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The IBRACON Structures and Materials Journal is a technical and
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Contribution Types
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A discussion is received no later than 3 months after the publication
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in Brazil. IBRACON holds the copyright of contributions in the journal
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Where IBRACON holds the copyright, authorization to photocopy items
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Copyright

All rights, including translation, reserved. Under the Brazilian Copyright
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Editorial

http://dx.doi.org/10.1590/S1983-41952016000500001

We are now releasing the October 2016 issue of the IBRACON Structures and Materials Journal (Vol-
ume 9 Number 5, October 2016). This issue brings eight articles on concrete structures and materials.
The first article deals with an evaluation of the interaction between strength concrete block walls under
vertical loads. Experimental analysis was performed on full-scale H-shaped flanged walls. The next
article presents a study on safety of reinforced concrete beams subjected to bending moment and
designed with the partial safety factors proposed by ABNT NBR 6118:2014. The third article discusses
the behavior of deep beams using short straight bars anchorages. Results from tests performed on 12
deep beams using three different shear span-to-depth ratios, indicated that short bar anchorages did
not seem to influence significantly the shear strength of the deep beams tested. The fourth article aims
to study the structural concrete dosage in construction sites. In another article, results of an experi-
mental research on bond stress-slipping in Brazilian reinforced concrete, using five different concrete
strengths (20, 40, 60, 80 and 100 MPa) and two different rebar diameters (16 and 20 mm). The sixth
article reports a study on Mortar modified with sulfonated polystyrene produced from waste plastic
cups. The influence of polystyrene in the mortar properties was evaluated by consistency index, water
retention, water absorption, porosity, elasticity modulus, compressive strength, flexural strength, and
bond tensile strength. The sevenths article discusses the influence of the cable shape on the shearing
resistance of prestressed concrete beams. The issue closes with an article on an experimental study
of column reinforcement using anchor bolts and self-compacting concrete.

All the articles were reviewed by specialists from many Institutions in Brazil and abroad. Their contri-
bution, fundamental for the quality of our Journal

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Leandro Francisco Moretti San-
chez, Rafael Giuliano Pileggi, Roberto Caldas de Andrade Pinto and Tulio Nogueira Bittencourt,
Editors

Estamos publicando a edigdo outubro de 2016 da Revista IBRACON de Estruturas e Materiais (Vo-
lume 9 Numero 5, Outubro de 2016). Esta edigéo traz oito artigos sobre materiais e estruturas de
concreto. O primeiro artigo trata de uma avaliagédo da interagédo entre paredes de blocos de concreto
de alta resisténcia sob cargas verticais. A analise experimental foi realizada em escala real em pare-
des com flanges intertravadas, em formato “H”, e com amarragdo direta. O artigo seguinte apresenta
um estudo sobre a seguranga de vigas de concreto armado projetadas com os coeficientes parciais
de seguranga propostos pela ABNT NBR 6118: 2014. O terceiro artigo descreve o comportamento
de vigas-parede em que as armaduras longitudinais apresentam comprimentos reduzidos de anco-
ragem junto aos apoios. Os resultados de ensaios realizados em 12 vigas-parede indicaram que os
comprimentos reduzidos de ancoragem aparentemente nédo influenciaram de maneira significativa
a resisténcia ao cisalhamento. O quarto artigo tem como objetivo estudar a dosagem de concreto
estrutural em canteiros de obras. Em outro artigo, sdo apresentados resultados de uma pesquisa
experimental sobre a tensdo de aderéncia-deslizamento, usando cinco dosagens diferentes de con-
creto (20, 40, 60, 80 e 100 MPa) e dois diametros de barras de armadura diferentes (16 e 20 mm).
O sexto artigo relata um estudo sobre a adigéo de poliestireno sulfonado produzido a partir de copos
plasticos descartados em argamassas. A influéncia de poliestireno nas propriedades da argamassa
foi avaliada pelo indice de consisténcia, retencdo de agua, absor¢éo de agua, porosidade, médulo
de elasticidade, resisténcia a compressao, resisténcia a tragdo na flexao, e resisténcia potencial de
aderéncia a tragdo. O sétimo artigo discute a influéncia do tragado do cabo na resisténcia ao cisa-
Ihamento de vigas de concreto protendido. Esta edi¢gdo se encerra com um estudo experimental de
reforgo de coluna utilizando chumbadores e concreto auto-adensavel.

Todos os artigos foram revisados por especialistas de varias instituicdes do Brasil e do exterior.
Agradecemos sua contribuicdo, fundamental para a qualidade da nossa revista. Parabenizamos os
autores dos interessantes artigos publicados.

Américo Campos Filho, José Luiz Antunes de Oliveira e Sousa, Leandro Francisco Moretti San-
chez, Rafael Giuliano Pileggi, Roberto Caldas de Andrade Pinto e Tulio Nogueira Bittencourt,
Editores
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Abstract
E——

This paper aims to evaluate the interaction between structural masonry walls made of high performance concrete blocks, under vertical loads.
Two H-shaped flanged wall series, all full scale and using direct bond, have been analyzed experimentally. In one series, three flanged-walls were
built with the central wall (web) supported and, in the other one, three specimens were built without any support at the central web. The load was
applied on the central wall and vertical displacements were measured by means of displacement transducers located at eighteen points in the
wall-assemblages. The results showed that the estimated load values for the flanges were close to those supported by the walls without central
support, where 100% of the load transfer to the flanges occur. The average transfer load rate calculated based on the deformation ratio in the up-
per and lower section of the flanged-walls, with the central web support, were 37.65% and 77.30%, respectively, showing that there is load transfer
from the central wall (web) toward the flanges, particularly in the lower part of the flanged walls. Thus, there is indication that the distribution of
vertical loads may be considered for projects of buildings for service load, such as in the method of isolated walls group. For estimation of the
failure load, the method that considers the walls acting independently showed better results, due to the fact that failure started at the top of the
central wall, where there is no effect of load distribution from the adjacent walls.

Keywords: high stre performance block, structural masonry, flanged walls, wall interaction.

Resumo
E——

Este trabalho tem como objetivo avaliar a interacdo entre paredes de alvenaria estrutural de blocos de concreto de alta resisténcia, sob acdes
verticais. Foram ensaiadas duas séries de paredes com flanges intertravadas, em formato “H” em escala real e com amarragao direta, sendo
uma série composta de trés espécimes com a parede central (alma) apoiada e a outra série de trés espécimes sem apoio na alma. A carga foi
aplicada na parede central e através de transdutores de deslocamento foram monitorados os deslocamentos verticais em dezoito pontos do
conjunto de paredes. Os resultados mostram que os valores de carga estimados para os flanges das paredes com apoio central foram préximos
daqueles suportados pelos flanges das paredes sem apoio central, nas quais ocorrem 100% de transferéncia de carga para os mesmos. As taxas
de transferéncia médias, calculadas com base na relagdo de deformagdes no trecho superior e inferior para o conjunto de paredes com apoio
central, foram de 37,65% e 77,30%, respectivamente, mostrando que existe transferéncia de carga da parede central (alma) para os flanges, par-
ticularmente no trecho inferior do conjunto de paredes. Assim, ha um indicativo de que a distribuigao de forgas verticais pode ser considerada em
projetos de edificios para cargas de servigo, como no método de grupo isolado de paredes. Com relagdo ao comportamento ultimo das paredes
com flanges com apoio na alma, a ruptura ocorre no topo da alma, local onde ainda ndo ocorre transferéncia de forgas verticais entre paredes
adjacentes, neste caso o método de paredes isoladas para a estimativa da carga de ruptura seria adequado.

Palavras-chave: blocos de alta resisténcia, alvenaria estrutural, paredes com flanges, interagéo entre paredes.
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Experimental evaluation of the interaction between strength concrete block walls under vertical loads

1. Introduction

EE

Historically, the improvement in concrete performance is evident due
to the necessity of constructing increasingly tall buildings as well as
meeting durability requisites. The use of mineral additives (active
silica, calcined clay) and plasticizer additives, combined with a low
water/cement ratio and high binder consumption enable the produc-
tion of more resistant, less porous and less permeable concretes.
The interaction between walls has gained attention and need for
investigation, particularly when high strength concrete blocks are
used, as there are few papers and a lot of disparity about the sub-
ject. Some authors consider that walls work isolated while other
admit an interaction between adjacent walls, that is, a load trans-
mission from a more loaded to a less loaded wall, when there is a
binding between them.

Some international norms, such as the American ACI/ASCE/TMS
[1] and the Eurocode [2], don’t usually allow considering interaction
between walls in the vertical load distribution method. In Brazil, the
ABNT NBR 15961-1 [3] norm allows considering interaction be-
tween walls as long as the shear strength limits at the wall interface
are respected. This consideration is a result of some studies, for in-
stance Capuzzo Neto (2000) [4], Andolfato (2006) [5] and Oliveira
(2014) [6], who have researched interconnected walls build from
ceramic blocks or concrete.

The clamping of the units in a group of walls built with direct bond-
ing enables the distribution of vertical and lateral loads along the
length and height of the walls with masonry flanges. The interac-
tion between walls with indirect bonding, on the other hand, occurs
not due to the clamping of the units, but due to other elements that
guarantee the transfer of forces.

In buildings with greater heights and interspaces, the behavior
of wall intersections under vertical loading and the possible load
transfer along these heights have significant influence in the re-
sults of wall strength and foundation loading.

The load distribution in six full scale H-shaped wall specimen, built
with direct bonding, was evaluated in order to verify the interaction
between flanged and interconnected walls, built with high strength
concrete blocks when submitted to vertical loads. It also aimed to
investigate the load transfer amongst them. In addition, tests were
performed in the blocks, prisms and for mortar characterization.
Itis known in the field of masonry construction that the introduction
of high strength concrete blocks is favorable due to its high struc-
tural performance and durability, as well as other satisfying char-
acteristics. Another relevant aspect of this study is that it evaluates
blocks with different proprieties from those presented in the refer-
ences. Hence, the study of interaction between walls built with high
strength concrete blocks can contribute to the understanding of
the occurrence of stress standardization, whereas previous papers
considered hollowed ceramic blocks or regular concrete blocks.
Furthermore, this aspect affects directly the safety and costs of
masonry projects.

2. Mechanical proprieties

of structural masonry
——

2.1 Compressive strength

The compressive strength of the block is the highest contributor to

the final strength of the masonry. However, the increase of strength
in the block is not directly proportional to the increase of strength in
the masonry. The explanation to this lies in the fact that when the
strength in the block increases, there is an increase of its stiffness
in relation to the mortar, therefore rising the difference between the
lateral deformations on the block and the mortar. Moreover, since
there is a restraint in movement between those due to adherence,
greater lateral tensions arise in the block, which can accelerate the
failure of the set.

The ABNT NBR 15961-1 [3] norm fixes the lower value for the com-
pressive strength as being 1.5 MPa and the greater value is limited
to 0.7 times the characteristic strength specified to the block, in
relation to the liquid area.

The European code EN 1996-1-1 (2005) [2] establishes the equa-
tion (2.1) to determine the characteristic compression strength of
the masonry based on the strength of the block and the mortar.

S=KL 1 Q1)

Where:
K is a coefficient related to the type of block material and the type
of mortar;
fb is the average compression strength of the unit, in relation to
the gross area;
fk is the average compression strength of the masonry, in rela-
tion to the gross area;

n 18 the average compressive strength of the mortar.

2.2 Elasticity modulus

The masonry elasticity modulus is found in the stress-strain
graph drawn from the compressive test in order to evaluate and
quantify the deformation that occurs during the test. The elasticity
modulus as well as the Poisson ratio are important characteristics
that regard not only the masonry deformation but also its failure
mechanisms.

The ABNT NBR 15961-2 [7] and ABNT NBR 8949 [8] norms de-
scribe testing methods to obtain the elasticity modulus for prisms
and masonry. However, there are no defined testing methodology
to determine the elasticity modulus and Poisson ratio for concrete
blocks.

According to Mahammad (2007) [9], the elasticity modulus of
masonry elements can be obtained from the stress-strain graph,
for a stress between 40% and 70% of the failure load of the
secant modulus or through a stress of 30% of the initial tan-
gent modulus. This happens because the elements (prisms and
walls) have linear behavior within this interval. This method is
similar to what is recommended by the ACI 530-02/ ASCE 5-02/
TMS 402-02 [1] norm, in which the initial interval of the stress-
strain curve is negligible and the secant value between 0,05
f,,and 0,33 f, is used, where f, is the ultimate compression
strength of the masonry.

In the absence of testing, equations presented in concrete
norms may be used to estimate the elasticity modulus of the
concrete block. The CEB — FIB Mode Code (1990) [10] defines
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that the mlasticity Modulus can be obtained by the equation (2.2).

(22

0,33
E, =2,5x10"x LS
10

where:

Eb is the block average elasticity modulus, in MPa, in relation to
the block liquid area;

[, is the block average compressive strength, in MPa, in relation
to the block liquid.

The Equation (2.3) is suggested by the ACI — Building Code 318
[11] norm, which adopts concrete with specific weight between
1442 kg/m? and 2483 kg/m3. As for the Poisson ratio, the reference
value of 0.20 is used, as it is the Poisson ratio for the concrete.

E, =0,0428 £ w)*

(29

where:

Eb is the block average elasticity modulus, in MPa, in relation to
the block liquid are;

fb is the block average compressive strength, in MPa, in relation
to the block liquid area;

W, is the unitary specific weight of the block, in kg/m?.

To determine the elasticity modulus to the masonry, the norm ABNT
NBR 15961-1 [3] establishes the value of 800 x fpk , Where fpk is the

specific strength of the prisms. Gomes (1983, apud CARVALHO,
2007) [12] studied theoretically the basic elastic parameters of
masonry walls submitted to simple compression, analyzing and
comparing the results with those obtained experimentally. Consid-
ering that the wall thickness is significantly lower than the other
wall dimensions, in the plane state of stress, for unreinforced walls
and assuming complete adherence between mortar and blocks
with both comping the Hooke’s law, the Equation (2.4) is obtained:

, with & =h—b
H

(24

where:

E,,a is the elasticity modulus of the wall, in MPa;

E, is the elasticity modulus of the mortar, in MPa.

E, is the elasticity modulus of the blocks, in MPa.

h, is the block height, in cm.

H is the masonry height, in cm.

The equation (2.5) is used to estimate the elasticity modulus of the
wall when the elasticity modulus of the block and the mortar are
known. Dhanasekar (1985, apud MOHAMAD, 2007) [9] suggests a
non-linear relationship to establish the elasticity modulus of the ma-
sonry in relation to its uniaxial compressive strength, in MPa ( £, ).

E,, =1180x(£)"*

@5
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Experimental evaluation of the interaction between strength concrete block walls under vertical loads

Epa is the elasticity modulus of the wall, in MPa, in relation to the
gross area;

fc is the compressive strength of the masonry, in MPa, in relation
to the gross area.

The equations presented in this topic to obtain the elasticity modu-
lus of masonry are developed by different researches regarding
several materials and will be compared with the experimental re-
sults in this study.

3. Materials and experimental program
_—

Two series with flanged masonry walls in full scale were tested
in this paper. The first series consisted of three “H” shaped
specimens on site with supported central wall and flanges.
The second series consisted of three “H” shaped specimens
on site, in which the central wall had no support. Since the
flanges were only supported in the second series, this allowed
total load transfer to the flanges and therefore it was possible
to compare the two series.

In both series, the vertical and the horizontal joints were filled
with mortar, with one cm thickness and direct bonding was
used. A 90 cm long steel plate was chosen for the uniform
application of the load over the web, simulating the effect of a
supporting row at the top of the wall. The steel plate applied
the load over the three middle blocks of the central wall, ex-

cluding the blocks that were directly attached to the flanges,
Figure [7].

The use of a slab to apply the load on the wall would have
been ideal for the experiment. However, it would be more com-
plex, as the test were carried out in full scale.

3.1 Geometry, construction of flanged walls
and transportation

Interlocked units were applied in the construction of the flanged
walls. Special units of 44 cm length with three hollows were
used for the clamping. The specimens were constructed under
metallic framing and after the cure interval they were transport-
ed to the portico where they were tested. The dimensions (in
centimeters) of these walls on site are shown in Figure [1].

The construction of the flanged walls were carried out in
three steps according to recommendations of the ABNT NBR
8949:1985 [8] norm. On the first day, five rows were built and
on the subsequent days, four rows were built each day. The
first step of the masonry walls construction can be observed
in Figure [2]. For each step, three prismatic mortar specimens
were molded.

A rolling bridge transported the specimens to the testing loca-
tion. In Figure [3], a flanged wall specimen being transported to
the reaction portico is shown.

Figure 2 - Executed first step of the flanged wall
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Figure 3 - Executed flanged wall and its transportation to the reaction portico by rolling bridge

N

3.2 Instrumentation and testing procedure

The procedures for the flanged wall testing complied with the rules
from the norm ABNT NBR 8949:1985 [8] that were valid at the date
of the testing. The deformations were determined below the top
row, to avoid local disturbance in the load application area.

The instrumentation of the flanged walls consisted of a load cell
and eighteen displacement transducers, both on the central wall
and on the flanges. Figure [4] shows the elevations of the flanged
walls (in centimeters) and the position of the sensors on the central
wall, the internal and external flanges, respectively. The standard
length used for the calculation of vertical deformation was 40 centi-
meters, which is equivalent to the length of two rows. The labelling
of the displacement transducers is shown in Figure [5]. The data

acquisition system Spider was used with a reading frequency of
2 Hz.

The loading was divided in four stages and the adopted load incre-
ment was 150 kN, which is equivalent to around 10% of the expect-
ed failure load. On the first stage, three load increments were ap-
plied and subsequently it was unloaded until zero. On the second
stage, three load increments were applied and subsequently it was
unloaded until 150 kN. On the third stage, subsequent increments
were applied until the appearance of small fractures. On the fourth
and last stage the equipment were removed and the load incre-
ment became 50 kN, until the rupture of the flanged wall.

After each increment, the load stayed on the flanged walls
for a time greater than 5 minutes. The loads and the shorten-
ing were registered at the end of this time. Figure [6] shows the

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5
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Figure 4 - Instrumented spots and positions. (a) Central wall - (b) Internal and external flanges
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Figure 5 - Labeling of displacement transducers | Upper region (odd numbers)
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Figure 6 - Instrumented flanged walls and details of the reaction portico

instrumented flanged walls at the moment it was being tested as
well as the details of the reaction structures used for the testing.
Two kneecaps were used in order to minimize the eccentricity of
the load, the first one located at the hydraulic jack and the second
one above the steel plate that was supported on the central wall. To
improve the support between the metallic framing and the reaction
slab and avoid the load to concentrate in local spots, a high initial
strength mortar was applied under the framing of every test, ac-
cording to the arrangement pictured in Figure [7].

4 Material proprieties
——

A series of characterization tests were carried out in the masonry
components, concrete blocks, mortar and two block prisms, in par-
allel with the flanged wall testing.

4.1 Concrete blocks

The blocks characterization was in terms of the average strength
and specific strength, in accordance with the procedures from the
ABNT NBR 12118:2014 [13] norm in six specimen. The elastic-
ity modulus and the Poisson ratio were obtained from four elec-

tric strain gauge connected to the data acquisition system called
AqgDados from Lynx. Hence, the blocks were submitted to a load
equivalent to 30% of the failure load and unloaded to achieve sta-
tionary state. Then, the loading was applied at a 0,005 mm/s rate
until reaching 50% of the possible failure load and finally it was
loaded until its rupture.

From the linear interval (stress x strain) the elasticity modulus and
the Poisson ratio were obtained, admitting as the linear interval
values from 0.5 MPa to 30% of the average failure load of the
blocks. The choice of the testing procedure was based on previ-
ous studies found in literature due to the lack of specific norms.
Figure [8] illustrates the block instrumentation and the position of
the strain gauge on the block.

4.2 Mortar

The mortar used to build the prisms and walls in this study con-
tained the following materials as binders: type CP II-E-32 Portland
cement, type CH | special additivated hydrated lime and natural
quartzite fine aggregate, upper usable limit.

The method proposed by Santos (2014) [14] was used for the dosage
in order to obtain a mortar with compressive strength around 70% of

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5
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Figure 7 - Instfrumented flanged walls and details of the reaction portico
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Figure 9 - Testing of prismatic mortar specimen by simple flexion and by compression

the specific compressive strength of the block (16,9 MPa), in relation to
the liquid area. The testing complied with the ABNT NBR 13279:2005
[15] and ABNT NBR 15961-2:2011 [7] norms and were carried on the
same day of the walls testing. Figure [9] illustrates the tests for flexural
strength and compressive strength. Six mortar specimens (5 cm x10
cm) were also built in order to obtain the static and dynamic elasticity
moduli. In this case, the norms ABNT NBR 8522:1984 [16] and ABNT
NBR 15630:2009 [17] were used, respectively.

4.3 Two block prisms

The determination of the prisms compressive strength was carried
using the procedures from the ABNT NBR 15961-2:2011 [7] norm.
The data acquisition system AgDados from Lynx, with reading fre-
quency of 2 Hz, was used to measure the elasticity modulus. The
system collected data from a load cell, four electric strain gauges
and two displacement transducers as illustrated in Figure [10].
The prisms were submitted to the testing with manual load appli-
cation in a portico. Figure [11] illustrates the arrangement set for
the experiment. The elasticity modulus of the prisms and the Pois-
son ratio of the blocks were calculated in the interval of the secant
curve correspondent to 5% to 30% of each specimen failure load,
according to the norm criteria.

5. Results and discussion
HE

The experimental results are presented in this topic as well as an

interpretation of the results and comparison with those found by
other researchers.

5.1 Material proprieties

The average value found in the compression strength test of the
concrete block was 20.3 MPa and the specific strength was 16.9
MPa. Both results are shown in details in Table [1]. The average
value found in the elasticity modulus test of the block was 20350
MPa. This value is similar to the one calculated with the formula
proposed by the ACI — Building Code 318 [11] (26429 MPa), with a
difference of 23% in the result.

The prisms and the walls were built with the same mortar. The
static and dynamic elasticity modulus of the mortar were 9293
MPa and 7938 MPa, respectively. The results differ from each
other in 14% but they did not show disparity in the individual tests,
as the coefficient of variation was lower than 5%. Its average
compression strength was 11.31 MPa and the flexural strength
was 2.70 MPa.

The prisms testing aimed to analyze the strength characteristics of
the masonry elements, especially the loads and modes of failures,
to analyze the axial deformability of the two block prisms and to
compare the results to those obtained for walls.

The failure occurred, in general, due to vertical fissure, initiated
and intensified in the vertical hollow and in the block longitudinal
walls. The first fissures appeared within 70 to 80% of the maxi-
mum load.

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5
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The average value for the elasticity modulus of the prisms was
10008 MPa, in other words, there was a reduction of 49.50% in the
elasticity modulus when compared to that of the blocks. The Pois-
son ratio of the prisms was in average 0.17, 22% lower than the
value found for the blocks. This is because the elasticity modulus
regards the set block/mortar, being superior to those obtained only
by the deformation of the block itself.

Observing the average elasticity modulus of the blocks and mor-
tar, 20350 MPa and 9293 MPa, respectively, it results in a ratio of

mm/E =0, 46 . According to Chemma and Klinger (1986) [18], for
a ratio ofE,,w,/E > 0,6, the rupture occurs, preferably, by crush-
ing of the mortar joint; while for ratios of E,  /E, <0,6the rupture
occurs by stress on the blocks. In fact, during the tests vertical
fissures were observed in the transversal and longitudinal blocks
of the prisms.

Table [1] shows a summary of the results presented in this topic.

Figure 10 - Prism ready to be tested and instrumentation scheme
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Figure 11 - Prisms testing
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Table 1 - Physical and mechanical proprieties of the materials obtained in the tests
BT
Width (mm) 138.,8 0,05 0,04
Length (mm) 289,3 0,59 0,21
Height (mm) 190,1 0.25 0,13
Al Agoss 0,574 - -
Block (14x29x19) w, (kg/m?) 2187,91 - -
f, (MPa) 20,30 2,03 10,04
f. (MPa) 16,90 2,03 10,04
E, (MPa) 20350 2254,73 11,08
v 0.22 0,08 38,41
F .. (MPa) 11,31 0,33 2,93
Mortar F_. (MPa) 2,70 013 4,71
E, static (MPa) 9293 412,00 4,43
f, (MPa) 13.7 2,47 17.97
f (MPa) 11,7 2,47 17,97
Prisms fo /1, (%) 57,50 - -
fo! To () 69,06 - -
E, 10008 434,83 4,34
v 0,17 0,02 8,96

5.2 Masonry flanged walls

For a better understanding, the results were divided in five subtop-
ics: Compressive strength, deformation, modes of failure, estima-
tion of transfer rates and comparative analysis between walls with
and without central support.

5.2.1 Compressive strength

The load correspondent to the appearance of the first visible fissures
in each test and that of the failure are presented in Table [2]. Table
[3] shows the failure loads considering independent walls and walls
with interaction. The compressive strength of the prismatic mor-

tar specimens, which were retained during the construction of the
flanged walls, had similar results to what was expected (12.0 MPa),
only a little over due to a longer curing time of the mortar.

5.2.2 Deformation

Only the deformation measured in the lower part of the wall was
used to calculate the elasticity modulus of the flanged walls. In the
upper region, where the load transfer from the central wall to the
flanges occur, the determination of the stress acting on the web /
flange is complex and uncertain. The load interval used to calcu-
late the stress was between 30% and 40% of the failure load, as
linear scopes are observed in this interval and the load values are
lower than the first fissure load.

1
With central support 2
3
Average (kN)

S.D. (kN)

C.V. (%)
4
Without central support 5
6

Average

S.D. (kN)

C.V. (%)

Table 2 - First fissure load and maximum load

642,48 879,46
728,25 1294,60
703,00 952,73
697,24 1042,26
44,08 221,58
6,38 21,26
545,82 704,61
478,16 593,77
621,10 673,24
581,69 657,20
90,51 57,13
15,56 8,69
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Stress in independent wall (MPa)
S.D. (MPa)

Average (MPa)

support

Table 3 - Failure load

C.V. (%)

With central 6,15 1,31 21,26 2,75 0,58 21,26
support
Without central 3.17 0,27 8,72 - - -

Stress in walls with interaction(MPa)
D.P. (MPa) C.V. (%)

Average (MPa)

Stress on the

Table 4 - Elasticity modulus (wall with central support)

Elasticity Elasticity
Flanged wall Load (kN) web (MPa) Def. 1 Def. 2
. 30% 26,38 1,20 0,0004351 0,0011511 7740 3306
40% 35,17 2,04 0,0003273 0,0008988 7740 3306
5 30% 38,84 1,256 0,0006610 0,0013659 7756 3016
40% 51,78 2,95 0,0004406 0,0007993 7756 3016
3 30% 28,58 0,81 0,0004683 0,0009824 3870 5729
40% 38,11 1,58 0,0002691 0,0008478 3870 5729
Average
(MPQ) 5236
S.D. (MPa) 384,6
C.V. (%) 7,35
1 - Right side of the web; 2 - Left side of the web.
Table 5 - Elasticity modulus (wall without central support)
Stress on the Elasticity
Flanged wall Load (kN) Transfer rate flange (MPa) Def. modulus
. 30% 10,57 100% 1,34 0,0003411 5897
40% 14.09 100% 1,01 0,0002842 5897
5 30% 89,07 100% 1,13 0,0000801 3529
40% 11,88 100% 0,85 0,0000000 3529
3 30% 10,10 100% 1,28 0,0000272 7209
40% 13.47 100% 0,96 0,0000227 7209
Average (MPa) 5545
S.D. (MPa) 1868,1
C.V. (%) 33,64

In order to determine the loads and stresses of the flanged walls
with central support, the ratio between the deformations of the dis-
placement transducers placed on the web and on the flanges was
calculated. All of them were placed on the same height; therefore
the rate of load transfer from the web to the flanges was estimated.
For the flanged walls without central support, on the other hand,
the elasticity modulus was calculated using the deformation in the
lower part of the flanges. The stress was obtained considering half
the load of each flange, being the load transfer from the web to the
flanges of 100% giving the condition of no support of the central wall.
It was possible to observe that in the lower region of the flanged

wall, the readings of the displacement transducer on the web and
the flanges were closer, indicating the occurrence of interaction. The
deformation of the flanges in the lower region were superior to those
measured in the upper region. Meanwhile, on the web there was a
reduction on the deformation in the lower region when compared
to the upper one. The results are shown in Table [4] and Table [5].

5.2.3 Modes of failure

The modes of failure can be observed on Figure [12] to Figure
[17]. On the flanged walls with central support, the modes of failure
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Figure 12 - Failure - flanged wall with central support 01

Figure 13 - Failure - flanged wall with central support 02
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Figure 14 - Failure - flanged wall with central support 03

Figure 15 - Failure - flanged wall without central support 04
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Figure 16 - Failure - flanged wall without central support 05
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Average deformation on
flange / Average deformation
on web (r)

Panel 1 0,26 0,57 107,2
Panel 2 0,19 0,64 123,4
Panel 3 0,18 0,56 86,9
Average 0,21 0,59 105,8

Table 6 - Average deformation ratio on the flanges and webs
and the load transfer rate for the flanges

Load transferred to flange
(kN)

Upper
region

Transfer rate

Max. strength

on flange to flange (%)
182,1 240,4 44,60 75,76
286,4 353,3 34,93 81,06
195.2 260,0 33,42 75,07
221,2 284,5 37,65 77,30

of the first two walls were similar, typical of a failure by combined
compression and shear, with horizontal traction failure along the
web and shear in the lower region at the web/flange interface. The
fissures started vertically below the load application point (pass-
ing through the horizontal joints of the blocks) and staggered (only
through the vertical and horizontal mortar joints).

In the third flanged wall with central support, the failure occurred
by compression in the upper region of the central wall in the
blocks below the first row. By increasing the load, the fissures
propagated down.

On the flanged walls without central support, the three tests
showed similar behaviors, in which the failure occurred abruptly
with the sudden opening of big fissures, typical of shear failure. In
all the cases, the failure occurred in only one side with a vertical
fissure along the web. The effect of bending on the flanges can
be verified by the horizontal cracks occurring at the joints of the
intermediate rows.

Generally, from the load application point, the cracking displaced
vertically, with a slight inclination, and on the lower rows, they in-
clined in the direction of the flanges, clearly indicating the shear on
the web/flanges interface.

5.2.4 Transfer rate

Load transfer rate to the flanges is understood as the relationship
between the portion of the load applied on the web that is absorbed
by the flanges and the maximum load that can be transferred to the
flanges in the case of a complete interaction. For the totally sup-
ported “H” shaped walls, it was observed that the transfer rate is
conditioned by the level of load applied on the central wall as much
as on the position evaluated on the wall (height).

For the panels with central support, the interaction rate was deter-
mined based on the strain relationships and the strength of materi-
als and mechanical equations. Neglecting the flexion effect, it can
be said that:

1
S F pange Z(W>XFI (5'])

where:
_ szeb X Eweb E =F -F e gﬂange
A <E » “web — " flange — “masonry > r=
flange flange € web

and Ft is the total load applied at the top.

On the other hand, for the total uniformization case:

F

o) t _ t
wall —
(Aweb +2x4 ﬂange)

for walls with central support

(.

uni 1t
flange — ~ wall-1 XAﬂange

(59

for walls without central support

In which:

O';a” is the uniform stress on the web and the flanges

uni is the net force on the flange correspondent to the uni-
Slange  form tension.

The ratio between the average deformations on the flanges and
the webs, obtained experimentally for the flanged walls with and
without central support, respectively, are shown on Table [6], as
well as the interaction rates for the flange on the panels with cen-
tral support.

Figure [18] and Figure [19] show the relationship between the av-
erage deformation on the flange and the average deformation on
the wall as a function of the level of load applied on the tests for
both series.

5.2.5 Comparative analysis between flanged walls with and
without central support

It cam be said that for the “H” shaped walls without central support
(Average failure load 657 kN) there was a decrease of 36.9% in the
average failure load when compared to the flanged wall series with
central support (Average failure load 1042 kN). This is due to the
reduction in 45% of the supporting area.

Based on the theoretical procedures for distribution of vertical ac-
tions so-called independent walls and walls with interaction, it was
concluded that the stresses required by the web and the flanges
are around 6.15 MPa and 2.75 MPa, respectively, for flanged walls
with central support. The stress considering an independent wall
was 3.17 MPa, for walls without central support.

From the results obtained for the compressive strength of the blocks
and for the prism/block efficiency it was possible to estimate the fail-
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ure load of the flanged walls with central support as being 1302.60  respectively. The difference between the expected values and the
kN, using the independent walls method. However, when the stiff-  average obtained experimentally relates to the fact that masonry-
ness effect and the slenderness ratio (R) are considered or not, the  flanged walls can fail due to the stress concentration in local spots.

estimated value of the failure load are 1276.55 kN and 1172.34 kN,  The average elasticity modulus of the flanged walls was 5236 MPa

Figure 18 - Average deformation ratio (flange/web) - flanged walls with central support
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Figure 19 - Average deformation ratio (flange/web) - flanged walls without central support

120,00
100,00
80,00

60,00

Defor. aba / defor, alma (%)

=]

-

8

0 20000 40000 60000 80000 100000
-20,00
Carga (kgf)

Parede com flange 4 - Superior Parede com flange 4 - Inferior
------ Parede com flange 5 - Superior *+++++ Parede com flange 5 - Infeiror

—~ — - Parede com flange 6 - Superior = = = Parede com flange 6 - Inferior

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5 Crreeeee—— 659



Experimental evaluation of the interaction between strength concrete block walls under vertical loads

Experimental
program

With central 728,25 8960
support
Without central 703,00 8960

support

Table 7 - Masonry elasticity modulus

Dhannasekar
(1985) - walls with
interaction

Gomes (1993)

8995 5329 2732

8995 3558 1859

(web — wall with central support) and 5545 MPa (flange — wall
without central support) and, despite being calculated differently,
the values were similar.

The masonry elasticity modulus according to the ABNT NBR
15961-1:2011 [3] norm can be estimated as being 800 x fpk. For
f . equals to 11.7 MPa, the expected elasticity modulus would be
9360 MPa, which is greater than the one found in this study.
Other authors suggest equations to calculate the elasticity modu-
lus. The Equation (2.4) proposed by Gomes (1993, apud CARV-
ALHO, 2007) [12] allows the calculation of the masonry elasticity
modulus as a function of the elasticity modulus of the mortar and
the block. Using the Equation (2.4) for the data found in this ex-
periment (Ea being 8616 MPa and Eb being 20350 MPa), the
elasticity modulus of the masonry is 8995 MPa.

The Equation (2.5) proposed by Dhanasekar (1985, apud MOHAM-
AD, 2007) [9] suggests a linear relationship to establish the elasticity
modulus of the masonry as a function of its compressive strength.
Using the theoretical methods for calculating stresses (independent
walls and walls with interaction), two values of elasticity modulus were
found. Table [7] shows the results of elasticity modulus found in this
study as well as those obtained from equations available in literature.
It is clear that the model with closer results to those found in this
study was from Dhammasekar (1985, apud MOHAMAD, 2007) [9].
The formation of strut on the central wall was evident in the failure mode
due to the formation of cracking and fissures with inclination between
60° and 45° from the central walls to the flanges. On the walls with
central support, the load flux to the flanges was more intense on the
lower rows. On the other hand, the behavior was inverted on the walls
without central support as the flux was more intense on the upper rows.
Differently from the failure mode of the first series (with support),
on the second series (without support) the failure occurred abruptly
and in a fragile way, as expected in a shear failure. In this case, the
fissures started in a loading stage close to the maximum loads and
extended through the length of the flanged walls.

Regarding the ratio of flanges/web deformation in the lower region
within the levels of loading analyzed, the walls (with and without
support) had similar behavior, as seen in Table [6].

The loading transfer rate from the web to the flanges in the lower
region of the flanged walls with central support was approximately
77.30%. For the panels without central support the transfer rate
was 100,00%.

6. Conclusion
E——

B The flanged walls with and without central support evaluated

in this study had direct bonding and did not have supporting
straps. The average failure load for totally supported flanged
walls was 1042 kN and for flanged walls without central sup-
port was 657 kN, being the coefficient of variation for walls with
central support 21.26%. A reduction in the failure load close to
37% was observed for a reduction in supporting area of ap-
proximately 45%.

It was observed that the deformations in the lower region of
the central wall were low when compared to the upper region.
This fact can be explained by the occurrence of load transfer
from the central wall to the flanges, reducing the acting stress
through the interlocking blocks.

The elasticity modulus were relatively low when compared to
the value proposed by the Brazilian norm. However, several
expressions proposed in literature for its calculation have very
diverging numerical results. The deformations used in this
study were the ones acquired from the lower region for being a
better representation of the reality.

The experimental results showed a different behavior for
flanged walls with and without central support, in particu-
lar regarding the failure mode. While a combined shear and
compression failure occurred in the flanged walls with central
support, a purely shear failure occurred on the flanged walls
without central support.

The failure modes were similar on the three tests in which the
central walls were supported and it was clear that the failure
occurred mainly on the central wall, bellow the load applica-
tion point, with diagonal and staggered cracking. The failure
occurred along the entire wall, passing through the blocks and
the mortar joints.

Observing the failure mode and the cracks on the panels with-
out central support, the applied load was transferred to the
flanges through the upper rows, generally speaking, on the first
six to eight rows out of thirteen in total. Despite taking all the
precautions during the tests, there was load eccentricity as one
side deformed more than the other one.

The estimation of the load transfer rate from the web to the
flanges in this study was based on the deformation ratio of
the upper region to the lower region of the panels. The aver-
age interaction rate was approximately 37.65% and 77.30%
on the upper and lower regions, respectively, evidencing
that the interaction occurs along the height of the wall. The
load transfer rate for the panels without central support, on
the other hand, was 100%, as all the load was transferred to
the flanges.

56/
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B Forthe flanged walls examined in this study, from deformations

7.

measured at the base of the walls to load values up to 40-50%
of the failure load, it is concluded that there was a transfer rate
of vertical forces from the central wall to the flanges of around
70%. This evidences that there was interaction between the
walls and indicates that the distribution of vertical loads shall
be considered in service load buildings, as in the method of
walls with interaction. However, it was observed that the failure
of walls with central support started at the top of the wall, where
there was no vertical load transfer to the adjacent flanges yet,
as observed by other authors in a number of studies, which
means that in this case, the most adequate method is the in-
dependent walls one. Few specimens and a single geometry
of “H” shaped walls were examined in this study. Therefore,
further investigation is necessary in order to get definite con-
clusions and to recommend the use of theoretical methods to
project structural masonry buildings with high strength con-
crete blocks.
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Abstract
E——

This paper aims to evaluate the interaction between structural masonry walls made of high performance concrete blocks, under vertical loads.
Two H-shaped flanged wall series, all full scale and using direct bond, have been analyzed experimentally. In one series, three flanged-walls were
built with the central wall (web) supported and, in the other one, three specimens were built without any support at the central web. The load was
applied on the central wall and vertical displacements were measured by means of displacement transducers located at eighteen points in the
wall-assemblages. The results showed that the estimated load values for the flanges were close to those supported by the walls without central
support, where 100% of the load transfer to the flanges occur. The average transfer load rate calculated based on the deformation ratio in the up-
per and lower section of the flanged-walls, with the central web support, were 37.65% and 77.30%, respectively, showing that there is load transfer
from the central wall (web) toward the flanges, particularly in the lower part of the flanged walls. Thus, there is indication that the distribution of
vertical loads may be considered for projects of buildings for service load, such as in the method of isolated walls group. For estimation of the
failure load, the method that considers the walls acting independently showed better results, due to the fact that failure started at the top of the
central wall, where there is no effect of load distribution from the adjacent walls.

Keywords: high stre performance block, structural masonry, flanged walls, wall interaction.

Resumo
E——

Este trabalho tem como objetivo avaliar a interacdo entre paredes de alvenaria estrutural de blocos de concreto de alta resisténcia, sob acdes
verticais. Foram ensaiadas duas séries de paredes com flanges intertravadas, em formato “H” em escala real e com amarragao direta, sendo
uma série composta de trés espécimes com a parede central (alma) apoiada e a outra série de trés espécimes sem apoio na alma. A carga foi
aplicada na parede central e através de transdutores de deslocamento foram monitorados os deslocamentos verticais em dezoito pontos do
conjunto de paredes. Os resultados mostram que os valores de carga estimados para os flanges das paredes com apoio central foram préximos
daqueles suportados pelos flanges das paredes sem apoio central, nas quais ocorrem 100% de transferéncia de carga para os mesmos. As taxas
de transferéncia médias, calculadas com base na relagdo de deformagdes no trecho superior e inferior para o conjunto de paredes com apoio
central, foram de 37,65% e 77,30%, respectivamente, mostrando que existe transferéncia de carga da parede central (alma) para os flanges, par-
ticularmente no trecho inferior do conjunto de paredes. Assim, ha um indicativo de que a distribuigao de forgas verticais pode ser considerada em
projetos de edificios para cargas de servigo, como no método de grupo isolado de paredes. Com relagdo ao comportamento ultimo das paredes
com flanges com apoio na alma, a ruptura ocorre no topo da alma, local onde ainda ndo ocorre transferéncia de forgas verticais entre paredes
adjacentes, neste caso o método de paredes isoladas para a estimativa da carga de ruptura seria adequado.

Palavras-chave: blocos de alta resisténcia, alvenaria estrutural, paredes com flanges, interagéo entre paredes.
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1. Introducgao

EE

Historicamente, percebe-se uma evolugdo no aumento da resis-
téncia dos concretos em fungdo das necessidades de se construir
edificios cada vez mais elevados e de se atender aos requisitos de
durabilidade. A utilizagéo de adigdes minerais (silica ativa, argila cal-
cinada) e aditivos plastificantes, aliada a uma baixa relagdo agua/
cimento e alto consumo de aglomerante possibilitam a obtengao de
concretos mais resistentes, menos porosos e menos permeaveis.
Ainteracao de paredes ganha interesse e necessidade de investi-
gacgao, particularmente quando se usa blocos com alta resisténcia,
devido a existéncia de poucos trabalhos e a divergéncia sobre o
assunto. Alguns autores consideram que as paredes trabalham
isoladamente, enquanto outros admitem a interagdo de paredes
adjacentes, ou seja, a transferéncia de forga de uma parede mais
carregada para outra menos carregada, quando existe amarragao
entre as paredes.

Algumas normas internacionais como a norma americana ACI/
ASCE/TMS [1] e o Eurocode [2] usualmente ndo permitem a con-
sideragao da interagdo de paredes no método de distribuicao de
acoes verticais. No Brasil, a ABNT NBR 15961-1 [3] permite a con-
sideracao da interagéo entre paredes desde que seja respeitado
o limite de resisténcia ao cisalhamento da interface entre paredes.
Essa consideragéo é fruto de alguns trabalhos como o de Capu-
zzo Neto (2000) [4], Andolfato (2006) [5] e Oliveira (2014) [6] que
realizaram pesquisas em paredes interconectadas com blocos ce-
ramicos e de concreto.

Em grupo de paredes onde elas sédo construidas com a amarragao
direta, o travamento das unidades permite a distribuigdo das agbes
verticais e laterais ao longo do comprimento e altura das paredes
com flanges de alvenaria. Na amarragéao indireta, a interagdo de
paredes ocorre nao devido ao travamento dos blocos, mas através
de outros elementos que garantem a transferéncia de forga.

Em edificios com maiores alturas e maiores vaos, o comportamen-
to da intersegcéo de paredes submetidas a carregamento vertical
e as possiveis trajetorias de tensao ao longo desta altura influen-
ciam significativamente nos resultados de resisténcia das paredes
e cargas de fundacgéao.

Para verificar a interagao entre paredes com flanges, interconec-
tadas, compostas de blocos de concreto de alta resisténcia sub-
metidas a agdes verticais e investigar a transferéncia de forgas
entre elas, avaliou-se a distribuicdo de for¢cas em seis espécimes
de paredes em formato H, em escala real, construidas usando-se
amarragao direta. Além disso, foram realizados ensaios nos blo-
cos, prismas, e ensaios de caracterizagcao da argamassa utilizada.
No contexto da construgdo em alvenaria estrutural, entende-se
que ha espago favoravel a introdugdo dos blocos de concreto
de alta resisténcia devido ao seu bom desempenho estrutural e
durabilidade, além das demais caracteristicas adequadas que
apresentam. Outro fator relevante é que os estudos realizados
analisaram blocos com propriedades diferentes das apresentadas
nas referéncias sobre o tema. Assim, o estudo da interagao entre
paredes constituidas por blocos de alta resisténcia podera contri-
buir para o esclarecimento sobre a ocorréncia da uniformizagao de
tensdes, pois nos trabalhos ja realizados sobre o assunto foram
usados blocos vazados cerdmicos e de concreto normal, e é fator
que afeta decisivamente a seguranga e a economia dos projetos
de alvenaria.

2. Propriedades mecéanicas
da alvenaria estrutural

2.1 Resisténcia a compressao

A resisténcia a compressao do bloco é o fator que mais contribui
para a resisténcia final da alvenaria, entretanto o ganho de resis-
téncia da alvenaria ndo é proporcional ao ganho de resisténcia do
bloco. A explicagéo baseia-se no fato de que, com o aumento da re-
sisténcia do bloco, ha um aumento de rigidez do mesmo em relagéo
a argamassa, aumentando assim a diferenca entre as deformagdes
laterais do bloco e da argamassa, e, como ha impedimento de des-
locamento entre eles devido a aderéncia, surgem maiores tensdes
laterais no bloco, o que pode acelerar a ruptura do conjunto.
AABNT NBR 15961-1 [3] fixa que 0 menor valor para a resisténcia
a compressao da argamassa deve ser de 1,5 MPa e o valor maxi-
mo € limitado a 0,7 da resisténcia caracteristica especificada para
bloco, referida a area liquida.

O cdédigo europeu EN 1996-1-1 (2005) [2] estabelece a Equagao
(2.1) para determinacéo da resisténcia caracteristica a compressao
da alvenaria com base na resisténcia da argamassa e do bloco.

S =K B 21)

Onde:

K é um coeficiente que depende do tipo de material do bloco e
do tipo de argamassa;

fb € a resisténcia média a compressao da unidade, em relagéo
a area bruta;

fk € a resisténcia média a compresséo da alvenaria, em relagéo
a area bruta;

fm € a resisténcia média a compressé&o da argamassa.

2.2 Modulo de deformagao

O modulo de deformacéo longitudinal da alvenaria pode ser co-
nhecido a partir do grafico tensdo-deformacgéo especifica, obtido
em ensaio de compressao, a fim de avaliar e quantificar a defor-
magéo ocorrida durante o ensaio. O médulo de deformagéao longi-
tudinal e o coeficiente de Poisson sao importantes caracteristicas,
que nao so dizem respeito as deformagdes da alvenaria, mas tam-
bém ao seu mecanismo de ruptura.

Para obtengdo experimental do moédulo de deformagédo longitu-
dinal de prismas e da alvenaria existem as normas ABNT NBR
15961-2 [7] e a ABNT NBR 8949 [8] que prescrevem os procedi-
mentos de ensaio, entretanto ndo ha métodos de ensaio definidos
para a determinagao do médulo de deformagéo longitudinal e co-
eficiente de Poisson dos blocos de concreto.

Segundo Mahamad (2007), o moédulo de deformagéo longitudi-
nal dos elementos de alvenaria pode ser obtido a partir do gra-
fico tensdo-deformacéo, para uma carga no intervalo entre 40%
e 70% da carga de ruptura para o médulo secante, ou através da
carga correspondente a 30% para o médulo tangente inicial, isso
acontece por haver neste trecho um comportamento linear dos
elementos (prismas e paredes). Esse método é semelhante ao
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Figura 1 - Dimensdo em planta das paredes com flanges.
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que a norma ACI 530-02/ ASCE 5-02/ TMS 402-02 [1] recomenda,  onde:

no qual o trecho inicial da curva tensdo-deformagéo € desprezado
e ¢ utilizado o valor secante entre 0,05 f, € 0,33 f, ,onde f, ¢é
a resisténcia a compressao ultima da alvenaria.

Na auséncia de ensaios, podem-se usar equagdes contidas em
normas de concreto para se estimar o modulo de elasticidade ou
de deformagéo longitudinal do bloco de concreto. O CEB — FIB
Mode Code (1990) [10] determina que o modulo de deformagao
do concreto deve ser obtido pela Equagao (2.2).

0,33
E, =2,5x10" x So
10

(22

onde:

E, ¢ o médulo de elasticidade médio dos blocos, em MPa, rela-
tivo a area liquida do bloco;

fb é a resisténcia a compressdo média dos blocos, em MPa,
relativo a area liquida do bloco.

A Equacao (2.3) é a sugerida pela norma ACI — Building Code 318
[11], que adota concretos de massa especifica entre 1442 kg/m?
e 2483 kg/m?. Para o coeficiente de Poisson, é usado como refe-
réncia o valor de 0,20, que é o coeficiente de Poisson do concreto.

E, =0,0428 £,° w)?

(29

Eb é 0 modulo de elasticidade médio do bloco, em MPa, relativo
a area liquida do bloco;

fb € a resisténcia meédia do bloco, em MPa, em relagdo a area
liquida do bloco;

W, ¢é a massa especifica unitaria do bloco, em kg/m®.

Para a determinagdo do médulo de deformacgao para a alvenaria,
a ABNT NBR 15961-1 [3] estabelece o valor de 800 x fpk, onde
f € a resisténcia caracteristica dos prismas. Gomes (1983, apud
CARVALHO, 2007) [12] realizou um estudo tedrico dos parame-
tros elasticos basicos das paredes de alvenaria submetidas a
compressao simples, analisando e comparando esses resultados
com os obtidos experimentalmente. Com a consideragao de que
a espessura da parede é muito menor que as outras dimensoes,
no estado plano de tensdes, e para as paredes nao armadas su-
pondo completa aderéncia entre a argamassa e os blocos, e que
ambos obedecam a lei de Hooke, obtém-se a Equagéo (2.4).

1 h
pa (R i,COIn 6=Eb (2I4)
E, E,

onde:

Epa € 0 médulo de deformagao longitudinal da parede, em MPa;

Ea € 0 modulo de deformagéo longitudinal da argamassa, em
MPa.

E, & o mddulo de deformagao longitudinal do blocos, em MPa.
h, é a altura do bloco, em cm.

H é a altura da alvenaria, em cm.
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A Equagéo (2.4) é utilizada para estimativa do médulo de defor-
magcao longitudinal da parede quando conhecidos o modulo de
deformagéo longitudinal do bloco e da argamassa. Dhanasekar
(1995, apud MOHAMAD) sugere uma equagao nao linear - Equa-
Gao (2.5) — para estabelecer o modulo de deformacgao longitudinal
da alvenaria em fungao da resisténcia a compressao uniaxial da
alvenaria, em MPa ( f..).

E,, =1180x (£)"*

(29

Epa € 0 modulo de deformacéo longitudinal da parede, em MPa,
em relagéo a area bruta;

fe € aresisténcia a compressao da alvenaria, em MPa, em relagao
a area bruta.

As equacgdes apresentadas neste item para a obtengao do modulo
de deformacgéo longitudinal da alvenaria sdo frutos de diferentes
pesquisadores com diferentes materiais e serdo utilizadas na ana-
lise e comparagéo dos resultados obtidos experimentamente.

3. Material e programa experimental
_—

Neste trabalho foram ensaiadas duas séries de paredes com

flanges de alvenaria em escala real. A primeira série foi constitu-
ida de trés espécimes em formato “H” em planta, com a parede
central e flanges apoiados. A segunda série foi constituida de trés
espécimes em formato “H” em planta, em que a parede central
nao foi apoiada, sendo apenas os flanges apoiados, situagédo em
que ocorre total transferéncia de carga para os flanges, tornando
possivel comparar as duas séries.

Em ambas as séries, tanto as juntas verticais como as juntas hori-
zontais foram preenchidas com argamassa e possuiam espessura
de um centimetro, tendo sido utilizada amarragéo direta. Optou-
-se por utilizar uma placa de ago, com comprimento de 90 centi-
metros, para a aplicagcdo da carga uniformemente sobre a alma,
simulando o efeito da fiada de respaldo no topo da parede. A placa
de ago utilizada aplicou carga nos trés blocos centrais da parede
central, excluindo os blocos que estavam diretamente apoioado
sobre os flanges Figura [7]. A utilizagdo de uma laje para a apli-
cacgao de carga sobre a parede, situagao ideal para realizagéo do
experimento, € mais complexa, tendo em vista que os ensaios re-
alizados foram em escala real.

3.1 Geometria, construgao das paredes
com flanges e transporte

Utilizaram-se unidades intertravadas na construgdo das paredes
com flanges, usando-se no travamento a unidade especial de

Figura 2 - Primeira etapa da parede com flanges de alvenaria executada
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Figura 3 - Parede com flanges executada e sua movimentag¢do
em ponte rolante para o pértico de reagdo

44 cm de comprimento com trés vazados. Os espécimes foram
construidos sobre gabaritos metalicos e apds o periodo de cura
foram transportados para o portico onde foram ensaiados. As di-
mensdes (em centimetro) em planta dessas paredes podem ser
visualizadas na Figura [1].

A construgao das paredes com flanges foi realizada em trés etapas
conforme recomendacgdes da ABNT NBR 8949:1985 [8]. No primei-
ro dia foram levantadas cinco fiadas e, nos dois dias subsequentes,
quatro fiadas cada. Na Figura [2] observa-se a primeira etapa das
paredes de alvenaria executada. Para cada etapa construida eram
moldados trés corpos de prova prismaticos de argamassa.

O transporte até o local de ensaio foi realizado com uma ponte
rolante. Na Figura [3] € mostrado um espécime de paredes com
flanges executado sendo transportado para o portico de reagéao.

3.2 Instrumentagao e procedimento de ensaio

O procedimento de execugédo das paredes com flanges seguiu
os preceitos da ABNT NBR 8949:1985 [8], que encontrava-se em
vigor na data de realizagao dos ensaios. As deformacdes foram
determinadas abaixo da fiada de topo, para evitar perturbacdes
localizadas na regido de aplicacao do carregamento.

