;300 0,60;300 0,60;300  0,60;300
) , BV A B B C35/45  C32/40, C28/35  C28/35  C28/35  C28/35
Névoa salina, ‘ 045360 050:340 055320 0,55320 0,55:320  0,55;320
mas sem
contato direto B B B C32/40, C28/35  C28/35  C28/35  (C28/35  (C28/35
045360 0,50;340 0,55:320 0,55320 0,55:320  0,55;320
Sy B B C28/35  C25/30 C20/30  C20/30  C20/30  C20/30
045360 0,50;340 0,55:320 0,55320 0,55;320  0,55;320
Por |, A, 1IB- } . B B B C45/55 ~ C40/50  C35/45
cloretos S, SRPC 0.40;380  0,40;380  0,45:360
(exceto Umida,
aaua C40/50  C35/45  C32/40, C28/35  C25/30
9 raramente [1B-V, A - - - : i : : i
do mar) secu 035380 0,40;380 045360 0,50;340  0,55;320
B, TR B : : C32/40, C28/35 C25/30 C25/30  C25/30
' 040:380 045360 0,50;340 0,55:320  0,55:320
I IA, IIB-S, B B B B B C45/55 ~ C40/50  C35/45
SRPC 0,35:380  0,40;380  0,45:360
Ciclos de C40/50  C35/45  C32/40, C28/35  C25/30
molhageme IB-V, A~ - - - 035380 040:380 045360 050:340 055320
secagem
B, VB B B B C32/40, C28/35  C25/30 C25/30  C25/30
' 040:380 045360 0,50;340 0,50;340  0,50:340

Fonte: adaptada da BS 8500-1:2006
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um detalhamento mais profundo. O tipo de cimento também pode
exercer influéncia sobre a durabilidade destas estruturas frente a
mecanismos de deterioragdo quimica, mas este ndo costuma ser
detalhado pelas normas.

2.2.1 Consumo minimo de cimento

O consumo de cimento é, com frequéncia, relacionado com
parametros como resisténcia mecanica, durabilidade, fluidez,
tempo de pega, entre outros. Segundo a BRE (2005) [6], a
penetragao dos ions sulfatos ocorre na solugéo alcalina poro-
sa que resulta da hidratagédo do cimento, apresentando danos
como expanséo, fissuras, entre outros. Utilizando-se cimentos
resistentes a sulfatos, o aluminato tricalcico mantém-se em
indices minimos, reduzindo o efeito desta reag¢ao na estrutura.
Em relagao a estruturas inseridas em ambientes com sulfatos,
convém destacar as prescrigoes referenciadas na IS 456:2000
[7]. Esta regulamentacdo apresenta uma classificacdo quali-
tativa, em zonas, dos ambientes potencialmente agressores
as estruturas de concreto. Esta norma indiana faz alusédo as
estruturas enterradas, admitindo para estas a zona de agres-
sividade numero 4. Para as estruturas nestas circunstancias,
a norma especifica que o consumo minimo de cimento deve
ser de 370 kg/m?, como mostra a Tabela .

As recomendagdes da BS EN 206-1:2006 [8] em relagdo ao
consumo de cimento sdo semelhantes as apresentadas pela

CI (% cimento)

Figura 1 - Efeito da relacdo a/c
na penetracdo de cloretos
(Fonte: JAEGERMANN, 1990

apud POLITO, 2006)

Relacio alc
— 075
— 0,60
— 0,50
— 040

45 5.0

Sulfatos
Classe DS Extrato 2:1 Agua
(Design Class) dgua/solo subterrGnea
do solo (SO, mg/l) (SO, mg/l)
DS-1 < 500 < 400
DS-2 500 - 1500 400 - 1400
DS-3 1600 - 3000 1500 - 3000
DS-4 3100 - 6000 3100 - 6000
DS-5 > 6000 > 6000
Fonte: adaptada de BRE Special Digest 1:2005

<024

0,24-0,6

07-12

1,.3-24

> 2,4

potencial total
de sulfatos
(SO, %)

Tabela 8 - Classificagcdo ACEC para solos naturais

) o > ) Classe ACEC
Agua estdtica Agua mével do solo
((13)) (1))
> 25 = AC-1s
> 25 >55 Al-1
> 25 2,5-5,5 AC-2z
> 3,5 - AC-1s
_ > 5,5 AC-2
25-3,5 - AC-2s
_ 25-55 AC-3z
>35 - AC-2s
_ >55 AC-3
25-3,5 - AC-3s
_ 2,5-55 AC-4
>3,5 - AC-3s
_ >55 AC-4
25-35 - AC-4s
_ 25-55 AC-5
>3,5 - AC-4s
25-3,5 =25 AC-5

pH aguas subterraneas
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IS 456:2000 [7]. Tal como as regulamentacgdes brasileiras, es-
tas normas nédo apresentam uma descrigdo sobre a vida util
de projeto praticada. Tanto para a ACI 318-11:2002 [9] quanto
para a ABNT NBR 6118:2014 [2] se subentende que a VUP
é de 50 anos, devido ao tempo de retorno das agdes varia-
veis de projeto. Observa-se que estas recomendagbes sao
mais conservadoras do que as praticadas pela ABNT NBR
6118:2014 [2] para elementos estruturais enterrados.

2.2.2 Cobrimento nominal das armaduras

O objetivo do cobrimento de concreto é garantir uma protegéo
quimica e fisica as armaduras para que o nivel de desempe-
nho superior de durabilidade seja atendido, ou seja, uma vida
util minima de projeto maior ou igual a 75 anos. A Tabela ,
referenciada da ABNT NBR 6118:2014 [2], especifica os co-
brimentos minimos das armaduras para uma VUP de 50 anos,
sendo necessario buscar informagdes adicionais para atender
a critérios mais rigidos.

