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Editorial

We are now releasing the third issue of the twelfth volume of the IBRACON Structures and Materials Journal
(Volume 12 Number 3, June 2019), with twelve articles. The issue begins with a discussion on the theoretical
estimates of punching shear resistance using ACI 318, Eurocode 2 and ABNT NBR 6118 in the case of slabs
without shear reinforcement. The second article aims to discuss the progressive collapse and the behavior of
masonry buildings subject to abnormal loads. The third article addresses the feasibility of grinding dust, a waste
generated in the clutch disc finishing process, as a retardant additive in cementitious matrices. An alternative shear
connector for cold-formed steel-concrete composite beams is proposed in the fourth article. In the fifth article, the
finite element method is used to model columns with square, rectangular and circular cross-sections wrapped with
fiber reinforced polymers. An application of structural reliability theory to a case study of a built concrete gravity dam
is illustrated in the sixth article. The research described in the seventh article investigates if the addition of rubber
chips to mass concrete enhances cracking strength due to thermally induced volumetric variations. The eighth
article addresses the feasibility of the pervious concrete made with electric furnace slag, discussing mechanical
and hydraulic properties. The research described in the ninth article intends to analyze the potential of sugarcane
bagasse ash and tire residue in pavers. The objective of the tenth article is to assess the thermal insulation capacity
of concrete block masonry in fire conditions. The eleventh article presents contributions to shear strength analysis
of slabs without transverse reinforcement under concentrated loads, with a focus on the accuracy level of the shear
strength analytical models recommended by ABNT NBR 6118:2014. The issue closes with an article on shrinkage
and porosity in concretes produced with recycled concrete aggregate and rice husk ash.

We acknowledge the contribution of authors and reviewers for the quality of this issue.

The Editors
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Abstract
E——

Structural accidents due to punching shear failures have been reported in flat slab buildings. Design recommendations presented by codes can
lead to entirely different punching shear resistance estimates for similar situations. Furthermore, design codes do not present guidelines for the
design of punching shear strengthening of existing slabs. This paper uses a database with 118 experimental results to discuss the performance
of theoretical estimates of punching shear resistance using ACI 318, Eurocode 2 and ABNT NBR 6118 in the case of slabs without shear
reinforcement. Another database with results of 62 tests on slabs strengthened with post-installed steel and CFRP dowels is used to evaluate the
performance of these strengthening techniques and to propose adaptations in codes to allow their use in punching shear strengthening situations
of existing slab-column connections.

Keywords: flat slabs, punching shear, structural strengthening; CFRP, post-installed steel connectors.

Resumo
E———

Acidentes estruturais por puncédo vém sendo relatados em edificios com lajes lisas. As recomendagdes de projeto apresentadas pelas normas
podem levar a estimativas de resisténcia a puncéo divergentes para situagbes semelhantes. Além disso, ndo sdo apresentadas orientacdes
para o dimensionamento do refor¢o a puncao de lajes existentes. Este artigo utiliza um banco de dados com 118 resultados experimentais para
discutir o desempenho das estimativas tedricas de resisténcia a pungéo obtidas usando o ACI 318, o Eurocode 2 e a ABNT NBR 6118 para o
caso de lajes sem armadura de cisalhamento. Um outro banco de dados, com resultados de 62 ensaios em lajes reforgcadas com conectores
pos-instalados de ago e PRFC, é utilizado para avaliar o desempenho destas técnicas de reforgo e para apresentar propostas de adaptagéo das
recomendagdes destas normas para permitir seu uso em situagdes de reforgo a pungao de ligagdes laje-pilar existentes.
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Slabs strengthened for punching shear with post-installed steel and CFRP connectors

1. Introduction

EE

Failures in design, construction, use and maintenance phases or
changes in the purpose of a building are some of the reasons that
can lead to structural strengthening. In flat-slab buildings, the slab-
column connection is a critical point due to punching shear, which
is a brittle failure mode that can bring the structure to fail through
progressive collapse. This structural system was developed in
the early 20th century and simplifies formwork and reinforcement
production, but requires attention since several cases of accidents
have been reported. Melo and Regan [1] report that the first
structural accident caused by punching shear was of Prest-o-Lite
building, which occurred in Indianapolis in 1911. Since then, other
cases have been reported in the literature.