As paredes com flanges foram instrumentadas com uma célula
de carga e dezoito transdutores de deslocamento, tanto na pare-
de central, quanto nos flanges. Na Figura [4], sdo mostradas as
elevacdes (em centimetro) das paredes com flanges e a posicao
dos sensores na parede central e nos flanges internas e exter-
nas, respectivamente. O comprimento de base de medida para
o calculo das deformacgdes verticais foi de 40 centimetros, o que
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Figura 4 - Pontos instrumentados e posicoes.
(a) parede central - (b) flange interna e externa. Cotas em cm
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Figura 6 - Parede com flanges instrumentada e detalhe do pértico de reacdo

equivale a medida de duas fiadas. A numeragao dos transdutores
de deslocamento utilizados na estrutura esta mostrada na Figura
[5]. O sistema de aquisigcdo de dados utilizado foi o Spider com
frequéncia de leitura igual a 2 Hz.

Dividiu-se o carregamento em quatro etapas e o incremento de
carga adotado foi de 150 kN, correspondente a cerca de 10% da
carga de ruptura provavel. Na primeira etapa foram aplicados trés
incrementos de carga, descarregando-se a seguir até zero; na se-
gunda etapa foram aplicados trés incrementos de carga, descar-
regando até 150 kN; na terceira etapa, foram aplicados sucessivos
incrementos de carga até o aparecimento de microfissuras; na ul-
tima etapa, apos o aparecimento de pequenas fissuras, retiraram-
-se 0s equipamentos e o incremento de carga passou a ser de 50
kN, até a ruptura da parede com flanges.

A cada incremento, o nivel de carregamento permaneceu sobre a
parede com flanges por um tempo no inferior a 5 minutos. As car-
gas e os encurtamentos foram registrados ao final desse periodo.
Na Figura [6] € mostrada a parede com flanges instrumentada no
momento do ensaio e o detalhe da estrutura de reagao utilizada
nos ensaios.

Para minimizar a excentricidade da carga foram utilizadas duas
rétulas, a primeira localizada no macaco hidraulico e a segunda

acima da placa de ago que se apoiava na parede central. Para
melhorar o apoio entre o gabarito metalico e a laje de reagao e
evitar que a carga se concentrasse em pontos localizados, utili-
zou-se uma argamassa de alta resisténcia inicial aplicada abaixo
do gabarito em cada ensaio, conforme esquema da Figura [7]. O
procedimento de ensaio foi 0 mesmo para ambas as séries.

4. Propriedades dos materiais
———

Paralelamente ao ensaio nas paredes com flanges foi também
efetuado um conjunto de ensaios de caracterizagao dos compo-
nentes da alvenaria, bloco de concreto e argamassa, e prismas
de dois blocos.

4.1 Blocos de concreto

A caracterizagdo dos blocos, feita em termos de resisténcia mé-
dia e resisténcia caracteristica, seguiu os procedimentos da ABNT
NBR 12118:2014 [13] em seis corpos de prova. O médulo de de-
formacgéo longitudinal e o coeficiente de Poisson foram obtidos por
meio de quatro extensdémetros elétricos ligados a um sistema de
aquisicdo de dados AgDados da Lynx. Para tal, os blocos foram
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Figura 7 - Parede com flanges instrumentada e detalhe do pértico de reacdo
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Figura 9 - Ensaio em corpos de prova prismdticos de argamassa, a flexdo simples e @ compressdo

submetidos a uma carga de 30% da carga de ruptura e descarre-
gados, para acomodagdes. Em seguida o carregamento foi apli-
cado a uma taxa de 0,005 mm/s até 50% da provavel carga de
ruptura, em seguida carregados até a ruptura.

A partir do trecho linear (carga x deformagéo) obteve-se o médulo
de deformacédo longitudinal e coeficiente de Poisson, admitindo-
-se como trecho linear valores do grafico de 0,5 MPa a 30% da
tensao de ruptura média dos blocos. A escolha do procedimento
de ensaio foi com base em trabalhos encontrados na literatura, de-
vido a falta de normas especificas. Na Figura [8], sao ilustradas a
instrumentacao do bloco e a posigao dos extensdémetros no bloco.

4.2 Argamassa de assentamento

Aargamassa empregada neste trabalho para executar os prismas e as
paredes utilizou os seguintes materiais como aglomerantes: cimento
Portland do tipo CP II-E-32, cal hidratada especial aditivada tipo CH | e
agregado miudo natural quartzoso, zona utilizavel superior.

Para a dosagem utilizou-se o método proposto por Santos (2014)
[14] com vistas a obter para a argamassa uma resisténcia a com-
pressdo em torno de 70% da resisténcia caracteristica do bloco
(16,9 MPa), referida a area liquida. O ensaio seguiu as recomen-
dagdes da ABNT NBR 13279:2005 [15] e da ABNT NBR 15961-
2:2011 [7] e foram realizados na data de ensaio das paredes. Na
Figura [9] € ilustrado o ensaio de resisténcia a tragao na flexao e
resisténcia a compressao.

Seis corpos de prova cilindricos (5x10) cm de argamassa tam-

bém foram confeccionados para obter o médulo de deformacgao
longitudinal estatico e dinamico. Foram utilizadas a ABNT NBR
8522:1984 [16] e a ABNT NBR 15630:2009 [17], respectivamente,
para obtencdao do médulo.

4.3 Prisma de dois blocos

Os ensaios para a determinacao da resisténcia a compressao dos
prismas seguiram os procedimentos da ABNT NBR 15961-2:2011
[7]. Para medir o médulo de deformagéo longitudinal foi utilizado
sistema de aquisi¢cdo de dados (AgDados da Lynx), com frequén-
cia de leitura de dados de 2 Hz. Nesse sistema eram coletados
dados da célula de carga, de quatro extensdmetros elétricos e de
dois transdutores de deslocamento conforme Figura [10].

Os prismas foram submetidos ao ensaio com aplicagdo de carga
manual em um poértico. Na Figura [11] é ilustrado o esquema mon-
tado para realizagdo do experimento. O médulo de deformagéo
dos prismas e o coeficiente de Poisson dos blocos foram calcu-
lados no intervalo correspondente a curva secante de 5% e 30%
da tensao de ruptura de cada corpo de prova, conforme critério
da norma.

5. Resultados e discussao
EE
Neste item serdo apresentados os resultados encontrados bem

como uma interpretagdo e comparagao com resultados encontra-
dos por outros pesquisadores.
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5.1 Propriedade dos materiais

O valor médio encontrado nos ensaios para a resisténcia a
compressdo obtida para os blocos de concreto foi de 20,3
MPa e resisténcia caracteristica de 16,9 MPa, mostrados com
detalhes na Tabela [1]. O valor médio encontrado nos ensaios
para o modulo de deformagéao longitudinal dos blocos foi de
20350 MPa, valor este que se assemelha ao valor calcula-
do pela férmula proposta pelo ACI — Building Code 318 [11]

(26429 MPa), com uma diferenca de resultados de 23,00%.

A mesma argamassa foi utilizada para preparar os prismas e as
paredes. Os moédulos de deformagéo longitudinal obtidos foram de
9293 MPa e 7938 MPa, estatico e dinamico, respectivamente. Os
resultados apresentaram divergéncia de valores entre si, de 14%,
mas ndo apresentaram diferengas nos ensaios individuais, visto
que o coeficiente de variacado foi inferior a 5%. Sua resisténcia
a compressao média foi de 11,31 MPa e resisténcia a tracdo na
flexdo de 2,70 MPa.

Figura 10 - Prisma pronto para ser ensaiado e esquema da instrumentag¢do
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Tabela 1 - Propriedades fisica e mecdnicas dos materiais obtidas com os ensaios

Largura (mm) 138,8 0,05 0,04
Comprimento (mm) 289,3 0,59 0,21
Altura (mm) 190,1 0.25 0,13
Aliq/Abruio 0,574 - -
Bloco (14x29x19) w, (kg/m?) 2187,91 - -
f, (MPa) 20,30 2,03 10,04
f. (MPa) 16,90 2,03 10,04
E, (MPa) 20350 2254,73 11,08
v 0,22 0,08 38,41
F. . (MPa) 11,31 0,33 2,93
Argamassa F_. (MPa) 2,70 013 4,71
E., estatico (MPa) 9293 412,00 4,43
f, (MPa) 13.7 2,47 17.97
f, (MPa) 11,7 2,47 17,97
Prisas fo /1, (%) 57,50 - -
fo! To () 69,06 - -
E, 10008 434,83 4,34
v 0,17 0,02 8,96

Os ensaios em prismas tiveram como objetivo analisar as carac-
teristicas de resisténcia de elementos de alvenaria estrutural, com
énfase nas cargas e modos de ruptura, analisar a deformabilida-
de axial de prismas de dois blocos além de permitir comparagdes
com os valores obtidos para as paredes.

A ruina ocorreu, em geral, por fissuragao vertical, iniciada e in-
tensificada nos septos transversais e nas paredes longitudinais.
As primeiras fissuras surgiram entre 70 e 80% da carga maxima.
O valor médio encontrado para o médulo de deformagéao longitu-
dinal dos prismas foi de 10008 MPa, ou seja, houve uma redugao
de 49,50%, no mddulo de deformacgdo quando comparado com
o valor obtido para os blocos. O coeficiente de Poisson para os
prismas apresentou valor médio de 0,17, valor inferior em 22%
aqueles encontrados para os blocos. Isso se deve ao fato de que

os valores de deformagdes longitudinais obtidos sdo do conjunto
bloco/ argamassa, sendo superiores aqueles que seriam obtidos
apenas pela deformagao nos blocos.

Observando os valores médios encontrados para os médulo de
deformagéo dos blocos e da argamassa, 20350 MPa e 9293 MPa,
respectivamente, resulta em uma relagso E_ /E, =0,46 . Segun-
do Chemma e Klinger (1986) [18], para uma relagéo Earg/Eb >0,6
, a ruptura ocorre, preferencialmente, por esmaga-

mento da junta de argamassa, enquanto para Earg/Eb <0,6 a
ruptura acontece por tragao no bloco. De fato, durante os ensaios
foram observadas fissuras verticais nas paredes transversais e
longitudinais dos blocos dos prismas.

Na Tabela [1] é apresentado um resumo dos resultados descritos
neste item.

Com apoio central

Sem apoio central

Tabela 2 - Cargas de primeira fissura e cargas maximas

1
2
3
Média (kN)
D.P. (kN)
C.V. (%)
4
5
6
Média
D.P. (kN)
C.V. %)

642,48
728,25
703,00
697,24
44,08
6,38
545,82
478,16
621,10
581,69
90,51
15,56

Carga maxima (kN)

879,46
1294,60
962,73
1042,26
221,58
21,26
704,61
593,77
673,24
657,20
57.13
8,69
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Tensdo parede isolada (MPa)
Média (MPa) D.P. (MPa)

Tabela 3 - Tensoes de ruptura

C.V. (%)

Com apoio 6,15 1.31 21,26 2,75 0,58 21,26
central

Sem apoio 317 0,27 8,72 - - -
central

TensGo grupo isolado (MPa)
Média (MPa) D.P. (MPa)

C.V. (%)

Tabela 4 - Médulo de deformagdo (parede com apoio central)

Parede com Tensdo na Méd. Méd.
flange Sl alma (MPa) = eI defor. 1 defor. 2
: 30% 26,38 1,20 0,0004351 0,0011511 7740 3306
40% 35,17 2,04 0,0003273 0,0008988 7740 3306
5 30% 38,84 1,25 0,0006610 0,0013659 7756 3016
40% 51,78 2,95 0,0004406 0,0007993 7756 3016
5 30% 28,58 0,81 0,0004683 0,0009824 3870 5729
40% 38,11 1,58 0,0002691 0,0008478 3870 5729
Média
(MPa) 5236
D.P. (MPa) 384,6
C.V. (%) 7,35
1 - Lado direito da alma; 2 - Lado esquerdo da aima.
Tabela 5 - Médulo de deformagdo (parede sem apoio central)
Parede com Taxa de Tensdo no Méd.
flange STzt transferéncia flange (MPa) 2et defor.
30% 10,57 100% 1.34 0,0003411
1 5897
40% 14.09 100% 1,01 0,0002842
30% 89,07 100% 1,13 0,0000801
2 3529
40% 11,88 100% 0,85 0,0000000
30% 10,10 100% 1,28 0,0000272
3 7209
40% 13,47 100% 0,96 0,0000227
Média (MPa) 5545
D.P. (MPa) 1868, 1
C.V. (%) 33,64

5.2 Paredes com flanges de alvenaria

Para melhor entendimento, os resultados serdo divididos em cinco
itens, sendo eles: resisténcia a compressao, deformagdes, modos
de ruptura, estimativa da taxa de transferéncia e andlise compara-
tiva entre paredes com e sem apoio central.

5.2.1 Resisténcia a compressao

As forgas correspondentes ao aparecimento das primeiras fis-
suras visiveis em cada ensaio e a ruptura sdo apresentadas na

Tabela [2] e, na Tabela [3], sdo apresentadas as tensbes de rup-
tura considerando a parede como isolada e como grupo isolado
de paredes. As resisténcias a compressao dos corpos de prova
prismaticos de argamassas, que foram retirados durante a fabri-
cagao das paredes com flanges, tiveram resultados conforme o
esperado (12,0 MPa), um pouco acima, devido ao maior tempo de
cura da argamassa.

5.2.2 Deformagoes

Para o calculo do médulo de deformacgao da parede com flanges,
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Figura 12 - Ruptura - Parede com flanges com apoio central 01

Figura 13 - Ruptura - Parede com flanges com apoio central 02
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Figura 14 - Ruptura - Parede com flanges com apoio central 03

Figura 15 - Ruptura - Parede com flanges sem apoio central 04
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Figura 16 - Ruptura - Parede com flanges sem apoio central 05
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Deformagdo média

Tabela 6 - Relacdo entre as deformacoes médias nos flanges
e na alma e a taxa de transferéncia para os flanges

no flange / deformacdo Forca transferida Forca max. Taxa de 1ransferé:10ic
SR, média na alma () para o flange (kN) no flange para o flange (%)

o
Painel 1 0,26 0,57 107,2 182,1 240,4 44,60 75,76
Painel 2 0,19 0,64 123,4 286,4 353,3 34,93 81,06
Painel 3 0,18 0,56 86,9 195,2 260,0 33,42 75,07
Média 0,21 0,59 105,8 221,2 284,5 37,65 77,30

utilizaram-se apenas as deformagdes medidas no trecho inferior
das paredes. Na regido superior, onde ocorre a transferéncia do
carregamento da parede central para os flanges, a determinagéo
da tenséo atuante na alma/ flange € complexa e incerta. O trecho
de carga utilizado para o calculo das tensdes foi entre 30% e 40%
da carga de ruptura, por se observar nesse intervalo trechos line-
ares, além de apresentar valores de cargas inferiores a carga de
primeira fissura.

Para a determinagao da carga e tensédo nas paredes com flanges
com apoio central, calculou-se a razao entre as deformagodes dos
transdutores de deslocamento dispostos na alma e nos flanges,
todos posicionados na mesma cota, obtendo-se assim a taxa de
transferéncia estimada de carga para a alma e os flanges.

Para as paredes com flange sem apoio central, o médulo de defor-
magcao foi calculado utilizando as deformagdes da parte inferior do
flange e a tensdo foi obtida considerando metade da carga para
cada flange, sendo 100% a transferéncia da carga da alma para
os flanges, dada a condigéo de ndo apoio da parede central.
Observa-se que, no trecho inferior, as leituras dos transdutores de
deslocamento da parede com flange, na alma e nos flanges, eram
mais proximas, apontando a ocorréncia de interagéo. As deforma-
¢bes dos flanges no trecho inferior foram superiores as medidas
na parte superior, enquanto na alma houve uma diminuigéo das
deformagdes no trecho inferior quando comparada com aquelas
observadas no trecho superior. Os resultados séo apresentados
na Tabela [4] e Tabela [5].

5.2.3 Modos de ruptura

Os modos de ruptura podem ser observados nas Figuras [12] a Fi-
gura [17]. Nas paredes com flanges com apoio central, os modos
de ruptura apresentados nas duas primeiras paredes com flange
foram semelhantes, tipicas de ruptura por compresséo e cisalha-
mento combinados, ocorrendo ruptura por tragéo horizontal ao
longo da alma e cisalhamento no trecho inferior da interface alma/
flange. As fissuras iniciaram abaixo do ponto de aplicagéo de car-
ga de forma vertical (passando pelas juntas horizontais e blocos)
e/ ou escalonada (apenas pelas juntas verticais e horizontais de
argamassa).

Na terceira parede com flanges, a ruptura ocorreu por compressao
na regiao superior da parede central nos blocos abaixo da primeira
fiada. Com o aumento do carregamento, as fissuras se propaga-
ram para baixo.

Para as paredes com flanges sem apoio central, os trés ensaios
apresentaram comportamentos semelhante, nos quais a ruptura
ocorreu de modo abrupto com abertura de grandes fissuras de
uma so vez, tipico de ruptura por cisalhamento. Em todos os ca-
sos a ruptura ocorreu de apenas um lado com uma fissura vertical

ao longo da alma. O efeito de flexdo nos flanges pode ser verifica-
do pelas trincas horizontais que ocorreram nas juntas das fiadas
intermediarias.

De um modo geral, a partir do ponto de aplicagao de carga, as
trincas caminhavam na vertical, com uma leve inclinagdo, e nas
fiadas inferiores elas inclinavam-se em diregao ao flange, indican-
do claramente cisalhamento na interface alma/ flange.

5.2.4 Taxa de transferéncia

Entende-se como taxa de transferéncia do carregamento para os
flanges a relagdo entre a parcela do carregamento aplicado na
alma que é absorvida pelos flanges e a forga maxima capaz de
ser transferida para os flanges para o caso de uma interagdo com-
pleta. Para as paredes “H” totalmente apoiadas, observou-se que
a taxa de transferéncia depende tanto do nivel de carga aplicado
na parede central quanto da posi¢ao avaliada na parede (altura).
Para os painéis com apoio central, a determinagdo da taxa de in-
teragéao foi feita com base na relagdo de deformagdes e nas equa-
¢Oes da mecénica e da resisténcia dos materiais. Desprezando-se
o efeito de flexdo, pode-se dizer que:

1
S F =—xF
" il
onde:
_ Aalma X Ealma _ E _ E . _ S/Iange
- A E s “alma — ™ flange — alvenaria > r=
flange x flange Salma

e Ft ¢é a forga total aplicada no topo.

Por outro lado, para o caso de uniformizagao total, tem-se:

F

t t

(e =
parede { {
( alma + 2 X flange )

para as paredes com apoio central

(52

Funi _Gt

aba parede—

il x A flange

(N

para as paredes sem apoio central

em que:

o 2 a tens&o unif I fl :
parede € a tensao unirorme na alma € nos flanges;
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médias nos flanges e na alma obtidas experimentalmente, para as
paredes com flange com e sem apoio central, respectivamente, e
a taxa de interagao para o flange dos painéis com apoio central.

Nas Figuras [18] e Figura [19] é mostrada a relagdo entre a defor-

uni s o

F;ba é a forca resultante na aba correspondente a tensao
uniforme.

Na Tabela [6] apresentam-se as relagdes entre as deformagdes

Figura 18 - Relacdo média de deformacdo (flange/alma) - Paredes com flanges com apoio central
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Figura 19 - Relacdo média de deformacdo (flange/alma) - Paredes com flanges sem apoio central
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Programa
experimental

728,25
703,00

8960
8960

Com apoio central
Sem apoio central

Tabela 7 - Médulo de deformacgdo da alvenaria

Dhannasekar

Gomes (1993) (1985) - grupo de

paredes isoladas

8995
8995

5329
3558

2732
1859

magcao média do flange e a deformagéo média da alma, em fungéo
do nivel de carga aplicado nos ensaios para as duas séries.

5.2.5 Analise comparativa entre paredes com flanges com e
sem apoio central

Pode-se dizer que para a parede em formato “H” sem apoio cen-
tral (carga média de ruptura de 657 kN) houve um decréscimo
de aproximadamente 36,9 % no valor médio da carga de ruptu-
ra quando comparada com a série de paredes com flanges com
apoio central (carga média de ruptura 1042 kN) devido a redugéo
de aproximadamente 45% de area de apoio.

Com base nos procedimentos tedricos para distribuicao das agoes
verticais denominados paredes isoladas e grupos isolados de pa-
redes, pode-se concluir que as tensdes que solicitam a alma e os
flanges variam respectivamente entre 6,15 MPa e 2,75 MPa, para
paredes com apoio central. A tensao considerando a parede como
isolada é 3,17 MPa, para paredes sem apoio central.

A partir dos resultados obtidos para resisténcia a compresséo
dos blocos e para a eficiéncia prisma/bloco, foi possivel estimar a
carga de ruptura das paredes com flanges com apoio central em
1302,60 kN, utilizando o método de paredes isoladas. No entanto
considerando ou nao o efeito de enrijecimento, bem como o fator
de esbeltez (R), o valor estimado para a carga de ruptura pas-
sa a ser 1276,55 kN e 1172,34 kN, respectivamente. A diferenca
entre os valores esperados e a média obtida nos ensaios esta
relacionada ao fato de que as paredes com flanges de alvenaria
podem se romper devido a concentragdes de tensdes em pontos
localizados.

Os médulos de deformagéo das paredes com flange apresenta-
ram valores médios de 5236 MPa, (alma — parede com apoio cen-
tral) e 5545 MPa (flange — parede sem apoio central) e, apesar de
terem sido calculados de forma diferente, apresentaram valores
proximos.

O modulo de deformagéo para a alvenaria segundo a ABNT NBR
15961-1:2011 [3] pode ser estimado como sendo 800 x fpk. Para
o valor fpk igual a 11,7 MPa, o médulo de deformagao esperado
seria 9360 MPa, valor superior ao encontrado nesse trabalho.
Outros autores sugerem equagdes para o calculo do médulo de
deformagéo. A Equagao (2.4) proposta por Gomes (1993, apud
CARVALHO, 2007) [12] permite o calculo do modulo de deforma-
¢ao da alvenaria em fungdo do modulo de deformacéo da arga-
massa e do bloco. Utilizando a Equacéo (2.4), para os dados ob-
tidos neste programa experimental (Ea igual a 8616 MPa e Eb
igual a 20350 MPa), obtém-se o valor de 8995 MPa para o médulo
de deformacgao da alvenaria.

A Equacao (2.5) proposta por Dhanasekar (1985, apud MOHAMAD,

2007) [9] sugere uma relagé@o n&o linear para estabelecer o médulo
de deformacgéo da alvenaria em fungao da resisténcia a compres-
sdo0. Para os modelos tedricos de calculo das tensdes (paredes
isoladas e grupo isolado de paredes), foram obtidos dois valores
para o modulo de deformagao. Na Tabela [7] sdo apresentados os
resultados dos modulos de deformacéo encontrados neste trabalho
e os valores obtidos por equagdes disponiveis na literatura.
Percebe-se que o modelo que mais se aproximou dos resultados
deste trabalho foi o de Dhammasekar (1985, apud MOHAMAD,
2007) [9].

Na forma de ruptura ficou evidente a formacéo de bielas nas pa-
redes centrais devido a formagao de trincas e fissuras com incli-
nacgao entre 60° e 45° da parede central para os flanges. Nas pa-
redes com apoio central, o fluxo de carga para os flanges foi mais
intenso nas fiadas inferiores. Nas paredes sem apoio central, esse
fluxo apresentou comportamento inverso, sendo mais intenso nas
fiadas superiores.

Diferentemente do modo de ruptura da primeira série (com apoio),
na segunda série (sem apoio) a ruptura ocorreu sem aviso prévio
e de modo fragil, conforme esperado em rupturas por cisalhamen-
to. Neste caso, as fissuras iniciavam para um estagio de carga
proximo as cargas maximas obtidas, estendendo-se ao longo do
comprimento da parede com flanges.

Para os niveis de carga analisados, no que se refere a relacao
entre deformagdes flanges/alma, no trecho inferior, o comporta-
mento das paredes (com e sem apoio) foi semelhante, como visto
na Tabela [6].

No que se refere a taxa de transferéncia de carga da alma para
os flanges para a parte inferior da parede com flanges com apoio
central, esta foi de aproximadamente 77,30%. Para os painéis
sem apoio central, a taxa de transferéncia foi de 100,00%.

6. Conclusoes
E——

B As paredes com flanges avaliadas neste trabalho, com e sem
apoio central, apresentavam amarragéo direta e ndo havia a
presencga de cinta de respaldo. A forga de ruptura média para
as paredes com flanges totalmente apoiados foi de 1042 kN
e, para as paredes com flanges sem apoio central, de 657 kN,
tendo um coeficiente de variagéo de 21,26% para a parede
com apoio central. Observa-se uma redugao da carga de rup-
tura proxima dos 37% para uma reducdo de area de apoio de
aproximadamente 45%.

m De acordo com as deformagdes encontradas, observa-se
que as deformagdes no trecho inferior da parede central, re-
duziram em relagdo ao trecho superior, e tal fato pode ser
explicado pela transferéncia das cargas da parede central
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para os flanges, reduzindo a tensdo atuante, através dos blo-
cos contrafiados.

Os valores de médulo de deformagao encontrados foram re-
lativamente baixos quando comparados com o valor propos-
to pela norma brasileira. Entretanto, na literatura ha diversas
propostas de expressdes para sua obtengao, que apresentam
resultados numéricos bastante divergentes. As deformacdes
utilizadas nesse trabalho foram aquelas obtidas no trecho infe-
rior por serem mais representativas da realidade.

Os resultados dos experimentos mostraram uma diferenga
de comportamento entre as paredes com flanges com e sem
apoio da parede central, em particular, quanto ao modo de rup-
tura. Enquanto nas paredes com flanges com apoio central
ocorreu ruptura por compressao combinada com cisalhamen-
to, nas paredes com flanges sem apoio central a ruptura ocor-
reu por cisalhamento puro.

Os modos de ruptura foram semelhantes nos trés ensaios em
que a parede central estava apoiada e deixa claro que a rup-
tura ocorre principalmente na parede central, abaixo do ponto
de aplicagéo da carga, com trincas na diagonal e escalonada.
A ruptura ocorreu ao longo de toda a parede central passando
pelos blocos e juntas de argamassa.

Observando a forma de ruptura e as trincas dos painéis sem
apoio central, observa-se que a carga aplicada foi transmitida
para os flanges por meio das fiadas superiores, em geral, nas
primeiras seis a oito fiadas de um total de treze. Apesar de
todos os cuidados tomados na montagem dos ensaios, houve
excentricidade de carga durante os ensaios, sendo constatado
que um dos lados se deformou mais que o outro.

Ataxa de transferéncia de carga da alma para os flanges foi es-
timada nesta pesquisa com base na relagdo entre deformacoes
para a parte superior e inferior dos painéis. O valor médio para
a taxa de interagéo foi de aproximadamente 37,65% e 77,30%,
no trecho superior e inferior, respectivamente, mostrando que a
interagéo ocorre ao longo da altura da parede. Para os painéis
sem apoio central a taxa de transferéncia foi de 100,00%, visto
que toda a carga era transmitida para os flanges.

Para as paredes com flanges estudadas neste trabalho, a
partir das deformagdes medidas na base das paredes para
valores de carga até 40-50% da carga de ruptura, conclui-se
que houve uma taxa de transferéncia de forcas verticais da
parede central para os flanges entorno de 70%, mostrando
que ocorreu interagao entre paredes, indicando assim que
a distribuicdo de forgas verticais pode ser considerada em
projeto de edificios para cargas de servigo, como no méto-
do de grupo isolado de paredes. No entanto, com relagéo
ao comportamento ultimo, observou-se que a ruptura das
paredes com a parte central apoiada teve inicio no topo da
parede, aonde ainda ndo ocorre transferéncia de forgas ver-
ticais entre paredes adjacentes, o que também foi observa-
do por outros autores em alguns trabalhos, ou seja, neste
caso o método de paredes isoladas seria mais adequado.
Poucos espécimes e uma Unica geometria de paredes H
foram investigadas neste trabalho, assim sendo, mais estu-
dos seriam necessarios para se chegar a conclusdes defini-
tivas e se recomendar a utilizagdo de métodos tedricos para
o projeto de edificios de alvenaria estrutural de blocos de
concreto de alta resisténcia.
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Abstract

This paper presents a study about safety of reinforced concrete beams subjected to bending moment and designed with the partial safety factors
proposed by ABNT NBR 6118:2014. The main goal was to assess the uniformity in the safety of the beams considering different values for the
neutral axis position and the load ratio, by using the Reliability Theory. A simplified procedure to calibrate the partial safety factors was proposed
taking into account the nature of each random variable and a target reliability index. From the analysis of the results, an alternative method for
the design of reinforced concrete beams was also proposed, in which safety is guaranteed by the using of a probability of failure instead a set of
partial safety factors. The results showed the lack of uniformity in the safety of the beams design with de constant set of partial safety factors. The
procedures of design and calibration of the new safety factors were capable of to give uniformity to the safety of the beams and to achieve the
proper structural configuration with the required safety level.

Keywords: reinforced concrete structures, partial safety factors, reliability, calibration.

Resumo
E———

Este artigo apresenta um estudo sobre a seguranga de vigas em concreto armado solicitadas por momento fletor dimensionadas com os coefi-
cientes parciais de seguranca da ABNT NBR 6118:2014. O principal objetivo foi avaliar a uniformidade na seguranca das vigas para diferentes
posic¢des da linha neutra e razao de carregamentos, com o uso da Teoria da Confiabilidade. Um procedimento simplificado para a calibragéo dos
coeficientes parciais de seguranca foi proposto, levando-se em conta a natureza de cada variavel aleatéria e um valor alvo para o indice de con-
fiabilidade. A partir desses resultados, um método alternativo para o dimensionamento a flexao das vigas foi também proposto, no qual a seguran-
¢a é verificada através de uma probabilidade de falha e ndo mais por coeficientes parciais. Os resultados mostraram a falta de uniformidade na
seguranga das vigas quando dimensionados com o conjunto fixo de coeficientes parciais. Os processos de calibragéo e dimensionamento alter-
nativos mostraram-se capazes de uniformizar a seguranga e ainda obter a configuracéo estrutural que apresenta o nivel de seguranca requerido.
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1. Introduction

EE

The design of structures can be understood as an iterative process
that seeks to establish dimensions and configurations to the con-
stituent elements of the structural system, in which a set of bounds
is respected to guarantee the requirements of security, economic,
aesthetic, functionality and durability. Within this context, the stan-
dard design codes represent a fundamental role in the process,
because they are the instruments that define this acceptable lim-
its set that ensure the performance requirements of the structural
system. Regarding to the safety of the structure, the current codes
are based on the Limit State Design which has to ensure for the
different behaviors (limit states) governing the structural system
the following condition: R, 2 S,. In other words, the design value of
the resistance (R,) must always be greater than or equal to the de-
sign solicitation (S,). In each considered limit state, each of these
portions depends on various parameters, such as: dimensions of
the cross sections, resistance of materials, quantities of steel re-
inforcement, positions of these reinforcements and internal efforts
among others.

In the development of a project, after the design of the structural
system, the next step is to quantify the acting loads on the structure
and specify the materials used for the construction of structural el-
ements, as well as its mechanical properties. However, there are
uncertainties arising from the very nature of each parameter, as
well as the procedures for obtaining the materials, use of construc-
tion, construction techniques, methods of analysis and variations
in loads that, and if not handled properly, can lead to an excessive
risk, compromising the safety and/or the use of the buildings in
an extreme situation. To consider the presence of uncertainties,
the current design codes adopt the so-called safety partial factors.
Such factors affect the loads increasing its effects and reducing
the resistance of the material. So, after application of the safety
factors, resistance and solicitation (reason the index “d”in Rand S
shown above) for each limit state considered in the project are ob-
tained. In fact, with this procedure, it originates a safety margin re-
garding to the magnitude of these adopted safety partial factors. In
general, the greater these factors are, the greater the safety mar-
gin and hence greater the limit state safety level. This approach
improves the quantification of structures performance because
considers, in a more rational way, the uncertainties inherent to the
design parameters and requires the explicit evaluation of security
conditions for both situations: on service and to extreme states that
indicate possible individual ruptures and/or the system as a whole
(Ellingwood and Galambos [1]).

The safety factors, for many years, were determined according to
the experience and judgment of professional manufacturers and
even improved from accidents and disasters of buildings, show-
ing the construction process of trial and error. It was only from the
end of the 18th century that the first structural calculations were
recognized, being credited to Coulomb and Navier, while only at
the end of the 20th century, advances in concepts and methods
of structural analysis, accompanied by the development and dif-
fusion of computers, allowed to better understand the behavior of
structures, enabling significant improvements in engineering proj-
ects (Ellingwood [2]). However, the uncertainties inherent in load-
ing and material properties remained, so that, thanks to these un-
certainties, the risks arise on the structural projects, giving rise to

occurrence of adverse events. The consequences in these cases
can bring serious damage in terms of loss of human life and in
economic aspects to the society. To avoid these types of events,
the current design codes adopt again the safety partial factors to
ensure that the behavior of the systems and the risks associated
with projects remain within acceptable limits for the whole society.
Given this, there are questions such as: a) if even with the use of
safety factor there are still risks, how safe are currently designed
structures? b) or, which is the “distance” in terms of security be-
tween a service status and a possible situation of failure to a cer-
tain limit state? In addition, before the advances in materials tech-
nology, methods of numerical analysis and also fewer resources
available for the construction of buildings, there is a need to im-
prove the behavior prediction of structural systems, as well as to
assess more consistently the safety of these structures. Thus, the
definition of the safety partial factors based on experience and pro-
fessional judgment is no longer justified, which introduce the need
to calibrate these coefficients more rationally.

During the last decades, design codes based on the limit state
method have calibrated the partial safety coefficients from proba-
bilistic approaches. There are several criteria to perform the cali-
bration process of these coefficients, so that resulting in a set of
values that cover all structures belonging to a certain class, de-
fined in the scope of the code [3-5]. The Reliability Theory has
been used for such task, once the stochastic nature of the risks,
accidental loads and material properties make evident the need
of probabilistic treatment for coefficients calibration [2 and 6]. The
great advantage of this approach is that the limit state method with
calibrated safety coefficients based on probabilistic procedures,
has transformed the classical integral that defines the problem of
structural reliability [7] in a practical and direct way for use in proj-
ects, even for professionals who are not familiar with the concepts
of the Reliability Theory.

However, the design codes adopt a fixed set of partial safety fac-
tors that are applied to all structures present in the implementation
scope of the code. This assumption makes that different types of
structural elements designed with such coefficients do not have uni-
form safety levels for the various limit states. This approach tends
to generate structural systems with reliability greater than minimum
amounts required, oversizing structures. On the other hand, it is
possible that the adoption of constants safety factors generates
structures with global reliability lower than the recommended mini-
mum values, which is clearly against the security situations [8-9]. In
this context, Mohamed et al. [9] highlighted the lack of uniformity in
the safety of pillars in reinforced concrete designed with partial fac-
tors proposed by Eurocode 2, considering variations in important
parameters like slenderness index, concrete resistance, axial load
eccentricity and longitudinal steel reinforcement. After confirmation
of lack of uniformity, a method was proposed for calibration of the
coefficients on the basis of a uniform reliability level. Castillo et
al. [10] presented a design methodology of reliability based opti-
mization in which reliability constraints were incorporated into the
formulation of the optimization problem. Thus, the safety partial
factors applied to the used random variables were calibrated so
that the designed structure present uniform reliability and minimum
cost. The process was carried out considering the simultaneous
occurrence of more than one failure mode in the design of a bridge
crane beam. The authors found that in these cases the optimized
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design makes active one or more reliability constraints, calibrating
the partial factors for these restrictions, but let the other restric-
tions remain inactive exceeding the amount required for security
in those restrictions. It is important to note that the same reliability
target can produce several solutions that correspond to different
combinations of partial factors, once the calibration process can be
accomplished in several ways. A criterion to guide the choice of the
best set of coefficients may be adopted as the one that generates
the minimum cost structure (Gayton et al. [11]).

Stucchi and Santos [12] made a study on the design philosophy
adopted in the Brazilian standards NBR 6118 [13] and North Ameri-
can ACI 318-05 [14], comparing the reliability obtained for beams
and slabs designed with both codes. Although the way to consider-
ation of safety factor is different in both codes, the safety level ob-
tained with each of them can be compared for reliability analysis.
The authors also concluded that both design codes do not provide
uniformity of safety in terms of the reliability index. However, the
ACI showed better uniformity than the Brazilian standard, consid-
ering various criteria of load combinations for the design of struc-
tural elements, while the Brazilian standard uses only one combi-
nation for live and dead loads.

Once detected the deficiency of design codes to provide uniform
security for structures inserted in their categories, a current alterna-
tive is to attempt to propose calibration methods of partial factors,
in order to generate more uniform safety level. Beck and Souza
Jr. [15] proposed a calibration procedure for the safety partial fac-
tors of the Brazilian standards NBR 8800 [16] and American ANSI
/ AISC [17], from the solution of an optimization problem written
in terms of the reliability indices obtained for structural elements
compared with required values. Several loading ratios were tested
between live and dead loads, as well as between wind and dead
loads. The results showed that the new set of partial factors result-
ed in greater uniformity of the elements designed with both codes.
In this context, the main purpose of this paper is to evaluate the
uniformity (or lack thereof) of the safety of reinforced concrete
beams designed according to the criteria of NBR 6118 [13] con-
sidering the proposed safety partial factors and the variation of the

relative position of the neutral axis and the active load ratios. Then,
a process of safety partial factors calibration was proposed in order
to standardize the safety of beams for the ultimate limit state of
loss of load capacity to bending moment and, therefore, an alterna-
tive design procedure of beams using reliability was performed and
compared with the current procedure.

2. Flexural resistance of reinforced
concrete beams

EE

The resistance of reinforced concrete beams of rectangular cross-

section to the bending moment comes from the classical equations

of equilibrium (XN = 0 and ZM = 0) and of the provisions recom-

mended by the NBR 6118 [13]. Figure 1 shows the configuration

used to assess the resistance to bending moment in rectangular

beams with simple reinforcement for values of f, < 50 MPa.

The internal resistant bending moment referent to the compressed

concrete (M, ) and tensioned reinforcement (M._), as well as the

bending moment resistance of the cross-section (M;) are given re-

spectively by:

M

Ree = Rchcc = MRst

=R z

st~ cc
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M. =0,68b xf, (d -0, 4x)
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MRst = GsdAs (d - 0’4x)
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Figure 1 - Stress and strain distribution in RC beams with rectangular cross
section and tension reinforcement at the imminence of the rupture
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=My, (4)

Replacing the position of the neutral axis (x) by the dimensionless
relative value (B, = x/d) in Equations (2) and (3) we have:

M,, =0,68b.B.d f., (1—0,4Bx) (5)

My, =0,4.d(1-0,4p)) (6)

In the ultimate limit state, the moment resistance must be greater
than or equal to the solicitation moment (M), which determines the
reinforcement area necessary for the beam as:

Md
4o d(-04p) )

The equilibrium equation in terms of horizontal forces (N = 0 >
R, — R, =0)is given by:

O’ 68bdexf;d _GsdAs = O (8)

Where: b is the cross section width; f_ is the design value for
concrete compressive strength given by f, (characteristic value
of concrete compressive strength) reduced by the safety partial
factor y, = 1,4; o, is the normal stress in the tensioned reinforce-
ment, which depends on the neutral axis position. In cases of the
deformation domains 2 and 3, which are the more usual situations
where the beams are dimensioned to bending moment, the steel
is already in yielding. So o, can be replaced by f, (characteristic
value of the steel yield stress) divided by the safety partial factor
v, =1,15.

The equation 5, which is the result of the balance of moments
in the cross section (XM = 0), can only be applied from the prior
knowledge of the cross section height (d) and the relative neutral
axis position (B,). Therefore, the design is finalized by adopting one
of these variables and then applying the balance of the horizontal
forces (Equation 8) to determine the other unknown variable. Both
cases are quite used, the height of the beams can be adopted pre-
viously in function of the pre-design or of architectural constraints
of the project, as well as the neutral axis position can be set on the
basis of normative criteria (ductility) and compatibility of deforma-
tions. It is worth to mention that this description was not considered
compression reinforcement.

Thus, it can be verified that there are a variety of possible solutions
for the cross section of the beams, as they adopt different values
for the neutral axis position, even keeping the safety partial factors
and the original height.

3. Reliability theory and methods
of analysis

In general, the main purpose of the structural reliability analysis is
related to the probabilities determination of occurrence of scenari-
os of interest related to the problem under study. More specifically,
according to the several uncertainties inherent in the design pa-
rameters of the structural system, as well as the structural analysis
processes and even constructive methods, there will always be
a probability of violation of one or more limit states which define
system behavior. Thus, the failure probability can be defined as
a violation of a limit state. In this context, the limit states are rep-
resented by mathematical functions described from deterministic
and random parameters, setting a boundary between the security
and failure regions in the field of the problem possibilities. Math-
ematically it can be expressed by:

G(X,U)=f(x1,x2,...,xn,U) (9)

Where: X is the set of random variables; U is the set of determinis-
tic parameters. When G = 0 one has the definition of the event that
causes the limit state.

Thus, each realization of the random set of system parameters
that violates the limit state function is considered as a point in the
failure domain of the problem. Let R is taken as a resistance ran-
dom variable and S defined as a solicitation random variable, both
being dependent on X and U, one of the ways to write Equation (9)
can be given by G = R — 8. The failure probability (P,) can then be
defined as the probability of G < 0 and written by:

+0 s

P =P(R-S<0)= ([ fus (r.5)drds

—00—00

(10)

Where: f_¢ is the joint probability density function of the variables
R and S; r and s are the assumed values for R and S from each of
the realization of the parameters of X and U.

However, the direct evaluation of failure probability by Equation
(10) in practical terms is very complicated, since there is no known
information about the joint probability density function of the ran-
dom variables. To resolve this issue, several alternative methods
have been developed to determine the failure probability, where we
can mention the FORM, SORM, Response Surface Method and
Monte Carlo Simulation Method among others.

Santos et al. [22] classify alternative methods to solve the problem
as: fully probabilistic, because they consider the combined distri-
bution with all the random variables (Monte Carlo Simulation); fully
with probabilistic approaches, where the failure probability is as-
sessed from the association to the reliability index (B) given by P, =
d(-B), in which @(.) as the inverse cumulative distribution function
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f_(MPa) 25 12%
f, (MPa) 550 6%
M, (KNerm) 1.05xM, 10%
M, (KNerm) 1.00xM, | 25%

Table 1 - The adopted random variables on the problem

Reference

Lognormal Mohamed et al. (2001)
Lognormall Mohamed et al. (2001)
Normal Elingwood et al. (2001)

Gumbel extrem type | Elingwood et al. (2001)

in the standard normal space (FORM , SORM). More details about
the methods can be found in Nowak and Collins [4].

4. Formulation of the problem

before calibration
EE
The initial problem before the calibration proposal of the safety par-
tial factors was formulated from the possibility of obtaining several
different solutions to the same beam depending on the neutral axis
position in cross section. In addition, in order to verify the influence
of the live loads on the safety of the beams, it was considered a
set of load ratios (R) as defined by the ratio between the nominal
bending moments from the live loads (M, ) and dead loads (Mng).
The following values for the relative neutral axis position were:
0,167; 0,200; 0,231; 0,259; 0,280; 0,304; 0,333; 0,412; 0,466;
0,500; 0,538; 0,608 and 0,628. Similarly, the load ratios assumed
the following values: 0,1; 0,3; 0,5; 0,7; 0,9; 1,1; 1,3 e 1,5. The con-
crete and steel resistance values were kept constant in the study
with f, =20 MPa and f, = 500 MPa, respectively.
In the first step, the reinforced concrete beams were design to
bending moment considering constant values for the cross-sec-
tion’s width of 14 cm and effective depth of 45 cm (overall thick-
ness of 50 cm). The safety partial factors were kept the same as
recommended by NBR 6118 [13], i.e. y,= 1,4 and y, = 1,15. Given
these parameters and each value for the relative position of the
neutral axis, the tension reinforcement area was dimensioned from
Equation (8). With the tensioned reinforcement values, the bend-
ing moment resistance of the cross section was obtained for each
neutral axis position by Equation (6).
Then, the reliability analyzes were performed for the different
designed cross-sections in the previous step. In this step, the re-
questing bending moments were defined from the moment resis-
tance of the beam, as:

MR ZYgMng +Yanq

(1)

Where: M, is the bending moment resistance of the cross sec-
tion, which is, in the design condition, equal to the total request-
ing bending moment; Mng and an are respectively the requesting
nominal bending moments relating to dead and live loads; Yq andy,
are respectively the safety partial factors that provide security for
dead and live bending moments, both adopted as 1,4.

Once the load ratio is given by R=M_ /M, and was varied from
0,1 to 1,5 as previously described, the solicitation values were ob-

tained as:
MR:ngng +quMng: y
M, @, +1,R)> M, =(y+—;R) (12)
g q
an =RMng <]3)

The random variables considered in the study were: compressive
strength of the concrete (f,), strength of the steel (f), dead bending
moment (Mg) and live bending moment (Mq). Table 1 shows the
statistics associated with the variables in order to take into account
the uncertainties.

The limit state equation that represents the safety of reinforced
concrete beams is given by:

G=M,~M,~M,

(14)

M, =0,408b, f.d*B> + A f,d(1-B.) (15)

The reliability analyzes were performed considering the FORM
with direct coupling, in which the derivatives of G are evaluated im-
plicitly by finite differences. The convergence in the search process
was written in terms of failure probability and design point with an
error tolerance of 10

5. Results before calibration

EE

Table 2 illustrates the averages of random variables, considering
each of the load ratios as well as the reliability indices () obtained
in the analysis. All these results refer to a single value of the rela-
tive position of the neutral axis. This process was repeated for all
other values of B, leading to 104 analyzes in total.

Figure 2 shows the results of the beams analyzes in terms of

686 I
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| f P e (MPC)

0.1
0,3
0.5
0,7
20 25
0,9
1.1
1.3

1.5

Table 2 - Results in terms of reliability index for g = 0,167

550

2926,3 278,7 6,04
2476,1 707,5 4,98
2146,0 1021,9 4,28
1893,5 12623 3,88
1694,2 1452,2 3,62
15632,8 1605,8 3,44
1399.6 1732,8 3,31
1287.6 1839.4 3,21

variability of the reliability index considering the different neutral
axis positions for all load ratios. The horizontal line represents the
target value of B = 3,8 recommended by Eurocode 2 [20] to the ul-
timate limit state. The vertical lines contain the results for all values
of R for the same neutral axis position, in which the top points are
referred to R = 0,1 while the bottom points represent R = 1,5.
Considering all the possibilities for the neutral axis position in the
same cross section and the several load ratios, the reliability in-
dex resulted from B . = 3,21 and B, = 6,72 reflecting in failure
probabilities P, .= 8,89x10"* and P, = 6,64x10*. This large
difference shows the lack of uniformity in the safety of the beams
designed with the fixed set of partial safety factors. Furthermore,
it was found that in some cases the reliability index resulted lower
than the limit values recommended by Eurocode 2, which is clearly
a design situation against the safety. The design situations with
higher values of R, in the case where the live portion of moment
increases in relation to the dead moment resulted in lower rates of
reliability when compared to beams designed for lower load ratios.
This is consistent because the uncertainties present in quantify-
ing live loads are significantly higher than those observed in the
dead loads, which results in less structural safety. Similarly, as the
overall thickness of the beams was always kept constant, larger
values of B, also resulted in larger values of resistant bending mo-
ments, which suggest an increase in the bending resistance of the
beam, since the amount of longitudinal reinforcement increases.
Therefore, for situations where the overall thickness of the beams
is limited by architectural issues and kept constant, higher values
in the neutral axis provide larger values for the resistant bending
moment. However, it is worth to mention in such cases, the failure
may occur by the concrete crushing on the top fibers of the cross
section. This condition must always be avoided in the design of
reinforced concrete beams because it changes the behavior of the
beams from ductile to brittle resulting in a very dangerous situation
in designing. For such reason, the NBR 6118 [13] restricts the rela-
tive neutral axis position as a function of the concrete compressive
strength in order to avoid structures with a brittle behavior and high
amounts of longitudinal reinforcement.

The average values for the reliability index for each of the neutral
axis position resulted, in general, between 4,0 and 5,0. This means
that, on average, the design of reinforced concrete beams consid-
ering the safety partial factors of NBR 6118 [13] is acceptable and
yet not so distant from the target value of § = 3,8.

In Figure 3 it was represented the evolution of reliability index
for some values of the relative neutral axis position depend-
ing on the load ratio. It was observed as the effect of live load
increases on the structural behavior, the safety level of the
beams decreases. In this case, as the depth of the cross sec-
tion was kept constant, higher values of B_result in greater
safety to the bending moment. Considering B, = 0,500, it was
verified that only values of R = 1,1 the obtained B was less
than 3,8. For load ratios between 0,3 and 0,7 which match the
many of the usual situations in practice in reinforced concrete
structures, the reliability index resulted between the values 4.0
and 5.0 as already noted. This shows that for beams designed
in the domain 3 of deformation, the safety against bending mo-
ment is assured.

However, it is worth to note that due to the lack of uniformity ob-
served, the use of fixed set of partial factors can lead to design
structures against security. On the other hand, it is also possible
that the designed beams present an excessive safety level, such
as observed in cases where the live loads are very small when
compared to dead loads. In such cases, it is clearly observed that

Figure 2 - Safety variability of the
designed beams before the calibration
process: reliability index as a function
of the B, and R
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Figure 3 - Variation of the reliability index in
function of the load ratio and relative position
of the neutral axis
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structures result oversized and at the same time anti-economical.

Another result that deserves to be discussed is the sensitivity of ran-
dom variables and its evolution over the parametric analysis. Figure
4 illustrates the average sensibilities of the variables obtained con-
sidering all the load ratios for some relative position of the neutral
axis. As no ductility constraint was imposed in the analysis, it was
observed that the importance of concrete resistance increases as
the position of the neutral axis also increases. On the other hand,
the resistance of steel suffers the reverse process. As the position of
the neutral axis increases, the portion of the concrete in bending mo-
ment also increases, while the portion of reinforcement decreases,
as can be seen in equation (15). Regarding to the requesting bend-
ing moments, the portion of variable moment is much more influen-

Figure 4 - Variation on the random variables
sensitivity regarding to failure probability of the
beams before calibration

Parameters sensitivity, %

3

&
0,259

2

mE B
0,368 0,500

Relative position of the neutral axis
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0,628

tial than the portion of the permanent bending moment. This behav-
ior becomes more evident, as the load ratios R increases.

6. Formulation of the problem
for calibration

EE

In order to obtain more uniform safety levels in the design of re-
inforced concrete beams subjected to bending moment, it was
performed a calibration procedure of safety partial factors of the
random variables based on the procedure proposed by Mohamed
et al. [9]. In general, the partial safety factors acting as resistance
reducers (yg) or increasers (y,) of the load effects can be written as:

=t (16)
== )

Where: X, and X, are, respectively, the characteristic values and
design values of the considered parameters.

In case of the characteristic values, these are obtained from the
quantile, which ensure that the overcoming of such values is very
unlikely (in general, it allows to 5% quantile value). As for the de-
sign values, these are defined by the reliability analysis, in which
the coordinate of the design point related to the analyzed variable
(X') is given in the standard normal space by:

X,=X"=-a,p (18)

Where: a, corresponds to the cosine director of the random vari-
able X; B is the reliability index obtained in the iteration.

According to Mohamed et al. [9], the characteristic value of a vari-
able, regardless of the probability distribution can be written in func-
tion of the average (u,) and the standard deviation (c,) in the form:
X, = n, £ 3o, , where 5 expresses the probability (confidence level)
that the X, value is exceeded. In the case of compression strength of
the concrete, assuming normal distribution and the probabilities of 5%
quantile for setting the characteristic value, & takes on a value of 1,645.
For the other probability distributions, X, can be given generally by:

P[X > X, ](varia’vel resisténcia)—> X =F (1 - P) (1 9)

P[X < X, |(varidvel solicitagio)— X, = F¢' (p) (20)
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Where: F,~" is the inverse of the cumulative probability distribution of
the random variable; X is the current value of the random variable; p
corresponds to the level of confidence which defines the required
probability for the variable violates the characteristic value. In the case
of a resistance variable and 5% confidence level, the probability that
the value considered to overcome resistance X, is 95%. On the other
hand, for a solicitation variable with the same level of confidence, in
just 5% of the time the value considered can overcome X, .Therefore,
the equations (16) and (17) can be rewritten, respectively, as:

F'(1-p)
F'[@(-0,B)]

1)

X,
=%,

X, _ F'[®(-a,B)]
X, F¢'(p)

(22)

Yy =

Where: @ is the standard normal cumulative probability function.
The adopted hypothesis for the safety partial factors calibration consists
in choose a target value for the reliability index and admit that the co-
sines directors of the random variables are kept constant. With that, the
origin of standard normal system is moved so that the distance from the
origin to the design point is equal to the target reliability index (Figure 5).
For the calibration process, the target reliability index was 3,8 rec-
ommended by Eurocode 2 [20] to ultimate limit states. The used
cosines directors of random variables were obtained by the reliabil-
ity analysis, via FORM, performed in the previous step, i.e., during
the safety evaluation of the beams before calibration.

In order to verify all the possibilities in the calibration process, the
safety partial factors were obtained considering all the values of
the relative position of the neutral axis for each load ratio. Thus,
there were 104 calibrations of partial factors covering all cases in-
tended for the beams design.

7. Results after calibration
[

Table 3 shows the results obtained with the calibration process,
in terms of the new safety partial factors, the design point coordi-

Figure 5 - Adopted hypothesis to safety partial
factors calibration: the director cosines are
kept constant

uz

U2 target
u2,j

=03 target G3(U) Gtarget(Y)

B

1 ’
U1 j U1 target Ui

nates in physical space and reliability indices for B, = 0,167 in all
load ratios.