Segundo Neville e Brooks [10], é possivel atingir VUP para
estruturas de 100 anos, adotando um cobrimento nominal es-
pecificado conforme o tipo e condicdo de exposicdo da es-
trutura, além da classe de resisténcia do concreto. Este é o
principio praticado na ABNT NBR 6118:2014 [2] e ABNT NBR
12655:2015 [3]. Neste contexto, na Tabela constam as espe-
cificagbes da BS 8500-1:2006 [11] para atender a uma VUP de
100 anos, destacando o ataque por ions cloretos.
Evidencia-se que, para condigbes Uumidas e raramente secas
em ambientes que apresentem potencial para desenvolver
corroséo por cloretos, tem-se que o cobrimento das armadu-
ras é de, no minimo, 55 mm, com fck de 40MPa, maxima re-
lacdo agua/cimento de 0,40 e consumo minimo de cimento de
380 kg/m®. Novamente observa-se que a BS 8500-1:2006 [11]
se baseia no cobrimento de concreto, na resisténcia a com-

Tabela 9 - Classe DC e nimero de APM para
elementos de concreto situados em zonas
onde o gradiente hidraulico menor ou igual
a 5: concreto para uso geral in situ

Classe ACEC Vida util desejada
do solo Até 50 anos Até 100 anos
AC-1s, AC-1 DC-1 DC-1
AC-2s, AC-2 DC-2 DC-2
AC-2z DC-2z DC-2z
AC-3s DC-2 DC-3
AC-3z DC-3z DC-3z
AC-3 DC-2 DC-3
AC-4s DC-3 DC-3
AC-4z DC-4z DC-4z
AC-4 DC-3 DC-4
AC-4ms DC-4m DC-4m
AC-4m DC-4m DC-4m
AC-5z DC-4z + APM3 ¢ DC-4z + APM3 ¢
AC-5 DC-4 + APM3 @ DC-4 + APM3 @
AC-5m AC-4m + APM3 @ AC-4m + APM3 @

Fonte: adptada de BRE Special Digest 1:2005

presséo, relagdo agua/cimento e consumo de cimento para
garantir a durabilidade das estruturas, tal como a ABNT NBR
6118:2014 [2], ABNT NBR 12655:2015 [3] e demais normas
internacionais propdem.

Tabela 10 - Qualidade do concreto para resisténcia ao ataque quimico: concreto para uso geral in situ
> Minimo consumo de cimento (kg/m?), por tamanho maximo de agregado Grupo do tipo
Max. a/c " 199mm  decimento
045 340 360 380 380 F
DC-4 04 360 380 380 380 E
035 380 380 380 380 DG
Grupo Cimentos Combinac¢oes
A CEM |, CEM II/A-D, CEM II/A-Q, CEM Il/A-S, CEM II/B-S, CEM II/A-V, CEM CIIA-V, CIIB-V, CII-S, CllIA, CIIIB,
Il/B-V, CEM lll/A, CEM IIl/B CIIA-D, CIA-Q
B CEM lI/A-L, CEM II/A-LL CIIA-L, CIIA-LL
C CEM Il/A-L, CEM ll/A-LL CIIA-L, CIIA-LL
D CEM II/B-V+SR, CEM IlI/A+SR CIIB-V+SR, CIIIA+SR
E CEM IV/B (V), VLH IV/B (V) CIVB-V
F CEM IlI/B+SR CIIIB+SR
G SRPC -
Fonte: adaptada de BRE Special Digest 1:2005

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2



Specification faced with durability to meet superior level of performance in structural elements buried

2.2.3 Relagao agua/cimento

Assim como a espessura do cobrimento das armaduras, a especifi-
cagao da relagdo agua/cimento maxima é consequéncia da agres-
sividade ambiental. Para determinar esta relagéo para uma VUP de
75 anos para estruturas enterradas, deve-se atentar para o ataque
por cloretos e por sulfatos, além da umidade presente no solo.
Segundo CCAA (2009) [12] e Figueiredo (2011) [13], a resisténcia
do concreto quanto ao ataque por cloretos depende da porosi-
dade do material, fundamentalmente do tamanho, distribuigéo e
interconectividade dos poros da pasta. Sendo esta variavel dire-
tamente proporcional a relagéo agua/cimento. A Figura apresenta
o efeito desta variavel na penetragédo dos ions cloretos (POLITO,
2006 [14]). ATabela expressa a especificagéo da BS 8500-1:2006
[11] da relagdo agua/cimento maxima a ser admitida nos projetos
feitos em regides com este tipo de agressividade ambiental.

A ACI 318-11:2002 [9], tal como as normas brasileiras, néo faz
diferenciagdo da VUP almejada através da adocéo dos parame-
tros projetuais (pressupde-se que seja 50 anos, conforme ASCE
7-05 (2005) [15]. No entanto, a exemplo da norma brasileira, a ACI
318-11:2002 [9] classifica os ambientes em diferentes classes de
agressividade. Considerando a estrutura exposta a umidade e a
fontes externas de cloretos (classe C2), tem-se a recomendagao
de uma relagdo agua/cimento maxima de 0,4, valor condizente
com a recomendagdo da BS 8500-1:2006 [11].

Outra hipétese a ser levantada quando é feita uma analise sobre
a durabilidade das estruturas enterradas é o ataque por sulfatos
presentes no solo, principalmente em zonas industriais. Destacam
Mehta e Monteiro (2014) [16] que concentragdes de sulfatos de
magneésio, sodio e potassio € corriqueiro nas aguas subterraneas.
Segundo Isaia (2011) [17], o ataque por sulfatos ocorre através
da reagao quimica do ion de sulfato com os componentes de alu-
minatos do concreto no endurecido. Mehta e Monteiro (2014) [16]
destacam que degradagao do concreto pode se manifestar por
expansao e por fissuragéo. A expansao do concreto pode ocasio-
nar a fissuragdo, que, por sua vez, aumenta a permeabilidade do
concreto, o que facilita a penetracédo de outros agentes agressivos
no interior do elemento estrutural.