Figure 1a presents the case of the collapse of 2000 Commonwealth
Avenue building. It was a 16-storey apartment building that collapsed
during its construction in 1971 in the city of Boston, USA, victimising

a) 2000 Commonwealth Avenue, 1971
Author: King and Delatte [2]

Author: Gardner et al. [4]

Figure 1
Structural accidents caused by punching shear

four workers. King and Delatte [2] present a review of the case and
conclude that the accident was caused by the local failure of one
slab-column connection of the roof slab, which spread to a large area
of the building. During the investigation process, several mistakes
and omissions were observed regarding design and construction. In
Figure 1bitis possible to see the case of Bullock’s Department Store
building, whose structure was composed of waffle slabs supported
on circular columns. According to Mitchel et al. [3], the collapse
occurred in 1994 after an earthquake in California and the lack of
post-punching reinforcement caused failure get to spread. Gardner
[4] show the causes of the collapse of the Sampoong Department
Store (see Figure 1c), which occurred in 1995 in South Korea and
concludes that the accident was caused by design and execution
failures, leading to 502 fatalities and 937 injuries. Another example
of punching shear collapse happened in the Piper Rows Car Park
building, shown in Figure 1d, which occurred in 1997 in England,
mainly due to corrosion of the flexural reinforcement, as reported
by Woods [5].

b) Bullock’s Department Store, 1994
Author: www.johnmartin.com [3]

d) Piper Rows Car Park, 1997
Author: Woods [5]
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Structure overview post-collapse

Connections details before and post-collapse

a) Shopping Mall Rio Poty, 2013. Author: Oliveira et al. [6]

Structure overview post collapse

Figure 2

Position detail of reinforcements and
tendons on slab-column connection

b) Residencial Grand Parc, 2016. Author: Coutinho et al. [7]

Structural accidents caused by punching shear in Brazil

In Brazil, two recent accidents, caused by punching shear have
been recorded. In the city of Teresina, Piaui, an area of 40,000
m? of Rio Poty Shopping Centre (see Figure 2a) failed during its
construction in 2013, with no fatalities. In 2016, in Vitoria, Espirito
Santo, the collapse of the leisure area of the residential building
Grand Parc (see Figure 2b) occurred, leading to one fatal victim. In
both cases, the technical documents available to date (see Oliveira
et al. [6] and Coutinho et al. [7]) are not conclusive but point to
several failures in the construction phase of these structures.

The literature review indicates that many of the structural accidents
occurring in buildings with flat slabs begin in a localised way, by
punching shear, originating from design and construction failures.
Soares and Vollum [8] broadly discuss the differences between the
current recommendations and those previously used in the United
Kingdom for punching shear design of concrete flat slabs and point
out that design codes can lead to significantly different resistance
estimates for similar situations. This may favour divergences

during the design or assessment of a building’s resistance. Koppitz
et al. [9] warn that in cases where there is a need to increase the
strength of the structure, the situation is even more critical since
there are no code recommendations to guide the professionals
involved about the strengthening techniques and calculation
methods that must be used.