Figure 6 illustrates the reliability indices of the beams designed
with the new values of safety partial factors, considering all
combinations between load ratios and the relative position of
the neutral axis. As can be seen, the design of beams using the
calibrated partial factors resulted in uniformity of the safety for
the bending moment, achieving the target value of 3,8 specified
for the ULS.

Figure 7 shows the safety partial factors for each load ratio, ob-
tained by assessing the arithmetic mean between the values cali-
brated to the different relative positions of the neutral axis. The par-
tial factors for the resistance of concrete and steel resulted slightly
less than unity, meaning that the characteristic values are more
pessimistic than the design values. The partial factor for the dead
load ranged from 1,09 (R = 1,5) and 1,35 (R = 0,1), whereas for the
live load, the variation was 1,18 (R = 0,1) to 2,64 (R = 1,5). As R
increases and, therefore, the importance of the live load increases,
consequently, the value of its partial factor also increases. High

Table 3 - Results of the calibration process for 3, = 0,167

0.1 23,2 485,6 6263,1 545,1

0.3 23,6 504,3 4537,2 2424,9
0,5 23,9 514,9 3413,6 3667,6
0,7 24,0 519.4 2743,2 4377.9
0.9 24,0 522,1 2293,3 4843,0
1,1 24,1 523,8 1971.5 5186,4
1.3 24,1 524,9 1728,8 5443,8
1,5 24,1 525,7 15639.4 5644,1

0, 86 1,03 1.18 3,80
0,85 0,99 1,22 2,18 3,78
0,84 0,97 1,15 2,48 3,80
0,83 0,96 1,13 2,57 3,80
0,83 0,96 1,11 2,60 3,79
0,83 0,95 1,10 2,63 3,80
0,83 0,95 1,09 2,64 3,80
0,83 0,95 1,09 2,65 3,80
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Figure 6 - Safety variability of the designed
beams after the calibration process: reliability
index as a function of the 3, and R
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values above 2.00 reflect the greater uncertainty inherent in this
variable when compared to the others.

Regarding to the sensitivity factors of the random variables, the
same general behavior was observed when compared to prior
calibration results, as can be seen in Figure 8. The influence of
concrete and steel strength variables is significantly sensitive to
the relative position of neutral axis, alternating its importance as
B, increases. Since the parameters that depend on the dead and
live loads, in which case are given by the bending moment, are
more sensitive to variations in the load ratio than the neutral axis
position.

The results showed that due to the calibration of safety partial fac-
tors of the resistances and active loads, it was possible to obtain
uniformity in the safety of reinforced concrete beams subjected to
bending moments. Thus, instead of using a single set of partial

Figure 7 - Variability of the safety partial
factors after the calibration process in
function of R
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factors for all types of structures or design possibilities, a set of
these coefficients are calibrated considering the particularities of
each project, so that the desired safety level is actually achieved.
The main disadvantage of this approach is not to present a fixed
set of safety partial factors, which in principle can cause strange-
ness among design engineers. Moreover, the calibration of these
coefficients requires knowledge, even if minimum, on statistical
concepts and reliability theory. Such concepts are not easy-going
and wide domain among professionals who work in the practice of
the current structural engineering. However, the approach brings
a major advantage: from the partial factor calibration process it is
possible to specify and obtain the security level of the structural
system according to the particular needs of each project. Thus,
even if important parameters as the load ratios and the neutral
axis are changed in design, the security obtained for the system
remains the same.

Another important aspect that should be discussed is related to the
possibility of obtaining a set of safety partial factors for the target
reliability can be achieved. By varying each of the safety factors
values for more or less, it is simply necessary to adjust the others
parameters to keep the same reliability index, showing the various
possibilities for adoption of the safety partial factors. Thus, the use
of other criteria in addition with the calibration process is neces-
sary to achieve the best partial factors, as for example, the solution
with minimum cost regarding the designed configuration so that
the optimal solution is reached. The minimum cost criterion in the
calibration process was not considered in this paper.

8. Proposal for a simplified

design method
EE
Based on the results obtained with the safety partial factors cali-
bration process, it was proposed a simplified alternative method for
design reinforced concrete beams subjected to bending moment,
whose steps are described below:

Figure 8 - Variation on the random variables
sensitivity regarding to failure probability
of the beams after calibration
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Figure 9 - Experiment plan to assess the coefficients of the polynomial
for the random variables director cosines
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1. Select the desired security level, setting a value for the target
reliability index;
2. Select the relative position of the neutral axis in the cross sec-
tion for the ultimate limit state;
3. After the measurement of the loads on the beam, the load ratio
R is assessed;
4. Evaluation of the cosines directors (o) for each random vari-
able in the process, which in the case are: f, fy, Mg e Mq;
5. Evaluation of the safety partial factors of the variables from the
Equations 21 and 22;
6. Designing of the cross section of the beam, obtaining the effec-
tive depth and tension reinforcement area.
The greatest difficulty in this process is to determine the cosine di-
rectors of the design variables. The most direct way is to conduct a
reliability analysis via FORM, for example, to obtain these sensitivi-
ties from the statistics of the random variables. However, the use
of this alternative would be quite restricted to the domain of strong
computational tools for evaluating the structural reliability, prevent-
ing the application of this alternative design method. In order to
overcome this problem, it was proposed an approximate way to get
the cosine directors without the need to perform reliability analysis.
As the relative position of the neutral axis and the load ratio are
important parameters for the structural safety of the beams, a set
of complete polynomials with 2° and 4° degrees for approaching
each cosine director directly were adopted. Nogueira and Pinto
[18] presented results of this procedure considering polynomials
of 2° degree and concluded that the final level of safety obtained
oscillated around the value the reliability index target. The authors
concluded that the 2° degree polynomials were not sufficiently able
to accurately represent the results of cosine directors obtained in
reliability analysis. Furthermore, the study found values of R be-

tween 0.1 and 5.0 with non-constant variation, which increased the
dispersion of the results, impairing the quality of the calibration.

In general, the complete polynomials of 4° degree considered can
be written as:

@ = g +myfy + MR +mafiE +mRE + mofoR +m 3+ m R+ mefl,R? +
MaPER + mygf5R% + 11y BE +magRE + mygfe R+ myy B3R + micPiR® + mg PER® + <23)

myrfiR:

Where: m, are the coefficients of the considered polynomial of co-
sines directors to be determined.

The least square method was used to determine the polynomials
coefficients from the minimization of the error function given by:

np
erro =minYy | [oc (B..R) _OLFORM,,-]Z

i=1

(24)

Where: a(Bx, R), corresponds to the cosine director value of the
variable considered for the point i; oo, is the value of the same
cosine director, however from the original reliability analysis via
FORM; np is the number of points of the considered experiment
plan for the regression process. The solution algorithm of Equation
(24) is described in details in Nogueira [19].

The experiment plan used to solve this problem was defined from
all combinations considered among B, and R in the process of the

safety partial factors calibration, as illustrated in Figure 9.
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Thus, each point in the plane corresponding to the ordered pair f3,,
R that generated a design beam and thus a set of values for the
cosine directors of the random variables after reliability analysis.
The Equations (25) (26) (27) and (28) bring the final polynomials
for the cosine directors of the concrete compressive strength, steel
strength, dead bending moment and live bending moment.

e, = 001068 | 0890197,
08788387 — 0,371751° + LOATSZE N7 — 288967010 + 3.266595810% —
00549238 + 0,1 13a00% — 0285047 14 + 3, 7R500050 + 154548050 —

L1420 3R 437467407

0144218 | 09191807 | 0,3N57R* - 1,312850.R

(29)

g, — 74758 — 181108, — 1363331 — 07653187 + 155151K7 — 2367704 +
00393587 — 0BL38LRY + 0ALLTOE 5% + 2 56287 B2R — 73007 8207 +
010555 + 0159958% — BAATFIE M7 — QA0S YRR — 030052585 0 +

0920345 R° + 08764187 R?

(26)

ttyy, = —0.98668 — 0,314585, + 2,77008K + 0,467108% — 3624028 +

1,075230, R + 01581333 + 22181487 — 1175604, 7% — 1358112R +

143303028 1 0,0730487  0,5113BRY | 0,396508,8%  1,2140802R
USZYZEEIRY  0,4724202R% | 14724872R2

27)

iy = L2600 0128030, — 5702488 + 02640303 1 97123507 ,19880, 1
0066286 v 004:52R% 0051586, 8% 099148058 | L1TT1RERT
01457 EF + LEOZOYRY — 0.003536,8% + 1L56a95HR + DA6056[1 7Y —

0,481915206% — 22502707517

(28)

Figures 10 to 13 illustrate the accuracy of the 4° degree polynomial
to obtain the cosine directors, compared to the solutions given by
Nogueira and Pinto [18] with a 2° degree polynomial and the FORM.
With that, during the design of the beams with the proposed method,
it is sufficient to calculate the values of the cosine directors by Equa-
tions (25) to (28) without the need for auxiliary reliability analysis.

9. Calculation example
[
To demonstrate the application of the simplified method proposed

in this study, a reinforced concrete beam was designed to bend-
ing moment, varying the use of the structure and consequently

Figure 10 - Director cosine behavior
of the concrete strength variable
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Figure 11 - Director cosine behavior
of the steel strength variable
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the load ratio. Figure 14 shows the characteristics of the fictitious
pavement considered as well as the beam V2 chosen for design.

The dead loads were estimated considering: reinforced con-
crete solid slab with a thickness of 10 cm; regularization on the
slab of cement and sand mortar with a thickness of 2 cm; ce-
ramic floor on the regularization with specific weight of 18 kN/
m?® and a thickness of 6 mm; coated liner on the bottom of the
slab composed of cement and sand mortar with a thickness of 1
cm. All values of the specific weights of the materials were ob-
tained from NBR 6120 [21]. The total dead load on the slab was
3,24 kN/m?, which resulted in uniformly distributed dead load (g)
transmitted to the beam V2 with 16,2 kN/m. Regarding the live
load (q) considered over the entire slab, the recommended val-
ues have been adopted by the NBR 6120 [21] according to the
building functionality. Thus, the following legend was adopted:
A - terraces or liners without people access; B - bedrooms, liv-
ing room, kitchen and bath; C - pantry, laundry area and laundry
room; D - reading room in libraries; E - garages for common
vehicles; F — stadium bleachers; G - dance hall and gymna-

Figure 12 - Director cosine behavior of
the dead bending moment variable
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Figure 13 - Director cosine behavior of
the live bending moment variable
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sium. These nomenclatures are placed in the “Type” column in
Table 4.

For comparative purposes, the beams were designed consid-
ering the conventional safety partial factors of NBR 6118 [13]
and then considering the calibrated partial factors in accordance
with the proposed process. The width of the beam was kept
constant at the value of 14 cm and the characteristics resistance
of concrete and steel was adopted, respectively, in the amounts

of 20 MPa and 500 MPa. The safety factors were calibrated to
reliability index target of 3,8. In all cases the relative position of
the neutral axis at ULS was adopted and kept constant at 0,45
for that the ductility constraint imposed by the NBR 6118 [13]
always have been respected. Table 4 gathers the results of this
analysis. As can be seen, the major differences between the two
calculation methods are for low values of the load ratio. This
shows that in situations where live loads are significantly small-
er than the dead loads, the partial factors used by NBR 6118
[13] lead to excessively secure design. This behavior changes
as R increases, where the security level of the beams tends
to decrease, violating the limit of 3,8 proposed by Eurocode 2
[20]. Thus, the lack of uniformity in the beams security is evi-
dent. Moreover, when calibrating the partial factors according to
the project need, it is possible to obtain uniformity of structural
safety, as the reliability index values obtained in the analysis.
The B, . Obtained with the proposed method was 3,80 while
for the model of NBR 6118 [13] was 4,50, which demonstrates
once again that the proposed calibration procedure allows, be-
sides reaching the target security level specified in the design,
ensure uniformity of structural safety.

10. Conclusions

EE

In this article it was presented a study about the safety of rein-
forced concrete beams designed to bending moment, considering
the set of partial factors for resistance of the materials (steel and
concrete) and the action effects (permanent and variable bending
moments) through the reliability theory. After the performed ana-
lyzes, the following conclusions were highlighted:

Figure 14 - Considered floor in the analysis: dimensions in centimeter
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Table 4 - Design of the beams considering the set of calibrated
safety factors and the standard ones

Proposed method

NBR 6118

a m A, e
A 0,5 0,14 40,15 7,01 3,70 49,50 6,97 6,51
B 1,5 0,42 46,84 8,43 3,86 55,20 7,77 4,92
C 2,0 0,56 50,44 9,16 3,90 57,85 8,14 4,51
D 2,5 0,70 53,43 9,75 3,83 60,39 8,50 4,24
E 3,0 0,84 56,13 10,27 3,75 62,82 8,84 4,03
F 40 1,11 62,06 11,38 3,77 67,41 9,49 3,75
G 50 1,39 68,31 12,55 3,88 71,72 10,09 3,56
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Abstract

This paper presents a study about safety of reinforced concrete beams subjected to bending moment and designed with the partial safety factors
proposed by ABNT NBR 6118:2014. The main goal was to assess the uniformity in the safety of the beams considering different values for the
neutral axis position and the load ratio, by using the Reliability Theory. A simplified procedure to calibrate the partial safety factors was proposed
taking into account the nature of each random variable and a target reliability index. From the analysis of the results, an alternative method for
the design of reinforced concrete beams was also proposed, in which safety is guaranteed by the using of a probability of failure instead a set of
partial safety factors. The results showed the lack of uniformity in the safety of the beams design with de constant set of partial safety factors. The
procedures of design and calibration of the new safety factors were capable of to give uniformity to the safety of the beams and to achieve the
proper structural configuration with the required safety level.

Keywords: reinforced concrete structures, partial safety factors, reliability, calibration.

Resumo
E———

Este artigo apresenta um estudo sobre a seguranga de vigas em concreto armado solicitadas por momento fletor dimensionadas com os coefi-
cientes parciais de seguranca da ABNT NBR 6118:2014. O principal objetivo foi avaliar a uniformidade na seguranca das vigas para diferentes
posic¢des da linha neutra e razao de carregamentos, com o uso da Teoria da Confiabilidade. Um procedimento simplificado para a calibragéo dos
coeficientes parciais de seguranca foi proposto, levando-se em conta a natureza de cada variavel aleatéria e um valor alvo para o indice de con-
fiabilidade. A partir desses resultados, um método alternativo para o dimensionamento a flexao das vigas foi também proposto, no qual a seguran-
¢a é verificada através de uma probabilidade de falha e ndo mais por coeficientes parciais. Os resultados mostraram a falta de uniformidade na
seguranga das vigas quando dimensionados com o conjunto fixo de coeficientes parciais. Os processos de calibragéo e dimensionamento alter-
nativos mostraram-se capazes de uniformizar a seguranga e ainda obter a configuracéo estrutural que apresenta o nivel de seguranca requerido.
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1. Introducgao

EE

O projeto de estruturas pode ser entendido como um processo
iterativo que busca estabelecer dimensbes e configuragdes aos
elementos constituintes do sistema estrutural, de forma que um
conjunto de limites seja respeitado para que a construgao atenda
aos requisitos estéticos, econdmicos, de seguranca, funcionalida-
de e durabilidade. Dentro desse contexto, os codigos normativos
representam papel fundamental no processo, pois sdo os instru-
mentos que definem esse conjunto de limites aceitaveis que ga-
rantem os requistos de desempenho do sistema estrutural. No que
diz respeito a seguranga da estrutura, os codigos atuais baseiam-
-se no Método dos Estados Limites, que consiste em garantir para
os diversos comportamentos (estados limites) que regem o siste-
ma estrutural a seguinte condigéo: R, =2 S,. Em outras palavras, a
resisténcia de calculo (R,) deve ser sempre superior ou, no limite,
igual a solicitagdo de calculo (S,). Em cada estado limite conside-
rado, cada uma dessas parcelas depende de diversos parametros
de projeto, tais como: dimensdes das seg¢des transversais, resis-
téncia dos materiais, quantidades de armaduras, posi¢des dessas
armaduras, esforgos internos solicitantes entre outros.

No desenvolvimento de um projeto, apés a concepgao do siste-
ma estrutural, a proxima etapa consiste em quantificar as cargas
que atuam na estrutura, bem como especificar os materiais uti-
lizados para a construgao dos elementos estruturais, bem como
suas propriedades mecanicas. No entanto, existem incertezas
provenientes da propria natureza de cada parametro, bem como
dos processos de obtengédo dos materiais, formas de utilizagao
da construgao, técnicas construtivas, métodos de analise e va-
riagdes nos carregamentos que, se nao tratadas adequadamen-
te, podem gerar riscos excessivos a ponto de até comprometer,
numa situagdo extrema, a seguranga e/ou o uso das constru-
¢cOes. Para considerar a presenca de incertezas, alguns cédigos
atuais de projeto adotam os chamados coeficientes parciais de
seguranca. Tais coeficientes incidem sobre carregamentos e
seus efeitos majorando-os e sobre as resisténcias dos materiais
minorando-as. Assim, apds a aplicagdo dos coeficientes de se-
guranga, determinam-se a resisténcia e solicitagdo de calculo
(motivo do indice “d” em R e S mostrados acima) para cada es-
tado limite considerado no projeto. Na verdade, com esse pro-
cedimento, origina-se uma margem de seguranca em funcao da
magnitude desses coeficientes parciais de seguranga adotados.
De um modo geral, quanto maiores forem esses coeficientes,
maior sera a margem de seguranga e, consequentemente, maior
sera o nivel de seguranca para o estado limite. Essa abordagem
melhora a quantificagdo do desempenho das estruturas, pois
considera de modo mais racional as incertezas inerentes aos pa-
rametros de projeto e requer a avaliagao explicita das condigbes
de seguranca, tanto para situagdes em servigo quanto para esta-
dos extremos que configurem possiveis rupturas individuais e/ou
do sistema como um todo (Ellingwood e Galambos [1]).

Os coeficientes de seguranga, durante muitos anos, foram determi-
nados de acordo com a experiéncia e julgamento de profissionais
construtores e até mesmo aprimorados, a partir de acidentes e de-
sastres das construgdes, evidenciando o processo construtivo da
tentativa e erro. Foi somente a partir do final do século XVIII que os
primeiros calculos estruturais foram reconhecidos, sendo credita-
dos a Coulomb e Navier, enquanto que apenas no fim do século XX

0s avangos nos conceitos e métodos de analise estrutural, acom-
panhados da evolugado e difusdo dos computadores, permitiram o
conhecimento mais aprofundado do comportamento das estruturas,
possibilitanto melhorias significativas nos projetos de engenharia
(Ellingwood [2]). No entanto, as incertezas inerentes aos carrega-
mentos, propriedades dos materiais, dimensdes dos elementos es-
truturais entre outras permaneceram, de modo que, gracas a essas
incertezas, os riscos surgem nos projetos estruturais, dando origem
a probabilidades de ocorréncia de eventos desfavoraveis. As con-
sequéncias, nesses casos, podem trazer sérios danos tanto em ter-
mos de perdas de vidas humanas quanto em termos econdmicos
para a sociedade. Para se evitarem esses tipos de acontecimentos,
os codigos de projeto atuais adotam novamente os coeficientes de
segurancga, para que os comportamentos dos sistemas e, com isso,
0s riscos associados aos empreendimentos permanegam dentro de
limites aceitaveis para toda a sociedade.

Diante disso, surgem perguntas do tipo: a) se mesmo com o uso
de coeficientes de seguranga ainda existem riscos, quao seguras
sao as estruturas projetadas atualmente? b) ou ainda, qual a “dis-
tancia” em termos de seguranga entre uma situagéo de servigo e
uma possivel situagéo de falha para um determinado estado limi-
te? Além disso, diante dos avangos na tecnologia de materiais,
métodos de analise numérica e também cada vez menos recursos
disponiveis para a construgdo de edificios, surge a necessidade
de melhorar a previsdo do comportamento dos sistemas estrutu-
rais, bem como de avaliar de forma mais consistente a seguranca
dessas estruturas. Assim, a definicdo de coeficientes parciais de
seguranga com base na experiéncia e julgamento de profissionais
ndo mais se justifica, o que introduz a necessidade de calibrar tais
coeficientes de forma mais racional.

Durante as ultimas décadas, os cddigos de projeto baseados no
método dos estados limites tém calibrado os coeficientes parciais
de seguranca a partir de abordagens probabilisticas. Existem di-
versos critérios para se realizar o processo de calibragdo desses
coeficientes, de modo que resultem em um conjunto de valores
que atendam todas as estruturas pertencentes a uma dada classe,
definida no escopo do cédigo [3 - 5]. A Teoria da Confiabilidade
vem sendo utilizada para tal tarefa, uma vez que a natureza es-
tocastica dos riscos, cargas acidentais, propriedades dos mate-
riais, dimensdes dos elementos e outras grandezas evidenciam
a necessidade do tratamento probabilistico para a calibragdo dos
coeficientes [2 e 6]. A grande vantagem dessa abordagem é que
0 método dos estados limites, com coeficientes de seguranga ca-
librados com base em procedimentos probabilisticos, transformou
a integral classica que define o problema da confiabilidade estrutu-
ral [7] numa forma pratica e direta para o uso em projetos, mesmo
para profissionais que nao séo familiarizados com os conceitos da
teoria da confiabilidade.

No entanto, os cédigos de projeto adotam um conjunto fixo de co-
eficientes parciais de seguranga que € aplicado a todas as estru-
turas presentes no dominio de aplicagdo do cédigo. Isso faz com
que os diferentes tipos de elementos estruturais dimensionados
com tais coeficientes ndo apresentem niveis de seguranga uni-
formes para os diversos estados limites. Essa abordagem tende
a gerar sistemas estruturais com confiabilidade maior do que va-
lores minimos requeridos, superdimensionando as estruturas. Por
outro lado, é possivel que a adogéo de coeficientes de seguranga
constantes gera estruturas com confiabilidade global menor do
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que os valores minimos recomendados, o que representa situ-
acoes claramente contra a seguranca [8 - 9]. Neste contexto,
Mohamed et al. [9] evidenciaram a falta de uniformidade na
seguranca de pilares em concreto armado projetados com os
coeficientes parciais propostos pelo Eurocode 2, consideran-
do variagbes em parametros importantes como indice de es-
beltez, resisténcia do concreto, excentricidade da carga axial
e taxa de armadura longitudinal. Apds a constatacao da falta
de uniformidade, propuseram uma metodologia para calibra-
¢ao dos coeficientes com base em um nivel de confiabilidade
uniforme. Castillo et al. [10] apresentaram uma metodologia
de projeto otimizado com base em confiabilidade na qual as
restricbes de confiabilidade foram incorporadas a formulagéao
do problema de otimizagdo. Com isso, os coeficientes parciais
de segurancga aplicados as variaveis aleatorias utilizadas fo-
ram calibrados para que a estrutura dimensionada apresen-
tasse confiabilidade uniforme e minimo custo. O processo foi
realizado considerando a ocorréncia simultanea de mais de
um modo de falha no projeto de uma viga de ponte rolante.
Os autores observaram que nesses casos, o projeto otimizado
torna ativa uma ou mais restrigdes de confiabilidade, calibran-
do os coefientes parciais para essas restricdes, porém deixa
que as demais restrigdes fiquem inativas superando o valor
requerido para a seguranca nessas restricdes. E importante
salientar que a mesma confiabilidade alvo pode produzir di-
versas solugdes que correspondem a diferentes combinagdes
de coeficientes parciais, uma vez o processo de calibragao
pode ser realizado de varias maneiras. Um critério que oriente
a escolha do melhor conjunto de coeficientes talvez possa ser
adotado como aquele que gere o minimo custo da estrutura
(Gayton et al. [11]).

Stucchi e Santos [12] fizeram um estudo sobre a filosofia de
projeto adotada nas normas brasileira ABNT NBR 6118 [13] e
norte americana ACI 318-05 [14], comparando a confiabilida-
de obtida de vigas e lajes projetadas com ambos os codigos.
Embora a maneira de consideragao dos coeficientes de segu-
ranca seja diferente em ambos os codigos, o nivel de segu-

ranga obtido com cada um deles pode ser comparado a partir
de anadlises de confiabilidade. Os autores também concluiram
que ambos os codigos de projeto ndo proporcionam unifor-
midade da seguranca em termos do indice de confiabilidade.
Porém, o ACI apresentou melhor uniformidade do que a norma
brasileira, pois considera diversos critérios de combinagdes
de agbes para o dimensionamento dos elementos estruturais,
enquanto que a norma brasileira utiliza somente uma combi-
nacgao para cargas permanentes e variaveis.

Uma vez detectada a deficiéncia dos cddigos de projeto em
proporcionar seguranga uniforme para as estruturas inseridas
em suas categorias, uma alternativa atual é a tentativa de
propor métodos de calibragdo dos coeficientes parciais, com
o objetivo de gerar niveis mais uniforme de segurancga. Beck
e Souza Jr [15] propuseram uma forma de calibragdo para
os coeficientes parciais de seguranga das normas brasileira
ABNT NBR 8800 [16] e americana ANSI/AISC [17], a partir
da solugdo de um problema de otimizagéo escrito em termos
dos indices de confiabilidade obtidos para os elementos es-
truturais comparados com valores requeridos. Foram testa-
das varias razbes de carregamento entre cargas variaveis e
permanentes, bem como entre cargas vento e permanentes.
Os resultados mostraram que o novo conjunto de coeficientes
parciais resultou em maior uniformidade na confiabilidade dos
elementos projetados com ambos os codigos.

Diante desse contexto, o objetivo deste artigo & avaliar a uni-
formidade (ou falta dela) da seguranca de vigas em concre-
to armado projetadas segundo os critérios da NBR 6118 [13]
considerando os coeficientes parciais de seguranca propostos
e a variagcao da posigao relativa da linha neutra e a razao de
cargas atuantes. Em seguida, um processo de calibragdo dos
coeficientes parciais de seguranca foi proposto, com o objeti-
vo de uniformizar a seguranga das vigas para o estado limite
ultimo de perda de capacidade resistente ao momento fletor
e, com isso, uma alternativa de dimensionamento das vigas
com uso da confiabilidade foi realizada e comparada com o
procedimento atual.

Figura 1 - Distribuicdo de tensdes e deformag¢oes em vigas de C.A.
com secdo transversal retangular e armadura simples no estadio Il
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2. Resisténcia a flexao de vigas
em concreto armado

A resisténcia de vigas em concreto armado de segao transversal
retangular ao momento fletor provém das equagdes classicas de
equilibrio (SN = 0 e M = 0) e das prescrigdes recomendadas pela
NBR 6118 [13]. A Figura 1 mostra a configuragéo utilizada para a
obtengao da resisténcia ao momento fletor em vigas retangulares
com armadura simples para valores de f, < 50 MPa.

O momento fletor interno resistente referente ao concreto comprimido
(M,.) e @ armadura tracionada (M), bem como o momento fletor
resistente da segao transversal (M) sdo dados respectivamente por:

MRcc :R Z :MRst

ccTce

=R,z (1)

My, =0,68b,xf., (d —0,4x) ¢3]
M, =044 (d-04x) 3
My =My, =M, (4)

Substituindo a posigao da linha neutra (x) pelo valor relativo adi-
mensional (b, = x/d) nas Equagbes (2) e (3) tem-se:

My, =0,68b,B.d"f,,(1-0,4B,) ()

MRst :GsdAsd(l_OA'Bx) (6)

No estado limite ultimo, o momento resistente deve ser igual ou
superior ao momento solicitante de calculo (M,), o que permite
determinar a area de armadura tracionada necessaria para a
viga conforme:

A equagdo de equilibrio em termos de forgas horizontais
(SN=0> R _—R, =0)édadapor:

0’ 68bdexf;d _GsdAs = O <8)

Onde: b, € a largura da secéo transversal; f , € a resisténcia de
calculo do concreto a compresséo, dada pelo f, (valor caracteris-
tico da resisténcia a compresséo do concreto) minorado pelo coe-
ficente parcial de seguranga g, = 1,4; s_, € a tensdo normal na ar-
madura tracionada, que depende da posi¢ao da linha neutra. Nos
casos dos dominios de deformacgao 2 e 3, situagdes mais usuais
onde se encontram as vigas dimensionadas ao momento fletor, o
ago ja se encontra em escoamento. Assim, s_, € dada pelo fyk (va-
lor caracteristico da tensao de escoamento do aco) dividido pelo
coeficiente parcial de seguranga g_ = 1,15 resultando na tenséo de
escoamento de calculo do ago f .

A Equagéo 5, que consiste no resultado do equilibrio de momentos
na segao transversal (XM = 0), somente pode ser aplicada a partir
do conhecimento prévio da altura util da segéo transversal (d) e da
posicéo relativa da linha neutra (b, ). Portanto, o dimensionamento
¢é finalizado adotando-se uma dessas grandezas e, em seguida,
aplicando-se o equilibrio de forgas na horizontal (Equagéo 8) para
determinar a outra incognita. Ambos os casos séo bastante utiliza-
dos, ou seja, a altura das vigas pode ser adotada previamente em
fungdo do pré-dimensionamento ou de imposigbes arquitetbnicas
do projeto, bem como a posi¢éo da linha neutra pode ser fixada
em fungéo de critérios normativos (ductilidade, por exemplo) e de
compatibilidade de deformacgdes. Vale ressaltar que nessa descri-
¢ao nao foi considerada armadura de compressao.

Dessa forma, o que se verifica € que ha uma grande variedade de
solugbes possiveis para a segao transversal das vigas, a medida que
se adotam valores diferentes para a posi¢ao da linha neutra, mesmo
mantendo-se os coeficientes parciais de seguranca e a altura fixos.

3. Teoria da confiabilidade e métodos
de andlise

De modo geral, o objetivo das analises de confiabilidade estrutural
esta relacionado a determinagao de probabilidades de ocorréncia
de cenarios de interesse relacionados com o problema em estudo.
Mais especificamente, em fungéo das diversas incertezas inerentes
aos parametros de projeto de sistemas estruturais, bem como aos
processos de analise estrutural e até mesmo dos métodos constru-
tivos, sempre havera uma probabilidade de violagdo de um ou mais
estados limites que definem o comportamento do sistema. Assim, a
probabilidade de falha pode ser definida como uma medida de viola-
¢ao de um estado limite. Dentro desse contexto, os estados limites
sdo representados por fungdes matematicas descritas a partir de
parametros deterministicos e aleatdrios, definindo uma fronteira en-
tre as regides de segurancga e de falha no dominio de possibilidades
do problema. Matematicamente podem ser expressos por:

Md
4= c,,d(1-04B,) (7>

G(X,U)=f(x,%,,...,x,,U) (9)
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Onde: X é o conjunto de variaveis ou parametros aleatérios; U é o
conjunto de parametros deterministicos. Quando G = 0 tem-se a
definigdo do evento que provoca o estado limite.

Assim, cada realizagado do conjunto aleatério de parametros do
sistema que viola a fungdo de estado limite € considerada como
um ponto no dominio de falha do problema. Adotando R como
uma variavel aleatdria de resisténcia e S uma variavel aleatéria
que define a solicitagdo em um elemento estrutural, sendo ambas
dependentes de X e U, uma das formas de escrever a Equagéo (9)
pode ser dada por G = R - S. A probabilidade de falha (P,) pode ser
entdo definida como a probabilidade de G < 0, sendo escrita por:

400§

P, =P(R-S<0)= H Frs (r,8)dr ds

—00—00

(10)

Onde: f ¢ € a fungéo densidade de probabilidades conjunta das
variaveis R e S; r e s sdo os valores assumidos para R e S a partir
de cada realizagao dos parametros X e U.

No entanto, a avaliagéo direta da probabilidade de falha através da
Equacéo (10) em termos praticos de projeto € muito complicada,
uma vez que nao se conhecem informagdes acerca da fungéo con-
junta de densidade de probabilidades das variaveis aleatdrias. Para
resolver essa questao, diversos métodos alternativos foram desen-
volvidos para a determinagdo da probabilidade de falha, dentre os
quais podem ser citados o FORM, SORM, Método de Superficies
de Respostas, Método de Simulagao de Monte Carlo entre outros.
Santos et al. [22] classificam os métodos alternativos para solugao
do problema como sendo: totalmente probabilisticos, pois consi-
deram a distribuicdo conjunta com todas as variaveis aleatérias
(simulacdo de Monte Carlo); totalmente probabilisticos com apro-
ximagdes, onde a probabilidade de falha é calculada a partir da
associacdo ao indice de confiabilidade () dada por Pf = ®(-p),
sendo @(.) a fungao de distribuigdo acumulada inversa no espago
normal padrdo (FORM, SORM). Mais detalhes sobre os métodos
podem ser obtidos em Nowak e Collins [4].

4. Formulagao do problema antes

da calibragcao
EE
O problema inicial antes da proposta de calibragdo dos coeficientes
parciais de seguranga foi formulado a partir da possibilidade de se ob-
ter diversas solugdes diferentes para uma mesma viga, em funcéo da
posigao da linha neutra na segdo transversal. Além disso, com o obje-
tivo de se verificar a influéncia das agbes variaveis sobre a seguranga
das vigas, foram consideradas diversas razbes de carga (R), definidas
pelo quociente entre os momentos fletores nominais provenientes das
agdes variaveis (M, ) e das agdes permanentes (M, ). Foram consi-
derados os seguintes valores para a posigéo relativa da linha neutra:
0,167; 0,200; 0,231; 0,259; 0,280; 0,304; 0,333; 0,412; 0,466; 0,500;
0,538; 0,608 e 0,628. Da mesma forma, a razéo de cargas assumiu 0s
seguintes valores: 0,1; 0,3; 0,5; 0,7; 0,9; 1,1; 1,3 e 1,5. Os valores de
resisténcia do concreto e do ago foram mantidos constantes no estudo
comf, =20 MPa e f, =500 MPa, respectivamente.
Na primeira etapa, as vigas em concreto armado foram dimensio-
nadas a flexdo considerando-se largura fixa da segao transversal
de 14 cm e altura util fixa de 45 cm (altura total de 50 cm). Os co-
eficientes parciais minoradores da seguranga dos materiais foram

mantidos os mesmos recomendados pela NBR 6118 [13], ou seja,
g.=1.4eg, =1,15. Em fungéo desses parametros e para cada valor
da posicao relativa da linha neutra, a area de armadura de tragao foi
dimensionada a partir da Equagao (8). Com os valores de armadura
tracionada, o momento fletor resistente da secéo transversal foi ob-
tido para cada posigéo da linha neutra pela Equagao (6).

Em seguida, foram realizadas as analises de confiabilidade para
as diversas secgoes transversais dimensionadas na etapa anterior.
Nesta etapa, os momentos fletores solicitantes foram definidos a
partir do momento resistente da viga, conforme:

MR :YgMng +Yanq

(1)

Onde: M, € o momento fletor resistente da segéo transversal que,
na condi¢géo de dimensionamento deve ser igual ao momento fle-
tor total solicitante de calculo; M, e M, sdo respectivemente os
momentos fletores nominais solicitantes referentes as cargas per-
manente e variavel; g, € g, sao respectivamente os coeficientes
parciais de seguranca majoradores dos momentos fletores perma-
nente e variavel, ambos adotados como 1,4.

Uma vez que a razdo de cargas € dada por R =M, /M, e foi
variada de 0,1 a 1,5 conforme ja descrito, os valores de solicitagdo
foram obtidos conforme:

MR =YgMng +YqRMng =
MR

(r, +1,R)

(12)

M, (yg +qu)—> M,

ng ng

(13)

As variaveis aletorias consideradas no estudo foram: resisténcia
a compressdo do concreto (f), resisténcia a tragdo do ago (fy),
momento fletor permanente (M) e momento fletor variavel (M,).
A Tabela 1 ilustra as estatisticas associadas as variaveis com o
objetivo de levar em conta suas incertezas.

A equagao de estado limite representativa da seguranga de vigas
em concreto armado é dada por:

G=M,~M,~M,

(14)

onde:

M, =0,408b, f.d*B> + A f,d(1-B,) (15)
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Variavel aleatoria

f_(MPa) 25 12%

f, (MPa) 550 6%
M, (KNem) 1.05xM, | 10%
M, (KNem) 1.00xM,,, 25%

Tabela 1 - Varidveis aleatorias consideradas no problema

Referéncia

Lognormal Mohamed et al. (2001)
Lognormal Mohamed et al. (2001)
Normal Elingwood et al. (2001)

Gumbel para maéximos | Elingwood et al. (2001)

As andlises de confiabilidade foram realizadas considerando o
FORM com acoplamento direto, no qual as derivadas de G sao
avaliadas implicitamente por diferencgas finitas. A convergéncia no
processo de busca foi escrita em termos da probabilidade de falha
e do ponto de projeto com tolerancia de 10+

5. Resultados antes da calibragao
EE

A Tabela 2 ilustra as médias das variaveis aleatorias, consideran-
do cada uma das razdes de carregamento, bem como os indices
de confiabilidade () obtidos na andlise. Todos esses resultados
referem-se a apenas um Unico valor da posigao relativa da linha
neutra. Esse processo foi repetido para todos os demais valores
de b , 0 que conduziu a 104 analises no total.

A Figura 2 traz os resultados das analises das vigas em termos da
variabilidade do indice de confiabilidade considerando as diversas
posigcdes da linha neutra para todas as razbes de carregamento.
A linha horizontal representa o valor alvo de 8 = 3,8 recomenda-
do pelo Eurocode 2 [20] para estados limites ultimos. As linhas
verticais contém os resultados para todos os valores de R para a
mesma posigao da linha neutra, sendo que os pontos no extremo
superior referem-se a R = 0,1 enquanto que os pontos no extremo
inferior representam R = 1,5.

Considerando todas as possibilidades para a posigéo da linha
neutra na mesma segao transversal e as diversas razdes de car-
ga, o indice de confiabilidade resultou entre b =321eb__ =
6,72 refletindo em probabilidades de falha P, . =8,89x10"eP
= 6,64x%10*. Esta grande diferenga mostra a falta de uniformidade
na seguranga das vigas projetadas com o conjunto fixo de coe-
ficientes de seguranca. Além disso, verificou-se que em alguns

casos, o indice de confiabilidade resultou menor do que o valor
limite recomendado pelo Eurocode 2, o que representa claramen-
te uma situagéo de projeto contra a seguranca. As situacdes de
projeto com valores de R mais elevados, isto €, no caso em que
a solicitagéo variavel aumenta em relagéo a solicitagdo perma-
nente resultaram em menores indices de confiabilidade, quando
comparadas com vigas projetadas para baixas razdes de carga.
Isto é coerente, pois as incertezas presentes na quantificagéo das
acoes variaveis sao significativamente maiores do que as incerte-
zas observadas nas agdes permanentes, o que resulta em menor
segurancga estrutural. Da mesma forma, como a altura das vigas
foi mantida sempre constante, valores maiores de b,_também re-
sultaram em maiores momentos fletores resistentes, sugerindo
aumento da seguranga a flexdo, uma vez que a quantidade de
armadura longitudinal nesses casos também aumentou. Portanto,
para situagdes onde a altura das vigas é limitada por questdes
arquitetonicas e mantida fixa, valores mais elevados na posigcao
da linha neutra produzem maiores momentos fletores resistentes.
No entanto, vale ressaltar que em situagbes como essa, a ruina
do elemento pode ocorrer através de ruptura brusca por esmaga-
mento do concreto nas fibras comprimidas. Essa condi¢do sempre
deve ser evitada em projeto de vigas em concreto armado, pois
altera o comportamento das vigas de ductil para fragil, resultando
numa situagéo perigosa na pratica. Por essa razédo, a NBR 6118
[13] limita a posigao relativa da linha neutra em fungéo da classe
de resisténcia a compresséo do concreto, com o objetivo de evi-
tar dimensionamentos que resultem na condi¢ao de ruptura fragil,
com uso excessivo de armadura longitudinal.

Os valores médios obtidos para o indice de confiabilidade para
cada posicao da linha neutra resultaram, de modo geral, entre 4,0

|t P i (MPO)

0.1
03
05

20 07 25
0.9
1,1
1.3
1,5

Tabela 2 - Resultados em termos do indice de confiabilidade para g, = 0,167

550

=
2926,3 278,7 6,04
2476,1 707,5 4,98
2146,0 1021,9 4,28
1893.5 1262,3 3,88
1694,2 1452,2 3,62
15632,8 1605,8 3,44
1399,6 1732,8 3,31
1287.6 1839.4 3.21
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Figura 2 - Variabilidade da seguranca das
vigas projetadas antes do processo de
calibracdo: indice de confiabilidade como
funcdo de B, e R
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e 5,0. Isto significa que, na média, o projeto de vigas em concreto
armado considerando os coeficientes parciais de seguranga da
NBR 6118 [13] encontra-se aceitavel e ainda n&o tao distante do
valor alvo de 3 = 3,8.

Na Figura 3 foi representada a evolugao do indice de confiabilida-
de para alguns valores da posigao relativa da linha neutra em fun-
¢ao da razéo de carregamentos. O que se observa é que a medida
que o efeito da carga variavel aumenta sobre o comportamento
estrutural, o nivel de seguranga das vigas diminui. Neste caso,
como a altura da segé&o transversal foi mantida fixa, valores de b,
mais elevados resultaram em maior seguranga ao momento fletor.
Considerando b, = 0,500 verifica-se que apenas para valores de R
> 1,1 é que se obtém B < 3,8. Para razdes de carga entre 0,3 e 0,7
que correspondem a boa parte das situagdes usuais na pratica em
estruturas de concreto armado, o indice de confiabilidade resultou

Figura 3 - Variagdo do indice de
confiabilidade em funcédo da razdéo
de cargas e da posicao relativa
da linha neutra
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entre os valores 4,0 e 5,0 conforme ja observado. Isto permite con-
cluir que para vigas dimensionadas no dominio 3 de deformagdes,
a seguranga contra o momento fletor é verificada.

Entretanto, vale ressaltar que em fungéo da falta de uniformidade
observada, o uso do conjunto fixo de coeficientes parciais pode
conduzir a estruturas dimensionadas contra a segurancga. Por outro
lado, é possivel também que as vigas projetadas apresentem ex-
cessivos niveis de seguranga, como nos casos onde a parcela das
agOes variaveis € muito pequena em relagdo a componente per-
manente. Nesses casos, clareamente observa-se que as estruturas
resultam superdimensionadas e ao mesmo tempo antieconémicas.
Outro resultado que merece ser discutido é a sensibilidade das va-
riaveis aleatdrias e sua evolugéo ao longo da andlise paramétrica
realizada. A Figura 4 ilustra as sensibilidades médias das variaveis
obtidas considerando todas as razdes de carregamento para algu-
mas posigoes relativas da linha neutra. Como nenhuma restricao
de ductilidade foi imposta nesta analise, observou-se que a impor-
tancia da resisténcia do concreto aumenta a medida que a posi¢ao
da linha neutra também aumenta. Por outro lado, a resisténcia do
aco sofre o processo inverso. Assim, conforme a posic¢éo da linha
neutra aumenta, a parcela resistente de concreto ao momento fle-
tor também aumenta, ao passo que a parcela da armadura dimi-
niu, conforme pode ser observado na Equagéo (15). Com relagao
aos momentos fletores solicitantes, a parcela do momento variavel
€ muito mais influente do que a parcela do momento fletor perma-
nente. Esse comportamento se torna mais evidente, a medida que
a razao de cargas R aumenta.

6. Formulacgao do problema
para calibragao

Com o objetivo de obter niveis de seguranca mais uniformes no
projeto de vigas em concreto armado submetidas ao momento
fletor, foi realizado um procedimento de calibragéo dos coeficien-
tes parciais das variaveis aleatérias com base na sugestao de Mo-

Figura 4 - Variacdo na sensibilidade das
varidveis aleatérias com relagdo a
probabilidade de falha das vigas a flexdo
antes da calibragdo
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hamed et al. [9]. De forma geral, os coeficientes parciais de segu-
ranca, sejam eles minoradores de resisténcia (g;) ou majoradores
(g,) de efeitos de cargas, podem ser escritos conforme:

Tr = (]6)

|

vjﬁ,— (17)

Onde: X, e X, s&o, respectivamente, os valores caracteristicos e
de calculo dos parametros de projeto considerados.

No caso dos valores caracteristicos, estes sao obtidos a partir de
quantis que garantam que a superacao de tais valores seja mui-
to pouco provavel (em geral, admite-se para esse quantil o valor
de 5%). Ja para os valores de calculo, estes sdo definidos pela
analise de confiablidade, no qual a coordenada do ponto de pro-
jeto referente a variavel analisada (X') é dada no espago normal
padrao por:

*

X, =X :_(X‘XB

(18)

Onde: a, corresponde ao cosseno diretor da variavel aleatoria X; B
é o indice de confiabilidade obtido na iteragao.

Conforme Mohamed et al. [9], o valor caracteristico de uma varia-
vel, independente do tipo de distribuicdo de probabilidades, pode
ser escrito em fungéo da media (m,) e do desvio-padréo (s,) na
forma: X, = u, o0, , onde & expressa a probabilidade (nivel
de confianga) de que o valor X, seja ultrapassado. No caso da
resisténcia a compresséo do concreto, admitindo distribuigdo nor-
mal de probabilidades e o quantil de 5% para a definicdo do valor
caracteristico, 3 assume o valor de 1,645. Para as demais distri-
buicbes de probabilidades, X, pode ser dado de forma geral por:

P [X > X, ](varidvel resisténcia)— X, =F' (1- p) (l 9)

P [X <X k](varia'vel solicitag:do)—> X =F/ (P) (20)

Onde: F)}l € a inversa da distribuigdo acumulada de probabilida-
des da variavel aleatodria; X é o valor avaliado da variavel aleatéria;
p corresponde ao nivel de confianga que define a probabilidade
requerida para que a variavel viole o valor caracteristico. No caso
de uma variavel de resisténcia e nivel de confianga de 5%, a pro-
babilidade de que o valor considerado para a resisténcia supere

Figura 5 - Hipétese adotada para
a calibragdo dos coeficientes
parciais: cossenos diretores
permanecem constantes
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X, € de 95%. Por outro lado, para uma variavel de solicitagdo com
o mesmo nivel de confianca, em apenas 5% das vezes o valor
considerado pode superar X,.

Portanto, as Equagoes (16) e (17) podem ser reescritas, respecti-
vamente, conforme:

_ X, _ F'(-p)
s X, F/[®(-B)] (21)
X, F;I:(D(_OLXB):I

Onde: @ é a fungdo acumulada de probabilidades normal padrao.
A hipétese adotada para a calibragdo dos coeficientes parciais
consiste em escolher um valor alvo para o indice de confiabilidade
e admitir que os cossenos diretores das variaveis aleatorias sejam
mantidos constantes. Com isso, a origem do sistema normal pa-
drao é transladada de modo que a distancia da origem até o ponto
de projeto seja igual ao indice de confiabilidade alvo (Figura 5).
Para o processo de calibragéo, o indice de confiabilidade alvo es-
colhido foi o de 3,8 recomendado pelo Eurocode 2 [20] para esta-
dos limites ultimos. Os cossenos diretores das variaveis aleatorias
utilizados foram obtidos pela andlise de confiabilidade, via FORM,
realizada na etapa anterior, isto €, durante a fase de avaliagédo da
seguranca das vigas antes da calibrag&o.

Com o objetivo de se verificar todas as possibilidades no processo
de calibragao, os coeficientes parciais foram obtidos consideran-
do-se todos os valores da posicao relativa da linha neutra para
cada razado de carregamentos. Assim, foram realizadas 104 ca-
libragdes dos coeficientes parciais contemplando todos os casos
idealizados para o projeto das vigas.
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0.1 23,2 485,6 6263,1 545,1

0.3 23,6 504,3 4537,2 2424,9
0.5 23,9 514,9 3413,6 3667,6
0.7 24,0 519.4 2743,2 4377,9
0,9 24,0 522,1 2293,3 4843,0
1.1 24,1 523,8 1971,5 5186,4
1.3 24,1 524,9 1728,8 5443,8
1.5 24,1 525,7 15639.4 5644,1

Tabela 3 - Resultados do processo de calibra¢gdo para g, = 0,167

_ (MPO)__ (WPO) M, (KNem) MoNem) v ¢ P

0.86 1,03 1,36 1,18 3,80
0,85 0,99 1,22 2,18 3,78
0,84 0,97 1,15 2,48 3,80
0.83 0,96 1,13 2,57 3,80
0,83 0,96 1,11 2,60 3,79
0,83 0,95 1,10 2,63 3,80
0,83 0,95 1,09 2,64 3,80
0.83 0,95 1,09 2,65 3,80

7. Resultados apés calibragao
EE

A Tabela 3 traz os resultados obtidos com o processo de calibragao,
em termos dos novos coeficientes parciais de seguranga, das coorde-
nadas do ponto de projeto no espago fisico e dos indices de confiabili-
dade para o caso de b, = 0,167 em todas as razoes de carregamento.
A Figura 6 ilustra os indices de confiabilidade das vigas projeta-
das com os novos valores dos coeficientes parciais de seguranga,
considerando todas as combinagbes entre a razdo de cargas e a
posigao relativa da linha neutra. Conforme pode ser observado, o
projeto das vigas com o uso dos coeficientes parciais calibrados
resultou em uniformidade da seguranga quanto ao momento fletor,
atingindo o valor alvo de 3,8 especificado para o ELU.

A Figura 7 mostra os coeficientes parciais de seguranga para cada
razao de carregamentos, obtidos fazendo-se a média aritmética en-
tre os valores calibrados para as varias posigoes relativas da linha
neutra. Os coeficientes parciais para as resisténcias do concreto e
do aco resultaram ligeiramente inferiores a unidade, o que significa
que os valores caracteristicos foram mais pessimistas que os valo-
res de projeto. O coeficiente parcial para a agao permanente variou

Figura 6 - Variabilidade da seguranca das
vigas projetadas apds o processo de
calibragdo: indice de confiabilidade

como funcdo de B3, e R
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entre 1,09 (R = 1,5) e 1,35 (R = 0,1), enquanto que para a agao
variavel, a variagéo foi de 1,18 (R =0,1) a 2,64 (R = 1,5). A medida
que R aumenta e, com isso, a importancia da agao variavel aumen-
ta, consequentemente, o valor do seu coeficiente parcial também
aumenta. Os valores elevados acima de 2,00 refletem a maior incer-
teza inerente a essa variavel quando comparada com as demais.
Com relagéo aos fatores de sensibilidade das variaveis aleatoérias, o
mesmo comportamento geral foi observado quando comparado aos
resultados antes da calibragdo, conforme pode ser visto na Figura
8. A influéncia das variaveis de resisténcia do concreto e do ago é
significativamente sensivel a posicao relativa da linha neutra, alter-
nando sua importancia 8 medida que b, aumenta. Ja os parametros
que dependem das agbes permanente e variavel, que no caso sao
dados pelos momentos fletores, sdo mais sensiveis a variagéo da
razao de carregamentos do que a posig¢ao da linha neutra.

Os resultados mostraram que em virtude da calibragao dos coeficien-
tes parciais de seguranga das resisténcias e das agdes atuantes foi
possivel obter uniformidade na seguranga das vigas em concreto ar-

Figura 7 - Variabilidade dos coeficientes
parciais de seguranca apds o processo de
calibragdo em funcdo de R
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Figura 8 - Variagdo na sensibilidade
das variaveis aleatérias com relagdo
a probabilidade de falha das vigas
a flexdo apés a calibragdo
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mado solicitadas por momentos fletores. Dessa forma, ao invés de se
utilizar um Unico conjunto de coeficientes parciais para todos os tipos
de estruturas ou possibilidades de dimensionamento, um conjunto
desses coeficientes é calibrado considerando as particularidades
de cada projeto, para que o nivel de seguranga desejado seja de
fato alcancado. A principal desvantagem desse tipo de abordagem
consiste em n&o apresentar um conjunto fixo de coeficientes parciais
de seguranga, 0 que em principio pode causar estranheza entre os
projetistas. Além disso, a calibragao desses coeficientes exige o co-
nhecimento, mesmo que minimo, acerca de conceitos estatisticos e
da teoria da confiabilidade. Tais conceitos ndo sédo de trato facil e
amplo dominio entre os profissionais que atuam na pratica da en-
genharia estrutural atual. No entanto, a abordagem traz uma grande
vantagem: a partir do processo de calibracéo dos coeficientes par-
ciais é possivel especificar e obter o nivel de seguranga do sistema
estrutural conforme a necessidade particular de cada projeto. Com
iss0, mesmo que parametros importantes como a razéo de cargas
e a posicao da linha neutra sejam alterados no projeto, a seguranca
obtida para o sistema permanece a mesma.

Outro aspecto importante e que deve ser discutido esta rela-
cionado com a possibilidade de se obter um conjunto qualquer
de coeficientes parciais de seguranga para que a confiabilidade
alvo seja atingida. Ao variar cada um dos valores dos coeficien-
tes para mais ou menos, basta ajustar os demais que o indice de
confiabilidade ndo se altera, mostrando as diversas possibilida-
des para adogao dos coeficientes parciais de seguranca. Assim,
para que o melhor conjunto seja adotado, é necessario o uso de
outro critério em conjunto com o processo de calibragdo, como
por exemplo, o minimo custo referente a solugéo dimensionada
para que a solugdo 6tima seja atingida. O critério de minimo cus-
to no processo de calibragdo nao foi considerado neste trabalho.