O BRE (2005) [6] estabelece uma metodologia para a escolha de
concreto resistente ao ataque de sulfatos. A primeira etapa é a de-
finicao da classe ACEC (Agressive Chemical Enviroment for Con-
crete) do solo, como mostra a Tabela . Essa classificagao depende
do potencial total de sulfato e do pH da agua subterranea. Com a
classificagao definida, é possivel determinar a classe DC (Design
Chemical) do concreto para uma vida util de 100 anos (Tabela
Erro! A origem da referéncia nao foi encontrada.). Com a clas-
se, se determinam os valores de maxima relagéo agua/cimento,
consumo e tipo de cimento (Tabela ).

Para efeito comparativo com as recomendagdes de relagao agua/
cimento encontradas devido ao ataque por cloretos, considera-se
a classe de agressividade em que o solo esta inserido como a
AC-5, a mais severa condi¢cdo de exposi¢cdo aos sulfatos. Para
essa classe, para uma vida util de 100 anos, a classe do concreto
é a DC-4. Com isso, recomenda-se uma relagéo agua/cimento de
0,35; 0,4 ou 0,45 (valores associados a outras caracteristicas do
concreto).

2.2.4 Tipo de cimento

A ABNT NBR 5736:1999 [18] permite a mistura de até 50% de
pozolana com o clinquer, sulfato de calcio e material carbonatico
para formar o CPIV. O cimento pozolanico, devido a reagdo da
pozolana com o hidréxido de célcio formado na hidratagéo do ci-
mento, possui uma durabilidade maior, pois o hidréxido de calcio,
que é altamente soluvel e lixiviavel, encontra-se combinado na
forma de silicato de calcio hidratado, componente com maior re-
sisténcia frente a agentes agressivos. O mesmo ocorre com CPIII,
que segundo ABNT NBR 5735:1991 [19], € a mistura de clinquer,
sulfato de calcio e material carbonatico com 30 a 70% de escoéria
alto-forno.

Estes tipos de cimento, portanto, sdo indicados em obras expos-
tas a acao de agua corrente e ambientes agressivos. O concreto
feito com este produto se torna menos permeavel, mais duravel,
apresentando resisténcia mecanica a compressao em longas ida-
des superior a do concreto feito com cimentos Portland com me-
nores teores de adigdes. Apresentam menor geragao de calor de

Classe de
resisténcia

Fonte: Medeiros, Andrade e Helene, 2011

Tabela 11 - Classificacdo da resisténcia dos concretos frente ao risco de corrosdo das armaduras

Deterioracdo por carbonatacao Deterioracdo por cloretos
Teor de adi¢coes

<10% de pozolana, metacaulim ou

Duréavel 2C50 <0,38 escoria de alfo-forno <65% de escoéria de alto-forno aco
galvanizado ou inox
C3o <10% de pozolana ou metacaulim <10% de pozolana ou metacaulim
Resistente C40 <0,50 - <]%°/ dz escoria de alfo-forno <35% de escoria de alto-forno aco
C45 =R galvanizado ou inox
Normal ggg <0,62 Qualquer Qualquer
C10
Efémero C15 Any Qualquer Qualquer
C20

<20% de pozolana ou metacaulim
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hidratagcao durante a pega do concreto, ja que suas reagdes sao
mais lentas, o que favorece sua aplicacdo em pecas com grande
volume, o que pode ocorrer em blocos de fundagéo, por exemplo.
Ainda, a reagao alcali-agregado, reagao expansiva que pode ocor-
rer em estruturas acabadas, é mitigada com a insergao de pozola-
nas, de acordo com a ABNT NBR 15577:2008 [20]. Nagesh (2012)
[21] afirma que é recomendavel a aplicagdo de cimentos deste tipo
para a produgéo de elementos estruturais potencialmente propen-
sos a este ataque, como os em contato com o solo.

E sabido que a ABNT NBR 6118:2014 [2] define o gas carbdnico
e os ions cloretos como os agentes agressivos mais importantes
para a estrutura de concreto, devendo ser previstos e evitados na
fase de projeto e uso da edificagdo. A norma ainda refere o ataque
por lixiviagéo e reagdes expansivas, como a provocada pela alca-
li-agregado e por sulfatos. Na auséncia de valores de ensaios ex-
perimentais, Medeiros, Andrade e Helene (2011) [22] recomendam
a adogao de uma especificagéo orientativa, conforme apresentado
na Tabela 11 e Tabela 12, com uso de adi¢gdes pozolanicas.
Portanto, para a analise da durabilidade das estruturas enterra-
das, em termos de projeto, avalia-se a composi¢ao quimica (tipo)
e consumo minimo de cimento, entre outros fatores.

2.3 Modelos de previsao de vida util

Os modelos tedricos de previsédo de vida util ajudam a entender a
taxa de propagacéo de agentes agressivos ao interior do concre-
to e determinar o cobrimento das armaduras necessario e outros
meios de protecdo, como redugao da relagao agua/cimento, des-
tacam Bolina e Tutikian [23]. A interpretacdo destes modelos te6-
ricos, que normalmente sdo desenvolvidos com base em ensaios
experimentais, auxilia na compreensao da velocidade de deterio-
ragédo quimica dos constituintes do concreto.