This paper discusses the performance of international and the
Brazilian codes in the assessment of the punching shear resistance
of slab-column connections without shear reinforcement. This
is done using ACI 318 [10], ABNT NBR 6118 [11] and Eurocode
2 [12, 13, and 14], through comparison between theoretical
predictions and experimental resistances. The performance of
the codes is evaluated using a broad and updated database,
containing carefully selected results from research conducted in
Brazil and abroad. The objective is to show the context in which the
recommendations currently employed in Brazil are found, providing
to the technical community parameters to establish criteria, in the

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3

EEEEEEES—————— 447



Slabs strengthened for punching shear with post-installed steel and CFRP connectors

a) Stitch system
Figure 3

T2 OH00S

b) Dowel system

Punching shear strengthening of slab-column connections with CFRP (adapted from Santos [16])

absence of specific national standardisation for assessment of the
punching capacity of flat-slab buildings. After these analyses, a
new database, bringing together experimental results of tests on
slabs strengthened for punching shear with post-installed steel and
CFRP connectors, is presented. These results are used to propose
adaptations in the design codes so they can be used to design
the punching strengthening of reinforced concrete slab-column
connections with steel and PRFC post-installed connectors.

2. Theoretical basis
E——

2.1 Punching shear strengthening techniques

Carbon fibre reinforced polymers (CFRP) can be used in different
ways for the punching strengthening of slab-column connections.
According to Sissakis and Sheikh [15], they can contribute to
increasing both the resistance as well as maximum strain capacity
in case collapse. According to Santos [16], the flexible nature of
this material allows it to be fixed in different forms, being able to
be anchored in a loop shape, in an international technique known
as stitch, or being used in a way similar to shear connectors,
in a method called dowel, with the anchoring made on the slab
surfaces, as shown in Figure 3.

In the stitch technique, the CFRP sheets are cut into strips,
saturated with resin and inserted into the slab through holes,
forming closed loops similar to stirrups (see Figure 3a). After
their placement, the holes must be filled with epoxy resin or high-
performance mortar to favour the transference of forces between
concrete and the surface of the CFRP. The dowel technique,
according to Erdogan et al. [17], consists of producing dowels from

¢ S

the cut of CFRP sheets in rectangular sheets, as shown in Figure
3b. After saturation with epoxy resin, the CFRP sheets are rolled,
forming a kind of tube. These tubes are installed inside holes in the
slab with the aid of a guide, removed soon after the positioning of
the strengthening. Subsequently, the upper and lower ends of the
CFRP tube are cut and opened in petal-shaped form and bonded
to the surface of the slab to ensure anchorage by filling the holes
with epoxy resin or high-performance mortar.

Another option for the punching shear strengthening of existing
slab-column connections involves the use of post-installed
steel connectors. Different types of connectors are industrially
commercialised, and Figure 4a illustrates a model where anchoring
is done through a nut and washer system. This strengthening
technique can increase both resistance and ductility of slab-column
connections. It can also be used with a combination of mechanical
anchoring on the bottom surface and epoxy adhesive as a bond
mechanism, with the dowels vertically installed (see Figure 4b) or
inclined (see Figure 4c), as presented by Ruiz et al. [18].

2.2 Methods to estimate the punching
shear resistance

ACI 318 [10], ABNT NBR 6118 [11] and Eurocode 2 [12, 13 and
14] present recommendations for the design of reinforced and
prestressed concrete flat slabs. In general, these standards as-
sume that the punching shear resistance of slabs without shear
reinforcement (V,, ) can be estimated based on a stress strength
(tg) acting in a control area (u,-d). In the case of slabs with shear
reinforcement, these codes recommend that the resistance shall
be checked for failures occurring: within the shear reinforced zone

X

Y

a) Connectors with double
mechanical anchorage

Figure 4

b) Connectors with mechanical
and adhesive anchorage

c) Inclined connectors with mechanical
and adhesive anchorage

Punching shear strengthening of slab-column connections with post-installed steel connectors
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a) Failure due to concrete crushing (V,
(Adapted from Lips [27])

R,max)

Figure 5

b) Failure inside the shear-reinforced region
(Vi) (Adapted from Ferreira [28]) (v

c) Failure outside the shear-reinforced region
(Adapted from Ferreira [28])

R,out)

Punching shear failure modes in concrete fiat slabs with shear reinforcement

(Vres) in the outside of the area containing shear reinforcement
(Vg ow)s in the vicinity of the column due to crushing of the concrete
strut (Vg ..,)- Figure 5 presents images of these failure modes as
described in the literature.