8. Proposta de método simplificado

para dimensionamento
——

A partir dos resultados obtidos com o processo de calibracdo dos

coeficientes parciais de seguranca, foi proposto um método alter-
nativo simplificado para dimensionamento a flexdo de vigas em
concreto armado, cujas etapas estdo descritas a seguir:
1. Escolha do nivel de seguranga desejado, fixando-se um valor
para o indice de confiabilidade alvo;
2. Escolha da posicao relativa da linha neutra na segéo transver-
sal para o estado limite ultimo;
3. Apds a quantificacdo das cargas atuantes sobre a viga, calculo
da razao de cargas R;
4. Calculo dos cossenos diretores (o) para cada variavel aleato-
ria no processo, que no caso sao: fc, fy, Mg e Mq;
5. Calculo dos coeficientes parciais de seguranca das variaveis a
partir das Equagodes 21 e 22;
6. Dimensionamento da segé&o transversal da viga, obtendo-se a
altura Util e a area de armadura de tragao.
A maior dificuldade nesse processo consiste em determinar os
cossenos diretores das variaveis de projeto. A maneira mais
direta é realizar uma analise de confiabilidade via FORM, por
exemplo, para a obtengdo dessas sensibilidades, a partir das
estatisticas das variaveis aleatérias. Porém, o uso dessa alterna-
tiva ficaria bastante restrito ao dominio de ferramentas compu-
tacionais robustas para a avaliagao da confiabilidade estrutural,
inviabilizando a aplicagao do método alternativo de dimensiona-
mento. Com o objetivo de contornar esse problema, foi proposta
uma maneira aproximada de se obter os cossenos diretores sem
a necessidade de realizar analises de confiabilidade. Como a po-
sicao relativa da linha neutra e a razdo de cargas sao grandezas
importantes para a segurancga estrutural das vigas, foram adota-
dos polinbmios completos do 2° e 4° graus para a aproximagao
de cada cosseno diretor. Nogueira e Pinto [18] apresentaram
resultados desse procedimento considerando polinémios do 2°
grau e concluiram que o nivel de seguranga final obtido oscilava
em torno do valor o indice de confiabilidade alvo. Os autores
concluiram que polindbmios do 2° grau ndo eram suficientemente
capazes de representar com precisao os resultados dos cosse-
nos diretores obtidos nas analises de confiabilidade. Além disso,
o estudo considerou valores de R entre 0,1 e 5,0 com variagao
nao constante, o que aumentou a disperséo dos resultados, pre-
judicando a qualidade da calibragao.
De forma geral, os polindbmios completos de 4° considerados po-
dem ser escritos conforme:

@y =My + myfy + MuR + a2+ meRE + mefR +mefi + m R +mef R +
MaPER + MygfB5R" + 1y BE +magRE + miafe R +myg B3R + mioPER® + g P2R® + (23)

MR

Onde: m; s&o os coeficientes do polinémio aproximador dos cosse-
nos diretores a serem determinados.

O método dos minimos quadrados foi utilizado para a determina-
¢ao dos coeficientes dos polinémios, a partir da minimizagéo da
funcao erro dada por:

np 2
erro = mznz [OL (BxaR)i _O(‘FORM,I‘]

i=1

(24)
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Figura 9 - Plano de experimentos para obtengcdo dos coeficientes dos polindmios que definem
os cossenos diretores das variGveis aleatérias
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Onde: a(Bx, R)i corresponde ao valor do cosseno diretor da varia-
vel considerada para o ponto i; @rorm.i € 0 valor do mesmo cosseno
diretor, porém obtido com a analise de confiabilidade original via
FORM; np é o nimero de pontos do plano de experimentos consi-
derado para o processo de regressao. O algoritmo de solugéo da
Equacao (24) encontra-se descrito em detalhes em Nogueira [19].
O plano de experimentos utilizado para a solu¢éo desse problema
foi definido a partir de todas as combinagdes consideradas entre
b_e R no processo de calibragio dos coeficientes parciais de se-
guranga, conforme ilustrado na Figura 9.

Assim, cada ponto do plano corresponde ao par ordenado b, R
que gerou uma viga dimensionada e, consequentemente, um con-
junto de valores para os cossenos diretores das variaveis alea-
térias apds a anadlise de confiabilidade. As Equacgdes (25), (26),

(27) e (28) trazem os polindbmios finais para os cossenos diretores
da resisténcia a compressao do concreto, resisténcia do ago, mo-
mento fletor permanente e momento fletor variavel.

= 001068 | 0,890194,
08788357 — 037175487 + LOATSZ0 N7 — 2886700 + 32066052 0° —
0,053925% 4 011360 — 0285047 4% + 276300750 + 1 5454878 RY

LU4ZMAZRY 43704n03RY
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(29)
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(26)

Figura 10 - Comportamento do cosseno
diretor da variavel resisténcia do concreto
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ttyy, = —0.98668 — 0,314585, + 2,77008K + 0,467108% — 3624028 +
1,075230, R + 01581333 + 22181487 — 1175604, 7% — 1358112R +

27)

1,4338302R% | 00730487  0,51138RY | 0396508, 8" 1,214088R
052928507 0472426207 | 14724857 K"
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0066286 v 004:52R% 0051586, 8% 099148058 | L1TT1RERT

(28)

BAT4YTAE + LBOZOYR® — 0,003536,8% + 1566954 F + 006056[1R7 —
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As Figuras 10 a 13 ilustram a precisao do polindmio de 4° para
obtengédo dos cossenos diretores, comparado as solugbes dadas
por Nogueira e Pinto [18] com polindmio de 2° e pelo FORM. Com
isso, durante o dimensionamento das vigas pelo método proposto,
basta calcular os valores dos cossenos diretores pelas Equagoes
(25) a (28) sem a necessidade de realizar analises de confiabili-
dade auxiliares.

9. Exemplo de calculo

[

Para fins de demonstragéo do método simplificado proposto neste
trabalho, uma viga em concreto armado foi dimensionada ao mo-
mento fletor, variando-se a utilizagdo da estrutura e consequen-
temente a razédo de carregamentos. A Figura 14 mostra as carac-
teristicas do pavimento ficticio considerado, bem como a viga V2
escolhida para o dimensionamento.

As cargas permanentes foram calculadas considerando-se: laje
maciga em concreto armado com espessura de 10 cm; regulariza-
¢ao sobre a laje em argamassa de cimento e areia com espessura
de 2 cm; piso ceramico sobre a regularizagdo com peso especifico
de 18 kN/m?® e espessura de 6 mm; forro de revestimento na parte
inferior da laje em argamassa de cimento e areia com espessura
de 1 cm. Todos os valores dos pesos especificos dos materiais
foram obtidos da ABNT NBR 6120 [21]. A carga total permanen-
te na laje foi de 3,24 kN/m?, o que gerou carga permanente (g)
uniformente distribuida transmitida para a viga V2 de 16,2 kN/m.
Com relagdo a sobrecarga de utilizagdo (q) considerada sobre
toda a laje, foram adotados os valores recomendados pela NBR
6120 [21] de acordo com a funcionalidade da edificagdo. Assim, a

seguinte legenda foi adotada: A — terragos ou forros sem acesso
de pessoas; B — dormitérios, sala, copa, cozinha e banheira; C —
despensa, area de servigo e lavanderia; D — sala de leitura em
bibliotecas; E — garagens para veiculos de passeios; F — arquiban-
cadas; G — saldo de danca e ginasio de esportes. Essas nomen-
claturas estéo colocadas na coluna “Tipo” na Tabela 4.

Para efeito de comparagéo, as vigas foram dimensionadas consi-
derando os coeficientes parciais de seguranga convencionais da
NBR 6118 [13] e em seguida, considerando os coeficientes parcias
calibrados de acordo com o processo proposto. A largura da viga
foi mantida constante no valor de 14 cm e as resisténcias caracte-
risticas do concreto e do ago fora adotadas, respectivamente, nos
valores de 20 MPa e 500 MPa. Os coeficientes de seguranca fo-
ram calibrados para indice de confiabilidade alvo de 3,8. Em todos
0s casos, a posigao relativa da linha neutra no ELU foi adotada
e mantida constante em 0,45 para que a restrigdo da ductilidade
imposta pela NBR 6118 [13] fosse sempre respeitada. A Tabela
4 reune os resultados obtidos nesta analise. Conforme pode ser
observado, as maiores diferengas entre ambos os métodos de
calculo encontram-se para valores baixos da razao de carrega-
mentos. Isso mostra que em situagdes em que as cargas variaveis
sao significativamente menores que as cargas permanentes, 0s
coeficientes parciais utilizados pela NBR 6118 [13] conduzem a di-
mensionamentos excessivamente seguros. Esse comportamento
se altera a medida que R aumenta, onde o nivel de seguranga das
vigas a flexao tende a diminuir, violando o limite de 3,8 proposto
pelo Eurocode 2 [20]. Assim, a falta de uniformidade na seguranca
das vigas fica evidenciada. Por outro lado, ao se calibrar os coefi-
cientes parciais de acordo com a necessidade do projeto, & possi-
vel obter uniformidade na segurancga estrutural, conforme valores
dos indices de confiabilidade obtidos na analise. O b_,, obtido
com o modelo proposto foi de 3,80 enquanto que para o modelo
da NBR 6118 [13] foi de 4,50, o que demonstra mais uma vez que
o processo de calibragéo proposto permite, além de atingir o nivel
de seguranga alvo especificado em projeto, garantir uniformidade
da segurancga estrutural.

10. Conclusoes
E——

Neste artigo foi apresentado um estudo sobre a seguranca de
vigas em concreto armado dimensionadas ao momento fletor,

Figura 12 - Comportamento do
cosseno diretor da varidvel momento
fletor permanente
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Safety variability assessment of reinforced concrete beams subjected to bending moment considering the
NBR 6118:2014 safety partial factors

Figura 14 - Pavimento considerado na andlise: dimensdes em centimetros
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considerando o conjunto de coeficientes parciais para as resistén- das vigas ao momento fletor quando estas sdo dimensiona-
cias dos materais (ago e concreto) e para as solicitagdes (momen- das sempre com os mesmos valores de coeficientes parciais
tos fletores permanentes e variaveis) através da teoria da confia- de seguranca para situagoes diferentes de posigcao da linha
bilidade. Apds a realizagdo das analises, as seguintes conclusdes neutra e razao de carregamentos. O uso dos mesmos valo-
foram apontadas: res de coeficientes parciais ndo leva em conta a influéncia
B \Verificou-se, de fato, a falta de uniformidade na seguranca da posigao da linha neutra, bem como da proporgao entre os

Tabela 4 - Dimensionamento das vigas considerando os coeficientes
parciais calibrados e os convencionais

Método proposto NBR 6118

d (cm) A, (cm?)
A 05 014 40,15 7,01 3,70 29,50 697 6,51
B 15 042 46,84 8,43 3,86 55,20 7.77 492
c 20 056 50,44 9,16 3,90 57,85 814 451
D 25 070 53,43 9,75 3,83 60,39 8,50 4,24
E 30 084 56,13 10,27 3,75 62,82 8,84 4,03
F 40 111 62,06 11,38 377 67.41 9,49 3,75
G 50 1,39 68,31 12,56 3,88 7172 10,09 3,56
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efeitos produzidos pelas cargas permanentes e variaveis so-
bre o comportamento das vigas. Dessa forma, para baixos va-
lores de R, o nivel de seguranga obtido & muito alto, enquanto
que para altos valores de R, esse nivel diminui, resultando até
em situacdes contra a seguranga;

O processo proposto de calibragao dos coeficientes com base
nos resutlados de analises de confiabilidade mostrou-se esta-
vel e capaz de garantir o indice de confiabilidade alvo para as
vigas dimensionadas com os novos coeficientes parciais. Os
polinbmios de 4° para o calculo dos cossenos diretores das
variaveis de projeto foram adequados, pois permitiram que o
método de dimensionamento fosse aplicado sem a necessida-
de de novas analises de confiabilidade, atingindo bons resul-
tados. Com isso, garantiu-se uniformidade na seguranga das
vigas ao momento fletor;

Portanto, ao invés de se usar um conjunto fixo de coeficientes
parciais de seguranga, o método propde a adogao do nivel de
seguranga requerido no projeto através do indice de confia-
bilidade ou probabilidade de falha para o estado limite consi-
derado e, a partir dessa informacao, calibrar os coeficientes
parciais para que esse nivel de segurancga seja atingido;

E importante destacar que conforme observado, existem di-
versas combinagdes possiveis dos coeficientes parciais que
resultam em mesmos valores do indice de confiabilidade. As-
sim, & necessario quantificar os custos de construgdo das vi-
gas dimensionadas com os novos coeficientes de seguranga,
compara-los com os custos obtidos com o processo padrao
e avaliar qual o conjunto 6timo de coeficientes que, além de
garantir a seguranga requerida, também reflita o menor custo
para a estrutura. Essa analise de custos nao foi realizada nes-
te trabalho e encontra-se atualmente em desenvolvimento.
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Abstract

This paper investigates the laboratory test results of 12 deep beams available in the literature, where the longitudinal reinforcement was anchored
into the support using short straight bar anchorages. Four different specimen groups with three different shear span-to-depth ratios (a/d) were
selected and most of the deep beams failed by strut crushing after yielding of the main longitudinal reinforcement. In order to investigate the be-
havior of the selected deep beams, an enhanced strut-and-tie model assuming geometrical adaptability (possibility of update in the dimensions
of the struts and ties as the main tie starts to yield) is proposed. The analytical results obtained using this approach may be considered as much
as accurate than some conducted complex nonlinear analysis considering smeared fixed cracking model and bond-slip behavior. However, an
improvement on the effective strength factor of bottle-shaped struts by means of an iterative strut-and-tie model is needed, once the effective
strength factor prescribed by NBR6118 (2014) has shown to be over conservative for all ranges of span-to-depth ratio (a/d) investigated. Finally,
the obtained results indicated that short bar anchorages did not seem to influence significantly the shear strength of the deep beams investigated,
especially the strength of bottled-shaped struts when appropriate crack control reinforcement is present.

Keywords: deep-beams, strut-and-tie model, nonlinear analysis.

Resumo
E—

O presente artigo tem por objetivo investigar os resultados experimentais de 12 vigas-parede em que as armaduras longitudinais foram ancora-
das com comprimentos reduzidos de ancoragem junto aos apoios. Quatro grupos de testemunhos com trés relacdes distintas entre o vao e a al-
tura util (a/d) foram selecionados, observando que a maioria das vigas-parede chegaram a ruina devido ao esmagamento das escoras logo apos
0 escoamento das armaduras longitudinais. De modo a investigar o comportamento das vigas-parede selecionadas, um modelo aperfeicoado de
escoras e tirantes assumindo adaptabilidade geométrica (possibilidade de atualizagdo das dimensdes das escoras e dos tirantes conforme a ar-
madura principal comeca a escoar) foi desenvolvido. As respostas analiticas obtidas utilizando o procedimento proposto podem ser consideradas
tdo apuradas quanto respostas numéricas obtidas utilizando analises ndo-lineares com o modelo de fissuragéo distribuida acoplado a relagbes
constitutivas para aderéncia/escorregamento entre concreto e armaduras. No entanto, apesar das respostas analiticas obtidas serem apuradas,
observou-se que ha necessidade de melhoria no parametro que afeta a resisténcia efetiva de escoras garrafa pela NBR6118 (2014), uma vez que
o parametro atualmente prescrito pela norma brasileira revelou-se muito conservativo para todas as relagdes a/d investigadas. Finalmente, os
resultados obtidos indicam que os comprimentos reduzidos de ancoragem utilizados aparentemente n&o influenciaram de maneira significativa a
resisténcia ao cisalhamento das vigas-parede investigadas, especialmente se as escoras garrafas encontravam-se adequadamente controladas
por armaduras de controle de fissuragao.

Palavras-chave: vigas-parede, modelos de escoras e tirantes, analise ndo-linear.
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1. Introduction

EE

Schlaich et al. [1] suggested the idea of subdividing a struc-
ture into “B-Regions” and “D-Regions”, in order to develop a
rational procedure to design reinforced/prestressed concrete
structures. On the one hand, “B-Regions” are those areas in a
structural element where one can follow the “Bernoulli Hypoth-
esis”, i.e., the hypothesis that linear strains can be assumed
through the whole cross section, from the beginning of the load-
ing to the failure of the section. On the other hand, “D-Regions”
are areas where non-linear deformations occur throughout the
cross section and the usual design procedures based on the
“Beam Theory” become inadequate and even unsafe if applied.
In these regions, usually corresponding to sudden changes in
geometry or loading, there is a complex stress state mainly gen-
erated by shear deformations. As examples of “D-Regions” the
following parts of a structure may be mentioned: pile caps, foot-
ings, deep beams, corbels, dapped end beams, areas around
openings or changes in depth, and prestressing reinforcement
anchorage zones.

Generally, “D-Regions” are produced by concentrated and/or geo-
metric perturbations, and the length of these discontinuity regions
may be found using the Saint Venant's Principle, i.e., the zones
of dissipation of perturbations are usually defined based on the
height of the member. In this way, deep beams may be considered
discontinuity regions (“D Regions”) entirely, and the application of
the Beam Theory is not adequate.

Based on the fact that the Beam Theory is not appropriate for de-
signing “D Regions”, NBR6118 [2] has positively introduced some
important guidance and parameters for the appropriate develop-
ment of strut-and-tie models. Strut-and-tie models are constructed
using an assembly of compression (struts) and tension (ties) mem-
bers connected at joints (nodes) to represent the real stress field in
a structural member (or a portion of it) in a simplified manner. The
parameters included in NBR6118 [2] mainly pertain to the effective
strength to be assumed for concrete struts under different stress
levels. The introduction of this minimum guidance follows provi-
sions contained in other structural codes around the world, as for
example: ACI318-14 [3], EC2 [4] and FIB MC [5].

The effective strength of concrete recommended by the Brazilian
code may be considered as the product of an effective factor (v)
by the design compressive strength of the concrete (f ;). Further-
more, the effective factor (v) may be defined as the product of a
variable parameter p (based on the type of strut or node) and the
fragility parameter o, (based on the compressive strength of the
concrete).

In the Brazilian Code, the parameter u may assume three different
values (0,85; 0,72; and 0,60) depending on the kind of strut or node
to be designed. As the level of transverse tensile stress increases
in the strut/node the parameter p decreases. For prismatic struts or
nodes where only struts meet (CCC nodes), i.e., elements where
the level of transverse tensile stress may be neglected, Brazilian
code suggests the following effective strength for design:

fod1 = 0,85.01v2.fud (1

o2 = (1-fa/250), fe given in MPa (2)

For bottle-shaped struts (struts subjected to significant transverse
tensile stress) or nodes where more than one tie under different
directions meet (CTT nodes), Brazilian code suggests the following
effective strength for design:

feaz = 0,60. 02.Fea 3)

For nodes where a single tie meets two ore more struts (CCT
nodes), the following effective strength for design is suggested by
Brazilian code:

feaz = 0,72.0v2.fea <4)

The adoption of the brittleness parameter o, , used to affect the ef-
fective strength of concrete was an important decision in the Brazil-
ian code, which allows the recommended parameters be also used
for high strength concrete structures. ACI318-14 [3], for example,
assumes a constant factor of 0,85 that may be inappropriate for
high strength concrete, taking into account the brittleness of this
structural material. EC2 [4] presents the same equation proposed
by NBR6118 [2] while FIB MC [5] adopts the expression (30/f,)"
for the brittleness parameter.

On the other hand, the recommendation of a single parameter
(1) to model bottled-shaped struts seems to be inappropriate, as
cracking control requires use of mandatory skin reinforcement
which is not considered in the effective concrete strength. FIB MC
[5] also does not take into account secondary reinforcement (skin
reinforcement) and for bottle-shaped struts the recommended val-
ue for pis 0,55.

ACI318-14 [3] recommends for struts controlled by a minimum
amount of reinforcement (as specified in section A.3.3), a factor
B, of 0,75; observe that B_ described in the American code corre-
sponds to the parameter p previously defined in this paper. If the
minimum amount of reinforcement is less than specified in section
A.3.3, the factor B, should be 0,60; the same factor u recommend
by NBR6118 [2] for any amount or lack of skin reinforcement. EC2
[4] defines the discussed parameter pu based on a ratio of 0,4%
of transverse tensile reinforcement as well as on the inclination
of the strut. If no transverse reinforcement is provided, p is as-
sumed as 0,60. If 0,4% of transverse tensile reinforcement is avail-
able, p may assume the following values: 0,85 (for 6 > 75°), 0,70
(for 75°> 6 > 60°) and 0,55 (for 6 < 60°).

Based on the mentioned differences above, the present pa-
per aims at investigating the suitability of the effective concrete
strength factors recommended by NBR6118 [2]. Special attention
is given to the evaluation of the effective strength factor of bottle-
shaped struts, as this parameter has the largest variation among
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and nonlinear analysis

all the possible parameters. In order to conduct this evaluation,
laboratory test results of 12 deep beams in which the longitudinal
reinforcement was anchored into the support using short straight
bar anchorages were selected. The tests are fully described by
Roy & Brefia [6] and Brefia & Roy [7].

The obtained results show that behavior predictions of deep beams
using the recommendations of NBR6118 [2] may be compared to
simulations applying complex nonlinear analysis. However, the ef-
fective strength factor to be applied to bottle-shaped struts con-
trolled with crack control reinforcement must be updated, once the

for the deep beams tested
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Figure 1 - Specimen geomettry, reinforcement and experimental test setup
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actual proposed value seems to be more appropriate for bottle-
shaped struts with no reinforcement or skin reinforcement below
a minimum ratio.

2. Selected results of deep beams

with short anchorages
EE
Twelve simply supported deep beams subjected to a single con-
centrated load at midspan, having three different shear span to
effective depth ratios (a/d) and at least three different anchorage
lengths of the main longitudinal reinforcement at the support for
each a/d were selected from the researches described by Roy &
Brefia [6] and Brefia & Roy [7]. The beams were divided into four
groups depending on their a/d (1,0; 1,5 or 2,0) and size of main
longitudinal reinforcing bars (bar #5 corresponding to a diameter
of about 16 mm and bar #6 corresponding to a diameter of about
19 mm).
The span in all beams was equal to 1,22 m and specimens were
subjected to a single concentrated force at midspan. Thick steel
plates (25 mm) were placed below the loading point and above
reaction points to avoid localized crushing at the nodal zones. The
beam supports consisted of a pin (test end of beam; straight an-
chorage) and a roller (far end of beam; hooked anchorage) in all
tests. A 445 kN (100 kip) load cell was placed underneath each
support to measure reactions throughout the tests and external/
internal instrumentation was placed at selected locations in the
specimens.
The main variable in each group of beams was the anchorage con-
dition of longitudinal bars over one of the supports. On the test
side (left side), the longitudinal reinforcement was continued for
different distances past the support node in the various specimens
(straight bar anchorage). Longitudinal reinforcement on the far
side (right side) of the beams was anchored past the support using
a standard 90-degree hook to preclude anchorage failures on that
end of the specimens.

Specimen designation was developed to identify the four different
groups of beams according to their a/d, longitudinal reinforcing
bar size, and straight bar anchorage length on the test end of the
beams. The first two digits in the beam designation correspond
to the a/d of each beam (1,0; 1,5 or 2,0), and the last three digits
correspond to the ratio of provided anchorage length and calcu-
lated development length on the test side according to provisions
in Chapter 12 of ACI 318-05 [8].

Specimen nominal dimensions and reinforcing patterns are shown
in Figure [1]. All beams had a nominal width of 152 mm and total
depths of 635, 457 or 356 mm for beams with a/d of 1,0; 1,5 or
2,0, respectively. Ten of the 12 specimens had two #5 bars as bot-
tom longitudinal reinforcement (Groups 1.0, 1.5 and 2.0), and the
remaining two were reinforced with two No. 6 bars (Group 1.0L).
The average yield stress measured for #5 and #6 bars was 492
and 469 MPa, respectively. An average peak stress measured for
#5 and #6 bars was 758,5 and 709,5 MPa, respectively. Top re-
inforcement for all beams consisted of two #3 bars used for con-
structability of the beam reinforcing cage.

Longitudinal reinforcement was anchored past the support plate
using either a straight bar anchorage or a hooked bar anchorage
as shown in Figure [1]. Anchorage length of the longitudinal rein-
forcement was measured as the distance between the point where
the bars leave the extended nodal zone (Fig. RA.1.6 in ACI 318-05
[8]), and the end of the bar as required in Section A.4.3.2 of ACI
318-05 [8]. The length of the beam extending past the support on
the left side varied depending on the provided anchorage length of
longitudinal reinforcement. This distance, labeled as O1 in Figure
[1], is listed in Table [1] for all specimens.

Web reinforcement conformed with requirements in section A.3.3
of ACI 318-05 [08] and consisted of vertical stirrups and horizontal
bars formed using deformed D4 wire (this bar corresponds to a
diameter of about 5,7 mm) with an average measured yield stress
equal to 605 MPa and average measured peak stress equal to
643,2 MPa. Horizontal secondary reinforcement corresponded to

Table 1 - Specimen geometry and reinforcement of the deep beams
o =
DB1.0-1.00 33,3 2,4 16,5 4,00 4,65 54,6 471 677 Strut-S
DB1.0-0.75 31.7 2,7 17.3 4,00 4,65 38,7 480 743 Strut-H
10 DB1.0-0.50 30,6 24 15,7 4,00 4,65 22,2 476 729 Strut-H
DB1.0-0.32 27,0 2,3 15,2 4,00 4,65 7.0 467 667 Strut-S
DB1.0-0.75L 29,9 2,7 15,5 5,68 4,65 41,3 645 741 Strut-H
1ok DB1.0-0.28L 29.4 2,8 15,5 5,68 4,65 7.6 = 642 Anchorage
DB1.5-0.75 32,7 2,3 15,5 4,00 3,80 29,5 307 459 Strut-S
1.5 DB1.5-0.50 34,1 2,4 15,2 4,00 3,80 16,5 294 423 Strut-H
DB1.5-0.38 33.8 2,1 15,2 4,00 3,80 7,0 294 427 Anchorage
DB2.0-0.75 34,7 2,9 15,5 4,00 3,80 26,0 200 313 Strut-H
20 DB2.0-0.50 33,0 3.1 15,5 4,00 3,80 1.4 214 297 Strut-H
DB2.0-0.43 35,6 2,6 15,5 4,00 3,80 7.0 209 266 Anchorage
Note: Sis strut crushing observed on test end (straight anchorage) of specimen; and H is strut crushing observed on far end (hooked anchorage) of specimen.
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Figure 2 - Suggested strut-and-tie model for strength evaluation (BRENA & ROY (2009))

Ll,,a,‘,_mp =203 mm (8")

i 0.5 P
I
; =
F - T
&
- ¢ I3
N . -
E 5
=
o™ <
S -
= .
Il [
> i
2 t
= |
g .
= X 1
|

V ] 560 mm (22") r50 mm (27)

I

— "

Ly oo™ 114 mm (4.57)
o Strut geometry and forces

0.5L

plate-top

l,_l?ezﬂit_'-_h_"ﬂ_._.i

L

plate-bott
G Bottom node detail e Top node detail

714

IBRACON Structures and Materials Journal < 2016 * vol. 9 *n°5




R.A.SOUZA | S.BRENA

a reinforcement ratio of about 0,16% for group 1.0 and 1.0L, 0,15%
for group 1.5 and 0,09% for group 2.0. By another hand, vertical
secondary reinforcement corresponded to a reinforcement ratio of
0,37% for groups 1.0 and 1.0L and 0,25% for groups 1.5 and 2.0.

Just before testing each beam, specimen dimensions were veri-
fied and companion concrete cylinders were tested to determine
the as-built geometry of the beams and the actual strength of
concrete. Due to formwork flexibility, the actual width of the
beams varied slightly from the nominal value of 15,2 cm. The
measured concrete compressive/tensile strength along with the
as-built width of each specimen at the time of testing is listed in
Table [1]. This table also shows reinforcement configuration, pro-
vided anchorage length on the test side of the beams, yielding/
peak loads and failure modes observed in the tests.

3. Evaluation of the effective strength
factor of bottle-shaped struts
EE
As mentioned before, NBR6118 [2] does not make a distinction in
the effective strength of bottle-shaped struts that contain or lack
minimum skin reinforcement. Therefore, the effective strength
proposed (f_,,) for this kind of strut may be underestimated when
adequate skin reinforcement is provided. Based on this fact, the
present section aims to evaluate the accuracy of the effective
strength factor for bottle-shaped struts proposed by NBR6118 [2]
taking into account the experimental results obtained by Roy &
Brefia [6] and Brefia & Roy [7].
Atied-arch strut and tie model consistent with the peak measured
loads and based on the procedure proposed by Wight & Parra-
Montesinos [9], was slightly modified in order to estimate the ef-
fective strength of the bottle-shaped struts using the parameters
recommend in NBR6118[2]. In this model, the strut inclination
angle and width are determined iteratively. The geometry of the
tied-arch model was established so that node strength was ob-
served in the nodal region of the beam, as shown in Figure [2].
For compatibility between code and experimental results, f is as-
sumed equal to f_, since the partial safety factor (y ) is assumed
equal to 1,0.
From symmetry of the test setup, the total applied force on the
beams resulted in equal shear force transferred to each support.
The force in the direct strut forming between load and support in
the tied-arch model is F¢ = V/sina, where a is the angle of inclina-
tion of the strut with the tie. The angle o depends on the horizon-
tal distance between the resultant of one-half of the applied force
and the support (56 cm) and the vertical distance between the top
and bottom chords in the model (z), Figure [2].
The top-node height h_, . was initially assumed equal to 5,0
cm to initiate iterations. After determining F (force acting in the
diagonal strut) for the initial o, the top horizontal compressive
force (F.) was calculated as F_ = Fq.cosa. This force (Equation
[4]) was then equated to the nominal strength of the top node (F )
required to solve for the top-node height (Equation [5]) to avoid
node crushing:

an = fcd].AnZ = 0,85.av2.fcd.Anz = (5>
0,85~(Xv2-b-hnode-top = Ifg

F.  Fscosa
fob 0850 ,.f.,.b

Fgcosa 4 <6)
0,85a,,.f,,.b.tano

h =

node—top

0,85.av2.&.b
Ye

The depth from top to bottom chords in the model, z, was then
revised and a new strut angle o was determined to avoid nodal
failure:

hnodeftop
: M

z=d—

Ilterations were conducted until h . was approximately the
same in three subsequent calculation cycles. In all iterations, the
height of the bottom node was assumed equal to 102 mm, twice
the distance between the bottom face of the beams and the cen-
troid of the bottom longitudinal reinforcement. Once convergence
was achieved and an appropriate strut inclination was found, the
top and bottom widths of the diagonal strut were determined using

Equation [7], based on ACI 318-14 [3]:

Wstrut = Lplate.Sina + hnode.cosQL <8)

where the plate widths and node heights used for the top and bot-
tom nodes in the previous equation corresponded to those shown
in Figure [2]. Because the bottom plate is wider than half the top
plate, the top end of the diagonal strut ended up governing strut
strength in all the specimens. This is consistent with the location
of observed concrete spalling near the top of the struts in all speci-
mens that failed by strut crushing (Roy & Brefa [6], Brefia & Roy
[71). The stress at the top end of the diagonal strut was then calcu-
lated using Equation [8]:

Fy

I )

s—top

f:vtrut =

where the as-built width of the specimens, b, was used and w, is

the width of the strut determined before at the top node.

Table 2 presents the effective strength of the diagonal bottle-
shaped struts according to NBR6118[2] and also based on the test
results. As one can see, the effective strength (f ,, = 0,60.a.,.f_ )
recommended by NBR6118 [2] is significantly lower than the aver-
age effective strength derived from the experimental results (f_ =
p.o,.f = 0,82.0,.f ). The effective strength of the tested bottle-
shaped struts has an average value 35% higher than the effective

strength proposed by NBR6118[2].
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Table 2 - Bottle-shaped strut strength evaluation according to NBR6118 (2014)
R
(kN) (MPa)
DB1.0-1.00 0,87 338 16,5 44,20 7,30 12,27 17,32 23,94 1,38 0,83
DB1.0-0.75 0,87 371 17.3 44,01 8,02 12,79 16,61 24,14 1,45 0.87
10 DB1.0-0.50 0.88 365 15,7 43,74 9,05 13,52 16,11 24,87 1,54 0,93
DB1.0-0.32 0.89 334 15,2 43,60 9,58 13,90 14,45 22,92 1.59 0.95
DB1.0-0.75L 0,88 371 15,5 43,61 9,55 13,88 15,79 25,01 1,58 0.95
o DB1.0-0.28L 0.88 320 15,5 43,95 8,26 12,95 15,67 22,97 1,48 0.89
DB1.5-0.75 0,87 229 15,2 33,06 8,14 12,34 17,05 22,39 1,31 0,79
1.5 DB1.5-0.50 0,86 211 15,2 33,41 7.15 11,83 17,67 21,87 1.24 0,74
DB1.5-0.38 0,86 214 15,2 33,35 7,32 11.67 17.54 21,95 1,25 0.75
DB2.0-0.75 0.86 156 15,5 25,57 7,04 10,71 17.93 21,77 1.21 073
2.0 DB2.0-0.50 0,87 149 15,5 25,58 7.01 10,68 17,19 20,84 1,21 0,73
DB2.0-0.43 0,86 133 15,5 26,10 5,74 9,60 18,32 20,33 1,11 0,67
Mean 1.35 0,82
SD 0,16 0,10
cv 012 012
The obtained results indicate that the parameter u = 0,60 as-  Once h . is determined, it is possible to verify strength in all

sumed by NBR6118 [2] for bottled-shaped struts, underestimates
the strength of diagonal struts that contain crack control reinforce-
ment, being more appropriate for situations where bottle-shaped
struts are not controlled by minimum skin reinforcement specified
in ACI 318-14 [3]. In this way, Brazilian code could introduce an
additional value for f_,, (0,80.a,.f ,, for example), intended for situ-
ations where bottle-shaped struts are controlled by minimum crack
control reinforcement. Ratios of 0,15%, for vertical and horizontal
directions, seems to be appropriate, taking into account the ob-
tained results and additional information provided in ACI 318-14
[3] and EC2 [4].

4. Strut-and-tie model to predict yielding
and failure loads

In order to extend the investigation of the experimental results,
the simple strut-and-tie model presented in Figure [2.a] is again
required. Using the procedures recommend by NBR6118[2] it is
possible to obtain the analytical yielding and failure loads of the
tested deep beams. However, improved procedures based on a
better estimation of the effective strength of bottle-shaped struts
are needed as discussed below.

The strut-and-tie model presented in Figure [2.a] is slightly modified
in order to permit defining variable dimensions for the struts and
nodal regions. In this reformulated model, the major challenge is the
determination of the height of the top horizontal strut (h . ,..)- Once
this value is known all the other parameters may be easily found
using geometry and equilibrium conditions. Assuming that the force
in the top strut (F.) must be equal to the maximum force in the main
tie (F;), it is possible to determine the height (h_, ..) of the top node
and the shear force (V) that generates yielding of the main tie.

components of the model (nodes, struts, etc.) using the effective
strengths recommended by NBR6118 [2]. In this way, estimates of
the maximum loads in each component can be obtained by deter-
mining the maximum nominal forces acting at the boundaries of
the following: top horizontal strut (“prismatic strut”), diagonal strut
(“bottle-shaped strut”), bottom node (“CCT node”) and top node
(“CCC node”).

It must be highlighted that the maximum loads obtained for the di-
agonal and horizontal struts as well as some nodes may be not re-
alistic in some situations, especially if they are dependentonh_
top" For simplicity, hnode,top is now determined based on the nominal
yield force acting in the main tie. However, for a real situation, the
value of hnode‘top can be larger if needed based on development of
higher forces in the main reinforcement because of strain harden-
ing; this increased height can only be developed if enough space
is available in the deep beam.

Assuming a bilinear behavior for the reinforcement, after the main
tie yields, the height of the top node (hnode_top) may increase to sat-
isfy equilibrium with the main tie if bars are stressed to their peak
stress. In this way, it is of interest to calculate the maximum bound-
ary forces when the main tie is subjected to the rupture force. This
procedure gives rise to an enhanced strut-and-tie model and pro-
vides more realistic failure loads for struts and nodes whose di-
mensions are dependent on hnode_wp. Using the maximum stress
of the reinforcement to determine tie forces is valid as long as the
material has sufficient deformation capacity beyond its peak stress
to avoid brittle failure that would violate a basic principle in the
theory of plasticity upon which strut and tie models are based. It
must also be highlighted that components of the strut and tie model
that are not dependent on h ...~ (maximum reaction in the load
bearing plates and maximum force in the main tie, for example),
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may end up governing the strength of the model if they reach the
limiting stress at a lower load than one obtained for components
that are affected by h_,. ...

Table [3] summarizes the maximum analytical loads using the pro-
posed strut and tie-model, taking into account that the height of the
top horizontal strut (hnode_mp) is determined based on yielding (lower
bound value for hmdelmp) or maximum force in the main tie (upper
bound value for hnode,(op)' For convenience, again f, was assumed
as f_ and the partial safety factor (y,) was assumed as equal 1,0.

As one can see, if the parameter p = 0,60 is used for the bottle-
shaped strut, the average failure load calculated using the pro-
posed methodology and NBR6118 [2] will be conservative and will
present an average value of 0,77 between the predicted failure
loads and the experimental failure loads (please refer to column
(6) of Table [3]). On the other hand, if a higher value pu = 0,80 is
selected (based on the results discussed in the previous section),
the failure predictions will also be conservative, but now with an
average value of 0,81 between the predicted failure loads and the
experimental failure loads (please refer to column (8) of Table [3]).
The yield load of the specimens is independent of the parameter
1, and the proposed model resulted in a conservative prediction of
yield force as an average ratio of 0,89 between the predicted yield-
ing loads and the experimental yielding loads indicates.

As an example, Appendix A presents the detailed calculations for
specimen DB1.0-1.00 using the proposed strut-and tie model, ob-
serving that the proposed routine was programmed in the pack-
age software MATLAB in order to provide fast responses for the
tested specimens.

5. Nonlinear analysis
E—

The deep beams tested by Roy & Brefia [6] and Brefia & Roy [7]
were also studied using nonlinear finite element analysis using the
software package ATENA2D. Several models and solvers were
tested and the best results were obtained using the model SBETA
for concrete that uses a fixed crack assumption. The default pa-
rameters defined in the software were assumed, in order to check
the real performance of the software without calibration of the large
list of parameters available in the tool. More information regarding
the software selected may be found in Cervenka [10,11].

Tested deep beams were modeled using macroelements dis-
cretized by CClsoQuad type elements. Vertical point load was
applied at the top of the deep beam and pinned supports were
defined at the bottom in order to simulate the experimental setup.
Vertical loading and support conditions were applied in the support
steel plates that have a Young’s modulus of 210 GPa and Pois-
son’s ratio of 0,3.

Reinforcement properties were defined based on the experimen-
tal results using a bilinear model. In most practical cases, bond is
not a significant effect because the bond strength is only seldom
reached. However, in the present investigation, reduced anchor-
age length was used and bond strength was supposed to affect the
final strength of the specimens. For this reason, adherence based
on the bond model of Bigaj [12] was defined only for the main tie
(bars # 5 and #6) while the other reinforcement in the beams was
defined assuming perfect adherence.

Yielding
a/d
DB1.0-1.00 471 392 0,83
DB1.0-0.75 480 392 0,82
10 DB1.0-0.50 476 389 0,82
DB1.0-0.32 467 386 0,83
- DB1.0-0.75L 645 - -
DB1.0-0.28L - = =
DB1.5-0.75 307 266 0,87
1.5 DB1.5-0.50 294 267 0,91
DB1.5-0.38 294 267 0,91
DB2.0-0.75 200 196 0,98
2.0 DB2.0-0.50 214 195 0,91
DB2.0-0.43 209 196 0,94
Mean 0,88
SD 0,06
cV 0,06

Table 3 - Comparison between experimental results and the proposed strut-and-tie model

Note: S is strut crushing observed on test end (straight anchorage) of specimen; and H is sfrut crushing observed on far end (hooked anchorage) of specimen.

Failure
u=0,60

677 472 0,70 518 0,77
743 471 0,63 518 0,70
729 434 0,60 513 0,70
667 395 0,59 507 0,76
741 627 0,85 627 0,85
642 617 0,96 617 0,96
459 331 0,72 348 0,76
423 339 0,80 350 0,83
427 337 0,79 350 0,82
313 253 0,81 255 0,81
297 247 0,83 253 0,85
266 254 0,95 255 0,96
Mean 0,77 Mean 0,81

SD 0,12 SD 0,08

CV 0,16 CV 0,10
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The basic property of the reinforcement bond model is the bond-slip
relationship and it defines the bond strength depending on the value of
current slip between reinforcement and surrounding concrete. The slip
law for the model proposed by Bigaj [12] depends on the bond quality
(poor, good, very good), the concrete compressive strength and rein-
forcing bar radius. The present bond model in ATENAZ2D is not directly
dependent on confinement caused by normal stresses acting on planes
parallel with the reinforcement direction. To account indirectly for the
benefit of normal stresses perpendicular to the potential splitting plane,
all situations were considered to have a good bond quality.

Loading was applied under displacement control by prescribing
vertical displacement at the middle point on top of the loading plate
in constant increments of 0,1 mm. The Newton-Raphson solution
method was selected and the overall response was recorded at
two monitoring points: force at the top loading point and deflection
at the bottom of the beam on the symmetry plane.

Table [4] shows the obtained results using ATENA2D considering
the following situations: deeps beams with skin reinforcement (re-
sults without parenthesis in the table) and without skin reinforce-
ment (results with parenthesis in the table). Deep-beams with skin
reinforcement presented higher numerical failure loads when com-
pared to the hypothetical situation of deep-beams without skin re-
inforcement. In average, the contribution of the skin reinforcement
was about 20% in the failure load, revealing the importance of this
kind of reinforcement in the strength of bottle-shaped struts.

As one can see, the software presented good results concerning

the cracking loads and failure loads. In contrast, the results ob-
tained for yielding loads were not satisfactory. In the experimen-
tal research, yielding was not observed only in specimen DB1.0-
0.28L. In the numerical analysis, just specimens DB1.0-1.00 and
DB1.0-0.75 reached yielding. Despite the fact that yield loads could
not be well predicted, the obtained failure modes for the specimens
were very similar to the experimental behavior. The slippage of the
reinforcement obtained experimentally for some specimens was
well detected numerically for the same specimens.

As an example, Figure [3] shows comparisons between the ex-
perimental cracking pattern and the obtained numerical cracking
pattern for beam DB1.0-0.75. It is possible to observe that shear
cracks were precisely predicted, but crushing observed in the ex-
perimental tests was not identified in the numerical analysis.

The obtained results demonstrate the difficulty encountered in ac-
curately capturing the behavior of structures controlled by shear
and the importance of verifying results with simple hand equations
to help with utilization of complex package software like ATENA2D.

6. Conclusions
E——

NBR6118[2] recently introduced some guidance and important
parameters for designing complex structures using strut-and-tie
models. As these new information are now available, some discus-
sions regarding the recommended effective strength for concrete
in struts and nodes will become more frequent.

Table 4 - Comparison between experimental results and numerical results using ATENA2D

Cracking
a/d
160
DB1.0-1.00 165 (160) 0,97
180
DB1.0-0.75 169 (180) 1,07
10 149
DB1.0-0.50 173 (149) 0,86
135
DB1.0-0.32 156 (135) 0,87
161
DB1.0-0.75L 173 0,93
161)
1ok 170
DB1.0-0.28L 173 (170) 0,98
73
DB1.5-0.75 107 73) 0,68
74
1.5 DB1.5-0.50 111 74) 0,67
63
DB1.5-0.38 98 63) 0,64
65
DB2.0-0.75 58 (65) 1.12
2.0 DB2.0-0.50 67 o4 0,96
. .0-0. 64 ,
57
DB2.0-0.43 67 7) 0,85
Mean 0,88
SD 0,15
CV 0,17

Yielding Failure
Pond B, (N
yo0
471 (ggg) 1,43 677 (g‘;;) 1,02
480 <§§§> 1,42 743 (g%) 0.92
476 ) 729 (ggg) 0.86
467 (:) - 667 (2,‘2:3’,) 071
645 o - 741 (Zg% 0.86
- (:) - 642 (i?g) 0,91
307 362) 459 (::’)(7)% 0,81
294 (:) - 423 (ggg) 091
294 (:) - 427 (2;% 0,75
200 o - 313 é?g) 092
214 (:) - 297 égg) 0.96
209 o - 266 522) 1,06
Mean 1,43 Mean 0,89
D 010 D 0.10
cv 0,10 cv 011
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In this way, the present paper has used a simple strut-and-tie
model in order to check the accuracy of the effective strength rec-
ommended by NBR6118[2] for bottle-shaped struts. Based on the
available experimental results of 12 deep beams tested by Roy &
Brefa [6] and Brefa & Roy [7], it has been possible to show that
the effective strength factor recommend by the Brazilian code is
quite conservative, especially for situations where secondary rein-
forcement are available.

As mentioned throughout the paper, NBR6118[2] unfortunately
does not make a distinction whether or not a bottle-shaped strut
is controlled by secondary (skin) reinforcement. Structural codes
like ACI 318-14 [3] and EC2[4], for example, have realized the im-
portance of secondary reinforcement in the effective strength of
bottle-shaped struts and for that reason a higher effective strength
factor is allowed for bottle-shaped struts.

The effective strength recommended by NBR6118[2] for

Figure 3 - Experimental failure and predicted numerical failure for
specimen DB1.0-0.75 (figure only shows crack widths over 0,5 mm)
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bottle-shaped struts is given by f , = w.o,.f, = 0,60.0a,.f .
Based on the experimental results, the applled strut-and-tie
model has shown that for bottle-shaped struts controlled by skin
reinforcement (horizontal and vertical mesh) higher than 0,10%,
the strength factor u would be about 0,80.

Despite the fact that more data are needed in order to certify
the findings of this paper, it is recommended the inclusion of
a more appropriate effective strength for bottle-shaped struts
controlled by cracking control reinforcement in NBR6118[2]. As
the secondary reinforcement is mandatory in wall-type struc-
tures, the effective strength of bottle-shaped struts should be
more flexible.

The enhanced strut-and-tie model proposed in this paper has
shown to be as powerful as nonlinear analysis using bond mod-
els with the package software ATENA2D. Despite the fact that
nonlinear analysis was very effective to predict the global be-
havior of the beams, accurately predicting the cracking pattern
and positions of slippage of the reinforcement, the obtained re-
sults regarding yielding of the reinforcement were not accurate.
It should be highlighted that the proposed strut-and-tie model
has a small enhancement when compared to the usual strut-
and-tie models developed for predicting behavior of deep
beams. The proposed strut-and-tie model takes into account
the effect of strain hardening of the reinforcement on governing
dimensions of struts and ties in the selected model. Unless the
main reinforcement suffers rupture at low strains, a force higher
than the yielding force is still possible.

After yielding, a new arrangement for the dimensions of struts
and nodes is possible in the proposed model, simulating in that
way the stress redistribution of the structure. The limit for the
dimensions of struts and nodes is based on the rupture force of
the main tie and a more accurate procedure may be obtained for
predicting the peak load after the yielding of the main tie. The
classical approach used in the strut-and-tie assumes that when
yielding is reached, failure is obtained, and for that reason over
conservative results are usually obtained.

Basically, the height of the upper horizontal strut is defined
based on the force acting in the main tie, i.e., the force sup-
posed to cause yielding or rupture of the reinforcement. By
consequence, all other necessary dimensions can be automati-
cally calculated. With this assumption in hand it is possible to
check whether or not the structure will fail by the reinforcement
or by the struts or nodes. This very simple procedure has been
programmed in MATLAB and conducted to very good accuracy
predicting yielding and failure loads of the tested specimens.
Finally, the present paper reveals that short bar anchorages
did not seem to influence significantly the strength of the deep
beams tested experimentally, especially the strength of bottle-
shaped struts. Also, the present paper shows that hand calcula-
tions based on strut-and-tie models can be very effective with
some adaptations, providing fast results and invaluable guid-
ance for applying nonlinear analysis with confidence.
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9. APPENDIX A
——

A.1) Initial data for deep beam DB1-1.00:

A, =4,0 cm? (longitudinal steel area of the main tie)

f, = 492 MPa (yielding strength of the main reinforcement)
f, = 758,5 MPa (ultimate strength of the main reinforcement)
b = 16,5 cm (width of the deep beam)

d = 58,1 cm (effective depth of the deep beam)

f., = 33,3 MPa (compressive strength of the concrete)

P ogeor = 2-(n-d) = 2.5,40 = 10,80 cm (estimated width of the main
tie)
Lp,me ot = 11,4 cm (length of the support plate used in the top)

oatetop = 20,3 €M (length of the support plate used in the bottom)
=122 cm (spam of the deep beam between supports)

beam

A.2) Yielding of the main tie (assuming f_ =f andy =1,0):
f =

F, =Af =4.492 = 196,80 kN

F.=F,=196,80 kN

a, = (1-,/250) = (1 - 33,3/250) = 0,87

Fns = fcd1 A O 85. O'“v2 fcd b. htop min FC

h —F/(0850L f .b)=196,80/(0,85.0,87.3,33.16,5) = 4,84

node-top v2''cd”
cm (minimum height needed)

720 ——
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z=d-h_ . ./2=581-4_84/2=5568cm

= (Loean/2) = (Lyjerop 14) = (122/2) - (20,3/4) = 55,93 cm
o = arc tg (z/a) = arc tg (55,68/55,93) = 44,87°
F. = Fg.coso — F = F./cosa = 196,80/cos 44,87° = 277,68 kN
Fs = Q/sina - Q = Fg.sino. = 277,68.sin 44,87° = 195,90 kN
Q1y = P1y/2 - P1y = Q1y.2 =195,63.2 = 391,80 kN (Yielding load for
the main reinforcement)

A.3) Failure of the CCT bottom node (1 = 0,72 according to
NBR6118[2]):
Failure due to the reaction force —
Q,,, = fuh, =072.a,f,bl
392 36 kN

Py.=2.Q, =78472kN
Failure due to the tie force —»
Q= fsA,, = 0,720, b0
371 70 kN
Py =2.Q,, = 743,40 kN
Failure due to the diagonal force —

= 0,72.0,87.3,33.16,5.11,4 =

plate,bott

=0,72.0,87.3,33.16,5.10,80 =

node,bott

Wopor = Loaenor-SING + 0o -Cosa = 11,4.sin 44,87° + 10,80.cos
44,87° = 15,69 cm

Poye = fusAy, = 0.72.0,,f .b.w, = 0,72.0,87.3,33.16,5.15,69 =
540,01 kN

Py =2.Q, = 1080,02 kN

A.4) Failure of the CCC top node (n =
NBR6118[2]):
Failure due to the reaction force —
Q3y,a=fcd1 A,,=0,85.a,,.f .b.(0,5.L
=412,41 kN

3ya =2. Q = 824,82 kN
Failure due to the horizontal force in the strut —

0,85 according to

=0,85.0,87.3,33.16,5.10,15

plate,lop)

Q,, = fuA, =085a,f .bh . . =0850873331654,.84 =
196 65 kN

3yb =2.Q,,, = 393,30 kN (Observe that this value depends on
minimum h and may be neglected)

node,top

Failure due to the diagonal force —
W, iop = 0.5.L oSN+ h o .cosa = 10,15.sin 44,87° + 4,84.cos

44,87°= 10,59 cm

Q,,. = A, =0850a,f .bw

3y,c cd1” v2"cd” s,top

430,29 kN
Pay‘C = 2.Q3y,C
minimum h

node,top

= 0,85.0,87.3,33.16,5.10,59 =

= 860,58 kN (Observe that this value depends on
and may be neglected)

A.5) Failure of the diagonal bottle-shaped strut (1 = 0,60 ac-
cording to NBR6118[2]):

w, < stop
sbott

Fo=f A =060.0,f bw =060.087.3,33.16,5.10,59 = 303,73

kN

Q,, = Fg.sina = 303,73.sin 44,87° = 214,28 kN

4,
4 y— 2. Q = 428,56 kN (Observe that this value depends on mini-
mum h and may be neglected)

node,top

=10,59cm
=15,69cm

A.6) Failure of the horizontal top strut (1 = 0,85 according to
NBR6118[2])

Fo =f,A, = 060.a,f, bh
196 65 kN

st = F.sina/cos a = 196,65.sin 44,83°/cos 44,83° = 195,48 kN
P, =2 Q = 390,96 kN (Observe that this value depends on mini-

mum h and may be neglected)

node,top

= 0,85.0,87.3,33.16,5.4,84 =

node,top

A.7) Selection of the prediction loads

Repeating the previous calculations considering the rupture of the
main reinforcement, Table [A.1] may be constructed and load val-
ues may be organized in crescent order to determine the interest
loads. Based on this crescent sequence is possible to realize that
deep beam DB1-1.00 will yield for P = 391,80 kN and will fail for P
=471,76 kN (due to the failure of the diagonal strut).

Main tie
CCT node Zy b=
Zy C
5y a
CCC node

P, =784,72kN

Py 1, =393,30kN (neglected)
=800,58 kN (neglected)

Table A.1 - Predicted loads for deep beam DB1-1.00 using the proposed strut and tie model

Predicted loads considering yielding

of the main reinforcement
P, =391,80 kN

P,, = 595,16 kN

P, , =784,72kN

=743 40kN P, =743,40kN
=1080,02kN P, . =1080,02kN
=824 82kN P, , =824,82kN

P,., =597,22kN
P, . =954,45kN

3yc
Diagonal strut P,, = 427,86 kN (neglected) P, =471.76 kN
Horizontal strut Pg, = 390,96 kN (neglected) P, =517.79 kN
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Abstract

This paper aims to study the concrete dosage conditions for structural purposes in construction sitesl, and the impacts of non-compliance of struc-
tural concrete for structural safety, having as study case the city of Angicos / RN. Were analyzed the dynamic elasticity modulus, static elasticity
modulus and the compressive strength of concrete samples. Was conducted to collect the survey data, a field research aiming to gather infor-
mation about dosage of concrete used in the works, as well as the collection of cylindrical specimens of 150 mm diameter by 300 mm of height,
prepared according to practice of those professionals. The study indicated a clear necessity to reflection on the subject, since there is no concern,
or even, a lack of knowledge by the interviewed professionals regarding the care and procedures necessary for the production of concrete with
satisfactory quality, once at least 50% of evaluated construction sites presented compressive strength lower than 20 MPa, minimal strength to
structural concrete, as recommended by ABNT-NBR 6118:2014.

Keywords: concrete, mechanical properties, technological control, construction site.