Para a determinagéo da durabilidade das estruturas de concreto
deve-se analisar modelos de previsédo de vida util de penetragéo
de ions cloretos, que dependem, basicamente, da porosidade do

material e cobrimento das armaduras, na pior situagao, por ser
uma rapida penetragdo. Os modelos tedricos mais apropriados
s&o o de Helene (1993) [24] e Bob (1996) [25].

2.3.1 Helene (1993) [24]

O modelo determina a profundidade de penetragdo (yc)
dos ions cloretos de acordo com a equagéo 1.

vy, =kt (1

Sendo t o tempo, em anos, e k o coeficiente de difusdo dos ions
cloretos. Helene (1993) [24] sugere que a concentragao de clore-
tos em um elemento estrutural seja expressa em relagéo a massa
de cimento (Cl,,., ). diretamente influenciada pela concentragéo
de cloretos no ambiente (Clamb). A express&o que correlaciona
estas variaveis segue a equagao 2.

Clcimcmn = Clamh A(];YO« Ol <2>

Onde Cl,,..., € o consumo de cimento, em kg/m3, Ab é a absor-
¢ado maxima de agua no concreto, expressa em %, e y a massa
especifica do concreto, em kg/m3.

2.3.2 Bob (1996) [25]
Apos verificagbes baseadas em dados de experimentos de longa

duragao, Bob (1996) [26] observou que a modelagem da penetra-
¢ao de cloretos pode ser expressa através da equagao 3.

Teor de
C,Ano
cimento
anidro

Classe de
resisténcia

Classe de
concreto

Fonte: Medeiros, Andrade e Helene, 2011

Tabela 12 - Classificacdo da resisténcia dos concretos frente ao risco de deteriora¢do por lixiviagéo
ou por formacdo de compostos expansivos

Deterioracdo por expansdo

Teor de adicoes

> 20% de pozolana ou metacaulim

A Oy
Duravel > C80 = 5% > 65% de escdria de alto forno > 65% de escodria de alto forno
Resistente gig < 5% > 10% de pozolana ou metacaulim > 10% de pozolana ou metacaulim

c45 =00 > 35% de escdria de alto forno > 35% de escodria de alto forno

Normall ggg < 8% Qualquer Qualquer
C10

Efémero Cls Qualquer Qualquer Qualquer
C20

Deterioracéo por lixiviagao

Teor de adi¢coes

> 20% de pozolana ou metacaulim
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3

X, :150.[
fc

c.kl ‘k2.dj N

Sendo X,, a profundidade média de penetragéo de cloretos, em mili-
metros, fc a resisténcia a compressao caracteristica do concreto, em

MPa, ¢ a capacidade de fixagdo de cloretos, k1 a influéncia da tempe-
ratura no modelo, k2 a influéncia da umidade e d a relagéo entre a con-
centragao critica e a concentragao superficial de cloretos na estrutura.

3. Resultados e discussoes
N

Com base nas normas internacionais e trabalhos referéncia da area
foram propostos parametros minimos para garantir a VUP de estru-

Tabela 13 - Modelo de previsdo de vida Util para elementos submetidos a severa agressividade
por cloretos, segundo (a) Helene (1993) (24) e (b) Bob (1996) (25)
Fraca agressividade
(a) (b)
C 340 kg/m?  Clsup. 00441 % fc 40 MPa
Yy 2500 k 0,0441 k1 0,75 cobr. 36,5 mm
Cambiente 0.3 t 75 anos k2 1 c+AC 46,5 mm
Abh 2 % y 3,309 cm d 1.5
Cobr. 33,1 (e 1
c+AC 43,1 mm T 75 anos
DADOS DE INSERCAO (cinza) DADOS DE INSERCAO (cinza)
Moderada agressividade
((e)] (b)
C 370 kg/m?3 Clsup. 0,059028 % fc 40 MPa
y 2500 k 0,059028 k1 1,25 Cobr. 457 mm
Cambiente 0.5 t 75 anos k2 1 c+AC 557 mm
Abh 1.7 % y 4,427083 cm d 1.5
Cobr. 443 c 1
c+AC 54,3 mm t 75 anos
DADOS DE INSERCAO (cinza) DADOS DE INSERCAO (cinza)
Severa agressividade
(@) ((9)]
C 400 kg/m®  Clsup. 00781 % fc 50 MPa
y 2500 k 0,0781 k1 1.5 Cobr. 58,5 mm
Cambiente 2,5 T 75 anos k2 1 c+AC 68,5 mm
Abh 0.5 % y 5,859 cm d 1.5
Cobr. 58,6 c 1
c+AC 68,6 mm t 75 anos
DADOS DE INSERCAO (cinza) DADOS DE INSERCAO (cinza)
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Tabela 14 - Recomendagdes para especificacdo dos concretos
para atender VUP de 75 anos para estruturas enterradas

Sulfato soluvel
em dgua (SO,)
presente no
solo (% em
massa)

Condi¢do de
exposicao

Classe de
em funcdo da concreto

agressividade

Fraca 0,00a0,10 C40
Moderada 0,10a 0,20 C40
Severa Acima de 0,20 C50

Relacdo a/c
maxima

0,50 340

0,40 370

0,35 400

Consumo de
cimento minimo
(kg/m,)

Cobrimento
nominal (mm)

Tipo de
cimento

Cimento CPIIE
ou CPIIZ ou
utilizacdo de 5% 45
de silica ativa
ou metacaulim

Cimento
CPIll (com no
minimo 60%
de escéria) ou
CPIV (com no
minimo 30% 55

de pozolana)
ou ufilizagcdo
de 10% de
silica ativa ou
metacaulim

Cimento
resistente a 70
sulfato

turas enterradas de 75 anos, atingindo o nivel superior da Norma
de Desempenho. Os parametros especificados avangam nas reco-
mendagbes de normas que apresentam especificagdes para este
tipo de estruturas, tal como a ACI 318-1:2002 [9], EN 206-1:2000
[8], IS 456:2000 [7], ABNT NBR 15577-1 [26] e BS 8500-1:2006
[11]. Estes parametros de durabilidade, a exemplo do que propde a
ABNT NBR 6118:2014 [2], séo a resisténcia a compressao minima,
relagdo agual/cimento maxima, consumo de cimento minimo, tipo
de cimento e cobrimento nominal das armaduras.