There are no code recommendations to estimate the punching
shear resistance of slab-column connections strengthened with
post-installed steel or CFRP connectors. In the case of post-
installed steel connectors, it is usual to assume that, if installation
mechanisms are efficient, the same criteria established for pre-
installed reinforcement are valid. In the case of strengthening
with CFRP, ACI 440.2R [19] is the primary reference and presents
recommendations for shear reinforcement applications in beams
and columns, but not for flat slabs.

In cases where shear strengthening involves the structural
element entirely, ACI 440.2R [19] recommends that the maximum
deformation in the fibre shall be limited to 0.004 for the design. This

limitation is based on the practical observation that, in the case
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of shear, before the fibre failure, the concrete contribution came
from aggregate interlock is lost, as reported by Priestley et al. [20].
Table 1 presents a summary of the normative recommendations for
the prediction of punching shear resistance of slabs without shear
reinforcement. It also presents adaptations proposed for these
codes so they can be used for design in strengthening situations.
The safety factors used to reduce the resistance of the CFRP in
the adjustments of Eurocode 2 [12, 13 and 14] and ABNT NBR
6118 [11] are based on the values proposed by fib Bulletin 14 [21].
Figure 6 illustrates the control perimeters used in the calculation of
the punching resistance of the slabs in the databases.

3. Evaluation of the performance
of theoretical methods
EE
The safety factors were removed from all equations summarised
in Table 1 to evaluate the performance of the theoretical punching
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Figure 6
Control perimeters
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Table 1
Summary of the methodology to estimate the punching shear resistance of slabs

Code Slabs without shear reinforcement

Slabs strengthened for shear

Vige =9+ tpe-up-d

VRdcs =N VRdc +0- Asw “Oyq - (d/sr)
VRd =min VRdout :®017' ‘f;,

UM[

VRd max = ksys ' VRdc

E 0.083- (40' dfuy+ 2)' NS Syw 420 MPa  (steel connectors)
Q Tge =miny 0.17- (1+ 2/[a/b])- /1.’ " 710,004+ Epppp <0.75 &4, -Ecppp  (CFRP)
0.33-/f.' 0.50 (CFRP)
G=075 0.75  (steel connectors)
(CFRRP)
(steel connectors)
VRdcs =0.75- VRdc + Asw “Oywd (15 .d/sr) <15 'VRdC
. 0.18 1/3
VRd =min VRdout ” k- (100 fck)/ Uput -d
.
VRde = TRdc * 1 d 2 Viyin *t41 - d 024
0.18 N3 VRa’max = fck (1 fck/zso) Uy -
TRdczi’k'(loo'p’fck) Te
Ve
3 /
g (250+0.25-d) <=2~ (steel connectors)
3 Where: Vs
o =
e} 23 [ wd e
u:j Vin = 0.035-k°- - fck 0.004- ECFRP < 0.75 & u ECFRP (CFRP)
k=1++200/d <2 VCrrp JCFRP
£ <0.02 130 value suggested by the authors in the absence of
. =15 o experimental validation for each type of strengthening
=1
1.20 for applications with high degree of quality control
Ycrrp = 11.35 for applications with normal quality control or
under difficult on-site working conditions
Vides = 0.77 - Vigge + Ay -0g <(1.5+d[s, ) SL5 Vg
) 0.182 1/3
VRd = min VRdout y (1 + VZOO/ ) (100 P fck)/ Upur -d
c
0.324
VRd max :T'fck (1= fex /250) 1o -d
c
Vede = Trae -y - d - steel connector
345
. 0.182 - (100 _ka)1/3 fywd 37 MPa for 2 <150 mm
'0_0 Te Oyd = §
E fywd < w 500 MPa for 4 >150 mm
2 where: Ts Ts
k =1+4/200/d « CFRP connector
Ve =14 0.004- Ecrpp < 0.75-&4, - Ecrrp