Resumo
[

O presente trabalho tem como objetivo estudar as condigdes de dosagem do concreto para fins estruturais, produzido em canteiros obras, as-
sim como avaliar a influéncia do controle tecnolégico nas propriedades mecéanicas do concreto e os impactos da ndo conformidade do concreto
estrutural para a seguranga estrutural, tomando como estudo de caso a cidade de Angicos/RN. Para tal foram analisadas propriedades como:
modulo de elasticidade dinamico, modulo de elasticidade estatico e resisténcia a compressao. Foi realizado, para coleta dos dados, pesquisa
de campo com intuito de coletar informagdes sobre a execugéo do concreto empregado nas obras, assim como a moldagem de corpos de prova
cilindricos de 150 mm de diametro por 300 mm de altura, obtidos de misturas dosadas conforme a pratica dos profissionais ali presentes. O
estudo indicou a evidente necessidade de reflexdo sobre o tema exposto, visto que ndo ha preocupacao, ou ainda, falta conhecimento por parte
dos profissionais em relagéo aos cuidados e procedimentos necessarios para produgéo de concretos com qualidade satisfatéria, dado que, pelo
menos, 50% das obras avaliadas apresentaram resisténcias a compressao inferiores a 20 MPa, resisténcia minima para concretos estruturais,
conforme preconiza a ABNT-NBR 6118:2014.
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1. Introduction
EE
The large use of concrete as a construction material brings many
concerns to the involved professional regarding its quality. The
usual way to ensure the satisfactory behavior of used concrete is
to control some chosen properties of the material, such as elasticity
modulus, compressive strength and workability, aiming to achieve
the structural performance and safety requirements imposed by
the Standard Codes. However, many factors can interfere on the
properties of the materials and consequently on the quality of the
obtained concrete, since the behavior is directly associated to the
used materials, the chosen admixture and the production process.
First step to ensure the concrete intended characteristics produc-
ing a desired performance is the correct chose of the components
besides their correct storage avoiding any contamination. Subse-
quent step is the design of the concrete dosage defining the ideal
proportion of each component [14].

NBR 12655: 2006 [5] determines the procedures for mix, control
and reception of concretes made with Portland cement, stablish-
ing two of dosage method: empirical or rational and experimental.
First method permits defining the dosage empirically for concrete
of class C10, with minimum cement consumption of 300 kg/m?.
Regarding rational and experimental dosage, the procedure is de-
veloped using materials and conditions similar to the construction
site for concretes from class C15 or higher. The dosage is defined
based on the design requirements and implementation conditions,
and must be redone each time a change occurs regarding brand,
type or class of cement, origin and quality of aggregates and ad-
ditional components.

Besides determining conditions for the preparation of concrete ad-
mixture and concrete reception, NBR 12655: 2006 [5] also stablish-
es the responsibilities of the involved professionals and gives the
acceptance criteria for both types of the concrete, prepared onsite
and in production centers. Those criteria are related to slump tests
and compressive strength tests or other tests if necessary, so that it
is checked the level of concrete satisfaction regarding performance
and durability of the structure facing the exposure conditions.

Large constructions usually have monitoring of concrete, including
all aspects of production, from the choice of the materials to the
curing process and formwork stripping. Small and medium-sized
constructions, however, most of the times neglect the normative
specifications for the technological control of concrete, with the
connivance of those responsible for this control [12].

In a survey conducted in 2008 on the procedures used in the pro-
duction of concrete in the South Central region of Sergipe for small
and medium-sized constructions, Gomes Neto et al. [12] reported
quite negative results. Although it was not expected that construc-
tions in the interior of the state presented control similar to large
works located in the capital, it was expected that there were at
least some basic technological care. Since the construction sites
had professionals responsible by the works, it was expected con-
trolling on the amount of mixing water and on the concrete com-
pressive strength at 28 days.

Matta et al. [15] in a survey entitled: “Comparative study of the
technical and financial performance of the concrete prepared in the
plant and work,” also detected a great influence of human perfor-
mance on the concrete characteristics, particularly if there is not a
good control during concrete preparation.

1.1 Objectives

Thus, the present work aims to study the production conditions of con-
crete used for structural purposes. Small and medium-sized construc-
tion sites are focused evaluating the influence of technological control
on the mechanical properties of concrete. Based on the available
technical literature, a discussion on the impacts of non-compliance of
structural concrete for structural safety is also presented. It is also an
objective to alert the community installed in the vicinity of the Federal
Rural University of Semi-Arid Campus Angicos (UFERSA - Angicos),
about the risks associated to poor technological management of con-
crete

Therefore, to achieve the considered objectives, it is proposed the ex-
perimental evaluation of the dynamic modulus of elasticity, the static
modulus of elasticity and the compressive strength of concrete from
some construction sites, as well as the discussion and dissemination
of the obtained results.

2. Materials and experimental program
EE

The experimental program presented in the following items of this
study are the results of a research conducted by the student Rosane
Rayanne Jota Ribeiro as the Final Project of the Civil Engineering
course, in the Rural Federal University of Semi-Arid, Campus Angi-
cos. She was also a voluntary member of a Research Project named
Acoustic Response: An alternative to the technological control of con-
crete, mortar and pottery for Angicos and Region, where the basis of
this study were acquired.

2.1 Field of study

The studied sites are located in the city of Angicos / RN, in the Po-
tiguar Central Hinterland, with an area of 741.65 km2 and an estimat-
ed population of 11,549 inhabitants [13]. The research was conducted
in the period comprising the months of April to July, 2014.

2.2 Considered construction sites

Ten sites were selected, among residential, commercial and public

buildings. These were cataloged and then a form to obtain the neces-

sary information for the study was applied. The issues addressed in

the form were:

i.  Who owns the building?

ii. Which are the construction purpose and the delivery time?

iii. The construction has a technical lead? If so, how he conducts the
building control?

iv. Whatis the purpose (s) and feature (s) of the concrete used in the
site?

v.  Who and how was determined the used admixture(s)?

vi. Is there some technological control of concrete?

vii. The concrete is produced in the site?

viii. What type of binder, sand and gravel are used in the concrete
production? In which deposit were acquired sand and gravel?

ix. The concrete mix is manual or mechanical? How is made the mix
of concrete components?

x. How is the storage of the component materials of concrete (bind-
er, sand, crushed stone and water)?

xi. Which are the dimensions of the stretchers of sand and gravel?

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5
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Figure 1 - a) Test for obtaining the longitudinal dynamic modulus,
b) Test for obtaining the dynamic flexural modulus

Position impact

xii. Have concrete ever presented some anomaly? If so, what kind of
anomaly?

2.3 Procedures for samples collection

They were collected six (6) cylindrical specimens with dimensions 150
mm diameter by 300 mm in height, for each evaluated project, 60
specimens, in total. The collection took place according to the NBR
5738: 2008 [1], always being held by the same person.

2.4 Slump test
In each site participant of the research, the consistency of concrete was

investigated through the test popularly known as Slump Test. The pro-
cedures for testing were performed according to NBR NM 67: 1998 [6].

2.5 Dynamic elasticity modulus

Six (6) specimens for each assessed site were tested using the Son-
elastic® software. The Sonelastic® determines the elastic moduli and
damping from the natural vibration frequencies obtained by the im-
pulse excitation technique. This test was performed according to the
recommendations of ASTM C215: 2008 [7].

In the impulse excitation technique, the acoustic response in a defined
direction of vibration is obtained when the concrete specimen is con-
nected to wires at nodal points and receives a flick that induces vibra-
tion. This response consists of one or more natural vibration frequen-
cies, from which is computed the modulus of elasticity [10]. Figure [1]
shows the execution of the test.

It is noteworthy that this test was preferably chosen for the availabil-
ity of the equipment in the campus of UFERSA — Angicos, which is

Table 1 - Construction sites with technical support
Type of building
1 Professors Block 02 UFERSA - Angicos Daily
Laboratory of Civil Engineering - .
c UFERSA/Angicos el
3 Cafeteria UFERSA - Angicos Daily
4 Restaurant and inn Twice a week
5 Commerce and house There is not
6 House There is not
7 Bakery Twice a week
8 University residence of UFERSA - Angicos Daily
9 House Monthly
10 Municipal health center Twice a week

724
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still under construction. It was acquired through a research grant from
CNPq (Process No. 409952 / 2013-3), because the relatively low cost
when compared to conventional equipment.

2.6 Static elasticity modulus

After performing the non-destructive testing to determine the dynamic
modulus of elasticity, three (3) specimens of the batch of six (6) col-
lected in each site, were transported to the Building Materials Labora-
tory of the Federal University of Rio Grande do Norte (UFRN), where
the process of capping with sulfur and subsequent completion of the
static modulus of elasticity and compressive strength tests were per-
formed. The remaining specimens were preserved, since there is an
interest of using them in future research on aspects of durability.

The tests performed to determine the concrete static modulus of elasticity
were performed according to the NBR 8522: 2008 [3]. Two (2) specimens
out of three (3) were separated for this purpose and one (1) of them was
used to estimate the concrete initial compressive strength, avoiding any
damage to the strain gauge due to a sudden rupture of the specimen.

2.7 Compressive strength

The compressive strength of concrete was determined by axial com-
pression tests of cylindrical specimens, according to the requirements
set by the NBR 5739: 2007 [2]. In this test thirty (30) specimens, three
(3) of each construction site, were subjected to axial compression in
servo-hydraulic press EMIC DL-30000 with 300KN load capacity.

3. Results and discussion

EE

3.1 Forms application

The 10 construction sites included in the research showed great diver-
sity of functions, ranging from university cafeteria and laboratory facili-
ties to single-family residence, as shown in Table [1]. This diversity is
the result of increasing development for which the city has undergone
since 2009, when it became a federal university center.

The constructions that before were limited to few residences and com-
mercial establishments now have another purpose, in order to meet the
needs for infrastructure of the new university and Angicos community.
This fact produced a new culture in construction processes in the
region, starting with the deployment of a technician responsible for
monitoring the sites. Although this does not occur in all cases and not
every day, an increasing trend of this practice is observed in the town.
This is likely when it is observed that there is a new pole generator of
skilled labor in the city.

This fact influenced a new culture in construction processes, start-
ing with the deployment of a technician responsible for monitoring the
work. Although this practice does not occur in all cases, not every day,
you can see a breakthrough in this direction and an increasing trend of
implementation of this practice. This trend is likely when it is observed
that there is a hand pole generator of skilled labor in the city.
Analyzing the national panorama, according to estimative of the Fed-
eral Council of Engineering and Agronomy (Confea) [8], Brazil has a
deficit. of 20,000 engineers per year In this sense, access to these
professionals in remote locations from large urban centers, it is dif-
ficult and often expensive (or almost inaccessible).

When comparing, for example, the income per capita of the town of
Angicos / RN, R $ 334.85, with the income of the state capital, Natal
/RN, R $ 921.29, according to DATASUS [13] it can be noticed that
this is a determining factor for the access to expert technical service.
In table [1] it can be observed that the monitoring of a technical man-
ager varies with the size and character of the construction. For public
buildings 1, 2, 3 and 8, considered larger compared to the others, the

Proportion 1: a': b":

a/c? (in mass)

Table 2 - Concrete proportions adopted and applicability of concrete

1 1:2,80:4,40:0,56 Contractor Does not know
and beam
2 1:2,90:3,64:0,56 Contractor Does not know FeumelETien, (B el
and beam
3 1:2,73:5,24:0,61 Engineer Spreadsheet Foundation. pilar
and beam
4 1:2,17:2,37:0,56 Engineer Does not know elineieuioin [2liels
beam and slabs
1:4,35:4,75:1,08 Mason Experience Pillar, beam and slabs
1:4,35:4,75: 1,44 Hodman and Mason Experience Pillar and beam

Method used to

determine the
proportion

Foundation, pilar

Foundation, pilar

* Aggregate fine and coarse respectively; 2 Water/cement ratio.

7 1:4,35:4,75:0,80 Engineer Does not know and beam

8 1:3,92:4,28:0,72 Master builder Experience Footing

9 1:4,35:1,58:1,08 Engineer Does not know Pillar and beam
10 1:4,35:2,37:1 Engineer Does not know Pilar

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5




A survey of the mechanical properties of concrete for structural purposes prepared on construction sites

daily presence of a qualified professional has been verified, as in com-
mercial buildings 4 and 7. A similar situation is observed for the mu-
nicipal health center building, construction 10, with monitoring only two
days a week. However, for buildings 5 and 6, considered smaller, there
is no professional monitoring and mason himself is “responsible” for the
construction.

As can be seen in Table [2], although there is no technical support
solely for buildings 5 and 6, just the concrete used for buildings 1, 2, 3
and 4 did not exceed the maximum limit of 0.65 for the water / cement
ratio, as set in NBR 6118: 2014 [4]. It is noted that for building 6, the
used water / cement ratio was about 122% greater than the limit es-
tablished by the standard code. The used admixtures were distinct in
all situations; however, for constructions 5, 6 and 7 the only differential
parameter is the used water /cement ratio.

Table [2] also shows that in three buildings the admixtures were de-
fined by: mason (work 5), stonemason and servant (work 6) and work
master (work 8), based on experience only. However, it should be
noted that this last construction held a responsible technician on a
daily basis. In the building 3, unlike those, the responsible engineer

determined the dosage of concrete making use of a spreadsheet.

In the other cases the dosages were determined by an engineer, how-
ever, people who answered the form did not inform the methodology
used for the determination of the admixtures.

It should be noted that the persons who provided the information were
representatives of companies / persons hired to perform the construc-
tions, however, in some cases these representatives were “temporary
responsible” (stockmen, trainees, bricklayers, etc.). They lead the
works in the absence of a superior authority, since not always there
was a responsible engineer. Purposely, filing out the form was not
restricted to engineers or owners in order to assess as the design
indeed happened.

It is a consensus that the most reliable way to establish a mix is using
the scientific methods already established in the literature. It is deter-
mined based on material properties, target compressive strength and
desired workability of concrete. At the end, its adequacy should be veri-
fied by testing, to verify if the target concrete characteristics were met.
The aggregates used for the production of concrete usually were not
stored in accordance with the recommendations of ISO 12655: 2006

Figure 2 - Provision of materials: a) and c¢) willing materials through the
vegetation, b) Deposit for cement storage, d) barrel used to store water
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Figure 3 - Layout of materials: a) and d) water tanks, b) materials
stored on public streets and close to rubble, ¢) sand storage

[5], being vulnerable to contamination, as shown in Figures [2] and
[3]. Generally, the cement was placed in deposits in the sites or in the
neighborhood.

The predominantly used sand was coarse and medium sized, while
the coarse aggregate consisted of crushed granite numbers 0, 1
and 2. The measuring of the granular materials was made using
wheelbarrows, stretchers or even tins. For the water, the used instru-
ment was a not graduated bucket, with the exception of the construc-
tion 9 where the addition of water occurred with a hose. So it is clear
the complete lack of control over the amount of water added to the
mixture. For homogenization of concrete they were used both, man-
ual and mechanical processes. Table [3] describes the materials and
tools used for the production of concrete.

When asked if the concrete had shown any irregularities, all the
managers immediately said no. However, Figure [4] shows that
10%, or only one construction (3), had performed the technological
control of concrete till then, which implies that in the other cases
the actual mechanical properties of the used concrete were not
really known.

3.2 Slump test

The first analyzed property was the consistency of the concrete (Fig-
ure [5]). It was observed that 50% of the buildings preferred a “slightly
dry” concrete, and the lower rebate, of 35 mm, reported for the sites
1, 2 and 4. The remaining ones opted for a more plastic consistency,
seeking greater workability, thus requiring a larger amount of water,
since additive was not used in any site.

Despite the sites 5 and 6 had the same proportions of aggregates and
little difference of consistency they presented a considerable variation
in the used amount of water. Furthermore, as will be shown below, the
compressive strength of test specimens from site 7 was 33% lower
than that from site 6, which also had the same amount of dry materi-
als. It should be noted that on several occasions it has been observed
that the measure bucket was not completely filled during the addition
of water, which turned even more inaccurate the information regard-
ing the volume of used water.

The construction 7 showed the highest rebate followed by the con-
struction 10, however, the latter used additional 10 liters of water and
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N
1 Coarse sand N1
2 Coarse sand N1
3 Medium sand N° 1
4 Coarse sand N° 1
5 Medium sand Ne 1
6 Coarse sand N° O
7 Coarse sand Ne 1
8 Medium sand Ne 1
9 Coarse sand N°O
10 Coarse sand N° 2

Table 3 - Materials and tools used for the production of concrete

Cement type

Tools for prepare
the proportions

CPIV-32 RS Mechanics Padiola and
bucket
CPIV-32 RS Mechanics Padiola and
bucket
CPIV-32 RS Mechanics Padiola and
bucket
CPIIZ-32RS Mechanics bucket
Wheelbarrow
CPIVE2RS Manual and bucket
Wheelbarrow
CPIVIZRS Manual and bucket
CPIV-32 RS Mechanics Wheelbarrow
and bucket
. Wheelbarrow
CPIozRe Mechanics and bucket
Wheelbarrow
CPIIZ-32RS Manual and bucket
CPII-32 RS Manual Wheelbarrow

and bucket

smaller proportion of coarse aggregate. In view of the opposed data,
it is believed that the amount of water used in the construction 7 was
much higher than that reported.

3.3 Modulo de elasticidade dindmico

Figure [6] presents the average results for the dynamic elastic
modulus. As expected, the longitudinal dynamic moduli were higher
than the flexural moduli since the concrete has a higher rigidity to
compression than flexure.

Figure 4 - Construction sites that
perform or not the technological
control of concrete

Perform

No able to inform

oes not
perform
50%

The concrete from constructions 7, 9 and 10 are those with
smaller moduli, while the constructions 2, 4, 6 and 8 present the
higher values. The higher the water / cement ratio of the con-
crete, the lower the obtained modulus of elasticity. Sites 6 and 9,
which have adopted the same types of aggregates and similar
dosages, differing only the proportion of gravel and water, ob-
tained values of dynamic modulus of elasticity with a difference
over 4.7 GPa.

Dynamic modules of higher values possibly will lead to higher

Table 4 - Static elasticity module
from the static test

Construction site D.P.2 (GPa)

1 18,95 0,97
2 20,9 0,15
3 17.95 0,18
4 25,5 1,34
5 15,65 0,05
6 18,9 1,67
7 16,1 0,006
8 23,65 0,19
9 15,85 0,32
10 14,75 2,88

' Module obtained in static elasticity test; 2 Standard deviation.
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Figure 5 - Slump of concrete and water volume

B Slump (mm) ™ Water (1)
250

205

Cs1 Cs2 CS3 Cs4 CS5 Cso Cs7 CsS8 CsS9 CS10

static modules, and consequently to concrete with higher compres-  a value for the static modulus higher than 20 GPa.

sive strength and lower flow. NBR 6118: 2014 [4] states that the elastic deformation of the concrete
depends on the concrete mix and nature of the aggregates. This is ev-
3.4 Static elasticity modulus idenced by the results of Table [4], since the constructions which had

the lowest static modules (works 10, 5,9, 7, 3, 6, 1, respectively) used
Table [4] presents the average results obtained for the static elas-  admixtures with the highest water / cement and aggregates ratios.
ticity modulus. Among the 10 construction sites, only 2, 4, 8 had  Adopting larger aggregates proportion will produce concretes with

Figure 6 - Average of dynamic modulus of elasticity obtained left
the natural frequencies of longitudinal and flexural vibration

® Dynamic Longitudinal Elasticity Module (GPa) m Elasticity Module Flexural ((GPa)

40

35 33,89

30

25 3
20,84
20
15

10

cs1 cs2 cs3 cs4 CS5 cse cs7 cs8 cs9 cs10
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Table 5 - Difference between the
longitudinal dynamic modulus and the
static modulus of elasticity

Construction site Difference
1 29,4 7.90
2 33,5 10,53
3 30,7 7.96
4 24,8 8,39
5 36,1 8,85
6 32,0 8,89
7 28,5 6,41
8 26,4 8,50
9 28,8 6.42
10 33,0 7.28

drier consistency, requiring additional water to get workability, which
will result in a decrease of the elasticity modulus.

The dynamic modulus corresponds approximately to the initial tangent
modulus, in general 20, 30 and 40% higher than the static modulus of
elasticity for concretes with high, medium and low strength, respectively
[14]. However, the authors do not indicate which static modulus such
deformation is associated to. For comparison, Table [5] presents the
difference between the dynamic modulus of elasticity originating from
the longitudinal vibration frequencies and the static modulus. As it can
be seen, the values are similar to those suggested in the literature.

3.5 Compressive strength

Compressive strength values obtained in the tests described in item

Figure 7 - Incorrect addition of water
to the concrete

2.7 are presented in Table [6]. The results ranged from 14.48 MPa
(site 10) to 44.48 MPa (site 4).

Note that the concretes with higher compressive strength were those
concerning the medium sized constructions, whose dynamic modu-
lus reached higher values. However, the same cannot be said for the
small sized constructions.

Construction sites 4, 2, 8, 6:01 respectively, had the highest compres-
sive strength values, while the others even reached the minimum
value of 20 MPa required in NBR 6118: 2014 [4]. Conveniently, sites
with satisfactory concrete compressive strength are those that have
daily or weekly monitoring of a technician, except for site 6.
Analyzing the water / cement ratio (a / c) as one of the influential
parameters on the quality of the concrete, it is clear that the con-
structions with concrete lower compressive strength (works 5, 7, 9
and 10) used a higher proportion of water. In the site 9, the w/ ¢ ratio

©® N O OO~ W N

9
10

* Average of the longitudinal dynamic module.

Table 6 - Strength of concrete in compression

Compression strength
(MPa)

23,46
29,32
19,44
44,48
17,42
24,76
18,6
25,31
16,45
14,48

5,45 26,85 0,56
0,47 31,43 0,56
5,08 25,91 0,61
0,94 33,89 0,56
0,83 23,83 1,08
2,63 27,79 1,44
0,16 22,51 0,80
1,50 32,15 0,72
1,33 22,27 1,08
1,66 22,03 1
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seems to be much higher than reported, since at certain times there
was no control of the amount of water added to the mixture, as seen
in Figure [7].

For construction 6, despite the higher w / ¢ ratio informed, a very sig-
nificant concrete compressive strength was obtained. It is noteworthy
that one of the study’s premises was the non-interference of the re-
searchers on the mixing / dosage procedures. So, an increase in the
amount of cement may possibly have happened, producing a change
in the adopted mix not reported by the respondent.

3.6 A brief discuss on the costs of the absence
of concrete technological control

As noticed in previous sections, it was observed a significant absence
of technological control of concretes in most of the researched con-
struction sites. In this sense, within the objectives set out in item 1.1,
this study aims to alert the community from the university for the prob-
lems associated to the non-compliance of the concrete used in the
constructions. For this, two main axes of discussion had been estab-
lished:

I. About structural safety

It is known that non-compliance of the concrete can cause various
problems, mainly of structural nature, since the compressive strength
and elasticity modulus are key parameters for the structural design
establishing the construction safety.

Santiago [17] in his study of the non-conform concrete produced in
Brazil and its influence on structural reliability reports that, among the
structural elements, the short columns subjected to axial compres-
sion are the most dependent on the compressive strength of concrete.
The author [17] also reported a significant reduction in the reliability of
short columns due to the non-conformity of concrete.

The reduction in the reliability of the structures or structural elements
generated by the low compressive strength is something that needs to
be addressed immediately by the technician. It is imperative to avoid
physical and psychological risks to the people around the construc-
tion sites or even after, during the service life of the buildings. The
non-compliance of concretes can directly affect the structural safety
of the buildings.

Cunha et al. [9], in their work on structural accidents, discussed the
causes of the collapse of a four (4) floors building in Volta Redonda /
RJ that caused the death of eight (8) people and left 24 (twenty four)
injured. Among the reasons that led to the fall of the building was de-
tected the low compressive strength of concrete, possibly due the
use of incorrect admixture, lack of vibration and inadequate curing of
concrete. This fact confirms once again the need for greater concern,
control and supervision over the use of nonconforming concrete.

Il. Economic impact on the constructions

If, in one hand, the use of non-conform concretes can reduce the
safety of the structures causing accidents, on the other this can lead
to serious financial losses. According to Magalhaes [16], the non-
compliance of concretes results in significant economic losses, as
they may need project reassessment, extraction and testing of sam-
ples, strengthening and even demolition of the structure. The greater
the need for concretes with higher resistance, the greater will also be

the cost to repair the problems due to non-compliance of concrete.

In this regard, using as reference the full cost table provided by the
Secretary of Infrastructure of Ceara (SEINFRA), a cubic meter of
concrete with compressive strength 20 MPa costs R$302.52, while
concretes C25 and C30 cost R$309.11 and R$332.98, respectively
[18]. But the grout, widely used in structural strengthening, necessary
most of the times that the non-compliance of concrete is presented,
costs R $ 4,105.99/m3, including the costs of casting and curing [18].
Note also that most of the constructions evaluated in this study were
carried out with public funds, where the non-compliance of concretes
should not occur, under penalty of repaying the monetary losses to
the public treasury.

Therefore, a precise analysis on the factors and processes that lead
to the non-compliance of concretes in many civil constructions is the
first step to correct this problem. Achieving the specified standards
appears to be an important issue to be discussed by the civil con-
struction industry, since the damages outweigh the costs of pre-
ventive actions.

4. Conclusion

EE

This study evaluated the conditions of production and dosage of
concrete for structural purposes produced at construction sites. An
experimental analysis of some parameters for fresh and hardened
concrete, as consistency, modulus of elasticity and compressive
strength was performed, which allowed the authors inferring the
quality of the used structural concrete.

Based on the obtained results, it was verified the relevance of the
presence of a technician supervising the construction. In Angicos /
RN, where this study was focused, there was a clear improvement
in the properties of concretes produced on sites with professional
supervision. However, in some cases, adopted admixtures were
not sufficient to guarantee the minimum conditions of safety and
durability specified by the standard codes.

The results showed that in 70% of the studied sites the static
elasticity modulus showed values lower than 20 GPa. Table 8.1
from ABNT NBR 6118: 2014 [4] presents 25 GPa as the minimum
value for the modulus of elasticity and the equivalent compressive
strength of 20MPa. In this sense, only 10% of the assessed con-
structions would meet this standard, considering, of course, the
target for compressive strength as 20 MPa. It can also be observed
that the relationship between the dynamic and static modulus is
similar to the values suggested in the references [14].

Regarding the compressive strength of concrete, in 50% of the
constructions presented values below 20 MPa. It is worth noting
that only the constructions 1, 2, 3, 4 and 8 had a compressive
strength specified in the design, whereas the others had no struc-
tural design at all. Still, the constructions 1 and 3 did not meet
the 25 MPa designed strength, while the others met the minimum
specified strength, in the case of constructions 2 and 8 of 25 MPa,
and for the constructions 4 of 30 MPa. It is important to note that
some of the buildings were public and had federal management,
and theoretically should go through strict quality control.

In general, it was observed that the concrete mixes practiced in the
sites often do not satisfy the required workability and mechanical prop-
erties. There are mixes with excess or insufficient sand, gravel and / or
water, characterizing the absence of effective dosage methods.

The lack of quality of used materials as well as their inadequate
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storage can affect the outcome of the samples. In addition, the
absence of correction of the humidity for aggregates may have
caused water / cement ratio higher than intended. The lack of
knowledge of the professionals involved in the production process
also contributed significantly to changes in the quality of the ob-
tained concrete.

Thus, there is a clear need for public awareness on the issues ad-
dressed in this study; not only for the Potiguar Central Hinterland,
where this study was conducted, but in a broader way. Concrete is
widely used as construction material, with little or none monitoring
of its properties in most of the small constructions. And yet, this
awareness must reach especially the technical community that has
ignored a priori the risks for structural safety and durability of the
buildings by not following the regulatory requirements.
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Abstract

This paper aims to study the concrete dosage conditions for structural purposes in construction sitesl, and the impacts of non-compliance of struc-
tural concrete for structural safety, having as study case the city of Angicos / RN. Were analyzed the dynamic elasticity modulus, static elasticity
modulus and the compressive strength of concrete samples. Was conducted to collect the survey data, a field research aiming to gather infor-
mation about dosage of concrete used in the works, as well as the collection of cylindrical specimens of 150 mm diameter by 300 mm of height,
prepared according to practice of those professionals. The study indicated a clear necessity to reflection on the subject, since there is no concern,
or even, a lack of knowledge by the interviewed professionals regarding the care and procedures necessary for the production of concrete with
satisfactory quality, once at least 50% of evaluated construction sites presented compressive strength lower than 20 MPa, minimal strength to
structural concrete, as recommended by ABNT-NBR 6118:2014.

Keywords: concrete, mechanical properties, technological control, construction site.

Resumo
[

O presente trabalho tem como objetivo estudar as condi¢gdes de dosagem do concreto para fins estruturais, produzido em canteiros obras, as-
sim como avaliar a influéncia do controle tecnolégico nas propriedades mecéanicas do concreto e os impactos da ndo conformidade do concreto
estrutural para a seguranga estrutural, tomando como estudo de caso a cidade de Angicos/RN. Para tal foram analisadas propriedades como:
modulo de elasticidade dinamico, modulo de elasticidade estatico e resisténcia a compressao. Foi realizado, para coleta dos dados, pesquisa
de campo com intuito de coletar informagdes sobre a execugéo do concreto empregado nas obras, assim como a moldagem de corpos de prova
cilindricos de 150 mm de diametro por 300 mm de altura, obtidos de misturas dosadas conforme a pratica dos profissionais ali presentes. O
estudo indicou a evidente necessidade de reflexdo sobre o tema exposto, visto que ndo ha preocupacao, ou ainda, falta conhecimento por parte
dos profissionais em relagéo aos cuidados e procedimentos necessarios para produgéo de concretos com qualidade satisfatéria, dado que, pelo
menos, 50% das obras avaliadas apresentaram resisténcias a compressao inferiores a 20 MPa, resisténcia minima para concretos estruturais,
conforme preconiza a ABNT-NBR 6118:2014.

Palavras-chave: concreto, propriedades mecanicas, controle tecnoldgico, canteiro de obra.
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1. Introducgao

EE

O vasto uso do concreto como material de construgéo imputa ao
meio técnico a preocupagdo em relagdo a sua qualidade, sendo
esta caracterizada quando algumas propriedades predefinidas,
como por exemplo, o médulo de elasticidade, resisténcia a com-
pressao, trabalhabilidade, atendem aos requisitos de desempe-
nho e seguranga estrutural impostos nas normas vigentes. No
entanto, muitos fatores podem interferir no nivel de qualidade e
consequentemente em suas propriedades, visto que seu compor-
tamento esta diretamente associado a dosagem, tipo de material
utilizado e ao processo de produgao.

A escolha dos materiais componentes do concreto € o principio da
busca por concretos com caracteristicas especificas que resulte
no desempenho desejado, é necessario que esses materiais se-
jam armazenados de forma que ndo haja contaminagao. O passo
posterior € a dosagem do concreto, por meio do qual € obtida a
proporgao ideal entre os componentes [14].

A NBR 12655: 2006 [5] especifica os procedimentos para preparo,
controle e recebimento do concreto de cimento Portland, estabe-
lecendo dois tipos de dosagem: dosagem empirica e dosagem
racional e experimental. No primeiro modo de dosagem, o trago
pode ser estabelecido empiricamente para o concreto da classe
C10, com consumo minimo de cimento 300 kg/m?3.

No que tange a dosagem racional e experimental, esta é realizada
para composigao de concreto de classe C15 ou superior, sendo o
estudo de dosagem realizado com os mesmos materiais e em condi-
¢Oes andlogas a obra, com base nas prescrigdes do projeto e condi-
¢oes de execugao, devendo ainda, o calculo da dosagem ser refeito
cada vez que houver mudanga de marca, tipo ou classe do cimento,
na procedéncia e qualidade dos agregados e demais materiais.

A NBR 12655: 2006 [5] além de determinar condigdes para o pre-
paro da mistura e verificagdes para recebimento do concreto, es-
tabelece as responsabilidades dos profissionais envolvidos com o
desempenho final do material, assim como fornece os critérios de
aceitagao do concreto tanto produzido na obra quanto em central.
Esses critérios estdo relacionados aos ensaios de consisténcia e
resisténcia a compressao ou outros ensaios especificos caso seja
necessario, de modo que seja verificado o grau de satisfagdo do
concreto em relagdo ao seu desempenho e durabilidade frente as
condigdes de exposigao da estrutura.

No entanto, diferente do que ocorre nas obras de grande porte, que
geralmente realizam acompanhamento tecnologico do concreto e
dos aspectos da produgdo desde a escolha dos materiais consti-
tuintes até aos processos de cura e desformas, as obras de peque-
no e médio porte, na maiora das vezes, negligénciam as especifi-
cacdes normativas referentes ao controle tecnoldgico do concreto,
inclusive com a conivéncia dos responsaveis por esta [12].

Em pesquisa realizada no ano de 2008 em obras de pequeno e mé-
dio porte, sob os procedimentos utilizados na produgao dos concre-
tos na regiao do Centro-Sul de Sergipe, Gomes Neto et al. [12] relata
que os resultados obtidos foram bastantes negativos. Visto que, ape-
sar de nao ser esperado que as obras do interior do Estado obtives-
sem configuragéo do controle tecnolégico semelhante as obras de
maior porte situadas na capital, imaginava-se que houvesse cuidados
basicos, como o controle da adi¢gdo da agua de amassamento e con-
firmac&o da resisténcia a compressao aos 28 dias, visto que as obras
possuiam acompanhamento de profissionais qualificados.

Matta et al. [15], também em pesquisa realizada, intitulada: “Es-
tudo comparativo do desempenho técnico e financeiro entre os
concretos preparados na usina € na obra”, destaca que os resul-
tados obtidos indicaram que ha grande influéncia do desempenho
humano sobre as caracteristicas do concreto, principalmente se
nao forem tomados os cuidados no preparo e controle.

1.1 Objetivos

Diante disso, o presente trabalho tem como objetivo principal es-
tudar as condigbes de confecgdo do concreto utilizado com fina-
lidade estrutural produzido em canteiros de obras de pequeno e
meédio porte, objetivando avaliar a influéncia do controle tecnologi-
co nas propriedades mecanicas do concreto e discutir com a lite-
ratura técnica sobre os impactos da nao conformidade do concreto
estrutural para a seguranga estrutural. Ainda é objetivo, alertar a
comunidade instalada no entorno da Universidade Federal Rural
do Semiarido Campus Angicos (UFERSA — Angicos), acerca dos
riscos associados a ma gestao tecnolégica do concreto.

Para tanto, propde-se atingir os objetivos propostos por meio da
avaliagdo experimental do modulo de elasticidade dinamico, do
modulo de elasticidade estatico e da resisténcia a compresséao,
bem como pela divulgagéo dos resultados encontrados.

2. Materiais e programa experimental
———

O programa experimental que sera apresentado nos itens seguin-
tes do presente estudo é resultado da pesquisa desenvolvida no
periodo de conclusdo do curso de Bacharelado em Engenharia
Civil da aluna Rosane Rayanne Jota Ribeiro, da Universidade
Federal Rural do Semiarido, Campus Angicos. Também bolsista
voluntaria do Projeto intitulado Resposta Acustica: Uma alternativa
para o controle tecnolégico do concreto, da argamassa e da cera-
mica da cidade de Angicos e Regiéo.

2.1 Caracterizagao da area de estudo

As obras estudadas estdo localizadas no Municipio de Angicos/
RN, localizado no Sertdo Central Potiguar, com area de 741,65
km? e populagéo estimada de 11.549 habitantes [13]. A pesquisa
foi desenvolvida no periodo que compreende os meses de abril a
julho do ano de 2014.

2.2 Selegao das obras

Foram selecionadas 10 obras, dentre edificagbes residenciais, co-

merciais e publicas. Estas foram catalogadas e em seguida apli-

cado o formulario para obtengéo de informagdes necessarias ao

estudo. As questdes abordadas no formulario foram:

i. Quem é o proprietario da construgéo?

ii. De que se trata a construcao e qual o prazo de entrega?

iii. Aobratem um responsavel técnico? Caso tenha, de que forma
ele acompanha a construgao?

iv. Qual a finalidade (s) e trago (s) do concreto utilizado na obra?

v. Quem e de que forma foi determinado (s) o (s) trago (s)?

vi. E realizado algum controle tecnolégico do concreto?

vii. O concreto é produzido na obra?

viii. Qual o tipo de aglomerante, areia e brita utilizado na produgéo
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Figura 1 - a) Ensaio para obtencdo do médulo dindmico longitudinal,
b) Ensaio para obtencdo do médulo dindmico flexional

Posigao do impacto

do concreto? Em qual jazida foram adquiridas a areia e brita?

ix. A mistura do concreto € manual ou mecanica? Como se da o
processo de mistura dos componentes do concreto?

Xx. Como é realizado o armazenamento dos materiais constituin-
tes do concreto (aglomerante, areia, brita e agua)?

xi. Quais sdo as dimensdes das padiolas de areia e brita?

xii. Alguma vez o concreto apresentou algum tipo de anomalia?
Caso sim, o que motivou tal anomalia?

2.3 Procedimento de coleta dos corpos de prova

Foram coletados 6 (seis) corpos de prova cilindricos com dimen-
sdes 150 mm de didametro por 300 mm de altura, para cada obra
avaliada, totalizando uma amostra de 60 corpos de prova. A coleta
ocorreu de acordo com a NBR 5738: 2008 [1], sendo sempre rea-
lizada pela mesma pessoa.

2.4 Ensaio de abatimento de tronco de cone
(Slump Teste)

Em cada obra participante da pesquisa, verificou-se o abatimento
do concreto por meio do ensaio popularmente conhecido como
Slump Test. Os procedimentos realizados ocorreram como regu-
lamenta a NBR NM 67: 1998 [6] que conduz os procedimentos
necessarios para a determinagdo da consisténcia através do aba-
timento do tronco de cone (Slump Test).

2.5 Ensaio para determinagdo do médulo
de elasticidade dindmico

Foram ensaiados todos os corpos de prova coletados, 6
(seis) para cada obra avaliada, utilizando para isso o softwa-
re Sonelastic®. O Sonelastic® determina os modulos elasticos e

Tabela 1 - Edificacbes com acompanhamento técnico
1 Bloco de salas de profgssores 02 Diariamente
da UFERSA - Angicos

2 Laboratério da Engenharia Civil da UFERSA - Angicos Diariamente

3 Restaurante Universitdrio da UFERSA - Angicos Diariamente

4 Restaurante e Pousada Duas vezes por semana
5 Comercio e Casa Ndo hé

6 Casa N&o hé

7 Padaria Duas vezes por semana
8 Residéncia Universitaria da UFERSA - Angicos Diariamente

9 Casa Mensalmente

10 Posto de Satde Municipal Duas vezes por semana
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amortecimento a partir das frequéncias naturais de vibragao, obti-
das pela técnica de excitagdo por impulso. Este ensaio foi realiza-
do conforme as recomendagdes da ASTM C215: 2008 [7].

Na técnica de excitagdo por impulso, para se obter a resposta
acustica o corpo de prova é suportado por fios nos pontos nodais,
no sentido de vibragdo de interesse e recebe uma leve pancada
que o induz a uma resposta acustica. Essa resposta € composta
por uma ou mais frequéncias naturais de vibragéo, a partir das
quais é calculado o modulo de elasticidade [10]. A Figura [1] de-
monstra a execugao do ensaio.

Cabe ressaltar, que o referido ensaio foi escolhido preferencial-
mente, por trata-se de ferramenta ja disponivel no Campus da
UFERSA - Angicos, ainda em implantagdo, adquirido por meio
peio de um auxilio a pesquisa do CNPq (n° 409952/2013-3) e por
se tratar de um tipo de ensaio relativamente de baixo custo, quan-
do comparado aos convencionais.

2.6 Ensaio para determinacdao do modulo
de elasticidade estatico

Apos realizagdo dos ensaios nado destrutivos para determinagéo
dos médulos de elasticidade dindmicos, 3 (trés) corpos de prova
do lote de 6 (seis) coletados em cada obra, foram transportados ao
Laboratério de Materiais de Construgao da Universidade Federal
do Rio Grande do Norte (UFRN), onde foi efetuado o processo de
capeamento com enxofre com posterior realizagdo dos ensaios de
modulo de elasticidade estatico e resisténcia a compressao. Resal-
ta-se, que os demais corpos de prova foram preservados desses
ensaios, uma vez que é de interesse utiliza-los em pesquisas futu-
ras, como por exemplo, aspectos relacionados a durabilidade.

O ensaio realizado para determinar os médulos de elasticidade
estatico do concreto foi executado mediante o estabelecido na
NBR 8522: 2008 [3] utilizando a metodoldgia A, sendo utilizado 2
(dois) corpos de prova dos 3 (trés) separados para esse fim, pois 1
(um) dos corpos de prova serviu para a estimativa inicial da resis-

téncia a compressao, objetivando ndo danificar os extésometros
do tipo clip-gage, em virtude de uma ruptura inesperada do corpo
de prova.

2.7 Ensaio para determinagéao da resisténcia
a compressao

A resisténcia a compressao do concreto foi determinada pelo en-
saio de compresséao axial de corpos de prova cilindricos, de acor-
do com as exigéncias requeridas pela NBR 5739: 2007 [2]. Nesse
ensaio 30 (trinta) corpos de prova, sendo 3 (trés) de cada obra,
foram submetidos a compressao axial na prensa servo-hidraulica,
EMIC DL-30000 com capacidade de carga de 300kN.

3. Resultados e discussoes
[

3.1 Aplicagéo do formulario

As 10 obras que fizeram parte da pesquisa apresentaram grande
diversidade de fungao, variando de restaurante universitario, la-
boratério a residéncia unifamiliar, como mostra a Tabela [1]. Esta
diversidade é resultado do crescente desenvolvimento por qual a
cidade vem passando desde o ano de 2009, apds ter se tornado
polo universitario federal.

As obras que antes se limitavam a residéncias e poucos pontos
comerciais passaram a ter outra finalidade, com intuito de suprir as
necessidades por infraestrutura da prépria universidade e da nova
comunidade Angicana.

Tal fato influenciou uma nova cultura nos processos construti-
vos, a comegar pela implantagao de um responsavel técnico para
acompanhamento da obra. Embora esta pratica ndo ocorra na to-
talidade dos casos, nem todos os dias, é possivel observar um
avancgo nesta diregao e uma tendéncia crescente de implantagao
desta pratica. Essa tendéncia é verossimil quando se observa que
ha um polo gerador de mao de obra qualificada na cidade.

Tabela 2 - Tracos adotados e aplicabilidade do concreto
T
a/c? (em massa) P o fraco
1 1:2,80:4,40:0,56 Confratante N&o sabe informar Fundagdo, pilar e viga
2 1:2,90:3,64:0,56 Contratante N&o sabe informar Fundacado, pilar e viga
3 1:2,73:5,24:0,61 Engenheiro Planina iié:c?lculo de Fundag¢ado, pilar e viga
4 1:2,17:2,37:0,56 Engenheiro Ndo sabe informar FU”dOQS;VIZilrgr, viga e
5 1.4,35:4,75:1,08 Pedreiro Experiéncia Pilar, viga e laje
6 1:4,35:4,75: 1,44 Servente e pedreiro Experiéncia Pilar e viga
7 1:4,35:4,75:0,80 Engenheiro N&o sabe informar Fundagdo, pilar e viga
8 1:.3,92:4,28:0,72 Mestre de Obra Experiéncia Sapata
9 1:4,35:1,58:1,08 Engenheiro Na&o sabe informar Pilar e viga
10 1:4,35:237:1 Engenheiro N&o sabe informar Pilar
* Agregados middo e graddo respectivamente; 2 Relagdo dgua/cimento.

T30
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Analisando o panorama nacional acerca da geragcao de mao de
obra de engenharia, segundo estimativas do Conselho Federal de
Engenharia e Agronomia (Confea) [8], o Brasil tem um déficit de 20
mil engenheiros por ano. Nesse sentido, o0 acesso a esses profisi-
sonais nas localidades distantes dos grandes centros urbanos, se
torna dificil e muitas vezes caro (ou quase inacessivel).

Quando comparamos, por exemplo, a renda per capita da cidade
de Angicos/RN, R$334,85, com a renda per capita da capital do
Estado, Natal/RN, R$ 921,29, segundo dados do DATASUS [13],
observamos que este € um fator determinante para o acesso ao
servigo técnico especializado.

Na Tabela [1] observa-se que o acompanhamento do responsavel
técnico varia com o porte e carater da obra. Nas obras publicas 1,
2, 3 e 8, consideradas de maior porte em relagdo as demais, foi
verificada a presencga diaria de profissional habilitado, enquanto
nas obras comerciais 4 e 7, assim como na obra do posto de muni-
cipal de saude, obra 10, acontecem apenas dois dias na semana.
Ja nas obras 5 e 6, considerada de menor porte, ndo ha profissio-
nal técnico e o proprio pedreiro é “responsavel” pela construgao.

Como se pode observar na Tabela [2], apesar de ndo haver res-
ponsavel técnico somente nas obras 5 e 6, somente os tragos do
concreto praticados nas obras 1, 2, 3 e 4 nao infringiam o limite
maximo de 0,65 para a relagéo agua/cimento, conforme estabe-
lecido na NBR 6118:2014 [4]. Verifica-se que na obra 6, a rela-
¢ao agua/cimento utilizada é, cerca de 122% superior ao limite
estabelecido pela Norma. As dosagens adotadas foram distintas
em todas as situagdes, todavia, nas construgdes 5, 6 e 7 o Unico
parametro diferenciado é a proporg¢ao de agua utilizada.

A Tabela [2] também mostra que em trés obras os tragos foram
definidos por: pedreiro (obra 5), pedreiro e servente (obra 6) e
mestre de obra (obra 8), com base na experiéncia, contudo, cabe
ressaltar que esta ultima possuia responsavel técnico diariamen-
te. Na obra 3, diferentemente da obra 8, o Engenheiro responsavel
determinou a dosagem do concreto fazendo uso de uma planilha
de calculo de trago.

Nos demais casos os tracos foram determinados por Engenheiro, no
entanto, as pessoas que responderam o formulario ndo souberam
informar qual a metodologia utilizada para a determinagéo dos tragos.

Figura 2 - Disposicdo dos materiais: a) e c) Materiais dispostos em meio & vegetagdo,
b) Depésito para estocagem de cimento, d) Tambor utilizado para armazenar dgua

Depdsito
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N

Figura 3 - Disposi¢cdo dos materiais: a) e d) Reservatérios de dgua, b) Materiais
armazenado em via publica e proximo a entulho, ¢) Armazenamento da areia

Cabe destacar, que as pessoas que forneceram as informagdes
eram representantes das empresas/pessoas contratadas para
executar as obras, todavia, em alguns casos esses representantes
eram “responsaveis interinos” (almoxarifes, estagiarios, pedreiros,
etc.), isto &, lideravam a obra na auséncia do membro hierarquico
superior, ja que em nem todas havia a presenga de engenheiro
responsavel. Propositadamente n&o se restringiu o preenchimento
do formulario a engenheiros ou proprietarios de maneira a avaliar
como de fato acontecia a dosagem.

E de consenso que a forma mais confiavel de estabelecer um trago
é utilizando os métodos de dosagem ja consagrados na literatura,
determinado com base nas propriedades dos materiais, na resis-
téncia a compressao do concreto e na trabalhabilidade desejada.
Ao final deve-se verificar por meio de ensaio se as caracteristicas
do concreto predeterminadas foram atendidas.

Os agregados utilizados na produgao do concreto ndo eram ar-
mazenados de acordo com as recomendagdes da NBR 12655:
2006 [5], ficando vulneravel a contaminagdo, como mostra as
Figuras [2] e [3]. Geralmente, o cimento era disposto em depdsi-

tos na obra ou vizinhanga. A agua utilizada era retida em tanques
ou tambores.

A areia predominantemente usada foi grossa e média, enquanto
0 agregado graudo consistiu em brita granitica de numeragoes 0,
1 e 2. O mecanismo de medida dos materiais granulares foram
carro de mao, padiolas e até mesmo lata. J&, para a quantidade
de agua o instrumento usado foi o balde ndo graduado, com ex-
cegao da obra 9 onde a adi¢gdo da agua ocorreu com mangueira,
percebe-se, portanto, o completo descontrole sobre o volume de
agua adicionado na mistura. Para homogeneizagédo do concreto
foi utilizado tanto o processo manual como mecéanico. A Tabela [3]
descreve detalhadamente os materiais e instrumentos emprega-
dos para produgéao do concreto.

Quando questionados se o concreto havia apresentado alguma
irregularidade, de imediato todos responderam que n&o. No entan-
to, a Figura [4] comprova que 10%, isto €, apenas uma obra (obra
3) havia realizado o controle tecnolégico do concreto, até o mo-
mento, o que implica em dizer que nas demais obras n&do se sabe
de fato as reais propriedades mecanicas do concreto utilizado.
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Areia Brita granitica
1 Grossa Lavada Ne 1
2 Grossa Lavada Ne° 1
3 Média lavada Ne 1
4 Grossa N° 1
5 Média Ne 1
6 Grossa N° O
7 Grossa Ne 1
8 Média Ne 1
9 Grossa N° O
10 Grossa N° 2

Tabela 3 - Materiais e instrumentos usados para produ¢do do concreto

Instrumento de
medidas dos
materiais

Homogeneizagédo

do concreto

CP IV-32 RS Mecdanica Padiola e balde
CP IV-32 RS Mecdanica Padiola e balde
CP IV-32 RS Mecénica Padiola e balde
CPIIZ-32RS Mecdanica Lata
CP IV-32 RS Manual carro de mao
e balde
CP IV-32 RS Manual carro de mao
e balde
CPIV-32RS Mecanica carro de mao
e balde
CPII-32 RS Mecdanica Padiola e balde
CPIIZ-32RS Manudl carro de mao
e balde
CPIl-32RS Manudl carro de mao

e balde

3.2 Slump test

O primeiro parametro analisado foi o abatimento do concreto (Fi-
gura [5]). Observa-se que 50% das construgdes preferiam con-
creto de consisténcia “um pouco seca”, sendo o menor valor de
abatimento, 35 mm, apresentados nas obras 1, 2 e 4. Os restantes
optaram por uma consisténcia mais plastica em busca de maior
trabalhabilidade, requerendo assim, maior quantidade de agua
uma vez que em nenhuma obra foi utilizado aditivo.

Apesar das obras 5 e 6 utilizarem as mesmas propor¢des de agre-
gados, tiveram pequena diferengca de abatimento, porém, consi-
deravel divergéncia em relagéo a quantidade de agua. Além disto,
como sera demonstrado a seguir a resisténcia a compressao dos

Figura 4 - Construcoes que realizam
ou ndo o controle tecnolégico
do concreto

Realiza
10%

Nao sabe informar
10%

Ainda vai
realizar
30%

[\ E:To)
realiza
50%

corpos de prova moldados na obra 7 foram 33% inferior os da
obra 6, que também apresentou a mesma relagédo de materiais
secos. Cabe notar que em varias ocasides, se observou que o
balde néo era totalmente cheio durante a adicdo da agua, o que
tornar ainda mais imprecisa a informacéao referente ao volume de
agua utilizado.

A obra 7 obteve o maior abatimento seguida da obra 10, contudo,
essa Ultima utilizou 10 litros de agua a mais e uma proporgéo de
agregado graudo menor. Acredita-se que a quantidade de agua
utilizada na obra 7 foi bem maior que a informada, tendo em vista
a contrariedade dos dados apresentados.

Tabela 4 - Médulo de elasticidade estatico
proveniente do ensaio

Obra £ (GPa)

1 18,95 0,97
2 20,9 0,15
3 17,95 0,18
4 25,5 1,34
5 15,65 0,05
6 18,9 1,67
7 16,1 0,006
8 23,65 0,19
9 15,85 0,32
10 14,75 2,88

"Maédulo de elasticidade estatico obtido no ensaio; 2 Desvio padrdo.
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Figura 5 - Abatimento do concreto e relacdo dgua/cimento

W Abatimento do Concreto (mm) ™ Quantidade de Agua (litros)

250

205

OBRA 1 OBRA 20BRA 3 OBRA 4 OBRA 5 OBRA 6 OBRA 7OBRA 8OBRA 9 OBRA
10

3.3 Moddulo de elasticidade dindmico

Na Figura [6] sdo apresentadas as médias dos resultados obtidos
para o médulo elastico dinamico. Como esperado, os médulos di-
namicos longitudinais foram superiores aos flexionais visto que o
concreto possui maior rigidez a compressao que a flexao.

O concreto das obras 7, 9 e 10 s&o os que possuem menores modu-
los, enquanto os das obras 2, 4, 6 e 8 representam os maiores. Quan-
to maior a relagédo agua/cimento do concreto menor foi os moédulos de
elasticidade obtidos. Observa-se nas obras 6 e 9, que adotaram os
mesmos tipos de agregados e dosagens semelhantes, diferenciando
somente a proporgéo de brita e agua, obtiveram valores dos médulos
de elasticidade dindmico com diferenga de mais 4,7 GPa.

Figura 6 - Média dos médulos de elasticidade dindmico obtidos a partir
das frequéncias naturais de vibracdo longitudinal e flexional

m Modulo de Elasticidade Longitudinal (GPa)

40,00

= Mabdulo de Elasticidade Flexional (GPa)

33,89
32,36
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Tabela 5 - Diferenca entre os médulos
din@micos longitudinais e os médulos
de elasticidade estaticos

e Diferenca
BN
1 29,4 7.90
2 33,5 10,53
3 30,7 7,96
4 24,8 8,39
5 36,1 8,85
6 32,0 8,89
7 28,5 6,41
8 26,4 8,50
9 28,8 6.42
10 33,0 7.28

Os mddulos dinamicos de valores mais expressivos, possivelmen-
te, implicardo em modulos estaticos maiores, e consequentemen-
te em concretos com maior capacidade de suportar cargas sem
sofre deformagbes permanentes.

3.4 Moddulo de elasticidade estatico

Na Tabela [4] sao apresentadas as médias dos resultados obtidos
para os modulos de elasticidade estaticos. Dentre as 10 obras ape-
nas as 2, 4, 8 obtiveram mddulos estaticos maiores que 20 GPa.

A NBR 6118:2014 [4] informa que a deformagéo elastica do con-
creto depende da composigao do trago do concreto e natureza dos
agregados. Isso é evidenciado através dos resultados da Tabela
[4], uma vez que as obras que apresentaram os menores modulos

Figura 7 - Adicdo incorreta
de Ggua ao concreto

estaticos (obras 10, 5, 9, 7, 3, 6, 1 respectivamente) utilizaram
dosagens com relagbes agua/cimento mais elevados e com as
maiores propor¢des de agregados.