Através dos modelos de previsdo descritos, se obteve os parame-
tros de projeto, para atender a VUP de 75 anos para estruturas en-
terradas com agressividade fraca, moderada e forte, como mostra
a Tabela 13. Foram avaliados os modelos de Helene (1993) [24]
e Bob (1996) [25] para usar um valor médio entre estes. Como
os modelos representam ataque de ions cloretos a estrutura, se
obteve o valor critico para elementos enterrados.

Na Tabela 14 estdo determinadas as propriedades de projeto para
atender a esta expectativa, com todos os par@metros numerica-
mente embasados e alinhados com as referéncias nacionais e
internacionais.

As especificagdes da relagéo a/c seguiram as da BS 8500-1:2006
[11]. Esta norma ainda prevé variagdes de relagéo a/c e cobrimen-
to, o que nao foi seguido neste artigo.

Se adotou a classificagédo da agressividade das normas nacionais,
como a ABNT NBR 12655:2015 [3], e internacionais, como a ACI
318-11:2002 [9], EN 206-1:2000 [8] e IS 456:2000 [7], com a di-
viséo entre agressividade fraca, moderada e severa. Observa-se
que, para uma classe de agressividade fraca é especificado um
cobrimento nominal de 45mm, que, segundo os modelos de pre-

visdo de vida util, protegera a estrutura por 75 anos. Se a estrutu-
ra estiver locada em uma agressividade moderada, o cobrimento
nominal deve ser especificado em 55mm. E, em ambientes de
agressividade severa o cobrimento nominal sera de 70mm. Reco-
menda-se o uso de fibras ou armagéo do cobrimento quando este
for superior a 50mm (IS 456:2000 [7]).

4. Conclusoes

EE——

AABNT NBR 15575-2:2013 [1] estabelece parametros inéditos de
durabilidade dos sistemas, até entdo néo abordados no pais. Por
ser uma norma de desempenho, apoia-se em normas prescritivas
do sistema normativo brasileiro, porém n&o ha indicativo de como
cumprir a exigéncia de durabilidade superior. O atendimento ao
desempenho superior para estruturas de concreto armado enter-
radas, tal como os blocos de fundagéo e as estacas, sao exemplos
desta lacuna. Para cumprir com este proposito, um levantamento
das normatizagdes existentes no mundo, bem como uma andlise
dos demais referenciais bibliograficos existentes, foi necessario
para fundamentar a tomada de decisdo. Uma comprovacao atra-
vés de modelos tedricos de vida util foi necessaria para validar
este comparativo. Concluiu-se que, para atestar uma VUP de 75
anos, a estrutura de concreto enterrada pode ser elaborada com
um cimento com adigdes, o0 que proporciona uma maior durabili-
dade quando em contato com regides ou materiais contaminados,
evitando a propagacao de uma potencial reagdo alcali-agregado.
Ainda foram definidos parametros de dosagem dos concretos,
em relagao a resisténcia a compressao, relagdo agua/cimento e
consumo de cimento, além do cobrimento nominal das barras de

IBRACON Structures and Materials Journal ¢ 2016 + vol. 9 +n°2
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aco, para garantir a VUP de 75 anos, nivel superior da Norma
de Desempenho.
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Abstract
E———

Optical systems are recognized to be an important tool for structural health monitoring, especially for real time safety assessment, due to simpli-
fied system configuration and low cost when compared to regular systems, namely electrical systems. This work aims to present a case study
on structural health monitoring focused on reliability assessment and applying data collected by a simplified optical sensing system. This way, an
elevated reinforced concrete water reservoir was instrumented with a bi-axial optical accelerometer and monitored since January 2014. Taking
into account acceleration data, the natural frequencies and relative displacements were estimated. The reliability analysis was performed based
on generalized extreme values distribution (GEV) and the results were employed to build a forecast of the reliability of the water elevated reser-
voir for the next 100 years. The results showed that the optical system combined with GEV analysis, implemented in this experimental work, can
provide adequate data for structural reliability assessment.

Keywords: optical sensors, remote control, natural frequency, reliability assessment, generalized extreme values distribution.

Resumo
E——

Sistemas o6ticos sao reconhecidos como uma importante ferramenta para a monitorizagéo estrutural, especialmente para avaliagdo da seguranga
em tempo real, devido a configuracédo simplificada e o baixo custo destes sistemas quando comparado com sistemas usuais, nomeadamente
sistemas elétricos. Este trabalho tem por objetivo apresentar um caso de estudo sobre monitorizagédo estrutural focado na avaliagéo da fiabili-
dade através da utilizagdo de um sistema sensorial 6tico simplificado. Dessa forma, um reservatério elevado de agua de concreto armado foi
instrumentado com um acelerémetro 6tico biaxial e monitorado desde janeiro de 2014. Tendo em conta os dados de aceleracgéo, as frequéncias
naturais e os deslocamentos relativos foram calculados. Neste trabalho, a analise de fiabilidade é realizada baseada na distribuicao de valores
extremos e os resultados obtidos s&o ainda utilizados para a predigéo sobre a seguranga estrutural do reservatério de agua para os préximos 100
anos. Os resultados mostraram que o sistema 6tico de monitorizagdo implementado neste trabalho combinado com a analise por distribuicdo dos
valores extremos pode fornecer dados adequados para a avaliagdo da fiabilidade estrutural.