Oyd =
YCFRP YcFRP

B 1.30[Value suggested by the authors in the absence of j
experimental validation for each type of strengthening
1.20 for applications with high degree of quality control
Ycrrp = \1.35 for applications with normal quality control or

under difficult on-site working conditions
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shear resistances (V). Furthermore, for the concrete strength of
the slabs, the values reported by the authors were considered,
which are in general average strengths. The maximum shear force
measured in the experimental tests (V) was then compared with

the theoretical strength (V,_ ).
3.1 Slabs without shear reinforcement

The literature review allowed the collection of results from 340 tests
on reinforced concrete flat slabs without shear reinforcement, with
symmetrical loading and with failure declared by the authors as
punching shear. In order not to jeopardise the analyses, the sample
space was filtered to eliminate results that are not representative
of engineering practice. The criteria used to remove experimental
specimens from the database were: effective depth less than 85
mm; compressive strength of concrete less than 20 MPa; flexural
reinforcement with yield stress less than 300 MPa and greater than

Table 2

700 MPa; omission of relevant information for calculation according
to the codes. Table 2 summarises the process of collecting and
assembling the database of slabs without shear reinforcement.
Table 3 presents a summary of the specimens’ characteristics
that effectively compose the database in the case of slabs without
shear reinforcement. This final database consists of 118 samples
tested by 19 different authors between 1956 and 2012. The table
shows: the number of slabs per author; the size of the column side,
for square columns, or the diameter, for circular columns, defined
as (c); the geometry of the column cross-section, where “C” de-
notes columns with circular section and “S” refers to the columns
with square section; the flexural reinforcement ratio (p); the aver-
age compressive strength of concrete reported by the authors (f);
and the maximum shear force measured in the tests (V).

Figures 7 to 9 show the variation effect of some parameters on
the performance of theoretical estimates of the punching shear
resistance. The influence of the concrete compressive strength (f)),

Process to form the database with slabs without shear reinforcement

Slabs remaining after the filter

Author N® of
slabs d<85mm f. <20 MPa cmfgis fjsiogohgpl\ﬁPq inflfrﬁ\kq?iLn

Elstner and Hognestad (1956) [29] 24 24 19 17 17
Kinnunem and Nylander (1960) [30] 12 12 12 12 4
Moe (1961) [31] 13 13 13 11 5
Bernaert and Puech (1966) [32] 20 20 13 6 6
Manterola (1966) [33] 12 12 12 3 3
Yitzhaki (1966) [34] 16 0 0 0 0
Mowrer and Vanderbilt (1967) [35] 25 0 0 0 0
Schaeidt et al. (1970) [36] 1 1 1 1 1
Vanderbilt (1972) [37] 15 0 0 0 0
Ladner (1973) [38] 1 1 1 1 1
Marti et al. (1977) [39] 1 1 1 1 1
Kinnunen ef al. (1978) [40] 8 8 8 4 0
Schaefers (1978) [41] 2 2 2 2 2
Pralong et al. (1979) [42] 1 1 1 1 1
Regan et al. (1979) [43] 10 3 3 3 0
Rankin and Long (1987) [44] 27 0 0 0 0
Regan (1986) [45] 23 13 11 11 11

Tolf (1988) [46] 8 8 8 4 4

Gardner (1990) [47] 18 9 7 0 0
Lovrovich and MclLean (1990) [48] 5 0 0 0 0
Marzouk and Hussein (1991) [49] 17 14 10 10 10
Ramdane (1993) [50] 15 15 15 15 15
Tomaszewicz (1993) [51] 13 13 13 13 13
Hallgren (1996) [52] 7 7 7 7 6

Li (2000) [53] 6 6 6 6 0

Birkle and Dilger (2008) [54] 3 3 3 3 3
Guandalini et al. (2009) [22] 11 11 11 11 11
Sundquist and Kinnunen (2004) [55] 3 3 3 0 0
Marzouk and Hossin (2007) [56] 8 8 8 8 0
Marzouk and Rizk (2009) [57] 11 11 11 11 0
Lips ef al. (2012) [58] 4 4 4 4 4