Adotar grandes relagbes de agregados na composi¢do do trago
originara concretos de consisténcia mais seca, requerendo a ne-
cessidade de adicionar agua a mistura para se adquirir melhor
trabalhabilidade, o que implicara uma diminuicdo no modulo de
elasticidade e resisténcia.

O moédulo dindmico corresponde aproximadamente ao maédulo
tangente inicial, em geral, é 20, 30 e 40% superior ao modulo de
elasticidade estatico para concretos de alta, média e baixa resis-
téncia, respectivamente [14]. No entanto, os autores nao indicam
a qual médulo estatico de deformacao essa relagdo esta associa-
da. A titulo de comparagao, Tabela [5] apresenta a diferenga entre
os modulos de elasticidade dindmicos oriundos das frequéncias
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9
10

* Média do médulo dindmico longitudinal.

Resisténcia a
compressdo (MPa)

Tabela 6 - Resisténcia d compressdo do concreto

23,46 5,45 26,85 0,56
29,32 0.47 31.43 0,56
19,44 5,08 25,91 0,61
44,48 0,94 33,89 0,56
17,42 0,83 23,83 1,08
24,76 2,63 27,79 1.44
18,6 0,16 22,51 0,80
25,31 1,50 32,15 0,72
16,45 1,33 22,27 1,08
14,48 1,66 22,03 1
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de vibragédo longitudinais e médulos estaticos. Como pode ser ob-
servado, os valores assemelham-se aos sugeridos na bibliografia.

3.5 Resisténcia a compressao

Os valores da resisténcia a compressao obtidas no ensaio des-
crito no item 2.7 séo apresentados na Tabela [6]. Os resultados
variaram de 14,48 MPa (obra 10) a 44,48 MPa (obra 4).

Nota-se que os concretos de resisténcia a compressdo mais ele-
vadas foram aqueles concernentes as obras de médio porte, cujos
modulos dindmicos alcangaram valores mais altos, entretanto,
nao se pode dizer o mesmo em relagao as de pequeno porte.

As obras 4, 2, 8, 6 e 1 respectivamente, obtiveram os maiores
valores de resisténcia, enquanto as outras sequer alcangaram o
valor minimo de 20 MPa imposto na NBR 6118: 2014 [4]. Conve-
nientemente, as obras com concreto de resisténcia satisfatérias
sdo as que tém acompanhamento diario ou semanal de um res-
ponsavel técnico, com excegdo da obra 6.

Analisando a relagao agua/cimento (a/c) como um dos parametros
influentes na qualidade do concreto, percebe-se que as obras com
concreto de menor resisténcia a compressao (obras 5, 7, 9 e 10)
utilizaram maior proporgéo de agua. Na obra 9, a relagéo a/c pode
ser bem maior do que a informada, pois em determinados mo-
mentos nao havia nenhum tipo de controle da quantidade de agua
adicionada a mistura, como é observado na Figura [7].

Ja a obra 6, apesar de ter a maior relagéao a/c informada, a mesma
obteve resultado bastante expressivo no que se refere a resistén-
cia do concreto a compressao. Ressalta-se que uma das premis-
sas do estudo era a néo interferéncia do pesquisador no momento
do procedimento de mistura/dosagem, eventualmente podem ter
acontecido alteragbes no tragco — um acréscimo da quantidade
de cimento — por parte dos entrevistados, o que poderia justificar
essa variagao.

3.6 Uma breve discussao sobre o 6nus da
auséncia de controle técnolégico do concreto

Conforme observado nos itens anteriores, notadamente foi ob-
servado um relevante “descontrole” tecnoldgico do concreto na
maioria das obras avaliadas. Nesse sentido, dentro dos objetivos
estabelecidos no item 1.1, foi objeto desse estudo o alerta a comu-
nidade instalada no entorno da universidade sobre a problematica
associada aos concretos ndo conformes. Para tanto fora estabele-
cido dois eixos principais discussao:

|. Sobre a seguranga estrutural

E sabido que a ndo conformidade do concreto pode ocasionar
varios problemas, principalmente, de cunho estrutural, uma vez
que a resisténcia a compressado e o modulo de elasticidade séo
parametros primordiais adotados no projeto estrutural para esta-
belecimento da seguranca.

Santiago [17] em seu estudo sobre a ndo conformidade de concre-
tos produzidos no Brasil e sua influéncia na confiabilidade estru-
tural, relata que dentre os elementos estruturais os pilares curtos
submetidos a compresséao centrada sdo os mais dependentes da
resisténcia a compressao do concreto. O autor [17] ainda relata
que a pesquisa aponta uma reducao significativa da confiabilidade

dos pilares curtos em fungao da ndo conformidade dos concretos.
A reducéo da confiabilidade da estrutura ou dos elementos es-
truturais gerada pela baixa resisténcia a compressao € algo que
precisar ser analisado de imediato pelo profissional técnico, de
forma a evitar riscos a integridade fisica e psicologica das pesso-
as em torno da obra ou até mesmo da edificagdo concluida, uma
vez que a nado conformidade do concreto coloca em questéo a
seguranga estrutural.

Cunha et a. [9], em seu trabalho sobre acidentes estruturais na
construgado civil, apresenta as causas do desabamento de um
prédio de 4 (quatro) pavimentos em Volta Redonda/RJ, que oca-
sionou a morte de 8 (oito) pessoas e deixou 24 ( vinte e quatro)
feridos. Entre os motivos que ocasionaram a queda da edifica-
¢ao estava a baixa resisténcia do concreto, gerada, possivelmen-
te, pela utilizagado de trago incorreto, falta de vibragédo e cura do
concreto. Este fato reitera mais uma vez a necessidade de maior
preocupagao, controle e fiscalizagdo em relagdo a utilizagao de
concretos desconformes.

Il. Sobre o impacto financeiro na construcao

Se por um lado a utilizagao de concretos em desconformidades
pode gerar instabilidades na estrutura ao ponto de provocar aci-
dentes, por outro pode levar a sérios prejuizos financeiros. De
acordo com Magalh&es [16], o concreto ndo conforme resulta em
perdas econdmicas relevantes, visto que pode haver necessida-
de de reavaliagdo de projeto, extracdo e ensaio de testemunhos,
reforgos e até mesmo a demoligdo da estrutura. Quanto maior a
necessidade de concretos com resisténcias mais elevadas, maior
também podera ser o custo empregado para reparar problemas
devido a ndo conformidade do concreto.

Sobre este aspecto, a titulo de comparagédo, tomando por referén-
cia a tabela de custo ndo desonerada fornecida pela Secretaria da
Infraestrutura do Estado do Ceara (SEINFRA), a produgédo do metro
cubico de concreto com resisténcia de 20 MPa custa R$ 302,52,
ao passo que concretos de classe C25 e C30 custam R$ 309,11 e
R$ 332,98, respectivamente [18]. Ja o grout, largamente usado em
reforgo de estrutural, necessario na maioria das vezes que a nao
conformidade do concreto se apresenta, esta custando R$ 4.105,99
incluindo os custos com langamento e cura [18]. Cabe ressaltar ain-
da, que a maioria das obras avaliadas no presente estudo foram
realizadas com recursos publicos, e que a ndo conformidade do
concreto nao deveria acontecer, sob pena dos responsaveis resti-
tuirem ao erario publico as perdas monetarias oriundas de tal fato.
Portanto, analisar de forma precisa os fatores e processos que
levam a ndo conformidade no atendimento aos parametros espe-
cificados em normas e projetos, surge como importante questéo a
ser discutida no ambito da construcgéo civil, uma vez que os danos
superam os custos de agbes preventivas.

4. Conclusoes

EE

Este trabalho avaliou as condigbes de producdo e dosagem do
concreto para fins estruturais produzido nos canteiros de obras,
por meio da analise de parametros do concreto fresco e endu-
recido, como: abatimento do concreto, médulo de elasticidade e
resisténcia a compressao, o que possibilitou inferir sobre o nivel
de qualidade do concreto estrutural.
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Com base no estudo realizado, verificou-se a relevancia da pre-
senca de um profissional técnico na obra. Em Angicos/RN, onde
se concentrou o estudo, tal fato € comprovado pelos experimen-
tos, que apontam melhorias nas propriedades dos concretos pro-
duzidos nas constru¢des que possuiam acompanhamento profis-
sional. Contudo, em alguns casos os tragos adotados nao foram
suficientes para garantir condigdes minimas de seguranga e dura-
bilidade especificadas em norma.

Os resultados mostraram que em 70% das obras, os médulos de
elasticidades estaticos apresentaram valores inferiores a 20 GPa.
No entanto, a tabela 8.1 da ABNT-NBR 6118:2014 [4], tem como
valor minimo 25 GPa para o médulo de elasticidade a ser especi-
ficado em projeto, o que equivale a resisténcia de 20MPa. Nesse
sentido, apenas 10% das obras avaliadas atenderiam a referida
norma, se € claro, a resisténcia a compressao caracteristica es-
pecificada fosse de 20 MPa. Pode-se observar também, que a
relagcao entre os moédulos dinamico e estatico assemelhou-se com
os valores sugeridos nas bibliografias [14].

Em relacgéo a resisténcia a compressao do concreto, em 50% das
obras obtive-se valores abaixo de 20 MPa. Vale destacar, que s6
as obras 1, 2, 3, 4 e 8 tinham resisténcia de projeto especificada,
visto que nas outras nao havia projeto estrutural. Ainda assim, as
obras 1 e 3 ndo atenderam a resisténcia de projeto de 25 MPa,
enquanto as demais satisfizeram a resisténcia minima de projeto,
no caso das obras 2 e 8, de 25 MPa, e na obra 4 de 30 MPa. E
importante notar que algumas das obras tinham gestédo publica
e federal, e, teoricamente deveriam passar por rigoroso controle
de qualidade.

De forma geral, observou-se que as dosagens do concreto prati-
cadas nas obras, muitas vezes nao colaboram para que se tenha
trabalhabilidade e propriedades mecanicas satisfatérias. Haven-
do tragos com excesso ou insuficiéncia de areia, brita e/ou agua,
ou seja, a desproporcionalidade dos componentes, caracterizada
pela auséncia de métodos de dosagens eficazes.

Além disso, a qualidade dos materiais utilizados, bem como seu
armazenamento, sdo fatores que podem influenciar no resultado
da amostra, assim como, a ndo corregéo da umidade dos agrega-
dos pode ter acarretado numa maior relagéo agua/cimento. A falta
de conhecimento dos profissionais envolvidos no processo de pro-
dugao, também contribuiu significativamente para alteragdes na
qualidade do concreto.

Assim, acredita-se ser evidente a necessidade de sensibilizagao
da populagdo de uma maneira mais ampla quanto as questdes
abordadas no estudo, ndo s6 do Sertdo Central Potiguar onde o
estudo foi realizado, visto que o concreto € um material de cons-
trucédo largamente utilizado, com pouco ou nenhum monitoramen-
to de suas propriedades na maioria das obras de pequeno porte. E
ainda, que se inclua no espectro de sensibilizagdo a comunidade
técnica, especialmente, que a priori tem ignorado os riscos a se-
guranga estrutural e a durabilidade das edificagdes que podem
existir em virtude do ndo atendimento das exigéncias normativas.
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Abstract

A few international standards regulate the use of the high strength concrete, which may not be adopted generally without consideration of the dif-
ferences that can be among the materials in different countries. This paper presents the results of an experimental study consisting of pull out tests
of Brazilian steel, with five different concrete strengths, 20, 40, 60, 80 and 100 MPa, and three different steel bar diameters, 16.0, 20.0 and 25.0
mm. The experimental results for the bond stress vs. slipping relationship were compared with the provisions of the CEB and with some theoretical
formulations found in literature. One statistical analysis is made and equations for predicting the bond stress were derived.

Keywords: reinforced concrete, bond, normal strength concrete, high strength concrete.

Resumo
E———

Algumas normas estrangeiras regulamentam o uso do concreto de alto desempenho, as quais ndo podem ser adotadas nacionalmente sem con-
siderar as diferengas que possam existir entre os materiais. Este artigo avalia o comportamento da aderéncia ago-concreto através do ensaio de
arrancamento (Pull out test) para as barras de ago de fabricagéo nacional de segéo circular: 16,0; 20,0 e 25,0 mm e cinco classes de resisténcia a
compresséao do concreto, a saber: 20, 40, 60, 80 e 100 MPa. Os resultados experimentais obtidos no estudo da relagdo entre tensdo de aderéncia
e deslizamento foram comparados com as prescrigdes do CEB e com algumas formulagdes tedricas encontradas na literatura. E, finalmente,
efetuou-se uma analise estatistica a fim de se estabelecer equagdes adequadas ao calculo da tensdo de aderéncia.
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The bond stress x slipping relationship

1. Introduction

EE

The bond stress can be defined as being the strength of the ad-

hesion between two bonded surfaces, being in this case the rela-

tionship between the strength of the reinforced concrete and the
surface of the reinforced bond applied to the concrete. At first sight,
this relationship seems quite simple to understand even though
several factors can interfere in its quantification, being that these
factors have a direct influence on the behaviour of the bond, in
such aspects as the concrete compressive strength, the concrete

cover, the rebar diameter and others [1].

This mechanism allows the materials to be deformed jointly and, as

a consequence, allows the transference of the strength from one to

the other, that is to say, whenever the stress in the bar varies, be it

due to compression or tension, and supposing that the bond stress
is carried out along the bar, there will be transfer of forces between
the bar and the concrete.

In fact, that bond is composed of several portions, which went

through different phenomena that intervene in the steel-concrete

connection [2, 3]:

a) Chemical adhesion: It is the physical-chemical connection that
arises from the interface of reinforced concrete during the re-
actions of the hydration of the cement. In other words, it is the
action that comes from the adhesion or capillary forces.

b) Attrition: The attrition strength shows itself after the adhesion
has been broken.

c) Mechanical: It is the mechanical interaction between the steel
reinforcement and the concrete, due to the presence of ribs
on the surface of the bar; being that those ribs act as support
pieces, by mobilizing the compression tensions in the concrete.
The mechanical bond is the most effective and reliable connec-
tion, since it contributes in a vital way to the solidification of the
two materials.

Therefore, the behaviour of the reinforced concrete depends on the

steel-concrete bond, and the strength capacity of these elements is di-

rectly related with the bond since the bond stress varies in magnitude

along with the length of the reinforcing bar. This large variation of the
bond stress is originated by cracks. Several parameters concerning to
the structural design depend on the bond, for example: the anchorage
length, the lap splices, to stiffen the tension between cracks, cracking
control, and minimum reinforcement ratio [2, 4, 5, 6].

In the case of the smooth bars, wherein rupture caused by slip-
ping occurs, the bond is mainly carried out by using the chemical
adhesion between the cement paste and the rebar. When that con-
nection is broken, the strength that leads to the slipping appears
due to friction, being that its intensity depends on the type of the
surface of the bar. In those bars, the mechanical bond between the
concrete and the steel happens through the irregularities that exist
on the surface of the bars. Therefore, the force capable of breaking
the bond is proportional to the size of the area of the bar in contact
with the concrete as regards the adhesion.

In what to the other bars (rib bars) is concerned, the resistance to
slipping is mainly derived from the strength that the ribs offer to the
pressures exercised on the concrete, that is to say, from the me-
chanical action between the concrete and the ribs. The effect of the
chemical adhesion, in that case, is small and the friction does not
happen until a displacement of the reinforced steel happens [2, 3].
In the case of the rib bars, the strength of tension applied on them
is transferred to the concrete by the ribs. The radial components
of the forces of the ribs, which spread along the concrete in a way
perpendicular to the axis of the bar, increase with the bond stress,
which can be regarded as a longitudinal component that results
from the force exercised by the ribs in the concrete. The resulting
force forms an angle in relation to the axis of the bar (see Figure 1
and 2). The radial component of the force exercised in the concrete
generates an internal pressure that will induce traction tensions, in
the form of rings, that cause bursting cracks along the anchored
bar. When the rings are loaded to the point of rupture, longitudinal
cracks appear. [3, 4]

As longitudinal cracks appear, they increase the displacements be-
tween the bar and the concrete and the bond stress is transferred
all along the anchorage length of the areas where the cracks ap-
pear. The radial components of the strength of the bond induce
a sort of load and when those loads are filled until its maximum
capacity, they break suddenly [4].

In this context, the anchorage strength is limited by the smallest
value of either the main tension stress or the main compression
stress, being that the bond failure is connected with these stress-
es. The transfer of stress between the steel and the concrete hap-
pens mainly due to the action of the ribs of the bar, between its
protuberances, that are present in the concrete.

The crush of concrete in the areas surrounding one of these ribs

Strength bond in the bar
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Figure 1 - Strength between reinforced and concrete (adapted from (4))
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Figure 2 - Representation of the radial
component of the bond strength
in the anchorage zone (adapted from (3))
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does not affect the bar anchorage, since the stress applied on that
specific salience is transferred to others ribs. Therefore, there are
two failure situations concerning to the bond: the micro-failure,
which is a confined failure of the bond that does not affect the an-
chorage, and the macro-failure, which is formed after the occur-
rence of several micro-failures. The second type of failure does
not allow a new stress distribution, and, as a consequence, the bar
anchorage is no longer effective [2].

Therefore, the bond failure on deformed bars happens due to one
the following situations: crush of the concrete in areas around the
ribs, shear of the concrete surrounding the bar, or, more frequently,
one longitudinal chipping of the concrete cover, being also possible
a combination of these three situations. In this context, the bond
can be ideally described as being a shearing stress between the
surface of reinforced concrete and the concrete that surrounds it.
That mechanism is determined by means of the relative displace-
ment between the reinforced concrete and the concrete.

The researches about the bond stress are usually made by taking
in consideration the relationship between the bond stress ( 7(x)
) and the slipping (S(X) ) of the steel bar in pull out specimens.
The first one is identified by the shearing stress between the bar
and the surrounding concrete, and the second one by the relative
displacement between the bar and the concrete [2, 7-11].

The concrete strength is one of the main parameters that influence
the anchorage length and the transfer of the tensions concentrated
on the ribs of the bar. Other factors that have influence in the bond
stress are: the surface of the bars, namely its roughness and/or irreg-

Figure 3 - Bond stress x slipping (7, 8)
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ularities (increase the bond); the diameter of the bars (an increase in
the diameter of the bar reduces the maximum bond stress); the type
and arrangement of the ribs in the reinforcement [1, 2, 5].

This research studies the bond stress and the slipping of steel bars
by using pull out specimens. It makes use of five different concrete
strengths, with the estimated strengths of: 20, 40, 60, 80 and 100
MPa, and rib bars with two different diameters, 16.0 and 20.0 mm.
The significance of this research has to do with the aim of inves-
tigating the applicability of the CEB stipulations and some other
formulations in order to achieve prospects concerning to the bond
between concrete and steel bars, relating to Brazilian materials
and taking in consideration the differences between the building
materials. It has also the purpose of analyzing adjustments that
may give a precious contribution to the important researches that
are being made on this subject.

2. Bond Stress vs. Slipping ((c (x) x s(x))
—

The bond stress models have caught and attracted the attention of
many researchers since the 19" century. In the following subtopics are
summarized some numeric models that are investigated in this paper.
2.1 CEB-FIP Model [7,8]

The bond stress (Figure 3 and Table 1) can be calculated as:

Bond conditions

Table 1 - CEB parameter for deformed bars (4)

Not confined concrete

Good Others Good Others
s, 0.6 mm 0.6 mm 1.0mm
S, 0.6 mm 0.6 mm 3.0 mm
S, 1.0mm 2.5mm rib spacing
a 0.4 0.4
T 201,72 1.0. 1,72 251,172 1.25 .12
T, 015. 7, 040.7

Bond conditions
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®)

T=T, S3<S

@)

— o 005.0 0.004 . fc
s Tm™ © ¥ E + 4.35
ter,| S| 0ss<s M| | = (6)
S, (erro = 1.11 MPa)
For compression strength of concrete > 50 MPa:
T=Tx S1<S<$ (2) Tm=e€ 0.104.9 4 @ 0.027 . fe 0.93

(7)

(erro =1.07 MPa)

Tmix= € 0.08. 0 + e 0.003 . fc+ 668
(erro = 1.08 MPa)

)

Aiming the obtaining of an equation that represents the bond
stress x slipping for Brazilian materials, the equation 9 to 12 was
proposed:

For compression strength of concrete < 50 MPa:

2.2 Huang et al (1996) [12, 13]

In Table 2, HUANG et al. (1996a) and (1996b) have proposed this
change in the CEB model.

2.3 Barbosa [2]

In order to obtain an equation that represents the results related to
the medium and maximum bond stress according to the concrete
strength and the diameter of the bar, for Brazilian materials, the
bond stress can be calculated as:

For compression strength of concrete < 50 MPa:

Tm=€ 0.082.9 4 e 0.019 . fe 086
(erro = 1.11 MPa)

®)

T =19.36 . 595 (erro = 1.51 MPa)

9

where:

0.25 .3 968 (erro = 1.07 MPa)

(10)

Smax

t - bond stress, in MPa;
s — slipping, in mm;
@ - diameter of bar, in mm.

Table 2 - HUANG et al. (1996a e b) (12, 13)

Condition good

Normal strength concrete

Good Ofthers Good Ofthers
s, 1.0 mm 1.0 mm 0.5 mm 0.5 mm
S, 3.0mm 3.0mm 1.5 mm 1.5 mm
S, Spacing ribs Spacing ribs Spacing ribs Spacing ribs
o 0.4 0.4 0.3 0.3
T 0.45f, 0.225°_ 0457 0.225f_
T, 040.t_, 040.t_ 040.z_ 040. 7,

High strength concrete
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Figure 4 - Test apparatus and fractured specimen

For compression strength of concrete > 50 MPa:

T =32.58. s%48 (erro = 1.32 MPa)

(1)

where:

Smax = 0.52 . @ 942 (erro = 1.07 MPa)

(12)

3. Experimental procedure
E——

The phenomenon of the bond, concerning the fundamental pa-
rameters with regard to the behavior of concrete, was the target
of the development of an experimental program, allowing that an
analysis with the models previously presented could be made. The
concrete had different strengths, in this case an estimated strength
of: 20, 40, 60, 80 and 100 MPa as well as reinforced steel with the
diameters of: 16.0 and 20.0 mm. The tests were conducted when
the concrete mixture had 90 days.

The pull out test was adopted because it is the most traditional of
the bond tests and it consists on the extraction of a bar, usually

located in the center of a specimen test in a cubic of concrete. This
method allowed to calculate, according to RILEM [14], the values
of the medium and maximum bond stress for each bar diameter
used in concrete with different strengths and to compare them with
the values given by some norms, as well as to obtain the charac-
teristic curves of bond stress x slipping. Figure 4 shows the test ap-
paratus and a fractured specimen. All procedures were performed
in accordance with the RILEM recommendations.

In relation to the medium bond stress (t ) (average of the stress)
calculations have been made according to Equation (13), being
that the values corresponding to the slipping are 0.01 mm; 0.1 mm
and 1.0 mm (rupture). If the maximum slipping is smaller than 1.0
mm in the t_, t it should be used in the t,

_ Yo TTo1 T Tho

Tm
3

(13)

3.1 Materials

Concrete: On Table 3 it can be seen the mix proportions of concrete,
while Tables 4 and 5 show the characterization of the Portland ce-
ment and the aggregates that were used in the concrete mixture.
Table 6 shows the strength obtained by the cylinder compression
tests that were carried out in accordance with the Brazilian stan-

Mixture proportions
(Kg)

Table 3 - Concrete mixture proportions

Silica f Plasticized S lasticized
oo (MPQ) (cement: sand: L e R
aggregate: water/
cement ratio)
20 1. 2.93: 3.93: 0.78 0 0
40 1:1.68:2.63:0.52 0
60 1:1.22: 1.83: 0.39 0.3
80 1:1.22:1.83:0.39 0.12 0.3 2.5
100 1:0.88: 1.54:0.35 0.12 0.3 2.5
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dards. The plasticized was RX 322N and super-plasticized was
RX 4000 from REAX.

Reinforced (steel bar): The CEB 151, (1982), stipulations confer
to the rib an angle between 55 and 65° being that some authors
give it the value of 55°. In the case of the Brazilian steels, with
nominal diameters of 16.0 and 20.0 mm, it was verified that this
angle is, respectively, 46° and 45° (Figure 5) and Table 7.

3.2 Experimental procedures
Tests were conducted on concrete with all of the diameters of

reinforcement and on concrete with all of the different strength
according to the pull out test. Subsequently, nine specimen tests

were made for each diameter and compression strength of the
concrete, being the tests evaluated after 90 days. The average
results obtained by the pull out test can be seen on tables 8 and
9. The bond strength is obtained through the pull out test (a 200
mm wide cube), with concretes of different theoretical strengths:
20, 40, 60, 80 and 100 MPa; and steel with the diameters of 16.0
and 20.0 mm.
Figures 6 and 7 show the experimental and analytical results re-
lating to the bond between concrete and steel bar, reported in this
paper, allowing to analyze and realize that:
1) If the bar diameter increases, the bond stress increases. This
result is, therefore, the opposite of the results presented in
some researches [15 — 18]. These researches usually state

Chemical composition (%)

Table 4 - Characteristics of Portland cement (type CP V)

Physical properties

Sio 19.46 Setting Tlme (initial)
2 (min.)
ALO 5.00 Seftting T|me (end)
27 (min.)
Fe;0, 2.97 (%) Fineness
CaO 64.61 modulus #325
MgO 0.70 Volumetric
K,O 0.80 expansion (mm)
CO, 2.05 Density (g/cm?)
SO 2.99

Compressive strength (MPa)

137 days fc
195 1 28.7
42.6
1.7
47.5
28 56.4
0.0
4,73

Table 5 - Physical characteristics of the aggregates

Properties Sand Coarse aggregate
Maximum diameter 2.40 mm 9.50 mm
Fineness modulus 2.52 -
Specific density 2.58 kg/dm3 2.72 kg/dm3
Powdered material content 1.33 % 1.27 %

Table 6 - Compressive concrete strength (MPa)

20 19.32 26.78 33.44 33.63
40 28.23 43.50 51.71 54.77
60 33.01 57.00 61.46 63.31
80 39.85 59.87 79.98 83.24
100 48.41 68.15 100.89 105.44

Concrete age (days)

750 D
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Figure 5 - Geometric characteristic
of bar surface

that the thickness of the transition zone in the bars with big-
ger diameter along with the higher dimensions of the ribs
(longitudinal and transversal) tend to “ hold “ more water in
the bottom face of the bar, thus causing exudation and the
weakening of the internal connection. This behavior is directly
related with the concrete density and not with the thickness of
the transition zone;

2) The experimental results have shown that both CEB and
Huang et al models for assessing bond stress of both regular
strength concrete and high strength concrete are not suitable
for Brazilian materials. They have also shown that the re-
search developed by Barbosa is adequate, as seen in Figures
6and 7.

4. Conclusions
S

A review of the bond between concrete and steel bars has been
conducted. Experimental results reached from pull out test with
Brazilian steel concerning to the behavior of the bond were used to
be compared with some other results of some theoretical models
found in literature.

The study of the bond between the reinforcement and the concrete
is not easy. The behavior of the components of reinforced concrete
is affected by the slipping of the steel bars inserted in the concrete
matrix. A tension stiffening effect and crack evolution occurs since
the beginning of slipping; thus, the assessment of those phenom-
ena requires the introduction of a bond-slip interaction model.
This paper introduces some numeric models and an approach to
the slip phenomenon affecting the structural behavior of Brazilian
materials. The results obtained can be considered reliable in view
of the fact that they were obtained from the experimental results as
well as other authors.

Table 7 - Geometric and mechanical propetties of the steel bars

¢ (mm) o (grad) fy (MPa) f,, (MPa) &, (%) Rib height (cm) a(cm)
16.0 46 627 745 16.67 0.16 0.92
20.0 45 529 842 8.00 0.18 1.17

Table 8 - Average bond stress (MPa), ultimate bond stress (MPa) and maximum slipping (mm)

Diameter of bar = 16.0 mm

Slipping (mm)

1.60 1.80 2.00 -
33.63  3.50 5.10 6.70 7.20 8.00 9.20 11.2 11.6 12.5 - - - 12.9 1.57
54.77 424 5.20 6.80 9.05 11.6 14.5 16.5 17.5 18.2 19.4 - - 19.9 1.66
63.31 5.17 9.70 11.2 14.1 17.0 19.7 21.3 222 23.7 24.4 - - 26.6 1.63
83.24 550 10.1 12.8 14.6 17.5 19.9 21.8 23.2 255 26.5 29.0 - 29.7 1.82
105.44 570 11.0 14.1 16.6 19.6 24.2 27.1 28.2 29.4 30.1 - - 30.6 1.70

f. Diameter of bar = 20.0 mm

33.63  3.30 5.70 8.20 9.50 10.6 11.3 12.5 12.9 13.9 14.1 15.0 16.1 16.8 2.10
54.77 417 7.80 10.5 14.0 18.0 20.9 26.1 28.0 29.7 31.2 320 35.6 36.7 2.12
63.31 4.53 9.23 12.5 17.0 19.5 252 31.7 34.0 37.0 - - - 40.0 1.55
83.24  4.67 11.3 14.7 19.9 250 31.5 37.0 400 40.1 44.1 - - 46.0 1.80
105.44  5.87 13.7 19.7 22.5 27.0 3810 38.6 41.0 43.5 46.5 - - 48.5 1.70
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Figure 7 — Bond stress vs.

slipping for reinforcement ¢ = 20.0mm
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Abstract
[

In this work, we studied the addition of sulfonated polystyrene produced from waste plastic cups as an admixture for mortars. Mortars were ana-
lyzed with polystyrene content of 0.0; 0.2; 0.6; 1.0 and 1.4% in relation to the cement mass. The influence of polystyrene on the mortars’ properties
was evaluated by the consistency index, water retention, water absorption, porosity, elasticity modulus, compressive strength, flexural strength,
bond tensile strength and microscopy. The increase in the sulfonated polystyrene content decreased the elasticity modulus of the mortar and,
despite higher porosity, there was a reduction of water absorption by capillarity. In relation to mortar without admixture, the modified mortar showed
an increase in water retention and consistency index, and a large increase in flexural strength and bond tensile strength. The significant increase
of bond tensile strength (214% with admixture 1%) highlights the potential of the produced material as an adhesive mortar.

Keywords: modified mortar, polymeric admixture, sulfonated polystyrene, recycling.

Resumo
[

Neste trabalho estudou-se a adi¢do do poliestireno sulfonado produzido a partir de copos plasticos descartados como aditivo para argamassas.
Foram analisadas argamassas com os teores de poliestireno de 0,0; 0,2; 0,6; 1,0 e 1,4% em relagdo a massa de cimento. A influéncia da adi-
¢ao do poliestireno sulfonado nas propriedades das argamassas foi avaliada através dos ensaios de indice de consisténcia, retencdo de agua,
absorgao de agua, indice de vazios, médulo de elasticidade, resisténcia a compressao, resisténcia a tragéo na flexao, resisténcia potencial de
aderéncia a tragado e microscopia. O aumento no teor de poliestireno sulfonado reduziu o médulo de elasticidade da argamassa e, apesar da
elevacao da porosidade, houve uma redugéo da absorgéo de agua por capilaridade. Em relagéo a argamassa sem aditivo, a argamassa modi-
ficada apresentou aumento na retengédo de agua e no indice de consisténcia, além de um grande aumento na resisténcia a tragao na flexéo e
na resisténcia potencial de aderéncia a tragdo. O aumento significativo da resisténcia potencial de aderéncia a tracéo (214% com 1% de aditivo)
destaca o potencial do material produzido como argamassa adesiva.

Palavras-chave: argamassa modificada, aditivo polimérico, poliestireno sulfonado, reciclagem.
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1. Introduction

EE

Recycling of materials has become a worthy field of research, de-
velopment and application of resources, since there is an environ-
mental and economic interest in the removal of discarded materials
from the environment, avoiding the consumption of non-renewable
raw material. In this sense, the search for viable routes for the use
of materials, either in their original chemical form or by their chemi-
cal transformation, has been studied aiming to find a market for
their application [1].

Recycling is seen as an alternative in trying to remove from the en-
vironment the waste produced daily by our society. In Brazil, about
54.38 million tons per year of municipal solid waste are produced
[2]. However, a survey by the IPEA (Institute of Applied Economic
Research) in the 2012 showed that, despite the waste collection
being carried out in almost 90% of Brazilian municipalities, selec-
tive collection - collecting material to be recycled - takes place in
barely 15% of the municipalities [2]. This solid waste largely con-
sists of disposable plastic packaging, which is mainly fabricated
of polyethylene terephthalate - PET; polyethylene - PE; polyvinyl
chloride - PVC; polypropylene - PP and polystyrene - PS [3,4]. The
consumption of PS plastic cups represents a considerable portion
of municipal solid waste generated by humanity: its use and dis-
posal must be rethought, aiming at sustainable consumption [5].
The construction industry is a sector of society that is currently grow-
ing rapidly. In Brazil, the rise is directly linked to economic growth
and also to incentive programs offered by the current government
to reduce the housing deficit. The construction processes related
to this sector are responsible for a large proportion of urban pollu-
tion that affects the whole environment; however, this is also one of
the sectors where part of the waste generated by social activities
can be reused or incorporated in the construction process [6]. For
example, research shows that sugarcane bagasse can be added
in the production of cementitious composites, both in the form of fi-
bers [7,8], ashes [9—11], and cellulose derivatives, such as cellulose
sulfoacetate [12] and methylcellulose [13-15]. These additions are
intended to improve both the physical and chemical properties of the
composites, as well as reducing environmental pollution generated
by waste. Therefore, to contribute to sustainability, it is essential to
increase the practice of research, in order to minimize the impact
generated by urban waste from human activities.

The mortars have curing and adhesion properties obtained by
mixing binder, fine aggregate and water. Admixtures could be em-
ployed to improve some of the characteristics both in the fresh and
hardened states. In preparing a quality mortar, one should think
of producing it to obtain the best performance and durability, tak-
ing into account properties such as plasticity, cohesion in the fresh
state, adhesion in the hardened state, cracking resistance, me-
chanical strength and resilience, among others.

The mortar must have adequate adhesion to the material to be
applied. Adhesion is a property that is directly related to the me-
chanical performance influenced by the surface condition of the
substrate on which it is applied, correct dosage and quality of
materials, water retention capacity, thickness of the coating etc.
Admixtures, which are largely soluble polymers or redispersible in
water, allow the mortar to have better water retention capacity and
greater plasticity in the fresh state, as well as improved mechanical
properties [16,17].

A very common pathology regarding the use of mortars is the de-
tachment of ceramic plates used in the cladding of buildings, where
there is a large volume of waste generation along with an increase in
the cost and consumption of new materials, where mortars with bet-
ter performance would reduce many of the environmental impacts.
Polystyrene (PS) has, in general, good mechanical, thermal and elec-
trical resistance and low density. Due to these properties, it is used
to produce disposable materials such as cups, food trays and plastic
bags [18]. Some commercial plasticizer admixtures or superplasticiz-
ers incorporated into concrete and mortar have the presence of the
sulfonate group, chemically modified group, responsible for the strong
interactions with cement particles. Furthermore, the sulfonate group
increases the solubility of the polymer in water, resulting in better dis-
persion and homogeneity of the cement paste [19-21].

Polystyrene can be recycled for the production of new materials.
In a previous work, the PS obtained from discarded cups and food
trays was used for the production of ion-exchange membranes [5],
in the water treatment as an auxiliary agent of coagulation, floc-
culation and flotation for water and wastewater treatment [1,18],
and as an admixture to concrete with excellent results, such as
increased workability and water reduction, being classified as a
superplasticizer admixture [19-21].

The objective of this study was to examine the application of sulfo-
nated polystyrene, obtained from discarded plastic cups, as an ad-
mixture in mortars. Initially, the application for studied mortars was
not defined, which could subsequently be targeted on the basis of
the results obtained. To evaluate the influence of the admixture on
the mortar properties, we determined the consistency index and
water retention of mortars in the fresh state. In the hardened state,
we evaluated the water absorption, porosity, elasticity modulus,
compressive strength, flexural strength, bond tensile strength and
microscopy.

2. Experimental

T

For the mortar composition, we used Initial High Strength Portland
cement (CPV-ARI), which is a cement-free mineral addition, sand,
and water in the ratio 1:4:0.84 by mass. The amount of water was
chosen to achieve a 260 £ 5 mm consistency index, according to
ABNT NBR 13276: 2005 [22], allowing higher workability of mortar
and ease of application, for the various possible uses of the mortar.
We studied 05 mortars with 0, 0.2, 0.6, 1.0 and 1.4% Sulfonated
Polystyrene (SPS) on the cement mass, called A0, A0.2, A0.6,
A1.0 and A1.4, respectively.

The sulfonated polystyrene (SPS) was produced from the sulfona-
tion of polystyrene plastic cups discarded post-consumer, as per
already defined procedures in previous research carried out by our
group [19-21]. The sulfonation was carried out with concentrated
sulfuric acid (H,SO, 98%) and silver sulfate (Ag,SO,) as a cata-
lyzer. After sulfonation, the material was precipitated with water at
5 °Cin anice bath. A material with a rubbery aspect and high water
solubility was produced.

An aqueous solution of the SPS treated with sodium hydrox-
ide was used as an admixture to the mortars. The solution was
produced at pH 13 at a concentration of 17% (w/w).
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2.2 Preparation of the mortars

For the preparation of the mixture, we used a mechanical mixer in
which water, cement, sand and the admixture were added in this
order, by mixing at low speed for 30 s; this was followed by a rest
period of 90 s, then blending at high speed for 60 s (ABNT NBR
13276: 2005) [22].

2.3 Testing of mortars in the fresh state

In the Consistency Index (Cl) essay, fresh mortar is placed in a cone-
shaped receptacle on the consistency table. After removing the
mold, the table underwent 30 strokes in approximately 30 s, which
caused the spreading of the mortar. Two orthogonal diameters were
measured, and the value of the consistency index is the arithmetic
mean of the measurements (ABNT NBR 13276:2005) [22].

For the Water Retention test, we applied a vacuum of 51 mm Hg in
the fresh mortar for 15 min. From the mass difference of the mortar
before and after the suction, it was possible to measure the water
retention content (ABNT NBR 13277: 2005) [23].

2.4 Testing of mortar in the hardened state

To evaluate the properties of the mortar in the hardened state, we
molded cylindrical specimens (5 cm x 10 cm), prismatic specimens
(4 cm x4 cm x 16 cm), and prepared molds on standard substrates
for determining the bond tensile strength. The number of speci-
mens for each test followed the recommendations of the respec-
tive standards adopted. The specimens were cured immersed in
water for 28 days, and the molds for the adhesion test (Figure 1)
were cured in air.

For determination of the flexural and the compressive strength, the
cylindrical specimens were previously capped with sulfur and test-
ed for compression, at 28 days of age in the EMIC universal testing
machine, model DL 60000, with load cell of 10 kN. The loading rate
was 0.25 + 0.05 MPa/s (ABNT NBR 7215:1996) [24]. The number
of specimens tested was 04 for each mortar.

The prismatic specimens were tested at three points bending, at
28 days of age in the INSTRON universal testing machine, model
5982, with load cell of 5 kN. The load was applied at a rate of 50
+ 10 N/s (ABNT NBR 13279:2005) [25]. Six specimens of each
mortar were tested.

The elasticity modulus was determined in 03 cylindrical specimens
by mortar, at the age of 28 days in an EMIC universal testing ma-
chine, model DL 60000, with load cell of 10 kN. The deformation
was measured with strain gauges (ABNT NBR 8522:2008) [26].
The properties of water absorption by immersion were determined
for 02 cylindrical specimens. The samples were placed in an oven
at temperature of 105 £ 5 °C for 72 h and then weighed. Subse-
quently, they were immersed in water at 23 + 2 °C and maintained
at this condition for 72 h. After this saturation step, the samples
were placed in a container with water and brought to boiling for a
period of 5 h, then were cooled at 23 + 2 °C, and the mass of the
saturated samples was determined (ABNT NBR 9778:2005) [27].
The water absorption was calculated as a percentage relative to
the dry mass of the specimen.

The porosity and the pore size distribution were determined by the
mercury intrusion porosimetry (MIP) test. Two samples for each
mortar of approximately 1 g were previously oven dried at a tem-
perature of 100 = 5 °C up to constant mass. The tests were realized
in a Micromeritics AutoPore Il high-pressure mercury intrusion po-
rosimeter, with a maximum pressure of 476 MPa. Each sample
was tested twice following the test parameters listed in Table 1.
To determine the water absorption by capillarity, we tested 03 cylin-
drical specimens at 28 days of age. The masses of the specimens
were determined, and these were then dried in an oven at 105 + 5
°C to constant mass. Then, they were cooled to temperature 23 +
2 °C and weighed. The specimens were immersed in water; their
masses were determined after 3, 6, 24, 48 and 72 h, counted from
their placement in contact with water. The water absorption by cap-
illarity is expressed in g/cm? and is calculated by dividing the mass
increase by the cross-sectional area of the specimen surface in
contact with the water (ABNT NBR 9779:1995) [28].

The mortars were applied to standard concrete rectangular sub-
strate (45 cm width, 120 cm length and 5 cm thickness) for adhe-
sion determination (ABNT NBR 14082: 2005) [29]. The application
of the mortar on the substrate was standardized with the launch of
approximately 20 cm height, and the thickness was fixed at 1 cm
(Figure 1).

The bond tensile strength test was carried out according to the
Brazilian norm ABNT NBR 15258: 2005 [30], which specifies that
the mortar must be placed onto a substrate, and that after normal
curing (i.e. 28 days), the test should be carried out by measuring
the strength applied to take the mortar off the substrate.

The mortars were also characterized by Scanning Electron Micros-

Table 1 - Parameters of the mercury intrusion porosimetry test

Parameters
Evacuation pressure 6.67 Pa -
Evacuation fime 5 min -
Mercury filling pressure 4.48 kPa -
Equilibration time 30s 30s
Maximum intrusion volume 100 mL/g 100 mL/g
Contact angle 130° 130°

Test conditions
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Figure 1 - (a) Standard concrete substrate and mold for mortar application,
(b) cure of the mortars applied for standard substrate and (c) mortar after adhesion test

copy (SEM). The samples were taken from fractured section of
the specimens tested to bending, and were oven dried at 100 °C.
Then, the samples were coated in gold. Images were obtained by
secondary electrons in a Carl Zeiss EVO MA10 scanning electron
microscope.

3. Results and discussion
E———

3.1 Production of sulfonated polystyrene (SPS)

The degree of sulfonation of Sulfonated Polystyrene obtained was

58-63%. The solution of prepared sulfonated polystyrene present-
ed a density of 1.16 g mL™" at 27 °C, determined by pycnometry.

3.2 Evaluation of fresh mortars

The SPS admixture was dissolved in sodium hydroxide solution
in order to neutralize it, where the volume of water used in the
solution is only required for the polymer dispersion, the absence of
free water that can act on the dispersion of the cement particles.
Therefore, we chose not to consider the volume of admixture to
the water/cement ratio of mixtures. From Figure 2, there was con-
sistent index growth with the increase of admixture SPS quantity,

Figure 2 - Consistency index of the mortars
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Figure 3 - Mortar spreading after the test of consistency index:
(a) reference mortar, (b) mortar with 0.6% SPS and (c) mortar with 1.0% SPS

reaching approximately 20% of increase to levels above 1%. Even
when there was an increase in admixture content of 1-1.4%, there
was no increase in fluidity, showing that the admixture had already
reached the optimum content, and that the increase fluidity of the
mixture is purely attributed to admixture action, and not the water
present in its solution.

Note that the water/cement ratio has not changed; the increase
in the consistency index is because the anionic long-chain mol-
ecules of the sulfonated polystyrene admixture became adsorbed
on the surface of the cement particles that are effectively dispersed
in water, as reported by Assuncao et al. [19] and Royer et al. [20].
It was also observed that the mortar with SPS addition provided a
cohesive aspect and more fluid than the reference mortar, as can
be seen in Figure 3.

It can be seen from Figure 4 that the additions of 0.2%, 0.6% and
1.0% of polymeric admixture resulted in increased of water reten-
tion relative to the reference mortar, with an optimum level of 0.6%.

The improved dispersion of the cement particles by the action of
the admixture also promotes greater water adsorption to the sur-
face of the cement grains, so that the water is retained. However,
for higher polymer contents, the fluidity of the water-cement sys-
tem increases leaving part of free water, causing a decrease in
water retention, as can be observed for the A1.4 mortar.

3.3 Evaluation of mortars in the hardened state

From Figure 5, it can be seen that there was a progressive in-
crease in the porosity of the mortars with admixture content relative
to the reference, reaching a 19% increase for A1.4. This increase
in void content was accompanied by an increase in absorption
above 50%, regardless of admixture content. It is known that one
of the effects of the application of surfactant admixtures in cement
mixtures is air void entrainment [31]. As a result of the increase in
void content in the modified mortars, the bulk density decreased,

92

Figure 4 - Water retention values of produced mortars
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Figure 5 - Results of water absorption, porosity and bulk density for the mortars
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although this was less pronounced variation, reaching a maximum
reduction of 3% to mortar with 1.4% of admixture.

Figure 6 shows the mortar pore size distribution obtained by mer-
cury intrusion porosimetry. There was a reduction in the number
of pores with dimensions in the range of 10°~10° nm with the pres-
ence of the admixture, probably by filling these voids with the poly-
mer, as observed on microscopic images. However, in the range of

pores above 10°nm, there was a significant increase in the volume
of pores in the modified mortars, especially for the highest levels of
admixture, e.g. A1.4. This pore size range corresponds exactly to
the pores entrained by surfactant admixtures [31].

Water absorption by capillarity is related to the permeability
of mortar. In Figure 7, a reduction of absorption by capillarity
was observed for all mortars with the addition of the polymer,

4.5

Figure 6 - Mortar pore size distribution obtained by mercury intrusion porosimetry
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20

Figure 7 - Average values of water absorption by capillarity for the mortars
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decreasing by 34% to the level of 0.6% admixture. Despite the
elevation of porosity of the modified mortars, the polymer pres-
ence reduced the permeability, possibly explained by non-in-
terconnected pores, and also by the formation of polymeric film
in the microstructure of the mortars [17,32], as can be seen in
the micrographs.

From Figure 8, there was a reduction in compressive strength with

the incorporation of the polymer; however, this reduction was not
significant, as could be expected considering the large increase
of porosity of the modified mortars. The A0.2 mortar showed an
increase in compressive strength, demonstrating that the polymer
improves the mechanical properties, even in small dosages. For
higher levels of polymer like mortars A1.0 and A1.4, the reduction
in compressive strength was not significant. This may be a result of

Figure 8 - Compressive strength and average values of the elasticity modules at 28 days of age
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the greater resistance from mortars to microcracking by the action
of polymeric films formed, as emphasized by Ohama [17].

The use of sulfonated polystyrene led to a decreased elasticity
modulus compared to the reference mortar. The maximum reduc-
tion was approximately 8% for the mortar with highest polymer
content (1.4%). However, this reduction can be advantageous for
applications where it is subjected to large deformations, which
could cause cracking of the mortar. Thus, a modified mortar sub-
mitted to a particular deformation will be under lower tension one
without SPS.

Note in Figure 9 that the tensile strength increased in bending with
levels of the SPS, indicating an optimum range of dosage of 1%
the admixture.

There was an increase in the tensile strength in bending for all lev-
els of admixture, reaching 23.72% for the A1.0 mortar. Therefore,
even with low levels of SPS, the presence of polymer in the mortar
appears to form a film on the microstructure of the paste, which
tends to improve its tensile strength, as pointed out by Ohama [17],
Assuncdo et al. [19] and Royer et al. [20].

There was an increase of bond tensile strength for all mortars
modified with SPS. Still, as observed in the tensile strength in
bending, the largest content was 1%. It should be noted that the
increase was 69% even for low levels of 0.2% admixture, reach-
ing a 214% increase for mortar A1.0 relative to the reference
mortar (AO). This stronger physical bond between the modified
mortar and the substrate makes it a good adhesive mortar for the
settlement of ceramic tiles, for example, where the resistance of
adhesion should be high.

Figure 10 presents SEM images of the mortars. The micrograph
of Figure 10a, at a magnification of 15000x, shows the micro-
structure of the mortar with the presence of hydrated cementitious
compounds such as calcium silicate hydrate. Figures 10b—10e,
with magnifications of 30000x, show the structure formed by the

polymer in the mortars modified with SPS. It can be seen in the
micrographs the deposition of sulfonated polystyrene in the form
of lamellae, and the presence of polymeric film (SPS) on the mi-
crostructure of the modified mortars. As the admixture content in-
creased, modification in the microstructure of the polymeric film
was observed in the mortars, from a lamellar structure to the more
continuous polymeric film [33], as shown in Figures 10c—10e. In
Figure 10c, it is possible to identify both types of polymer struc-
tures: lamellar structures in the center of the micrograph and con-
tinuous film to the right, indicated by the arrow.

In the micrograph of Figure 11, at a magnification of 2500x, the
presence of polymeric film on pores was observed, which may
have contributed to the improvement of this mortar’s tensile prop-
erties (A1.0), where the microcracks in the modified mortar under
stress are bridged by the polymeric films or membranes formed.
This prevented crack propagation and, simultaneously, a strong
cement hydrate-aggregate bond is developed [34].

4. Conclusions
E—

Sulfonated polystyrene produced from discarded plastic cups pre-
sented excellent results as an admixture for mortars, improving
properties both in fresh and hardened states. There was an increase
of mortar fluidity with the incorporation of the admixture, reaching
20% with 1.4% of SPS. Water retention was also improved relative
to the reference mortar until the level of 1.0% admixture.

In the hardened state, the admixture incorporation resulted in a
significant increase of mortar porosity. However, this increase
caused no reduction of the same order of the compressive strength
and elasticity modulus. This was because the presence of poly-
meric film improved the resistance of mortars to microcracking,
thus overcoming the negative influence of porosity on mechanical
properties. This was especially evident in the tensile properties,

Figure 9 - Values of flexural strength and bond tensile strength at 28 days of age
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Figure 10 - Micrographs of mortar samples: (a) reference mortar, (b) mortar with 0.2% SPS,
(c) mortar with 0.6% SPS, (d) mortar with 1.0% SPS and (e) mortar with 1.4% SPS
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Figure 11 - Micrograph for mortar
with 1.0% SPS
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where the mortar modified with polymer showed an increase of
about 24% in tensile strength, and above 200% of the adhesion re-
sistance of the mortar with 1% admixture, relative to the reference.
Another advantage observed in mortar modified with polymer was
the reduction of water absorption by capillarity, showing the effect of
the polymeric film in promoting the discontinuity of the formed pores.
The exceptional increase of bond tensile strength of the modified
mortar makes it a good adhesive mortar for applications where ad-
hesive strength should be high. One should still emphasize the ad-
vantage of the sulfonated polystyrene admixture being produced
from discarded plastic cups, preventing the disposal of PS in the
environment. Furthermore, the production and application of bet-
ter-performance mortars in the cladding of buildings, reducing the
detachment of the cladding, a fairly common pathology, promotes
higher sustainability of the construction.
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Abstract
[

Little information on experimental investigations regarding the influence of the prestressing forces in the shear resistance of prestressed beams is
found in the technical literature. Thus, it was experimentally evaluated the shear resistance of six post-tensioned prestressed concrete beams with
cross section of (150 x 450) mm2, total length of 2400 mm and concrete’s compressive resistance of 30 MPa, with the variables of this work being
the layout of the prestressing cable, straight or parabolic, and the stirrups geometric rate. Verticals displacement, steel and concrete’s strains and a
comparison of the experimental loads with the estimates of ACI 318, EUROCODE 2 and NBR 6118: 2014 codes are presented and discussed. The
results showed that the cable’s parabolic layout increased the beams’ shear resistance in up to 16% when compared to beams with straight cables.

Keywords: prestressed concrete, shearing, beam.

Resumo

Poucas informacdes relativas as investigagdes experimentais sobre a colaboragao da protensao na capacidade resistente ao esforco cortante
dos elementos estruturais protendidos, sdo encontradas na literatura técnica. Assim, foi avaliado experimentalmente o desempenho ao cisalha-
mento de seis vigas de concreto protendido com cordoalhas engraxadas, segéo transversal de (150 x 450) mm2, comprimento de 2400 mm e
resisténcia a compressao do concreto de 30 MPa, sendo que as variaveis do trabalho foram o tracado do cabo de protenséo, reto ou parabdlico, e
a taxa de armadura transversal. Sdo apresentados os resultados para os deslocamentos verticais, deformacgéo do aco e do concreto e as cargas
ultimas experimentais comparadas com as estimadas das normas ACI 318, EUROCODE 2 e NBR 6118: 2014. Os resultados mostraram que as
vigas com tragado inclinado apresentaram aumento na resisténcia ao cisalhamento em até 16 % quando comparadas as vigas com cabos retos.
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Influence of the cable’s layout on the shearing resistance of prestressed concrete beams

1. Introduction

EE—

In the design of reinforced concrete structures, tensile by bending
generated by loading is resisted only by steel, delaying the crack-
ing of the concrete. The reinforcement called passive reinforcement,
intended to receive the tensile forces not absorbed by the concrete,
working only when requested. In prestressed concrete structures
the force applied on the cables is transmitted to the concrete, resist-
ing the tensile stresses by flexure and assisting the passive rein-
forcement. The prestressing reinforcement, called active reinforce-
ment is placed in the structural element not only to compress and
generate the necessary compressive stress so that the concrete can
absorb the tensile stresses generated by loadings, but also to resist
to external loadings, providing many advantages, such as reduction
of the shear forces by the action of the vertical component gener-
ated by the prestressing. In the case of inclined cables, the increase
of compressive stresses and reducing tensile stresses, vertical dis-
placements and cracking reduction, with the structure remaining
predominantly in the stage | along its useful life.