Palavras-chave: sensor 6tico, controle remoto, frequéncia natural, andlise da fiabilidade, distribuicdo de valores extremos.
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1. Introduction

EE

The recent codes ABNT NBR 15575 [1] and EN 1990 [2] estab-
lish the safety minimum coefficients that structures should attend
to during their service life for keeping their safety. However, the
current design codes introduce a high number of uncertainties
to existing structures, essentially associated to material proper-
ties, loadings and work scenarios. Thereby, the employment of
structural health monitoring (SHM) can be an interesting tool
for structural characterization, because SHM can offer accurate
data for the structural behavior in real time.

SHM systems are composed by three principal systems that
are: sensorial system, data receiving system and data process-
ing system. In fact, in the recent years the sensors have been
advancing towards more compact systems, better levels of data
accuracy and less signal interferences. In this way, a large num-
ber of optical sensors were implemented [3]-[6] since the year
2000, essentially motivated by their relatively low cost, the pos-
sibility of sensors multiplexing, their immunity to interference
from electromagnetic fields and because the optical sensors
can be less intrusive than electrical sensors.

According to Diamantidis [7] the reliability assessment has as
main aim the prediction of the structure’s failure probability under
a determinate scenario, taking into account the limit state service
or ultimate limit service, and also methods based on probabilistic
models, due to high level of uncertainties associated with random
variables [8]. Thus, the employment of SHM systems with proba-
bilistic methods can be an interesting and important tool for risk
prevention, being possible the structural performance character-
ization under real service conditions, as well as the prediction
about the structural behavior under dramatic scenarios.

In this context, Dissanayake e Karunananda [9] proposed a new
method for reliability analysis based on element failure and rein-
forcement corrosion, and their method was applied to a railway
bridge, in Sri Lanka, with 160 m of length. The results showed
that the probabilistic model developed by the authors presents
a good model for failure due to decreasing of the reinforcement
area by corrosion process and element failure. Another similar
study related with SHM systems combined with reliability analysis
is reported by Liu et al [10], where a railway bridge on the Wis-
consin river, in the United States, was instrumented with strain
gauges and the traffic loads effect on the bridge’s behavior was
monitored. The data from the SHM system implemented on the
bridge allowed the evaluation of reliability index in the current
state, and were also used to predict the bridge’s reliability per-
formance for the next 20 years. However, the cost of the sensing
systems employed in both works mentioned above could have
been minimized if optical sensors had been employed.

In order to contribute for reliability assessment, this work pres-
ents a simplified methodology for structural safety assessment
based on an optical system, which consists of data selection,
preliminary statistical analysis focused on histogram construc-
tion, probability assessment by GEV and determination of the
failure probability. Thereby, an elevated reinforced concrete
water reservoir located in Campus of Santiago, in the Univer-
sity of Aveiro, Portugal, was instrumented with a bi-axial optical
accelerometer [11] and continuously monitored since January
2014. From the data collected by longitudinal and transversal
accelerations, the relative structural displacements due to wind

action were obtained and used as main variables for structural
reliability analysis.

2. Reliability assessment method based
on relative displacements
EE
The use of probabilistic methods for structural performance as-
sessment under a determinate scenario can be a relevant help tool
for structural integrity and safety management. The probabilistic
methods can be interesting due to the fact that in the construction
phase, structures are associated to a large number of uncertain-
ties which are not included in the current design codes and also
present a difficulty modeling by deterministic methods, making
necessary the resource to probabilistic methods, which are most
adequate for random variables processing.
In fact, the employment of probabilistic methods for reliability as-
sessment should be adopted because there are some uncertain-
ties introduced by geometric and material characteristics, and also
load combination that structures can be submitted to during their
service life, and in these cases the probabilistic models can be
used for modeling the variable set [8, 11, 12]. Generally, the set of
variables involved in the structural reliability assessment are repre-
sented by R and E, where R represents the safety variable group
for the analyzed scenario and E represents the variable group
which affects negatively the structural safety. Then the structural
probability of failure, Pf, can be written as:

Pf=2{g (R.E)<0}=P{r(R)<e(E)} (N

where, g (R,E) < 0 represents the limit failure condition.

So, considering expression (1) the failure probability, Pf, can also
be written according to expression (2), where /X is the probability
density function of X, and X represents all random variables from
the problem in study.

Pr= | f(x)ad 2)
g(X)=0

From failure probability, Pf, the reliability index 3 can be estimated
by expression (3), where ¢ is the inverse of the standard normal
distribution function.

p=-0" (&) ®)

Especially for cases in which the set of variables are known for a
determinate interval of time, and the maximum and minimum values
of probabilistic curves need to be predicted, it is common to resort to
generalized extremes values distribution (GEV)[8]. The employment
of GEV in cases of probabilistic analysis is indicated when the num-
ber of data is sufficiently large and the frequency distribution curve
is asymptotic. However, in order to consider the asymptotic types
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Figure 1 - Reinforced concrete water reservoir elevated of University of Aveiro (A), localization
of reservoir in relation to Institute of Telecommunications of Aveiro (B),
and detail of the position of the bi-axial optic accelerometer (C)

D2 (8.60 m)

of curve that a data distribution can assume, one of the three forms
of GEV should be adopted, namely: Gumbel distribution (Type 1),
Fréchet distribution (Type II) and Weibull distribution (Type III) [10].
The Gumbel distribution is based on the principle that the failure
occurs when a determined set of values exceeds the safety value
[8] and is frequently applied to modelling environmental phenom-
ena, as for example wind velocity [14]; in addition the Gumbel dis-
tribution has been recently used in SHM systems for service life
prediction [8, 11, 13]. The Gumbel distribution for maximum val-
ues can be defined by function Fx(x), according to expression (4),
where a and u can be estimated from the data set analyzed, and x
is the limit exceedance values in the distribution curve that will be
analyzed. In fact, the a and u values can be obtained by expres-
sions (5) and (6), where the variance \/(X) is a necessary value
for determination of constant a, and [E(X) is the average of Fx(x)
function, for a given value of y of 0.577.