According Naaman [1], the longitudinal prestressing introduces in
the concrete elements with inclined prestressed cables a vertical
component that depends on the overall strength of the cable and

reduces the shear loading. Figure 1 shows a prestressed concrete
beam with a section length dx and the components generated by
prestressing. The prestressing also induces compressive stresses
which contribute to reduce principal tensile stresses so that shear
cracking seems more vertical. According to Leonhardt and Monnig
[2] the struts inclination varies from 15° to 30°. However, in lengths
with concentrated loads or on intermediate supports of continuous
beams, for example, shear cracks appear and inevitably reach 45°.
This paper aims to evaluate the contribution of prestressing in re-
ducing of the shear forces in six beams through the vertical compo-
nent generated by the inclination of the prestressing cables, being
three with parabolic cables and three with straight cables, and for
each cable’s layout three geometrical rates of stirrups were used,
and the experimental results were compared to estimates of ACI
318 [3], EUROCODE 2 [4] and NBR 6118 [5] codes.

2. Available information

EE—

Some research tried to understand the parameters that influ-
ence the shear strength of prestressed concrete beams. Laskar
and Hsu [6] studied the shear behavior of five prestressed con-
crete beams with 7620 mm length, average £ of 70.5 MPa, cross

a
I ]

Figure 1 - Prestressing components (Naaman (1))

l Prestressed concrete

™
\-

A

N

VCP (x) =VCA (x) - FSen ()

A
i :d : .y Shear due T
x| ' to external
x VCP (x) = VCarreg (x) [0 + VP 74 loading
Reaction

VCP (x) = VCarreg (x) - FSen (ax)

Bl 72,4 1,61
B2 74,5 1,61
B3 7620 568 150 50 64,6 1,61
B4 71,0 4,29
BS 64,5 4,29

R - Straight layout cable; P - Parabolic layout cable

Table 1 - Variables and failure modes of the beams tested by LASKAR and HSU (6)

m m
250 892 We

R 0,17 840,2 b

R 0,95 178 1040,8 1106  shearing

P. 0,95 178 1014 1077

R 017 250 430 470 Hloxures
shearing

P 0,17 250 450 490
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section with effective height of 568 mm, with the transversal rein-
forcement geometrical rate, the layout of the prestressing cable
and the relationship between the shear span and the useful height
(a/d) as variables. The beams B1, B2 and B4 presented straight
layout and were designed to shear failure mode, with ratio a/d of
1.61, and B3 and B5 beams with parabolic layout, also with shear
failure, showed ratio a/d of 4.29. The transverse reinforcement ra-
tio of beams ranged from p, = 0.17% for beams B1, B4 and B5
and of p, = 0.95% for beams B2 and B3. Table 1 presents the test
parameters, beyond the ultimate experimental loads and failure
modes.

It was observed that the cracking stress were higher for beams
B1 and B2 with straight cables as compared to the beams with
parabolic cables, B3 and B5, because the horizontal component of
the cable. The beams with parabolic cables were more efficient in
relation to the beams with straight cables against shear forces re-
ducing around 10% these forces of the beams in relation to beams
with straight cables. The experimental results also showed that the
beams had two failure modes, according to the North American
standard ACI 318/2011: flexure-shearing and web shearing. The
beams that failure with web shear presented brittle fracture, while
the beams that failure by flexure-shearing showed ductile behav-

ior. The beams with ratio a/d of 4.29 presented ductile failure com-
pared to the beams with a/d of 1.61, showing the strong influence
of this parameter on the shear strength of prestressed beams. The
beams B1 and B2, which exhibited as variables just the transversal
reinforcement rates, showed brittle failure due to the low ratio a/d,
with the resistance of the beam B1 being 30% greater than that
of the beam B2.

MacGREGOR [7] evaluated the influence of the prestressing
cable’s layout on the shear strength of twenty-two prestressed
concrete beams with angle of inclination measured from the geo-
metric center of the prestressing reinforcement, in the central sec-
tion, till the longitudinal axis of the beam, ranging from zero to ten
degrees. Table 2 presents the characteristics of the tested beams
by MacGREGOR [7]. The behavior of the beams after initial crack
(decompression state) was changed according to the inclination of
the cables. For beams with higher inclinations of the cables was
verified an average resistance gain of 25%, from the formation of
the first crack till the failure, when compared to the other beams
of lower inclinations. For beams with lower inclinations there was
no significant increase in load, from the formation of the first crack
up to the failure. This was due to the horizontal component to the
cables with lower inclinations be greater than for cables with higher

Table 2 - Characteristics of the MacGREGOR’s (7) beams

AD.14.37 225 162
B.14.34 18.2
B.14.41 20.0

BD.14.18 430

BD.14.19 430

BD.14.23 26.6

BD.14.26 24.0

BD.14.27 24.0

BD.14.28 23.0

BD.24.32 18.6 80
BD.14.34 18.0

BD.14.35 20.0 192

BD.14.42 26.0

BV.14.30 28.0

BV.14.32 26.0

BV.14.34 25.0

BV.14.35 23.5

BV.14.42 20.0

CD.13.23 26.5

CD.13.24 25.0

CD.13.25 240 4

CD.14.34 17.5

742 1

6.45
805 0.00 12
805 0.00 12
861 2.70 13
784 5.00 12
693 10.00 11
812 10.00 11
777 222 11
826 1.53 11
770 1.88 11
254 770 6.28 11
770 2.38 11
567 6.45 11
861 3.25 11
784 3.25 12
868 2.70 12
805 5.36 12
840 6.80 13
840 0.00 12
784 3.40 12
826 2.85 12
735 1.88 11
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Figure 2 - Forces acting in an inclined
crack (ACI-ASCE Committee 426 (8))

l Rce
———
Venf
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inclinations, leading to increase the tensions that cause cracks in
beams with lower inclination cables.

2.1 Shear behavior of prestressed concrete beams

The shear bearing capacity of a prestressed concrete beam can be
divided into two parts, one resisted by the concrete and its auxil-
iary mechanisms described ahead, and the other resisted by trans-
verse reinforcement. A beam, even without transversal reinforce-
ment has the ability to resist to a certain intensity of shear force.
Figure 2 shows the various components of the shear resistance
mechanisms of beams without transversal reinforcement, except
the component related to the arc effect according to ACI-ASCE
426 Comittee [8].

For reinforced concrete structures subject to shear forces, the
amount of resistance due to concrete is the sum of several mecha-
nisms capable of transmitting forces between the sections as the
effect of the non-cracked concrete, and this mechanism occurs
at not fissured stretches of the beam (between two consecutive
cracks) or in non-fissured parts of fissured elements (compression
zone of a cracked section); the aggregate interlock that occurs
between the two surfaces of a crack, and the contribution of the
aggregates interlock to the shear strength depends on the open-
ing of the crack and roughness of surfaces; the dowel action ef-

Figure 3 - Cracking pattern for
reinforced concrete beam (ACI 318(3))

- e Y
N AN TS

A\

Continuous Flexure and flexure- Simple support
support shearing ]
Flexure- Web Web
Shearing shearing shearing

fect, where the longitudinal reinforcement resists a portion of the
displacement caused by shear force due to the dowel action on
the bar, and the dowel force in the longitudinal reinforcement bar
depends on the bar stiffness at the intersection with the crack; and
the arc effect, which is a mechanism that occurs more significantly
in beams with reduced span and confers an increase in their load
capacity. In the case of beams subjected to concentrated loads,
the intensity of the arc effect is related to the ratio a/d of the beam,
where a is the distance from the point of application of load to the
nearest support and d is the distance from the more compressed
fiber of the beam to the center of gravity of the longitudinal ten-
sile reinforcement section. Beam with ratio a/d smaller than 1 may
present cracks ranging from the loading application point to the
supports. These cracks prevent longitudinal reinforcement shear
flow to the compression zone causing the element starts to behave
like an arc and not as a beam.

2.2 ACI 318

According to ACI 318 [3], the shear strength of prestressed con-
crete beams is based on the analogy of the modified truss model,
where V is the nominal shear strength, obeying the condition of
being greater than the design shear force in the considered sec-
tion, V,, being presented in equations 1 and 2.

o7, 27V, (1)

V. =onV, +¢nV, (2)

Where,

¢: reduction factor: 0,75;

V. concrete parcel

V. transversal reinforcement parcel.

The calculation of V_parcel is based on the cracking pattern shown
in Figure 3, where V_ force is responsible for the appearance of
flexure cracks and V_ force by the appearance of shear cracks in
the web, calculated according to the equations 3 and 4. The value
of the parcel V_is the lower of the two.

O.OSHXH\/anWndP + Vd + Vi]r\;M‘re >

e ) Q)

V. =

ci

(0.14n/7nb,nd')

V= (02907, +0.30f, Job,nd +V,  (4)
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Where,

A: concrete’s mechanical properties modification factor, equal to 1;
f: concrete’s compressive strength;

b,: beam’s width;

d,: length between the more compressed fiber to the gravity center
of the prestressed reinforcement, not less than 0,8-h;

V: shear force on the cross section due to self-weight;

V.. shear force on the cross section due to external loading acting
with M__;

M_.... maximum bending moment due to external loading;

M_ : bending moment that generates flexure cracking on the cross
section due to external loading;

f . concrete’s compressive strength at the cross section center
which resists to the external loading;

Vp: vertical component of the prestressed force.
2.3 EUROCODE 2

The EUROCODE 2 [4] specifies two methods for calculating the shear
strength as a function of the presence or absence of transverse rein-
forcement. For no shear reinforcement elements (Equation 5) resis-
tance is expressed as V.. For elements with shear reinforcement, re-
sistance is the higher of V,, and V, shown in equations 6 and 7.

Rd,max’

Vide = CRd’ann(lOOnp,r;fck)%+k1 nG,, nb nd (5)

Vo = 2, ncord ©
_ O, b, nznvny, 0
Rama co1g® +1g0
With,

V.. design shear resistance for no shear reinforcement elements;
V., parcel from shear reinforcement;
Vv : concrete strut maximum strength;

Rd,max"

Cry C: factor with value of (0.18/y,);

, with d in mm;
k=1+ {%sz.o

p,- geometric rate of flexure reinforcement;

k,: factor with value of 0.15;

0, concrete’s compressive strength due to prestressing, in MPa;
d: cross section useful depth, from the center of the prestressing
reinforcement till the more compressed fiber, in mm;

A, shear reinforcement cross section area;

s: stirrups spacing;

z: lever arm equal to 0.9 d, with d in mm;

fywd: desig yield stress of the shear reinforcement;

v: 0.5 for f, <60MPa and 0.6 for f, >60MPa, since the shear re-

inforcement stress be not higher than 80% of the characteristic
yield stress.

2.4 NBR 6118

NBR 6118 [5] presents two calculation models based on truss
model analogy, associated with complementary bearing mecha-
nisms developed within the structural element and represented by
an additional component V. The model | considers checking the
compressed diagonal V,,, (Equation 8) and tensioned diagonal
V. . (Equation 9). The strut inclination 8=45° in relation to the lon-

Rd3
gitudinal axis of the structural element.

Verr=0.2na, nf, nhnd (8)

Vs =V AV, (9>

Where,

a, = (1-f,/250);

v, = (Asw/s)-0.9-d-fywd-(sen a + cos q);

V = 0 for tensioned structural elements when the neutral axis is out
of the cross section;

V_=V_ for simple flexure and tension-flexure with the neutral axis
in the cross section;

V.=V, (1+ M/M, ) <2V, for compression-flexure, with:

V. =06f, b, d

f

otd lotiinf Ve

The model Il also consider checking the compressed diagonal V.,
(Equation 10) and tensioned diagonal V. (Equation 11). In this

case, the strut inclination varies between 30° and 45°.

Vear =0,54n0,,0/,,nb, ndnsin’6 (cota +cotd ) (10)

VRd3 = Vc + sz

(1)

Where,
V= (Asw/s)-0,9-d-fywd- (cotg a + cotg B)-sem a

V = 0 for tensioned structural elements when the neutral axis is out
of the cross section;;

V_=V_, for simple flexure and tension-flexure with the neutral axis
in the cross section;

V.=V, (1+ M/ Mg, ) <2V for compression-flexure, with:
V., =V, whenV, <V,

V_,=0when Vg =V,

> Using linear interpolation for intermediary
values.

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5
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Table 3 - Current Beam’s characteristics

(mm) (mmz) (mmz) (mm) (mm) (MPa) (GPa) (GPG) (Grau) -

VCPR-0
VCPP-0
VCPR-250
VCPP-250
VCPR-150
VCPP-150

361 180 942 101 20

d, - Beams’ useful depth; e_ - Prestressing cable’s eccentricity at middle span; ¢, - Prestressing cable’s concrete cover at middle span; R - Straight layout cable;

P - Parabolic layout cable; 6 - Prestressing cable inclination.

16
0
16
0
16

45 30 210 195

T A U X TV A

Experimental

Mechanical
property

Compressive strength

Tensile strength - 3.01
Elastic modulus - -

Table 4 - Concrete’s mechanical properties

Theoretical (NBR 6118 (5))

f
sec, ex| c, teor ct, teo sec, teo
&ba) (MPa) ) (@Pa)
= 30.0 20 26.1
250

3. Experimental program
L —
3.1 Beams’ characteristics

Six prestressed concrete beams using the system with greased cable
and with two layouts for the prestressing cables, straight and para-
bolic, and variations in the shear reinforcement ratio (vertical stirrups)
were tested and analyzed. The beams had cross section of (150 x
450) mm?, length of 2400 mm and 2000 mm of tested span, same
longitudinal reinforcement and mechanical properties of the concrete
(same concreted). From the six beams, three had straight cables and
three parabolic ones, with one beam of each group presenting trans-
verse reinforcement only at the supports and load application points,
and the other had stirrups of diameter 5.0 mm each 250 mm and 150
mm. The positions of the straight and parabolic cables and its incli-
nations were the same enabling comparisons between beams with
same shear reinforcement and cables’ layout. Thus, the influence of

Table 5 - Properties of steel bars with diameter
of 5.0 mm and 20.0 mm

ENrr

597.0 229.6

20.0 580.0 623 2.8 207.1

the cables’ layout in the shear resistance was assessed by comparing
the experimental results of the beams VCPR-0 and VCPP-0, VCPR-
250 and VCPP-250, VCPR-150 and VCPP-150. Assuming that the
greater the force applied to the cable will be greater this increase in
shear resistance, the cable was loaded to its permissible limit of ten-
sion to show its influence. Table 3 and Figure 4 bring the features and
details of the prestressed concrete beams.

3.2 Concrete’s mechanical properties

The compressive strength, tensile strength and elastic modulus of
concrete were obtained experimentally by compression of cylin-
drical proofs molded according to NBR 5738 [9] at the same of
the beams’ concrete placement, removing three cylindrical proofs
with 150 mm diameter and 300 mm length to perform each of the
tests mentioned, totaling nine proofs. Determination of compres-
sive strength followed the established by NBR 5738 [9] and the
determination of tensile strength by diametrical compression fol-
lowed established by NBR 7222 [10] and the secant modulus of
elasticity was found according to NBR 8522 [11]. Table 4 presents
the results of the mechanical properties of concrete.

3.3 Reinforcements’ mechanical properties

The average values of the yield and failure stresses, yield strain
and elastic modulus of the six steel bars samples with diameter
of 20.0 mm and 5.0 mm of the flexural and transversal reinforce-
ments, respectively, are presented in table 5. Additionally, all

770
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Figure 4 - Beams' details
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Table 6- Greased monocable’s
mechanical properties

Nominal diameter (mm) 12.7
Cross section area (mm?) 101.0
Elastic modulus (kN/mm?2) 203.0
Tension strength limit (kN) 187.0

Maximum prestressing force (kN) 150.0

Anchorages force (kN) 131.0

samples met the criteria of ductility of NBR 7480 [12], which pre-
scripts the failure stress f, at least equal to 1.10-fys. The mechani-
cal properties of the prestressed cables came from catalog of the
manufacturer CIA Siderurgica Belgo Mineira and are presented in
Table 6.

3.4 Beams’ production

After making the wooden formwork and application of mold release
oil, the active and passive reinforcement received spacers and were
positioned carefully aiming the standardization of concrete cover of re-
inforcements and, consequently, the useful heights of the beams. Both
the beams with straight cable and the beams with parabolic cable ad-
opted a concrete cover of 50 mm from the central point of the cable to
the bottom surface of the beams. The beams and proofs were then
concreted at the same time and using the same concrete, being re-
leased and vibrated with immersion vibrators with diameter of 32 mm
for beams and 25 mm for proofs and, after 4 hours, beams were cov-
ered with wet tissues. The mold removing happened 7 days after con-
crete placement. Figure 5 shows the production process of the beams.

3.5 Instrumentation

For monitoring the behavior of the beams along the test proce-
dure, strain gages were used in concrete, flexural and transverse

Figure 5 - Beams' executive process

IBRACON Structures and Materials Journal < 2016 * vol. 9 *n°5
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reinforcements. There were. 28 strain gages on steel bars, includ-  external loadings. Figure 6 shows the instrumentation of the beams.
ing passive and transverse reinforcements, 06 strain gages on con-

crete and 06 strain gages on the compressive reinforcement totaling 3.6 Test sysfem
40 strain gages, and 01 dial gage per beam for observation of the
evolution of vertical displacements generated by prestressing and  The test of the beams was carried out in the Civil Engineering Lab-

Figure 6 - Instrumentation of the beams with parabolic layout cables
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Figure 7 - Teste system
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oratory of the Federal University of Para. The first step was to
set up the four-point test system (Stuttgart test), positioning the
beams on supports of first and second gender mounted on con-
crete blocks which were supported on the laboratory reaction
slab. Then the data acquisition system ALMEMO® 5690-2M,
from Ahlborn compatible with the AMR WinControl software was
connected to all the gages of the beam, followed by mounting of
the hydraulic jack and of the load cell in the reaction frame and
in the passive anchoring of the beam.

The test starts with the cable tension. The prestressing was ap-
plied through a monocable hydraulic jack with capacity of 200
kN, increments of 10 kN until the final loading of 120 kN, after all
the losses. Initially the cable was pulled up to 150 kN, anticipat-
ing losses due to the small size of the beams, for accommoda-
tion of the wedge and reinforcement slip, which ranged from
30% to 41%. After these losses, there was a need of prestress-
ing increment. The prestressing increment consisted in pull the

cable up to 150 kN. With the cable tensioned, the anchor was
loose from the steel plate leaving a gap, which was filled with
small plates to prevent the return of the anchor and the conse-
quent loss of strength in the cable. This control was visual and
this procedure was considered satisfactory when the gap was
no longer visible.

Immediately after the prestressing step, began the external
loading application on the beams. The loadings on the beam
were applied at two equidistant points, featuring as a four-point
test applied by a hydraulic jack with capacity of 1000 kN, which
reacted under the beam of the reaction frame of the labora-
tory. The hydraulic jack applied loading until the beam’s failure
through a steel beam that transferred this loading to two points
on the beam. The monitoring of the applied loading was made
by a standard load cell of 1000 kN and precision of 1 kN, con-
nected to a load cell reader to indicate the magnitude of the
loading. Figure 7 shows the test system.

Table 7- Prestressing forces and losses

P. - Represtressing force after immediate loss; P, - Prestressing force at the test beginning; P, - Prestressing force close to failure.

P, - Initial prestressing force without immediate loss; P_, - Prestressing force after immediate loss; P, - Initial represtressing force without immediate loss;

Prestressing Prestressing Represtressing Represtressing
P immediate immediate
(kN loss (%) loss (%)
VCPR-0 149 105 29,6 152 119 21,7 113,0 129
VCPP-0 148 88 40,5 150 125 16,6 124,0 135
VCPR-250 152 102 32,9 151 121 19,9 120,5 127
VCPP-250 151 91 39,7 149 115 22,8 114,0 136
VCPR-150 150 109 27,3 149 118 27,5 117.0 124
VCPP-150 150 84 44,0 150 121 19,3 118,0 137
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Figure 8 - Concrete's strains
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4. Results and discussions
[
4.1 Prestressed forces and immediate losses

The parabolic cables presented the highest variations of the pre-
stressing forces (beams VCPP-0, VCPP-250 and VCPP-150) due
to the cables’ deflections, with immediate average loss of 41.4%,
higher than the cables with straight profile (VCPR-0, VCPR-250 and
VCPR-150), which had mean immediate losses in the order of 29.9%.
Losses reached this amount due to the small size of the beams, high
prestressing force in the cable and the manual method of crimping
wedge (wedge accommodation). The small size and high prestress-
ing force in the cable caused the high stress on anchorages requiring
a larger work of wedges, increasing its accommodation. After addi-
tional prestressing the average loss was between 23% and 19.5% for
the beams with straight and parabolic cables, respectively. It was also
noted that during application of the loading on the beam, there was
a gradual increase in force in the prestressing cable, with the largest
increases observed in beams with parabolic cable. Table 7 presents
the values of the forces applied in all cables of the six beams along the
prestressing process as well as the immediate loss values.

4.2 Concrete’s strains

It was observed that the stresses on the concrete surfaces were reversed
along the prestressing process, creating tension at the top surface, very
close to the tensile strength of concrete, and compression (-7.4 MPa)
at the bottom surface. The highest tensile strain measured at the top
surface of the beam, were 0.044 %o, 0.060 %o, 0.045 %o, 0.07 %o, 0.038
%o 0.065 %o for the beams VCPR-0, VCPP-0, VCPR-250, VCPP-250,
VCPR-150, VCPP-150, respectively. During the testing of beams, none
of them exceeded the conventional limit of strain for concrete in flexure
according to NBR 6118 [5], 3.5 %o, then there was no crushing of con-
crete. Figure 8 shows the strains measured by the concrete’s strain gage.

4.3 Flexure reinforcement’s strains

There was no steel yielding in any of the six beams’ passive flexure

Figure 9 - Longitudinal flexure
reinforcement strains

420
360
ol —=—VCPR-0
Z 240 —A—VCPP -0
1 —%—VCPR- 250
] 180
—e—VCPP - 250
120 —#—VCPR - 150
- —e—\/CPP - 150
—28
0
0 1 2 3 4

Strain (%)

reinforcement, despite the higher failure loads of the beams. This
is due to the contribution of active reinforcement in flexure strength
of the beams, since the prestressing cables are from special steel
having tensile strength value of 187 kN. The highest tensile strain
in the passive longitudinal reinforcement bars in the middle section
of the span were 1.8 %o, 1.94 %o, 2.2 %o, 2.1 %o, 2.34 %o, 2.48 %o for
the beams VCPR-0, VCPP-0, VCPR-250, VCPP-250, VCPR- 150,
VCPP- 150, respectively. Figure 9 shows the load versus deforma-
tion diagram for passive flexure reinforcement.

4.4 Shear reinforcement’s strains

It is important to note that the beams VCPR-0 and VCPP-0 had
transverse reinforcement only in supporting and load application
points to avoid located rupture, and therefore not monitored, so
only the beams VCPR-250, VCPP-250, VCPR-150 and VCPP-
150 received strain gages. Figure 10 shows the load versus strain
curve for transverse reinforcement. In all the beams strains were
not greater than the yield strain € =4.6 %o. The most requested
stirrups were the closest to the loading, indicating that the path of
stresses occurred in a lower slope flow. According to Leonhardt
and Monnig [2] the longitudinal prestressing introduces in rein-
forced concrete elements compressive stresses that contribute
to reducing tensile stresses (which are more inclined in relation
to the element’s axis), so that shear cracking are configured with
lower inclination, with the struts reduced to values between 15°
and 30°.

4.5 Vertical displacements

The vertical displacements of the prestressed beams were mea-
sured by dial gages located at the middle spans of the beams and
are shown in Figure 11. The eccentricity of the prestressing forces
helped to reduce these displacements. At the time of prestress-
ing were measured vertical displacements of -0.32 mm, -0.20 mm,
-0, 35 mm, -0, 43 mm, -0, 32 mm, -0, 37 mm for beams VCPR-0,
VCPP-0, VCPR-250, VCPP-250, VCPR-150 and VCPP-150.
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Table 8 - Ultimate loads and failure modes

AS ASW
(mm?) (mm?)

VCPR-0
VCPP-0
VCPR-250
VCPP-250
VCPR-150
VCPP-150

942 101

- - 194.4
- - 225.1
250 249.9 .
250 288.5 Shearing
393 150 302.2
150 348.3

Failure mode

4.6 Ultimate loads and failure modes

During the tests, none of the six tested beams reach the passive
longitudinal reinforcement’s yield loading, as expected, failing by
shearing. Table 8 presents the values of the latest experimental

loads and failure modes of the beams. It was clear the influence of
the inclined cable on the shear strength of the beams. The vertical
component generated by the prestressing forces in the parabolic
cables provided greater resistant capacity with increases of up to
15% for the beams with stirrups spaced each 150 mm. Parabolic

Figure 10 - Beams' stirrups strains
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NBR 6118 (5)
Beam

VCPR-0 177.4 177.4

VCPP-0 242.7 242.7

VCPR-250 237.3 281.1
341.2

VCPP-250 302.6 346.4

VCPR-150 277.2 350.2

VCPP-150 342.5 415.5

ACI FS - Flexure-shearing failure; ACI WS - web-shearing failure

Table 9 - Theoretical and experimental results

ACI 318 (3) Eurocode 2 (2) Experimental
EC2
(kN)
179.9 269.5 181.8 194.4
246.1 269.5 248.0 225.1
246.4 335.9 119.7 249.9
312.6 335.9 185.8 288.5
290.8 380.3 199.5 302.2
356.9 380.3 265.6 348.3

cables showed greater strength gains at the end of the tests, 15%
against 8% of straight cables. This may have contributed to combat
tensile stresses generated by struts and to increase the aggregate
interlock close to ultimate loadings. Figure 12 shows the final as-
pect of the beams.

5. Codes’ prescriptions analysis
EE

Table 9 presents the theoretical results for shear resistance ac-
cording to the codes ACI 318 [3], EUROCODE 2 [4] and NBR 6118
[5] and the experimental results obtained from tests of the six pre-
stressed beams, and Table 10 presents the relationship between
experimental ultimate load (P,) and predicted ultimate load (P).
The ACI 318 method [3] is based on the average shear stress and
the total depth of the cross section b, -d. The parcel V_in prestress-
ing must be the lower of V  and V_ which are, respectively, failure
by flexure-shearing (ACI FS) and web shear failure (ACI WS). Be-
sides the concrete contribution is also taken into account the par-
cel related to shear reinforcement V.. To the beams with straight
cable (VCPR-0, VCPR-250 and VCPR-150), the estimated results
for the ACI FS method showed relations P /P, equal to 1.08, 1.01,
1.04, and the beams with parabolic cable (VCPP-0, VCPP-250 and
VCPP-150) with relationship P /P. equal to 0.91, 0.92 and 0.98,
respectively. The method does not consider directly the contribu-
tion of horizontal component Vp. Prestressing is taken into account
by a moment which cancels the design external moment, which
depends on the prestressing cable eccentricity in relation to the
neutral axis. But in the method based on the failure mode by web
shearing (ACI WS), the favorable effect of the vertical component
is taken into consideration in the equation. By this method the
beams with straight cable presented relationship P /P_ equal to
0.72, 0.74 and 0.92, respectively, and beams with parabolic cable
had relationship P/ P_ equal to 0.84, 0.86 and 0.79, respectively.
As the ICA recommends the lower value between V_ and V_ for
the concrete parcel in the shear strength, in all beams the value
used was V.

The procedure of EUROCODE 2 [4] considers beams with shear
reinforcement and the resistance is based on the truss model
with variation of the strut angle inclination, and for beams without
shear reinforcement only the concrete’s contribution. For beams

with shear reinforcement the European code defines resistance
as the lower of the parcels from shear reinforcement, V., and
the maximum limit value for strut crushing, V,, .. without the
concrete’s contribution to the resistance. For without shear re-
inforcement elements, prestressing is considered through the
prestressing tension o . The relationship P /P, for the beams
with straight cable (VCPR-0, VCPR-250, VCPR-150) was 1.07,
2.09 and 1.51, respectively, and the beams with parabolic cable
(VCPP-0, VCPP-250, VCPP-150) this relationship was 0.91, 1.55
and 1.31, respectively.

NBR 6118 [5] considers two calculation formulations based on the
truss model and the failure of tensioned and compressed diago-
nals. Model | considers the strut inclination of 45° and inclination
of the stirrups between 45° and 90°. The Model Il considers the
strut inclination ranging between 30° and 45° and the same varia-
tion of the stirrups inclination of Model I. The favorable effect of
prestressing is taken into consideration in the relationship between
the bending moment annulling the normal compressive stresses
in cross section surface (M,), and the design bending moment,
maximum in the section in question, which can be taken as the

Figure 11 - Beams' vetical displacements
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Figure 12 - Beams' final aspect
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Table 10 - Variation of P /P, relationship

NBR 6118 (2014) ACI 318 Eurocode 2
P./P, P./P,
ACI FS EC2
VCPR-0 1.10 1.10 1.08 0.72 1.07
VCPP-0 0.93 0.93 0.91 0.84 0.91
VCPR-250 1.05 0.89 1.01 0.74 2.09
VCPP-250 0.95 0.83 0.92 0.86 1.55
VCPR-150 1.09 0.86 1.04 0.79 1.51
VCPP-150 1.02 0.84 0.98 0.92 1.31
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Abstract
[

Little information on experimental investigations regarding the influence of the prestressing forces in the shear resistance of prestressed beams is
found in the technical literature. Thus, it was experimentally evaluated the shear resistance of six post-tensioned prestressed concrete beams with
cross section of (150 x 450) mm2, total length of 2400 mm and concrete’s compressive resistance of 30 MPa, with the variables of this work being
the layout of the prestressing cable, straight or parabolic, and the stirrups geometric rate. Verticals displacement, steel and concrete’s strains and a
comparison of the experimental loads with the estimates of ACI 318, EUROCODE 2 and NBR 6118: 2014 codes are presented and discussed. The
results showed that the cable’s parabolic layout increased the beams’ shear resistance in up to 16% when compared to beams with straight cables.

Keywords: prestressed concrete, shearing, beam.

Resumo

Poucas informacdes relativas as investigagdes experimentais sobre a colaboragao da protensao na capacidade resistente ao esforco cortante
dos elementos estruturais protendidos, sdo encontradas na literatura técnica. Assim, foi avaliado experimentalmente o desempenho ao cisalha-
mento de seis vigas de concreto protendido com cordoalhas engraxadas, segéo transversal de (150 x 450) mm2, comprimento de 2400 mm e
resisténcia a compressao do concreto de 30 MPa, sendo que as variaveis do trabalho foram o tracado do cabo de protenséo, reto ou parabdlico, e
a taxa de armadura transversal. Sdo apresentados os resultados para os deslocamentos verticais, deformacgéo do aco e do concreto e as cargas
ultimas experimentais comparadas com as estimadas das normas ACI 318, EUROCODE 2 e NBR 6118: 2014. Os resultados mostraram que as
vigas com tragado inclinado apresentaram aumento na resisténcia ao cisalhamento em até 16 % quando comparadas as vigas com cabos retos.

Palavras-chave: concreto protendido, cisalhamento, viga.
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1. Introducgao

B

No dimensionamento das estruturas de concreto armado, a tragao
por flexao gerada pelo carregamento € combatida exclusivamente
pelo ago, retardando a fissuragédo do concreto. A armadura, cha-
mada de armadura passiva, destina-se a receber os esforgos de
tragcdo néo absorvidos pelo concreto, trabalhando somente quando
solicitada. Nas estruturas de concreto protendido a forga aplicada
nos cabos é transmitida ao concreto, combatendo as tensbdes de
tracdo por flexdo e auxiliando as armaduras passivas. A armadura
de protensao, chamada de armadura ativa, é colocada na pega nao
somente para comprimir e gerar as tensdes de compressao neces-
sarias para que o concreto possa absorver as tensdes de tragéo
gerada pelo carregamento, mas também para resistir aos carrega-
mentos externos atuantes, oferecendo muitas vantagens, como a
reducéo do esforgo cortante solicitante pela agdo da componen-
te vertical gerada pela protensdo, no caso de cabos inclinados, o
aumento das tensbes de compressao e redugao das tensbes de
tragdo, redugdo de flechas e da fissuragdo, com a estrutura perma-
necendo praticamente no Estadio | ao longo de sua vida util.
Segundo Naaman [1], a protens&o longitudinal introduz nas pecas
de concreto protendido com cabos inclinados uma componente

vertical que depende da forga total do cabo e que reduz o esforgo
cortante solicitante. A Figura 1 mostra uma viga de concreto proten-
dido com uma segao dx e as componentes geradas pela protensao.
A protensao também induz tensées de compressao que contribuem
para a redugdo das tensdes principais de tragdo de modo que as
fissuras de cisalhamento apresentam menor inclinagdo. De acordo
com Leonhardte Monnig [2] a inclinagao das bielas varia de 15° a
30°. Contudo, em trechos com cargas concentradas ou sobre apoios
intermediarios de vigas continuas, por exemplo, surgem fissuras de
cisalhamento que, inevitavelmente, atingem 45°.

Este artigo objetiva avaliar a contribui¢cdo da protensao na reducao
do esforgo cortante solicitante em seis vigas, através da compo-
nente vertical gerada com a inclinagéo do cabo de protensao, sen-
do trés com tragado do cabo reto e trés com tragado do cabo para-
bolico, e para cada tragado de cabo foram utilizadas trés taxas de
amarduras transversais (estribos verticais), sendo os resultados
experimentais paraas cargas ultimas comparados as estimativas
das normas ACI 318 [3], EUROCODE 2 [4] e NBR 6118 [5].

2. Revisao bibliografica
EE

Algumas pesquisas buscaram entender os pardmetros que

Figura 1 - Componentes geradas pela protensdo (Naaman (1))
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R - fragado do cabo reto; P - fragado do cabo parabdlico

Tabela 1 - Varidveis e modos de ruptura das vigas de LASKAR e HSU (6)

4,29
4,29

B1 72,4 1,61
B2 74,5 1,61
B3 7620 568 150 50 64,6 1,61
B4 71,0
B5 64,5

m
250

R 0,17 840,2 892 Cisalh.

R 0,95 178 1040,8 1106 alma

P. 0,95 178 1014 1077

R 0,17 250 430 470 e
cisalh.

P 0,17 250 450 490

IBRACON Structures and Materials Journal + 2016 + vol. 9 +n°5

E—— Wl



Influence of the cable’s layout on the shearing resistance of prestressed concrete beams

influenciam na resisténcia ao cisalhamento de vigas de concreto
protendido. Laskar e Hsu [6], estudaram o comportamento ao cisa-
Ihamento de cinco vigas de concreto protendido, com 7620 mm de
comprimento, £ médio de 70,5 MPa, segéo transversal e altura Uil
de 568 mm, tendo como variaveis a taxa de armadura transversal,
o tragado do cabo de protenséao e a relagao vao altura util (a/d). As
vigas B1, B2 e B4 apresentaram tragado reto e foram projetadas
para o modo de ruptura por cisalhamento, com relagéo a/d (1,61), e
as vigas B3 e B5, com tragado parabolico, também com ruptura por
cisalhamento, apresentaram relagao a/d (4,29). A taxa de armadura
transversal das vigas variou de p = 0,17% para as vigas B1, B4 e
B5 e de p, = 0,95% para as vigas B2 e B3. A Tabela 1 apresenta os
parametros de ensaio, além das cargas ultimas experimentais e os
modos de ruptura.

Observou-se que as tensdes de fissuragdo foram maiores para as
B1 e B2, com tragado do cabo reto, quando comparadas com as
vigas com tragado parabdlico, B3 e B5, devido a componente ho-
rizontal dos cabos. As vigas com tracado parabdlico se mostraram
mais eficientes em relagéo as vigas com tragado reto no combate
ao esforgo cortante reduzindo em torno de 10% o cortante solicitan-
te das vigas em relagdo as vigas com tragado reto. Os resultados
experimentais mostraram também que as vigas apresentaram dois
modos de ruptura, segundo a norma norte americana ACI 318/2011:

Flexo-Cisalhamento (Flexure Shear) e Cisalhamento na Alma (Web
Shear). As vigas que romperam em cisalhamento na alma apre-
sentaram ruptura fragil, enquanto que as vigas que romperam em
flexo-cisalhamento apresentaram ruptura ductil. As vigas com rela-
¢ao a/d de 4,29 apresentaram ruptura ductil gquando comparadas as
vigas com a/d de 1,61, mostrando a forte influéncia deste parametro
na resisténcia ao cisalhamento de vigas protendidas. As vigas B1 e
B2, que apresentaram como variaveis apenas a taxa de armadura
transversal, apresentaram ruptura fragil devido a baixa relagéao a/d,
sendo que a resisténcia da viga B1 foi 30% maior que da viga B2.

MacGREGOR [7] avaliou a influéncia do tragado do cabo de pro-
tensdo na resisténcia ao cisalhamento de vinte e duas vigas de
concreto protendido, com angulo de inclinagdo medido do centro
geométrico da armadura de protenséo, na segao central, até o eixo
longitudinal da viga, variando de zero a dez graus. A Tabela 2 apre-
senta as caracteristicas das vigas ensaiadas por MacGREGOR [7].
O comportamento das vigas apos a formagéo da fissura inicial (es-
tado de descompressao), foi alterado de acordo com a inclinagéo
dos cabos. Para vigas com maiores inclinagdes dos cabos ocorreu
um ganho médio de resisténcia de 25%, da formacéo da primei-
ra fissura até a ruptura, quando comparada com as demais vigas
de menores inclinagbes. Para as vigas com menores inclinagdes
nédo houve aumento significativo de carga, da formacao da primeira

Tabela 2 - Caracteristicas das vigas de MacGREGOR (7)

AD.14.37 225 162
B.14.34 18.2
B.14.41 20.0

BD.14.18 430

BD.14.19 43.0

BD.14.23 26.6

BD.14.26 240

BD.14.27 24.0

BD.14.28 23.0

BD.24.32 18.6 80
BD.14.34 18.0

BD.14.35 20.0 192

BD.14.42 26.0

BV.14.30 28.0

BV.14.32 26.0

BV.14.34 25.0

BV.14.35 23.5

BV.14.42 20.0

CD.13.23 26.5

CD.13.24 25.0

CD.13.25 24.0 “°

CD.14.34 17.5

742 6.45 11
805 0.00 12
805 0.00 12
861 2.70 13
784 5.00 12
693 10.00 11
812 10.00 11
777 2.22 11
826 1.53 11
770 1.88 11
254 770 6.28 11
770 2.38 11
567 6.45 11
861 3.25 11
784 3.25 12
868 2.70 12
805 5.36 12
840 6.80 13
840 0.00 12
784 3.40 12
826 2.85 12
735 1.88 11
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Figura 2 - For¢as atuantes em uma fissura
inclinada (ACI-ASCE Committee 426 (8))

l Rce
———
Venf
Vea‘

fissura até a ruptura. Isso ocorreu devido a componente horizontal,
para os cabos com menores inclinagdes, ser maior que para os ca-
bos com maiores inclinagdes, levando ao aumento das tensdes que
causam as fissuras nas vigas com cabos de menores inclinagdes.

2.1 Comportamento ao cisalhamento de vigas
de concreto protendido

A capacidade resistente ao cisalhamento de uma viga de concreto
protendido pode ser dividida em duas parcelas, uma resistida pelo
concreto e seus mecanismos auxiliares descritos a diante, e outra
resistida pela armadura transversal. Uma viga, mesmo sem arma-
dura transversal apresenta capacidade de resistir a uma determi-
nada forga cortante. A Figura 2 mostra as varias componentes dos
mecanismos de resisténcia ao cisalhamento de vigas sem arma-
dura transversal, exceto a componente relativa ao efeito de arco,
segundo o ACI-ASCE Comittee 426 [8].

Para estruturas de concreto armado submetidas a forgas cortantes,
a parcela de resisténcia devida ao concreto é a soma de diversos
esquemas capazes de transmitir esforgos entre as segdes como o
efeito do concreto néo fissurado (cantilever action), sendo que este
mecanismo ocorre em trechos nao fissurados da viga (entre duas
fissuras consecutivas) ou em partes nao fissuradas de elementos
fissurados (zona de compressao de uma segao fissurada); o en-

Figura 3 - Padrdo de fissuragcdo para vigas
de concreto armado (ACI 318(3))

- irrrren i
N AR TS

M
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Continuo . .
Flexio e flexo-cisalhamento |
! fosle , |
Flexdo e Cisalhamento Cisalhamento
flexo-cisalhamento na Alma na Alma

grenamento dos agregados (aggregate interlock), que ocorre entre
as duas superficies originadas por uma fissura, e a contribuigdo do
engrenamento dos agregados para a resisténcia ao cisalhamento
depende da abertura da fissura e da rugosidade das superficies; o
efeito de encavilhamento da armadura (dowelaction-effect), onde a
armadura longitudinal resiste a uma parcela do deslocamento cau-
sado pela forga cortante devido ao efeito de pino na barra, sendo
que a forga de pino na barra da armadura longitudinal depende da
rigidez da barra na interse¢éo com a fissura; e o efeito de arco (ar-
chingaction), que € um mecanismo que ocorre de forma mais ex-
pressiva em vigas com vaos reduzidos e confere a viga um acrésci-
mo em sua capacidade resistente. Para o caso de vigas submetidas
a carregamentos concentrados, a intensidade deste efeito de arco
esta relacionada com a relagéo a/d da viga, onde a é a distancia do
ponto de aplicagdo do carregamento ao apoio mais proximo e d é
a distancia da fibra mais comprimida da seg¢ao da viga ao centro de
gravidade da armadura longitudinal de tragéo. Vigas com a relagéo
a/d menor do que 1, desenvolvem fissuras que vao desde o ponto
de aplicagédo do carregamento até o apoio. Estas fissuras impedem
o fluxo de cisalhamento da armadura longitudinal para a zona com-
primida fazendo com que o elemento comece a comportar-se como
um arco e ndo0 mais como uma viga.

2.2 ACI 318

Segundo o ACI 318 [3], a resisténcia ao cisalhamento de vigas de
concreto protendido é baseada no modelo de analogia de trelica
modificada, onde V& resisténcia nominal ao cisalhamento, obe-
decendo a condigao de ser maior que o esforgo cortante de calculo
na segdo considerada V, ,sendo apresentada nas equagdes 1 e 2.

oV, 27V, ()

V,=énV, +onV )

Onde:

¢: fator de redugao: 0,75;

V_: parcela proveniente do concreto;

V. parcela proveniente da armadura transversal.

O calculo da parcela V, é baseado no padréo de fissuragédo mos-
trado na Figura 3, onde o esforgo V_ € responsavel pelo surgi-
mento de fissuras de flexdo e o esforgo V_ pelo surgimento das
fissuras de cisalhamento na alma, sendo calculados segundo as
equagdes 3 e 4. O valor da parcela V_ sera o menor entre os dois.

0.0SHXH\/anwndp +Vd+ViAr/1[Mre >

e ) Q)

V. =

ci

(0.14n\/70nbwnd)
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V., = (0:29mnf7 +0.30f, Job,nd +V,  (4)

Onde:

A: fator de modificagdo das propriedades mecanicas do concreto,
igual a 1;

f: resisténcia a compressé&o do concreto;

b,:largura do elemento;

d,: disténcia da fibra extrema mais comprimida ao centro de gravi-
dade da armadura de protensao, mas nao menor que 0,8-h;

V. cortante na segéo considerada devido ao peso proprio;

V.: cortante na seg&o considerada devido ao carregamento exter-
no ocorrendo simultaneamente com M, _;

M. momento maximo na seg&do devido ao carregamento;

m
M__: momento que gera fissuras de flexdo na sec¢do devido ao

cre”
carregamento;

pr: tensdo de compressédo do concreto, no centroide da segao
transversal, que resiste ao carregamento externo;

Vp: componente vertical da forga de protensao.
2.3 EUROCODE 2

O EUROCODE 2 [4] especifica dois métodos de célculo para a
resisténcia ao cisalhamento como fungdo da presenga ou ndo de
armadura transversal. Para elementos sem armadura de cisalha-
mento (Equagéo 5) a resisténcia & expressa em termos de V..
Para elementos com armadura de cisalhamento, a resisténcia é o
maior valor entre V., eV, apresentados nas Equagbes 6 e 7.

Rd,max’

Vede = {C Rd)cnkn(IOOnp o, )é +k ne,, } nb nd (5)

Vs = A;W nznf,, ncot (6)
_ o, nb rznvnf,, 0
Rdmac cotg® +1g
Onde:

Voo Tesisténcia ao cisalhamento de calculo de elementos sem

armadura de cisalhamento;

Vs PArcela proveniente da armadura transversal;

Veamax Valor maximo limite do esmagamento da diagonal compri-
mida;

C C: fator com valor recomendado de (0,18/y,);

, com d em mm;

p, taxa de armadura longitudinal;

k,: fator com valor recomendado de 0,15;

0, tensao de compressao do concreto devido a protensao, em MPa;
d: altura util da secao transversal, sendo do centro de gravidade
da armadura de protensao até a fibra mais comprimida, em mm;
A, € a area da segdo transversal da armadura de cisalhamento;
s: espagcamento dos estribos;

z:brago de alavanca, 0.9 d, com d em mm;

f . tenséo de escoamento de calculo da armadura de cisalha-
mento;

v: 0,5 para MPa e 0,6 para MPa, desde que a tensdo na armadura
de cisalhamento seja menor ou igual a 80% da tens&o de escoa-
mento caracteristica.

2.4 NBR 6118

A NBR 6118 [5] apresenta dois modelos de calculo baseados na
analogia em modelo de trelica, de banzos paralelos, associados
a mecanismos resistentes complementares desenvolvidos no in-
terior do elemento estrutural e traduzidos por um a componente
adicional V_. O modelo |, considera a verificagao da diagonal com-
primida V., (Equagéo 8) e da diagonal tracionada V, , (Equagéo
9). Ainclinagéo da biela é de 6=45° em relagao ao eixo longitudinal
do elemento estrutural.

Ver=0.2Tno nf, nbnd 8

Vs =V AV, )

Onde:.

a, = (1-f,/250),

V,, = (A,/9)0,9-df  (sena + cos a);

V_= 0 nos elementos estruturais tracionados quando a linha neutra
se situa fora da segao;

V_ =V na flexdo simples e na flexo-tragdo com a linha neutra
cortando a secao;

Vc = V00(1 + M(/ MSd max
V,=06f, b,d

=f N
ctd ctk,inf Tc
O modelo Il, também considera a verificagdo da diagonal compri-
mida V., (Equagdo 10) e da diagonal tracionada V., (Equag&o
11). Neste caso, a inclinagao da biela varia entre 30° e 45°.

) <2 V_, na flexo-compress&o;

Vear =0,54n0,0/,;nb, ndnsin’0 (cota +cot® ) (10)

Veas =V +V, (”)
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P - tragcado do cabo parabdlico; 6 - inclinagdo do cabo de protensdo

Tabela 3 - Carateristicas das vigas

m Ap cs cp fCK Es
(mm) (mm2) (mm?) (mm) (mm) (MPa) ((le)) (GPa) (Grau)
0

VCPR-0 R
VCPP-0 16 P
VCPR-250 0 R
VCPP-250 361 180 942 101 20 45 30 210 195 16 P
VCPR-150 0 R
VCPP-150 16 P

d, - altura dtil da viga; e, - excentricidade do cabo de protensdo no meio do vao; ¢, - cobrimento do cabo de protensdono meio do vao; R - tragado do cabo reto;

: Experimental
Propriedade

mecdnica

Resisténcia & compressdo
Resisténcia a fracdo - 3.01
Md&dulo de elasticidade - -

Tabela 4- Propriedades mecdnicas do concreto

Tedrico (NBR 6118(5))

25,0

Onde:.

Vo= (A,/5)0,9-df - (cotga + cotgB) sena

V =0 nos elementos estruturais tracionados quando a linha neutra
se situa fora da secao;

V_=V_, na flexdo simples e na flexo-tracdo com a linha neutra
cortando a segao;
V.=V, (1+ M/ M, .) <2V, na flexo-compressao, com:
V=V, quando V <V

V_, =0 quando V,, = V,,, interpolando-se linearmente para valo-
res intermediérios.

3. Programa experimental
.
3.1 Caracteristica das vigas

Foram ensaiadas seis vigas de concreto protendido utilizando o
sistema com cordoalha engraxada, com dois tracados para os ca-
bos de protensao, reto e parabdlico, e variagdes na taxa de arma-
dura de cisalhamento (estribos verticais). As vigas apresentaram
secdo transversal de (150 x 450) mm?, comprimento de 2400 mm
e vao ensaiado de 2000 mm, armaduras longitudinais e proprie-
dades mecanicas do concreto iguais (mesma betonada). Das seis
vigas, trés apresentaram cabos com tragado reto e trés com tra-
gado parabdlico, sendo que uma viga de cada grupo apresentou
armadura transversal apenas nos apoios e pontos de aplicagao de
carga, e as demais apresentaram estribos de 5,0 mm de diametro
a cada 250 mm e 150 mm. As posi¢cdes dos cabos de tragado
reto foram iguais, assim como as dos cabos parabdlicos e suas

inclinagdes, viabilizando comparagdes entre vigas com mesma
taxa de armadura de cisalhamento e tragado dos cabos. Assim, a
influéncia do tragado dos cabos na resistencia ao cisalhamento foi
verificada comparando-se os resultados experimentais das vigas
VCPR-0 e VCPP-0, VCPR-250 e VCPP-250, VCPR-150 e VCPP-
150. Assumindo que quanto maior a forga aplicada no cabo maior
sera esse acréscimo, o cabo foi carregado até seu limite admissi-
vel de tragao para evidenciar sua influéncia. A Tabela 3 e a Figura
4 apresentam as caracteristicas e detalhes das vigas.

3.2 Propriedades do concreto

As resisténcias a compressao, a tragdo e modulo de elasticidade do
concreto foram obtidas experimentalmente através do rompimento
de corpos-de-prova cilindricos moldados segundo a NBR 5738 [9],
simultaneamente a concretagem das vigas, sendo retirados trés
corpos-de-prova cilindricos com 150 mm de diametro e 300 mm de

Tabela 5 - Propriedades dos acos de diGmetro
5,0 mm e 20,0 mm

¢ fys fu Eys ES
(mm) (o)) (MPa) (%0) ((cile)]
5,0 5970 602 4,6 229.6
20,0 580,0 623 2,8 207.1
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Figura 4 - Detalhes das vigas
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comprimento para a realizagao de cada um dos 0s ensaios previstos,
totalizando nove corpos-de-prova. A determinagéo da resisténcia a
compressao seguiu o estabelecido pela NBR 5738 [9] e a determina-
¢ao da resisténcia a tragao por compresséo diametral seguiu o esta-
belecido pela NBR 7222 [10], e o médulo de elasticidade secante foi
estabelecido de acordo com a NBR 8522 [11]. A Tabela 4 apresenta
os resultados das propriedades mecanicas do concreto.

3.3 Propriedades das armaduras

Os valores médios das tensdes de escoamento e de ruptura, da
deformagédo de escoamento e do médulo de elasticidade das seis
amostras de barras de ago com diametro 20,0 mm e 5,0 mm das
armaduras de flexdo e transversal, respectivamente, sdo apre-
sentados na Tabela 5. Adicionalmente, todas as amostras aten-
deram aos critérios de ductilidade da NBR 7480 [12], que admite
que a tens&o de ruptura f, do aco utilizado seja, no minimo, igual
a 1,10 fys. Os dados das propriedades mecanicas das monocor-
doalhas engraxadas foram obtidos do catalogo da fabricante

Tabela 6- Propriedades mecdnicas
da monocordoalha engraxada

Didmetro nominal (mm) 12,7
Area da secdo transversal (mm?2) 101,0
Maoédulo de elasticidade (KN/mm?2) 203,0
Limite de resisténcia & tracdo (kN) 187.0
Forca maxima de protensco (kN) 150,0
Forca na ancoragem (kN) 131,0

CIA Siderurgica Belgo Mineira e sdo apresentados na Tabela 6.
3.4 Execucgao das vigas

Apds a confeccdo das formas de madeira e aplicagédo de

Figura 5 - Processo executivo das vigas
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desmoldante, as armaduras passivas e ativas receberam espaca-
dores e foram posicionadas cuidadosamente visando a padroni-
zagao dos cobrimentos das armaduras e, consequentemente, das
alturas uteis das vigas. Tanto para as vigas com cabo reto quanto
para as vigas com cabo parabdlico foi adotado um cobrimento de

50 mm do ponto central do cabo ao fundo das vigas. As vigas
e os corpos-de-prova foram entdo concretados simultaneamen-
te utilizando-se o mesmo concreto, da mesma betonada, sendo
langado e adensado com vibradores de imersdo com diametro da
agulha de 32 mm para as vigas e 25 mm para os corpos-de-prova

627

— -
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Figura 6 - Instrumentacdo das vigas com tragcado parabdlico
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Figura 7 - Sistema de ensaio
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e, apos 4 horas, iniciou-se o processo de cura com sacos de ania-
gem umedecidos, tanto das vigas quanto dos corpos-de-prova. A
desforma aconteceu 7 dias apds a concretagem. A Figura 5 mos-
tra o processo executivo das vigas.

3.5 Instrumentacao

Para monitoramento do comportamento das vigas ao longo
do ensaio, foram utilizados extensdmetros elétricos de resis-
téncia no concreto e nas armaduras de flexdo e transversal.
Foram utilizados 28 extensOmetros elétricos no ago, incluindo
armadura passiva e transversal, 06 extensémetros elétricos
no concreto e 06 extensdbmetrosno porta estribo, totalizando
40 extensOmetros, além de 01 deflectdbmetro por viga, para
a observacgado da evolugédo das flechas geradas pela proten-
sao e pelo carregamento. A Figura 6 mostra a instrumentagcao
das vigas.

3.6 Sistema de ensaio

O ensaio das vigas foi realizado no Laboratério de Engenharia
Civil da Universidade Federal do Para. O primeiro passo foi mon-
tar o sistema de ensaio de quatro pontos (ensaio de Stuttgart),
posicionando as vigas em apoios de primeiro e segundo género
montados em blocos de concreto, que por sua vez foram apoiados
sobre a laje de reagao do laboratério. Em seguida o sistema de
aquisi¢do de dados, ALMEMO® 5690-2M, da Ahlborn, compativel
com o software AMR WinControl, foi conectado a todos os exten-
sOmetros da viga, seguido da montagem do macaco e da célula
de carga no pértico de reagéo e na ancoragem passiva da viga.

O ensaio inicia com a tragéo do cabo. A protensao foi realizada por
meio de um macaco hidraulico monocordoalha com capacidade
de 200 kN, em incrementos de 10 kN até atingir a forca final de
120 kN, apds todas as perdas. Inicialmente o cabo foi tracionado
até 150 kN, ja prevendo as perdas devido ao tamanho reduzido

Tabela 7 - Forcas e perdas de protensdo

P, - forca de re-protensdo apds as perdas imediatas; P, - forca de protensdo no inicio do ensaio; P, - forca de protensdo préximo a ruptura

Protensdo Perdas Re-protensao Perdas
imediai_as na P, P, imediata_s na
protensdo (%) (kN) (kN) re-protensdo (%)
VCPR-0 149 105 29,6 152 119 21,7 113.0 129
VCPP-0 148 88 40,5 150 125 16,6 124,0 135
VCPR-250 162 102 32,9 151 121 19,9 120,5 127
VCPP-250 151 91 39.7 149 115 22,8 114,0 136
VCPR-150 150 109 27,3 149 118 27.5 117.0 124
VCPP-150 150 84 44,0 150 121 19,3 118,0 137

P, - forca de protensGo inicial sem perdas imediatas; P, - forca de protensdo apds as perdas imediatas; P, - forca de re-protensdo inicial sem perdas imediatas;
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Figura 8 - Deformacoes no concreto
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das vigas, por acomodacao da cunha e deslizamento da armadu-
ra, que variou em torno de 30 % a 41 %. Apos estas perdas, houve
a necessidade da etapa de reprotensao. A etapa de re-protensao
consistiu em tracionar novamente o cabo até 150kN. Com a tragdo
do cabo, a ancoragem se desprendia da chapa deixando uma fol-
ga, que foi preenchida com pequenas chapas para evitar o retorno
da ancoragem e a consequente perda de forga no cabo. Este
controle foi visual, considerando procedimento satisfatério quando
a folga ndo era mais visivel.

Imediatamente apo6s a etapa de protensao iniciou-se a etapa de
aplicagdo de carga nas vigas. As cargas sob a viga foram aplica-
das em dois pontos equidistantes, caracterizando como um ensaio
de quatro pontos, aplicado por um macaco hidraulico, com capa-
cidade de 1000 kN, que reagiu sobre a viga de reacao do portico
do laboratério. O macaco hidraulico aplicou o carregamento, até
a ruina da pega, em uma viga metdlica que por sua vez transferiu
esta carga para dois pontos na viga. O monitoramento do car-
regamento aplicado foi feito por uma célula de carga padréo de
capacidade de 1000 kN e precisao de 1 kN, conectada a um leitor
de célula para indicar a magnitude do carregamento. A Figura 7
mostra o sistema de ensaio

4. Resultados e discussoes
|

4.1 Forgas de protensao e perdas imediatas

Os cabos que mais apresentaram variagdes nas forgas de pro-
tensdo foram os cabos com perfil parabolico (vigas VCPP-0 ,
VCPP-250 e VCPP-150) devido aos desvios no cabo, com perda
imediata média de 41,4 %, sendo maior que os cabos com perfil
reto (VCPR-0, VCPR-250 e VCPR-150), que apresentaram perdas
imediatas médias na ordem de 29,9 %. As perdas chegaram a
este valor devido ao tamanho reduzido das vigas, a elevada forgca
no cabo e o método manual de cravagédo da cunha (acomodagéo
da cunha). O tamanho reduzido e a elevada tragdo no cabo fez
com que o esforgo nas ancoragens ficasse muito elevado necessi-
tando de um maior trabalho das cunhas, aumentando sua acomo-
dacao. Na reprotensao o valor médio das perdas ficou entre 23%

Figura 9 - Deformacdes na
armadura passiva
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e 19,5 % para as vigas com cabos de perfil reto e parabdlico, res-
pectivamente. Observou-se, também, que durante a aplicagdo do
carregamento na viga, houve aumento gradativo da forga no cabo
de protenséo, sendo os maiores aumentos observados nas vigas
com cabo de perfil parabdlico. A Tabela 7 apresenta os valores
das forgas aplicadas em todos os cabos das seis vigas durante as
etapas de protensao e re-protensao, assim como os valores das
perdas imediatas nas duas etapas.

4.2 Deformacgdbes do concreto

Observou-se que as tensdes nas vigas foram invertidas nas
bordas, gerando tragao na borda superior, muito préxima da re-
sisténcia a tragdo do concreto, e compressdo de (-7,4 MPa) na
borda inferior. As maiores deformacgdes de tragdo, medidas na
borda superior da viga, ocorreram no ato da protenséo, com va-
lores de 0,044%o, 0,060%o, 0,045%0, 0,07%o, 0,038%0, 0,065%o,
para as vigas VCPR- 0, VCPP- 0, VCPR- 250, VCPP- 250
VCPR- 150, VCPP- 150, respectivamente. Durante o ensaio das
pecas, nenhuma das vigas ultrapassou o limite convencional de
deformagéo no concreto de ruptura na flexado, estabelecido pela
NBR 6118 [5] de 3,5 %o, logo, ndo sendo observado o esmaga-
mento do concreto. A Figura 8 mostra as deformagbes medidas
pelo extensdbmetro do concreto.

4.3 Deformacgées da armadura longitudinal

Nao houve escoamento da armadura passiva de flexdao em nenhuma
das seis vigas, apesar das elevadas cargas de ruptura das vigas. Isso
se deve a contribuicdo da armadura ativa na resisténcia a flexao das
vigas, visto que o ago das cordoalhas s&o agos especiais com valor
de resisténcia a tragdo de 187 kN. As maiores deformagdes de tragdo
nas barras de armadura passiva dispostas na diregéo longitudinal na
secéo do meio do vao foram de 1,8%o, 1,94%o, 2,2%o, 2,1%o, 2,34%e,
2,48%o, para as vigas VCPR- 0, VCPP- 0, VCPR- 250, VCPP- 250
VCPR- 150, VCPP- 150, respectivamente. A Figura 9 mostra o dia-
grama carga x deformagdo para as armaduras de flexdo.
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VCPR-0
VCPP-0
VCPR-250
VCPP-250
VCPR-150
VCPP-150

942 101

Tabela 8 - Cargas (ltimas e modos de ruptura

A, A

|
(kN) ruptura
194,4
- - 225,1
250 249,9
250 88,5 Cisalhamento
393 150 302,2
150 348,3

4.4 Deformagoées da armadura transversal

E importante reforgar que as vigas VCPR — 0 e VCPP — 0 apre-
sentaram armadura transversal apenas no apoio e pontos de
aplicacdo de carga para evitar ruptura localizado, ndo sendo por

isso monitorados, sendo assim monitoras apenas as vigas VCPR
— 250, VCPP - 250, VCPR - 150 e VCPP — 150. A Figura 10 mostra
as curvas carga x deformagéo para as armaduras transversais.
Em todas as vigas nao foram verficiadas deformagdes maiores
que a de escoamento de eys=4,6 %o. Os estribos mais solicitados

Figura 10 - Deformacoes das armaduras transversais das vigas
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NBR 6118 (5)
Viga
VCPR-0 177.4 177.4
VCPP-0 2427 2427
VCPR-250 237,3 281,1
VCPP-250 8412 302,6 346,4
VCPR-150 277.2 350,2
VCPP-150 3425 415,5

ACI FS - ruptura em flexo-cisalhamento; ACI WS - ruptura por cisalhamento na alma

Tabela 9 - Resultados tedricos e experimentais

ACI 318 (3) Eurocode 2 (2) Experimental
EC2
((Q)]
179.9 269,5 181,8 194,4
246,1 269,5 248,0 225,1
246,4 335,9 119,7 249,9
312,6 335,9 185,8 288,5
290,8 380,3 199.5 302,2
356,9 380,3 265,6 348,3

foram os estribos mais préximos ao carregamento, indicando que
a trajetoria de tensdes ocorreu em um fluxo de inclinagdo menor
de acordo com Leonhardt e Monnig [2], a protensao longitudinal
introduz nas pecgas de concreto armado tensées de compresséao
que contribuem para a redugéo das tensdes de tragdo (que ficam
mais inclinadas com relagédo ao eixo da peca), de modo que as
fissuras de cisalhamento configuram-se com menor inclinagéo, fi-
cando a inclinagdo das bielas reduzidas a valores entre 15° e 30°.

4.5 Deslocamentos verticais

Os deslocamentos verticais das vigas protendidas foram medidos
por meio de deflectdbmetros localizados na parte inferior da viga,
no centro do vao, e sdo mostrados na Figura 11. A redugéo das
flechas foi, também, obtida com a contra flecha gerada pela ex-
centricidade da forga de protensdo. No ato da protenséo, foram
medidas contra flechas maximas de valores -0,32 mm, -0,20 mm,
-0, 35 mm, -0, 43 mm, -0, 32 mm, -0, 37 mm, para as vigas VCPR-
0, VCPP-0, VCPR-250, VCPP-250 VCPR-150, VCPP-150.

4.6 Cargas ultimas e modos de ruptura

No decorrer dos ensaios, nenhuma das seis vigas ensaiadas alcan-
cou a carga de escoamento da armadura passiva, como esperado,
rompendo todas por cisalhamento. A Tabela 8 apresenta os valores
das cargas ultimas experimentais os modos de ruptura das vigas.
Verificou-se a clara influéncia do tragado do cabo inclinado na re-
sisténcia ao cisalhamento das vigas. A componente vertical gerada
pela protensédo, nas vigas com tragado parabdlico, proporcionaram
ganhos a capacidade resistente das pecgas, apresentando acrés-
cimos de até 15%, para a série de vigas com estribo espagados a
cada 150 mm. Os cabos parabdlicos tenderam a apresentar maio-
res ganhos de forca ao final dos ensaios, em média 15% contra 8%
dos cabos retos. Isto pode ter contribuido no combate as tensdes de
tragdo geradas pelas bielas e no engrenamento dos agregados nos
carregamentos finais. A Figura 12 mostra o aspecto final das vigas.

5. Analise das estimativas normativas
E——

A Tabela 9 apresenta os resultados tedricos ao cisalhamento

obtidos segundo as normas ACI 318[3], EUROCODE 2 [4] e NBR
6118 [5] e os resultados experimentais obtidos nos ensaios das
seis vigas protendidas, e a Tabela 10 apresenta a relagéo entre
a carga Ultima experimental (P,) e a carga ultima estimada (P,).
O método do ACI 318 [3] é baseado na média das tensdes de
cisalhamento e na profundidade total da seg&o transversal b .d. A
parcela V_na protensé&o, deve ser o menor valor entre V_e V_ que
sao, respectivamente, ruina por flexo-cisalhamento (ACI FS) e ru-
ina por cisalhamento na alma (ACI WS). Além da contribuicdo do
concreto, também é levado em consideracao a parcela referente a
armadura de cisalhamento V_. Para as vigas com cabo reto (VCPR
-0, VCPR - 250 e VCPR — 150), os resultados da estimativa para
o meétodo ACI FS, apresentaram relagéo P /P.igual a 1,08, 1,01,
1,04, e para as vigas com tragado parabdlico (VCPP — 0 VCPP —
250 e VCPP - 150), com relagéo P, /P igual a 0,91,a 0, 92 e 0,98,
respectivamente. O método nao considera, diretamente, a con-
tribuicdo da componente horizontal Vp. A protenséo é levada em
consideragéo por meio de um momento que anula o momento soli-
citante de calculo, que depende da excentricidade do cabo de pro-
tensdo em relagéo a linha neutra. Ja o método baseado no modo

Figura 11 - Deslocamentos verticais das vigas
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Figura 12 - Aspecto final das vigas
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NBR 6118 (2014)

VCPR-0 1,10 1,10
VCPP-0 0,93 0,93
VCPR-250 1,05 0.89
VCPP-250 0,95 0,83
VCPR-150 1,09 0,86
VCPP-150 1,02 0,84

Tabela 10 - Variagao da relagdo P /P,

ACI 318 Eurocode 2
P,/P P./P
ACIFS EC2
1,08 0,72 1,07
0,91 0,84 0,91
1,01 0,74 2,09
0,92 0,86 1,55
1,04 0,79 1,51
0,98 0,92 1,31

de ruptura por cisalhamento na alma (ACI WS), o efeito favoravel
da componente vertical é levado em consideragdo na equagéo.
Por este método, as vigas com tragcado reto apresentaram relagéo
P/P. igual a 0,72, 0,74, 0,92, e as vigas com tragado parabdlico
apresentaram relagéo P /P_ igual a 0,84 0,86, 0,79. Como o ACI
recomenda que seja adotado o menor valor entre V_ e V_, para a
parcela do concreto na resisténcia ao cisalhamento, em todas as
vigas o valor usado foi o V..

O procedimento do EUROCODE 2 [4] considera vigas com arma-
dura de cisalhamento, onde a resisténcia é baseada no modelo
de treliga, com variagado do angulo de inclinagao da biela, e vigas
sem armadura de cisalhamento, somente com a contribuigdo do
concreto. Para as vigas com armadura de cisalhamento a norma
europeia define a resisténcia como sendo o menor valor entre a
parcela proveniente da armadura, Ve o valor maximo limite do
esmagamento da diagonal comprimida, V., .., sem a contribui-
c¢ao do concreto na resisténcia. Para elementos sem armadura de
cisalhamento, a protensédo é considerada por meio da tensao de-
vido a protenséoo . A relagéo P /P_ para as vigas com cabo reto
(VCPR -0, VCPR -250, VCPR -150), foi de 1,07, 2,09 e 1,51, res-
pectivamente, e para as vigas com tragado parabdlico (VCPP -0,
VCPP -250, VCPP -150), a relagéo P /P_ foi de 0,91, 1,55 e 1,31.
A NBR 6118 [5] considera duas formulagdes de calculo baseado
no modelo de trelica e no esgotamento das diagonais tracionadas
e comprimidas. O Modelo | considera a inclinagédo da biela de 45° e
inclinagéo dos estribos entre 45 ° e 90°. O Modelo Il considera a in-
clinagéo da biela variando entre 30° e 45 ° e a mesma variagéo da
inclinagédo dos estribos para o modelo I. O efeito favoravel da pro-
tensao € levado em consideragao na relagao entre o momento fletor
que anula as tensdes normais de compressao na borda da se¢ao
(M,), e o momento fletor de calculo, maximo no trecho em analise,
que pode ser tomado como o maior valor do semitramo conside-
rado. A relagéo P /P, para o modelo I, nas vigas com cabo reto
(VCPR -0, VCPR -250, VCPR -150), foi de 1,10, 1,05 e 1,09, res-
pectivamente, e para as vigas com tragado parabdlico (VCPP -0,
VCPP -250, VCPP -150), a relagéo P /P_ foi de 0,93, 0,95 e 1,02,
respectivamente. Para o modelo Il, nas vigas com tragado reto, a
relagéo P /P_ foi de 1,10, 0,89 e 086, e para as vigas com tragado
parabdlico, a relagéo P /P_ foi de 0,93, 0,83e 0,84.

A tendéncia contra a seguranca das estimativas das normas NBR
6118 e ACI, ou seja, empregando o Modelo |l da NBR 6118 e a
equacao da ACI que considera a predominancia do cisalhamento

na alma (ACl WS), pode estar associadas a imprecisao tedrica e/
ou experimental na consideragdo da inclinagdo da biela (30°) e
da componente vertical da protenséao, respectivamente. Entretan-
to, estas normas recomendam que sejam adotados os menores
valores, resultando que as suas estimativas foram precisas, ou
seja, o Modelo | da NBR 6118 e as consideragdes para o flexo-
-cisalhamento da ACI (ACI FS).

6. Conclusdes

EE—

Varios aspectos do desenvolvimento do sistema protendido foram
discutidos neste artigo, como a contribuicdo da protensaoe do tra-
¢ado do cabo na resisténcia ao cisalhamento de vigas, a influéncia
da protensdo na redugdo de flechas e fissuras, as deformacdes
das armaduras transversais, longitudinais e no concreto além de
comparagoes dos resultados experimentais com os resultados es-
timados pelas normas ACI 318 [3], EUROCODE 2 [4] e da NBR
6118 [5]. Para os resultados experimentais apresentados € possivel
concluir que o tragado parabdlico do cabo elevou em até 16% a
resisténcia ao cisalhamento das vigas, com ou sem estribos. Ja as
estimativas normativas divergiram entre si com alguns resultados
contra a seguranga, mas ainda proximos e coerentes com os resul-
tados experimentais obtidos nesta pesquisa, exceto os resultados
do EUROCODE 2 para as vigas com estribos, onde as estimativas
foram demaisadamente conservadoras. Ressalta-se a necessidade
de mais experimentos e analises criteriosas (computacional, banco
de dados, etc.) para viabilizar o melhor entendimento do problema e
uma avaliagéo mais justa das estimativas normativas.
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Abstract
[

This article presents a columns reinforcement experimental study, with the use of anchor steel bolts and fill with self-compacting concrete. Were
tested five columns of reinforced concrete subjected to flexion-compression: two columns were used as reference, and a cross-section equal to 120 x
250 mm; with a monolithic section equal to 155 x 250 mm cross section of the same reinforced columns and three which were initially molded with a
120 x 250 mm section and subsequently received a layer of 35 mm thick self-compacting concrete in the compressed side. Despite the studs do not
present break, there was peeling of the reinforcement layer. The results indicate the possibility of using this method in reinforcing structural rehabilita-
tion of reinforced concrete columns, with increase in load capacity on average equal to 403% in relation to the column reference.

Keywords: columms, reinforcement, flexo-compression, reiforced concrete, anchor bolts.

Resumo

Este artigo apresenta um estudo experimental de reforco de pilares, com emprego de chumbadores metalicos e preenchimento com concreto
autoadensavel. Foram ensaiados cinco pilares de concreto armado submetidos a flexo-compresséao: dois pilares foram usados como referéncia,
sendo um com secao transversal igual a 120 x 250 mm; um monolitico com secao igual a 155 x 250 mm, mesma secao transversal dos pilares
reforgados e trés, que inicialmente foram moldados com seg¢ado de 120 x 250 mm e posteriormente receberam uma camada de 35 mm de espes-
sura de concreto autoadensavel na face comprimida. Apesar dos chumbadores ndo apresentarem ruptura, houve o desplacamento da camada
do reforgo. Os resultados obtidos indicam a possibilidade da utilizagdo deste método de reforgo na reabilitagéo estrutural de pilares de concreto
armado, apresentando acréscimo na capacidade resistente em média igual a 403 % em relagéo ao pilar de referéncia.
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1. Introduction
EE
1.1 Initial considerations

Columns are linear straight shaft elements, usually arranged vertically
where the normal compressive forces are predominant, according to
ABNT NBR 6118 [5]. They are intended for sharing external actions to the
foundations, although may also transmit to other supporting elements,
such as pillars supported transition beams. The active shares on the pil-
lars are generally from the beams and slabs. The pillars are the most
important structural elements in the structures, from the point of view of
bearing capacity and stability of the building’s structural elements, as in

the safety aspect. According to Bastos [6], in addition to the transmission
of vertical loads to the foundation elements, the pillars are part of the brac-
ing system responsible for ensuring the overall stability of the building.
The Federal University of Goias (UFG), in partnership with the Uni-
versity of Brasilia (UNB), has been developing lines of research on
structural reinforcement and Column in reinforced concrete initi-
ated by Adorno [10] followed by Araujo [9] Omar [7] Sahb [1], Melo
[12] Birth [8], Marques [3] Ferreira [4] and Virgin [2].

1.2 Reasons

The structural rehabilitation area has shown increasing importance

Figure 1 - Reference column shape
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Figure 2 - Monolithic column shape
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in the construction industry, taking into account the need to re-
duce work time, bolder architectures with large spans and slender
buildings, among other reasons. The need to strengthen employ-
ment can be applied to structures, correcting pathological building
problems or increasing their load bearing capacity. However, even
with the development of this branch, the professional structural re-
habilitation area still relies primarily on empirical models because
there is no specific Brazilian standard for analysis and design of
rehabilitated parts. Thus, it is intended to deepen the knowledge of
structural reinforced pillars, specifically with metal studs.

1.3 Objective

The objective of this study is to analyze the behavior of reinforced pil-
lars after breaking, in order to verify the peeling of the reinforcement.

2. Experimental program, materials

and methods
E——

2.1 Geometrical characteristics of the columns

For this research were built five pillars, being a reference (Pref),
with cross section of 120 x 250 mm (original section), a monolithic

(PMON) whose cross-section is the same as the reinforced pillars,
155 x 250 mm, but performed in a single molding and three-rein-
forced pillars (P1, P2, P3) as described in Table [1].

The geometric characteristics and the armature of the reference
column followed dimensional patterns of the pillars Sahb assayed
by [1], as shown in Figures [1], [2], [3] and [4]. The positioning and
number of bolts have been considered in the same P6-150-34 Vir-
gin pillars [2] indicated in Figures [5], [6] and [7].

The surface of the pillar which received reinforcement was initially pre-
pared by receiving a chiseling by a pressure washer which projects wa-
ter at high pressure (320 psi); The holes were then run through a drill,
control the depth thereof, so that inside the reinforcement of marking
executed in the form of pillars before the molding them, it was made
a template, so that the same were possible to mark the holes without
hitting a stirrup. After cleaning the surface and holes with compressed
air, the connectors are positioned and subsequently, are installed in the
medium-carrying side as wetting surface. With the above steps ready,
the reinforcement frame has been tied to the connectors. The reinforc-
ing molding was carried out with self-compacting concrete (SCC), thick-
ness of 35 mm with characteristic strength of 30 MPa.

2.2 Concrete substrate

In the molding of the pillars to be reinforced (substrate) was used

e N4

Figure 4 - Frame of reference column (substrate)
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ready-mix concrete. We used self-compacting concrete (SCC),
composed of Portland cement (360 kg / m?), fine natural sand (595
kg / m?), thick natural sand (175 kg / m?), crushed stone 0 (900 kgf
/ m3), crushed stone 1 (110 kg / m?®) water (180 | / m), multifunction
additive (2.7 | / m®) and highplasticiser additives (2 | / m®) dosed to
achieve an average compressive strength of 30 MPa at 28 days.
The compression strength of the concrete was obtained by two cy-
lindrical specimens with dimensions of 150 mm height and diameter
equal to 300 mm. The values of resistance to compression of the
concrete pillar at the time of each test are presented in Table [2].
The tensile strength of the concrete was determined by the two con-
crete test cylinder with the same dimensions as the previous ones,
utilizing the diametric compression test. The lengthwise elastic mod-
ulus was also obtained by means of two cylindrical test specimens.

Chose a 30 MPa concrete to get the same resistance adopted by Omar
[7] and Sahb [1]. The concrete was produced in central metering.

The average compressive strength of concrete and the tensile sub-
strate, at the time of testing had average values equal to 44.2 MPa
and 3.6 MPa, respectively, and the longitudinal elastic modulus Ini-
tial was equal to 31.4 GPa.

To determine the specific properties of the substrate, both fresh,
and hardened, the prescribed procedures were followed in the fol-
lowing standards: NBR 15823 [13], NBR 5738 [14], NBR 5739 [15],
NBR 7222 [16], NBR 8522 [17].

2.3 Reinforcement of concrete

The strengthening of the pillars of the molding was also done

Figure 5 - Connectors and reinforced column (P1)
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using self-compacting concrete, in order to obtain results similar
to the concrete substrate (compressive strength and modulus of
elasticity). The same was cast in the laboratory of CMEC struc-
tures (Master’s Degree in Civil Engineering - UFG). a dosing study
was conducted, characterizing and determining the trace materials
in mass of concrete used in the reinforcement of the molding which
was equal to 1: 2.05; 1.36; 1.14; 0.76: 0.67 (cement, natural sand,
artificial sand, gravel 0, 1 crushed stone and water cement ratio - a
/ c). To achieve the required fluidity and cohesion were also used
0.6% of multifunction additive, the super plasticizer 0.4% and 6%
active silica, both in relation to the cement content. For the me-
chanical properties of the concrete used, they were carried out the
same test run to the concrete substrate.

The average compressive strength of concrete and the tensile sub-

strate, at the time of testing had average values equal to 39.7 MPa
and 3.8 MPa, respectively, and the elastic modulus was equal to
31.2 GPa.

2.4 Steel

For obtaining the characteristics of the steel used were tested two
samples for each diameter (5.0 mm and 10.0 mm), using the test
to simple traction according to the guidelines of the NBR 6152 [11].
They were determined by averaging the results of the samples the
value of the yield stress and the value of each specific strain on the
flow of steel bars.

The steel bars of transverse reinforcement and strengthening
the equipment with a diameter of 5 mm showed no well-defined

Figure 6 - Connectors and reinforced column (P2)
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yield level, but we observed a change of direction in the graph

stress versus strain, these specimens, thus determining the  average pullout load of 1430
voltage flow and the specific deformation of the same, since the  depth of 40 mm and 1 tighte

steel bars of the longitudinal reinforcement with a diameter of

10 mm were well defined yield level, obtaining the yield stress

values and specific deformation equal to 575 MPa and 2.50 mm 2.6 Form

/ m (%o) respectively. For armor diameter equal to 5 mm, the re-

sults were 720 MPa yield strength and 3.5 mm / m (%o) specific ~ The molding of the substr

deformation, respectively.

2.5 Steel anchor bolts

tic spacers, properly positio

To strengthen concrete weld with the substrate, screws were used mm, positioned at the sides
bolts type PBA 5/16 “x 3%" - C / P ANCHOR FIXING SYSTEMS. metal staples.

With a diameter of 7.9 mm (5/16 “) total length of 82.55 mm (3 '4”),
kgf, assuming a hole with a minimum
ning torque 8 kgf.m, according to the
manufacturer’s technical catalog.

ate of the reference columns and
monolithic was performed with the use of metallic molds. The
concrete cover 2.5 cm armor was secured with the use of plas-
ned in the armor. For concrete rein-
forcement, we used veneered laminated plywood, thickness 18
of the pillars and fixed by means of
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Figure 7 - Connectors and reinforcement (P3)
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Table 2 - Comparative columns and failure modes

General comparative table

I.’u“' p Desl. ~ Desl. .
Column Age (days) f. (MPa) leitura i R3 régua Failure mode
(mm)  (mm)
Sub. . Sub.

o 90 - 41,9 - 1200 1267 023 1,00 2600 3420 084 082 EA-EC
o 80 - 41,3 - 5400 5422 1,00 428 1843 1920 056 060 EA-EC
P1 192 19 45,9 40,0 400,0 5100 0,94 4,03 7,42 17,50 0,58 0,71 DR
P2 191 18 45,9 39.4 420,0 5220 0,96 4,12 4,63 1500 0,60 0,61 DR
P3 187 14 45,8 269 5000 5014 092 396 11,20 17,40 041 0,57 DR

Sub.: Concrete susbrate (CAA); Ref.: Reinforcement concrete (CAA); f_: Strength of concrete compression; P, Reading: Load the last reading of the data collection
equipment; P, : Rupture load:; Desl. R3: discplacement in franslator R3; Desl. Scale: maximum displacement read on the scale; g, maximum deformation in sfrain-gage
in steel bars in the substrate; € : Yield steel bar; e : Deformation in concrete by ABNT NBR 6118:2014; EA: Yield steel; EC: Crush concrete; DR: Peeling of reinforcement

2.7 Instrumentation

To measure the deformations of the longitudinal reinforcing steel
bars of the substrate and reinforcement of armor, respectively
were bonded eight to ten electrical resistance strain gages (EER)
of the type PA-06-250BA-120-L and also, four strain gages at

the compressed side of the reinforcement such as PA-120-L-06-
201BA both the EXCEL brand. The reading of the deformations of
the gauges was performed by the data collection equipment AGI-
LENT BenchLink Data Logger Model 349702, Figure [8].

For measuring horizontal and vertical displacements of the pillars
nine dial indicators were placed, Mitutoyo brand, with precision of
0.01 mm, named R1 to R9. The clocks were installed with the help

Figure 8 - Instrumentation in models
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of magnetic base, fixed to a metal support structure and the cursor
on metal plates glued on the abutment as the positions shown in
the project, Figure [8].

2.8 Experimental analysis

The pillars had two meters high and two consoles whose purpose
was to allow the load to be applied eccentrically to the central sec-

tion. The central section represents the region of interest analysis.
The strengthening of the consoles served only to ensure that the
rupture occurred in the center section. The tests were performed
in the laboratory of the Federal University of Goias structures. The
load was applied by a hydraulic actuator, the Yelow Power brand,
with nominal capacity of 1500 kN, triggered by a manual hydraulic
pump. The hydraulic actuator was positioned at the bottom of the
column. To control the applied loading, a load cell with load reading

Dial gages

1950

metallic sheets

hidraulic actuator-

Steel tie
I3UOI
[ Steel tie
ars |
. 15
200 Ll
1150 ’300 | Test frame
Jo00 1
375 |
, . ”
Selion AR Steel tie

Figure 9 - Test frame

4 3[{0 4 1700 4300 ,
,
300
. » Fixing screws in test
400 Thms
Metallic sheet - [; Load Cell
upper support ~ , Support
Security lock for test Dial gages
Specimen

Security lock for test

Dial gages

Support
1200
Metallic sheet lower
support

- Fixing screws in test
frame

Section B-B

IBRACON Structures and Materials Journal < 2016 * vol. 9 *n°5



A.C. MESQUITA | A.S. ROCHA | R. G. DELALIBERA | W. A. DA SILVA

capacity of 1500 kN (Kratos) at the head of the column has been
positioned as shown in Figure [9]. The load was applied consider-
ing 100 kN load steps, coinciding simultaneously with the reading
of all instruments.

3. Results and discussions
E——

All reinforced pillars obtained the last force larger than that the
abutment reference (P) and near of the load monolithic pillar
(PMON), but still being smaller.

The resistive load expected of the models studied, was defined
based on the analysis in several similar previous studies and also
depending on the results of numerical analysis of the same.

It has been found that the use of the reinforcement armature little

influence on the behavior of the models studied, and also did not
prevent the peeling of the reinforcement of concrete. All pillars had
rupture of the sudden kind, caused by strengthening peeling.
Unlike the compressive strength of the concrete substrate and the
reinforcement of concrete, the pillar P1 was 5.9 MPa, P2, P3 6.5
MPa and 18.9 MPa.

The reinforced pillars had a higher breaking load values as from
3.96 to 4.28 times the reference load of the pillar, as shown in Table
[2]. The pillars reached on average 94% load of the monolithic pillar.
On Table [2] there is a comparative analysis of all the pillars, with
the concrete characteristics, last strength, larger displacement,
greater deformation and failure modes.

It was observed that there was the appearance of various cracks
in reinforced pillars, but it was not possible to check a critical crack
that could lead to rupture according of the loading increasing.

Figure 10 - Curve Load vs. Displacement, for dial gage R3
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That's because one of the pillars was rupture in the upper region,
one in the central region and in the region below the surface stud-
ied, occurring shortly after the peeling of the reinforcement.
Before the reinforcement layer peeling, the pillars had a behavior
similar to the monolithic pillar, both displacements, as shown in Figure
[10], as the deformations. They showed a tendency to flow and crush-
ing of concrete steel, Figures [11] and [12] characteristic of ductile
rupture, but the enhancement of peeling caused a sharp break in the
models. Since the reference columns and monolithic had a smooth
breakage, featuring a relatively ductile and gradual breakage.

The dial gauges were removed before the rupture of the pillars
to be undamaged. After removal of the dial indicators reading the
shifts in R3 clock position, continued to be made by monitoring the
naked eye, through the displacement of a measuring tape with mil-
limeter scale, properly secured to the pillar. The largest displace-

ments were verified by measuring tape and the dial indicator R3,
positioned in the central region of the T face of the pillars.

Figure [11] shows the greatest deformation of the tensioned rein-
forcement (face T). Figure [13] shows the deformation of the rein-
forcement of the reinforcement bars in the most compressed re-
gion (face C). The steel bars with a diameter of 10 mm (longitudinal
reinforcement substrate) and 5 mm (reinforcing armature), were
properly characterized and obtained a flow beginning of deforma-
tion (ey) 2.5 %o and 3.5 %o, respectively.

The limit for the crushing of the concrete was adopted as indicated
in ISO 6118 [5], 3.5 %o, considering the case of flexible pressing.

4. Conclusion
E——

The last strength of the pillars P1, P2 and P3 were on average from

Figure 11 - Curve Load vs. Strain - Steel bar more tensile
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Figure 12 - Curve Load vs. Strain - concrete Column, side more compressed
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3.96 to 4.28 times greater than the final column of the reference
power and an average 94% load monolithic pillar employee con-
firming the enhancement of the efficiency and highlighting possibil-
ity of using this type of reinforcement in structural rehabilitation,
considering certain safety factor, in order to prevent the peeling of
the reinforcement layer.

The displacements and deformations observed on the pillars P1,
P2 and P3 were close to the monolithic pillar, but there was peeling
of the reinforcement layer, causing a sharp break.

The variation in the spacing of the reinforcement of armor, had little in-
fluence in the breaking loads and displacements of the studied pillars.
In none of the studied pillars was rupture of the anchor bolts.

So that the strengthening technique applied can be used in real
situations. However, it is necessary the use of safety factors and
a thorough detailed analysis of the part to be rehabilitated. And
then show a proper sizing model that will avoid peeling and follow
normative policies.
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Abstract
[

This article presents a columns reinforcement experimental study, with the use of anchor steel bolts and fill with self-compacting concrete. Were
tested five columns of reinforced concrete subjected to flexion-compression: two columns were used as reference, and a cross-section equal to 120 x
250 mm; with a monolithic section equal to 155 x 250 mm cross section of the same reinforced columns and three which were initially molded with a
120 x 250 mm section and subsequently received a layer of 35 mm thick self-compacting concrete in the compressed side. Despite the studs do not
present break, there was peeling of the reinforcement layer. The results indicate the possibility of using this method in reinforcing structural rehabilita-
tion of reinforced concrete columns, with increase in load capacity on average equal to 403% in relation to the column reference.

Keywords: columms, reinforcement, flexo-compression, reiforced concrete, anchor bolts.

Resumo

Este artigo apresenta um estudo experimental de reforco de pilares, com emprego de chumbadores metalicos e preenchimento com concreto
autoadensavel. Foram ensaiados cinco pilares de concreto armado submetidos a flexo-compresséao: dois pilares foram usados como referéncia,
sendo um com secao transversal igual a 120 x 250 mm; um monolitico com secao igual a 155 x 250 mm, mesma secao transversal dos pilares
reforgados e trés, que inicialmente foram moldados com seg¢ado de 120 x 250 mm e posteriormente receberam uma camada de 35 mm de espes-
sura de concreto autoadensavel na face comprimida. Apesar dos chumbadores ndo apresentarem ruptura, houve o desplacamento da camada
do reforgo. Os resultados obtidos indicam a possibilidade da utilizagdo deste método de reforgo na reabilitagéo estrutural de pilares de concreto
armado, apresentando acréscimo na capacidade resistente em média igual a 403 % em relagéo ao pilar de referéncia.
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1. Introducgao
EE——
1.1 Consideragoées iniciais

Pilares sdo elementos lineares de eixo reto, usualmente dis-
postos na vertical, em que as forgas normais de compressao
sao preponderantes, segundo a ABNT NBR 6118 [5]. Sao des-
tinados a transmitir as agdes externas as fundagdes, embora
possam também transmitir para outros elementos de apoio,
como no caso de pilares apoiados em vigas de transigdo. As
acbes atuantes nos pilares s&o provenientes geralmente das

vigas e lajes. Os pilares sdo os elementos estruturais de maior
importancia nas estruturas, tanto do ponto de vista da capa-
cidade resistente dos elementos estruturais e estabilidade da
edificagdo, quanto no aspecto de seguranga. De acordo com
Bastos [6], além da transmiss&o das cargas verticais para os
elementos de fundacgao, os pilares fazem parte do sistema de
contraventamento responsavel por garantir a estabilidade glo-
bal da edificagéao.

A Universidade Federal de Goias (UFG), em parceria com a Uni-
versidade de Brasilia (UnB), vem desenvolvendo linhas de pes-
quisa sobre reforgo estrutural e pilares em concreto armado ini-

Figura 1 - Forma do pilar de referéncia
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Tabela 1 - Principais caracteristicas dos pilares

Principais caracteristicas e nomenclaturas dos pilares ensaiados

N° @ chumb.

- 42,5 - -
34 42,5 8 35
34 42,5 8 35
34 42,5 8 35

SP - chumbadores sem porca; CP - chumbadores com porca; e, - excentricidade de aplicagdo de caregamento na estrutura indeslocada;
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Figura 2 - Forma do pilar monolitico
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Figura 3 - Forma dos pilares reforcados P1, P2 e P3
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ciada por Adorno [10] seguida por Araujo [9] Omar [7], Sahb [1],
Melo [12], Nascimento [8], Marques [3], Ferreira [4] e Virgens [2].

1.2 Justificativa

A area de reabilitagdo estrutural vem apresentando importancia
cada vez maior na industria da construgao civil, levando em consi-
deragao a necessidade de redugao de tempo de obra, arquiteturas
mais ousadas, com grandes vaos e edificagbes esbeltas, entre
outros motivos. A necessidade do emprego do reforgo pode ser
aplicada as estruturas, corrigindo problemas patolégicos ou au-
mentando sua capacidade resistente. Entretanto, mesmo com o
desenvolvimento deste ramo, os profissionais da area de reabilita-
cao estrutural ainda contam basicamente com modelos empiricos,
pois ndo ha norma brasileira especifica para analise e dimensio-
namento de pegas reabilitadas. Sendo assim, pretende-se apro-
fundar o conhecimento estrutural de pilares reforgados, especifi-
camente com chumbadores metélicos.

1.3 Objetivo

O objetivo deste trabalho é analisar o comportamento dos pilares
reforgados apds a ruptura, com intuito de verificar o desplacamen-
to do reforgo.

2. Programa experimental, materiais
e metodos

2.1 Caracteristicas geométricas dos pilares

Para esta pesquisa foram construidos cinco pilares, sendo um de
referéncia (P ), com seg&o transversal de 120 x 250 mm (seg&o
original), um monolitico (P_ ) cuja seg&o transversal € a mesma
dos pilares reforgados, 155 x 250 mm, porém executado em uma
Unica moldagem e trés pilares reforgados (P1, P2 e P3), conforme
descrito na Tabela [1].

As caracteristicas geométricas e a armadura do pilar de referén-
cia seguiram os padrbes dimensionais dos pilares ensaiados por
Sahb [1], conforme indicado nas Figuras [1], [2], [3] e [4]. O po-
sicionamento e quantidade de chumbadores foram os mesmos
considerados nos pilares P6-150-34 de Virgens [2], indicados nas
Figuras [5], [6] e [7].

A superficie do pilar que recebeu o reforgo foi preparada inicial-
mente recebendo uma escarificagdo por meio de uma hidrojate-
adora (hidrodemolidora) que projeta agua em alta pressao (320
psi); em seguida os furos foram executados por meio de uma fu-
radeira, controlando a profundidade dos mesmos, de forma que
dentro do concreto do reforgo, ficassem somente 15 mm da rosca

Figura 4 - Armacado do pilar de referéncia (substrato)
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do conector, Figuras [5], [6] e [7]. Por meio de marcagéo execu-
tada na forma dos pilares antes da moldagem destes, fez-se um
gabarito, para que com o mesmo fosse possivel marcar os furos
sem atingir algum estribo. Apds limpeza da superficie e dos furos
com ar comprimido, os conectores foram posicionados e poste-
riormente, foram instaladas as forma nas laterais procedendo-se o
umidecimento da superficie. Com as etapas anteriores cumpridas,
a armacéo do reforgo foi amarrada aos conectores. A moldagem
do reforgo foi executada com concreto autoadensavel (CAA), na
espessura de 35 mm, com resisténcia caracteristica de 30 MPa.

2.2 Concreto substrato

Na moldagem dos pilares a serem reforgados (substrato) foi

utilizado concreto usinado. Utilizou-se concreto auto-adensavel
(CAA), composto de cimento Portland (360 kg/ m?®), areia natural
fina (595 kg/ m?), areia natural grossa (175 kg/ m?), brita 0 (900 kgf/
m3), brita 1 (110 kg/ m?), agua (180 I/ m3), aditivo polifuncional (2,7
I/' m®) e aditivos hiperplastificante (2 I/ m?), dosado para atingir uma
resisténcia média a compressao de 30 MPa aos 28 dias.

A resisténcia a compressédo do concreto foi obtida por meio de
dois corpos de prova cilindricos com dimensdes igual a 150 mm
de didmetro e altura igual a 300 mm. Os valores da resisténcia
a compressao do concreto na data do ensaio de cada pilar séo
apresentados na Tabela [2].

A resisténcia a tragdo do concreto foi determinada por meio do
ensaio de dois cilindros de concreto, com as mesmas dimensdes
dos anteriores, utilizando-se o ensaio de compressao diametral. O

Figura 5 - Conectores e armacdo pilar reforcado (P1)
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médulo de elasticidade longitudinal também foi obtido por meio do
ensaio de dois corpos de prova cilindricos.

Escolheu-se um concreto de 30 MPa para obter a mesma resis-
téncia adotada por Omar [7] e Sahb [1]. O concreto foi produzido
em central dosadora.

As resisténcias médias a compressao e a tragdo do concreto do
substrato, na data dos ensaios, tiveram valores médios iguais a
44,2 MPa e 3,6 MPa, respectivamente, e o médulo de elasticidade
longitudinal incial foi igual a 31,4 GPa.

Para determinagédo das propriedades do concreto do substrato,
tanto no estado fresco, quanto no endurecido, foram seguidos
os procedimentos prescritos nas seguintes normas: ABNT NBR
15823 [13], ABNT NBR 5738 [14], ABNT NBR 5739 [15], ABNT
NBR 7222 [16], ABNT NBR 8522 [17].

2.3 Concreto do reforgo

A moldagem do reforgo dos pilares também foi feita empregando-
-se concreto autoadenséavel, com intuito de obter resultados se-
melhantes ao concreto do substrato (resisténcia a compressao e
moédulo de elasticidade). O mesmo foi moldado no laboratério de
estruturas do CMEC (Curso de Mestrado em Engenharia Civil —
UFG). Foi feito um estudo de dosagem, caracterizando os mate-
riais e determinando o trago em massa do concreto utilizado na
moldagem do reforgo que foi igual a 1:2,05; 1,36 ; 1,14 ; 0,76 :
0,67 (cimento, areia natural, areia artificial, brita O, brita 1 e relagéo
agua cimento — a/c). Para atingir a fluidez e coesdo necessarias,
ainda foram utilizados 0,6% de aditivo polifuncional, 0,4% de adi-
tivo superplastificante e 6% de silica ativa, ambos em relacdo ao

Figura 6 - Conectores e armacdo pilar reforcado (P2)
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consumo de cimento. Para obter as propriedades mecanicas do
concreto utilizado, foram realizados os mesmos ensaios executa-
dos para o concreto do substrato.

As resisténcias médias a compressao e a tragdo do concreto do
substrato, na data dos ensaios, tiveram valores médios iguais a
39,7 MPa e 3,8 MPa, respectivamente, e o moédulo de elasticidade
foi igual a 31,2 GPa.

2.4 Aco

Para obter as caracteristicas dos agcos empregados foram en-
saiadas duas amostras para cada didmetro (5,0 mm e 10,0 mm),
utilizando-se o ensaio a tragdo simples de acordo com as orien-
tagdes da ABNT NBR 6152 [11]. Foram determinadas pela média

dos resultados das amostras o valor da tensédo de escoamento e o
valor de cada deformacao especifica relativa ao escoamento das
barras de ago.

As barras de ago da armadura transversal e armadura do re-
forco com didmetro igual a 5 mm n&o apresentaram patamar
de escoamento bem definido, porém foi possivel observar uma
mudanca de dire¢do no grafico tenséo versus deformagéo, des-
tes corpos de prova, determinando assim, a tensédo de esco-
amento e a deformagéo especifica dos mesmos, ja as barras
de aco da armadura longitudinal com didmetro igual a 10 mm
tiveram o patamar de escoamento bem definido, obtendo valo-
res de tensdo de escoamento e deformagéao especifica igual a
575 MPa e 2,50 mm/m (%o) respectivamente. Para armadura de
didmetro igual a 5 mm, os resultados obtidos foram 720 MPa de

Figura 7 - Conectores e armacdo pilar reforcado (P3)
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Tabela 2 - Comparativo pilares e modos de ruptura

Tabela comparativa geral

P Desl. Desl.

Plar  Idade (dias) leitura (:ﬁ> : of ';u/ R3  régua Nr'l‘j’st‘l’] ::e
(CQY) fmon = (mm) = (mm)
Sub.

» %0 - 49 - 1200 1267 023 1,00 2600 3420 084 082 EA-EC
I - M3 - 5400 5422 1,00 428 1843 1920 056 0,60 EA-EC
Pl 192 19 459 400 4000 5100 094 403 742 1750 058 071 DR
P2 191 18 459 394 4200 520 096 412 463 1500 060 06 DR
P3 187 14 458 269 5000 5014 092 396 1120 1740 041 057 DR

Sub.: concreto do substrato (CAA); Ref.: concreto do reforco (CAA); f: resisténcia & compressdo do concreto; P, . carga da dltima leitura do equipamento de
coleta de dados; P,.: carga dltima de ruptura; Desl. R3: deslocamento maximo lido no reldgio R3; Desl. régua: deslocamento méximo lido na régua; g, .- deformagdo
maxima lida no extensdbmetro da barra tracionada no substrato; e : deformacdo de inicio de escoamento obtida para ago ensaiado; ¢ : deformacdo do concreto

segundo ABNT NBR 6118:2014; EA: escoamento do aco; EC: esmagamento do concreto; DR: desplacamento do reforco

tensdo de escoamento e 3,5 mm/ m (%0) de deformacdo espe- utilizados parafusos chumbadores tipo PBA de 5/16” x 3 V4" — C/P

cifica, respectivamente. da ANCORA SISTEMAS DE FIXACAO. Com diametro de 7,9 mm
(5/16”), comprimento total de 82,55 mm (3 '4"), carga de arranca-
2.5 Chumbadores metalicos mento média de 1430 kgf , considerando um furo com profundi-

dade minima de 40 mm e torque de aperto de 1,8 kgf.m, segundo
Para solidarizagdo do concreto do reforgo com o substrato, foram  catalogo técnico do fabricante.

Figura 8 - Instrumentacdo empregada nos modelos
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2.6 Forma

A moldagem do substrato dos pilares de referéncia e monoli-
tico foi executada com emprego de formas metalicas. O cobri-
mento 2,5 cm da armadura foi garantido com emprego de es-
pagadores plasticos, devidamente posicionados na armadura.
Para concretagem do reforco, utilizou-se chapas de madeira
compensada plastificada, espessura de 18 mm, posicionadas

nas laterais dos pilares e fixadas por meio de grampos metalicos.
2.7 Instrumentagao

Para medir as deformagdes das barras de ago da armadura longitu-
dinal do substrato e da armadura do reforgo, foram colados respec-
tivamente oito e dez extensémetros elétricos de resisténcia (EER),
do tipo PA-06-250BA-120-L, e também, quatro extensdOmetros na

Figura 9 - Esquema geral do ensaio e pilar preparado para ensaiar
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face mais comprimida do reforgo do tipo PA-06-201BA-120-L, am-
bos da marca EXCEL. A leitura das deformagbes dos extenséme-
tros foi realizada por meio do equipamento de coleta de dados AGI-
LENT BenchLink Data Logger Modelo 349702, Figura [8].

Para medicao dos deslocamentos horizontais e verticais dos
pilares, foram posicionados nove relégios comparadores, da
marca Mitutoyo, com preciséo de 0,01 mm, nomeados R1 a R9.
Os relogios foram instalados com auxilio da base magnética,
fixados em uma estrutura metalica de apoio e o cursor sobre
chapas metalicas coladas no pilar conforme posi¢des indicadas
no projeto, Figura [8].

2.8 Analise experimental

Os pilares tinham dois metros de altura e dois consoles cuja fi-

nalidade foi permitir que a carga fosse aplicada excentricamen-
te a secgdo central. A secdo central representa a regido de in-
teresse da analise. O reforgo dos consoles serviu apenas para
garantir que a ruptura ocorresse na segao central. Os ensaios
foram realizados no laboratério de estruturas da Universidade
Federal de Goias. O carregamento foi aplicado por meio de um
atuador hidraulico, da marca Yelow Power, com capacidade no-
minal de 1500 kN, acionado por uma bomba hidraulica manual.
O atuador hidraulico foi posicionado na parte inferior do pilar.
Para controle do carragamento aplicado, foi posicionada uma
célula de carga com capacidade de leitura de carga de 1500 kN
(marca Kratos) na cabega do pilar, como apresentado na Figura
[9]. O carregamento foi aplicado considerando passos de carga
de 100 kN, coincidindo simultaneamente com a leitura de todos
os instrumentos.

Figura 10 - Diagrama de carga versus deslocamento do relégio R3 de todos os pilares
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3, Resultados e discussoes
——

Todos os pilares reforcados obtiveram forga ultima maiores que
o pilar de referéncia (P,_,) e proximas da carga do pilar monolitico
(P,..), mas ainda sendo menores.

A carga resistente esperada dos modelos estudados, foi definida
com base em analise nas diversas pesquisas semelhantes ja rea-
lizadas e também em funcao dos resultados da analise numérica
dos mesmos.

Verificou-se que a utilizacdo da armadura do reforgo pouco in-
fluenciou, no comportamento dos modelos estudados e também
nado impediu o desplacamento do concreto do reforgo. Todos os
pilares apresentaram ruptura do tipo brusca, acarretada pelo des-
placamento do reforgo.

Adiferencga da resisténcia a compressao entre o concreto do subs-

trato e o concreto do reforgo, do pilar P1, foi de 5,9 MPa, do P2,
6,5 MPa e do P3, 18,9 MPa.

Os pilares reforgados apresentaram carga de ruptura superior
como valores entre 3,96 a 4,28 vezes a carga do pilar de refe-
réncia, como apresentado na Tabela [2]. Os pilares atingiram em
média 94 % da carga do pilar monolitico.

Na Tabela [2] foi feita uma andlise comparativa de todos os pilares,
apresentando as caracteristicas do concreto, forgas ultimas, maio-
res deslocamentos, maiores deformagdes e modos de ruptura.
Observou-se que houve surgimento de varias fissuras nos pilares
reforgados, mas nao foi possivel verificar uma fissura critica que
pudesse provocar a ruptura, conforme aumento da carga, pois um
dos pilares apresentou ruptura na regido superior, um na regiao
central e um na regido inferior da superficie estudada, ocorrendo
logo apos o desplacamento do reforgo.

Figura 11 - Diagrama de carga versus deforma¢do da barra mais tracionada

Diagrama carga x deformacgdo da armadura do Pilar
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Diagrama carga x deformagio do concreto do Pilar
Maiores deformacdes lidas

Figura 12 - Diagrama de carga versus deforma¢do da face mais comprimida
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Antes do desplacamento da camada de reforgo, os pilares tive-
ram um comportamento semelhante ao pilar monolitico, tanto nos
deslocamentos, como apresentado na Figura [10], quanto nas
deformagdes. Os mesmos apresentaram uma tendéncia de esco-
amento do aco e esmagamento do concreto, Figuras [11] e [12],
caracteristica de ruptura ductil, mas o desplacamento do reforgo
provocou uma ruptura brusca nos modelos. Ja os pilares de refe-
réncia e monolitico, tiveram uma ruptura mais suave, caracterizan-
do uma ruptura relativamente ductil e gradual.

Os reldgios comparadores foram removidos antes da ruptura dos
pilares para nao serem danificados; apos a retirada dos relogios
comparadores a leitura dos deslocamentos na posi¢gao do relo-
gio R3, continuou sendo efetuada pelo monitoramento, a olho nu,
através do deslocamento de uma trena, com escala milimétrica,
devidamente fixada ao pilar. Os maiores deslocamentos foram ve-
rificados pela trena e pelo relégio comparador R3, posicionados
na regiao central da face T dos pilares.

A Figura [11] apresenta as maiores deformagdes das armaduras
tracionadas (face T). A Figura [13] apresenta a deformagédo das
barras da armadura do reforgo, na regido mais comprimida (face
C). As barras de ago com diametro igual a 10 mm (armadura lon-
gitudinal do substrato) e 5 mm (armadura do reforgo), foram devi-
damente caracterizadas e obtiveram uma deformacgao de inicio de
escoamento (gy) de 2,5 %o € 3,5 %o, respectivamente.

O limite para o esmagamento do concreto foi adotado, conforme

indicado na ABNT NBR 6118 [5], 3,5 %o, considerando o caso de
flexo-compressao.

4. Conclusoes

EE

As forgas ultimas dos pilares P1, P2 e P3 foram em média 3,96 a
4,28 vezes maiores que a forga ultima do pilar de referéncia e em
média 94% da carga do pilar monolitico, confirmando a eficiéncia
do reforgo empregado e ressaltando a possibilidade do emprego
deste tipo de reforgo na reabilitagao estrutural, considerando certo
coeficiente de seguranga, com objetivo de evitar o desplacamento
da camada do reforgo.

Os deslocamentos e as deformacdes verificadas nos pilares P1, P2 e
P3 foram préximos ao do pilar monolitico, mas houve desplacamento
da camada do reforgo, acarretando uma ruptura brusca. A variagéo
no espagamento da armadura do reforco, pouco influenciou, nas car-
gas de ruptura e nos deslocamentos dos pilares estudados.

Em nenhum dos pilares estudados ocorreu ruptura dos parafusos
chumbadores.

Portanto, a técnica de reforgo empregada podera ser utilizada em
situagdes reais, contudo, faz-se necessario a utilizagao de coefi-
cientes de seguranga e uma analise minuciosa dos esforgos da
peca a ser reabilitada, para ser apresentado um modelo de di-
mensionamento adequado, que evitara o desplacamento e que
atentada as recomendagdes normativas.
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