Fx(x)=exp [—e‘“ - "):| (4)

E(X)=u+ 2~ (5)

(0

V(x)= = )

Thus, the method for structural reliability assessment proposed in
this work, based on random variables from wind velocity, namely
structural displacements due to wind action, follows the present
sequence: 1) selection of a data set, 2) establishment of an x limit
value, in which the function G(x) < 0 represents failure, 3) con-
struction of histograms based on obtained values from G(x) < 0
considering the limit value of x, 4) adoption of an adequate proba-
bilistic distribution curve, 5) determination of the statistic variables
(E,V, a e u), 6) determination of failure probability Pf, taking in
account the x limit value and 7) evaluation of reliability index, B.

3. Case study
[
3.1 Reinforced concrete elevated water reservoir

The elevated water reservoir [Figure 1-A] is a slender structure of
reinforced concrete with a height of 35.25 m, built in 1989 in the
campus of Santiago at University of Aveiro [Figure 1-B], Portugal,
essentially composed by a laminar section of 30.90 m of height, 4
m of length and 0.30 m of thickness; one cylindrical hollow section
with 30.90 m of height, outer diameter of 2.40 m and inner diameter
of 1.20 m; and a rectangular structure with 4.35 m of height, 8.60 m
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of longitudinal length and 4.00 m of transversal length. The present
structure has a metallic bracing, composed by two hollow steel cylin-
ders with 5 mm of thickness, placed at 1/3 and 2/3 of the total height.
The reservoir instrumentation was done by employing a bi-axial
optical accelerometer developed and tested by Antunes [15], posi-
tioned in the structure top, as shown in the [Figure 1- C]. The im-
plemented monitoring system was connected to a data acquisition
system located in the Institute of Telecommunications of Aveiro,
Portugal, by 790 m of optical fiber [Figure 1-B].

In order to collect data on structural displacements due to wind ac-
tion, the elevated reservoir has been monitored since January 2014
aiming the identification of changes in the structural behavior that
can compromise the safety state. In this way, the bi-axial optic accel-
erometer has the function of collecting information in the transversal
(D1) and longitudinal (D2) directions, essential accelerations for de-
termining the natural frequency and relative displacements.

3.2 Data collecting, selection and processing

The natural frequency is given by the expression (7), where the
mass m is characterized as inversely proportional of the square of
the natural frequency, f*, and directly proportional to square of the
stiffness ratio k. In this analysis the stiffness ratio k was considered
constant, and that only the m value could influence the frequency
value, due to water level variation inside the water reservoir. The
structural displacements were collected only for cases in which
the wind presents the same direction. In this way, the wind action
was restricted to southeast direction, in order to coincide with the
structure’s face with higher area, through which the wind action is
supposed to present a greater effect on structure displacements in
transversal and longitudinal directions.

f=]E 7)

" 2 \'m

From the data offered by bi-axial optic accelerometer, the linear rela-
tive displacements of the elevated reservoir were obtained accord-
ing to expression (8), where s(t) is the displacement in function of
the time and a(t) represents the acceleration in function of the time.

s(t)=a(r) dr (8)

The natural frequency spectrums of the elevated reservoir for each
direction (D1 and D2) were obtained by the Fourier transform (9),
where w = 2xf.

X (0)= j (0 e )

From analysis of a large data set, were selected the wind actions
described in A and B, as shown in the [Table 1]. In D1 direction
(transversal) the values of natural frequencies in the situation A
and B presented the same frequency value, namely 0.900 Hz.
However, taking into account the greater length of D2 (longitudinal
direction) relative to D1, the possible mass variation influenced by
changes in the water level presented influence in the natural fre-
quency value, respectively 0.787 Hz and 0.793 Hz. The spectrums
of the natural frequency collected are shown in [Figure 2], where A
and B represent the wind behavior and D1 and D2 are transversal
and longitudinal direction of the water reservoir respectively.

Itis also important to refer that for each measurement realized were
considered 105 s of data record time, that correspond to 200.000
acceleration points. Once the acceleration spectrum was known,
the velocity and structural relative displacements in the transversal
and longitudinal directions were obtained and considered in func-
tion of the time, as can be seen by [Figure 3].

In terms of data processing of structural relative displacements,
the maximum values of structural displacements in both directions
were obtained and processed as absolute values [Figure 4]. Then,
a new data set was obtained and these values were employed in
this work for evaluation of the reliability index.

Based in the relative displacements of the elevated reservoir under
wind action, for both wind conditions A and B, and also based in
the relations stablished by expression (7), the structure presents
a higher stiffness in the direction D2, for which smaller values of
natural frequency already were expected.

4. Structural reliability assessment
EE—

From the maximum relative displacements in both directions D1
and D2, were obtained the histograms showed in the [Figure 5].
The histograms AD1 and BD1 refer to maximum displacements
in the transversal direction, and the histograms AD2 and BD2
refer to maximum displacements in the longitudinal direction of
the water reservoir, for wind characteristics according to condi-
tion A and B. The direction D1 presents a more sensibility to wind
action than the direction D2, for example, for wind velocity of 10.3

S Wind velocity
Identification (m.s-1)
A 18/09/2014
B 14/02/2014 10,30

Table 1 - Wind characterization for situations A and B and measures
of natural frequencies of the water reservoir

Natural frequency (Hz)

Longitudinal
direction

0,787
0,793

SE 0.9
SE 0,900
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m/s in the SE direction the D1 maximum displacement is close of
0.0225 m, while in the D2 direction the maximum displacement
is close of 0.0125 m. In fact, this maximums displacement values
represent that the D1 direction is 180% more sensible to wind
action than D2 direction.

In order to consider the frequency distribution of the maximum val-
ues of relative displacement of the elevated reservoir were drawn
GEV curves, as can be seen in the [Figure 6]. Once the values
of average y and standard deviation & for a data set of X were
calculated, the values of a and u were found based in the expres-
sions (5) and (6) and then employed in the expression (4) aiming
the definition of the probabilistic function Fx(x). Finally the failure
probabilities Pf were evaluated and the values of reliability index
were found using expression (3), where R was adopted as 0.03 m,
in accordance with the maximum limit displacement allowed for a
structure defined by ABNT NBR 15575 [1].

In the [Figure 7] the reliability indexes  are shown for two direc-
tions, D1 and D2, in function of the wind velocity in the southeast
direction, in which is perceptible the decreasing in the reliability
index according to the increase of the wind velocity. It is noted that,
when the wind velocity changes from 8.9 m/s to 10.8 m/s in the
direction D1 the B values change 5.781 to 2.799. In relation to D2

direction, for the same variation in the wind velocity the 8 values
present a variation 7.023 to 6.004. This variation represents that
when the wind velocity changes from 8.90 m/s to 10.80 m/s in the
D2 direction the failure probability increases 14.50%. However, the
increase in the failure probability is more dramatic in the D1 direc-
tion, where it is observed that the wind velocity increase represents
a 51.56% greater chance of structural failure, essentially by dis-
placements from wind action.

The reliability indexes 8 found by applying the proposed methodol-
ogy for structural reliability assessment presented moderated val-
ues and this highlights the necessity of continuous monitoring of
the water reservoir. Were found the 8 values of 5.438 to 8.9 m/s
and 2.713 to 10.3 m/s in the direction D1. Now, in the direction D2
were found the values of B8 of 6.136 to 8.9 m/s and 4.92 to 10.3
m/s. Nonetheless, the reliability indexes B found by the application
of GEV present confident results (Kolmogorov-Smirnoff < 0.05).
By expressions (10) and (11) a predictive study about the reliability in-
dex was performed by employment of the GEV data in the future,
&.(T), where &, is the extreme value of a random variable, A and n
are constants to be determined according to data measured by statistic
or graphic methods, T is the return period and (s, t) is the ration be-
tween of the GEV data in the future,&, (T ) and the
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maximum values of & (i=1,2,3,...k). For conservative consider-
ations when the (s, t) value is less than 1., it should be assigned as 1.0.

e, (T)=A-n. h{—ln(l—ﬂ (10)

e, (7)

max (g, ,€, ,€; ..

§(s.1=T)= (1)

£;)

For the predictive reliability analysis, it was estimated that the annual
number of times the water elevated reservoir is under conditions A and
B is of 365. This way, for the next t years it will be T = 365 X t. [Figure
8] shows the results of the predictive reliability analysis for the next 5,
10, 15, 20, 25, 50 and 100 years. The details of the predictive analysis
are shown in [Table 2]. It is important to highlight that in this study the
decreases in the reliability index, B, are associated with the predicted
maximum displacements provoked by wind actions. However, for a
most accurate reliability prediction the results presented by Figure 8
should be associated with the water reservoir deterioration analysis.

5. Conclusions
HE

This work presents a reliability monitoring system based on
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Figure 4 - Absolute values of the
maximums relative displacement bi-axial optical accelerometer and a new methodology for reli-
ability assessment based on maximum relative displacements.
0030 o757 The reliability assessment methodology uses acceleration data
_ o AD2 provided by an optical sensor implemented in the top of a water
E o025{ <« BD1 reservoir located in the University of Aveiro, which has the aim
£ < BD2 to make measurements about the structure’s maximum rela-
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% < < ‘4‘4 « reliability monitoring system based on bi-axial optical acceler-
% 0,010 4 <« «‘ﬁf« ometer presented high efficiency and easy implementation in
@ oo . field, besides a relatively low cost.
£ 0,005 «s«q« q% «"o The methodology of reliability assessment proposed in this work
X %’ W proved of easy application and adequate to data collecting, espe-
= 0,000 cially by utilization of GEV as a way to improve the modeling of the
B A 30 40 5'0 60 70 80 structural behavior induced by action of random variables, as wind
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Reliability index prediction

Figure 8 - Reliability index prediction
for next 100 years
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Table 2 - Predicted values of water reservoir reliability indexes for the next 100 years

ADI AD2
Pf Pf

5 1825 0014 0986 2204 0010 0,990

10 3650 0015 0985 2178 0011 0989

15 5475 0015 0985 2163 0012 0988

20 7300 0016 0984 2155 0012 0988

25 9125 0016 0984 2146 0012 0988

50 18250 0017 0983 2122 0013 0987
100 36500 0018 0982 2100 0013 0987

2,309
2,285
2,272
2,263
2,256
2,235
2,215

BD1 BD2
Pf Pf
0,035 0,965 1,807 0014 0986 2,198
0,038 0,962 1,777 0015 0985 2175
0,039 0,961 1,760 0,015 0985 2162
0,040 0,960 1,748 0,016 0984 2,183
0,041 0,959 1,739 0,016 0984 2,146
0043 0,957 1,713 0,017 0,983 2,126
0,046 0954 1,687 0,018 0,982 2,106
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