Slabs remaining 340 223 203 165 118
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Slabs strengthened for punching shear with post-installed steel and CFRP connectors

Table 3
Summary of the characteristics of the slabs in the database without shear reinforcement
N° of c Column d p f. V,
Authors slabs (mm) shape (mm) (%) (MPa) (kN)
Elstner and Hognestad [29] 17 254-356 S 114-121 0.5-3.7 20-51 200-578
Kinnunem and Nylander [30] 4 150-300 C 117-128 0.8-1.1 30.8-34.9 255-430
Moe [31] 5 203-305 S 114 1.1-1.5 20.8-24.5 343-433
Bernaert and Puech [32] 6 203 S 114-124 1.0-1.7 20.6-41.4 328-439
Manterola [33] 3 100-450 S 107 0.5 26.4-34.2 175-294
Schaoeidt et al. [36] 1 500 C 240 1.3 34.9 1662
Ladner [38] 1 226 C 109 1.2 39.7 362
Marti et al. [39] 1 300 C 143 15 43.2 628
Schaefers [41] 2 120-210 C 113-170 0.6-0.8 23.1-23.3 280-460
Pralong et al. [42] 1 300 C 171 1.2 32.8 626
Regan [45] 11 54-250 S 93-200 0.8-1.5 29-53.3 170-825
Tolf [46] 4 250 C 197-200 0.5-0.8 28.6-31.7 444-603
Marzouk and Hussein [49] 10 150-300 S Q90-120 0.7-2.1 42-80 249-645
Ramdane [50] 15 150 C 98-102 0.6-1.3 33.6-127 169-405
Tomaszewicz [51] 13 100-200 S 88-275 1.5-2.6 64.3-119.0 330-2450
Hallgren [52] 6 250 C 194-202 0.3-1.2 84.1-108.8 565-1041
Birkle and Dilger [54] 3 250-350 S 124-260 1.1-1.5 31.4-36.2 483-1046
Guandalini et al. [22] 11 130-260 S Q6-464 0.25-1.5 27.6-40.5 118-2153
Lips et al. [568] 4 130-340 S 193-353 1.5-1.6 30.5-42.5 1135-2491
25 r i s s s
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Figure 7

Influence of f_in the theoretical prediction of resistance of slabs without shear reinforcement
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the flexural reinforcement ratio (p) and of the effective depth of the
slab (d) were evaluated

These analyzes were carried out from the distribution of the ratio
between the maximum punching shear resistance (V) measured
in the tests and the strength predicted by each code (V). In
these graphs, the solid lines represent the ideal limit, where the
experimental strength would be equal to the theoretical estimate
(V, = V), with the safety coefficients assumed equal to 1.0.
The dashed lines represent the limit considering the theoretical
resistance reduced according to the values of safety coefficients in
Table 1. In parallel, in Figures 7d, 7e, 7f to 9d, 9e and 9f, analyses
in three ranges of values for each parameter are performed, where
it is seen the average, maximum and minimum values, standard
deviation and coefficient of variation of results for each range of
values analysed.

Results of Figure 7 show that ACI 318 [10] presents scattered
estimates. It is notable that assuming the influence of the com-
pressive strength of concrete on the punching shear resistance
as being proportional to the square root of f can lead to unsafe
estimates and that the limitation imposed in these equations

(f, < 69 MPa) is essential to control this trend. Regarding the influ-
ence of the compressive strength of concrete, still in Figure 7, it is
possible to notice that ABNT NBR 6118 [11] presents slightly better
performance than Eurocode 2 [12], what is a consequence of the
limitations imposed by Eurocode 2 [12] for the consideration of the
flexural reinforcement ratio (p) and the size effect (k).

Figure 8 shows the influence of flexural reinforcement ratio (o) on
punching shear resistance of the tested slabs. As ACI 318 [10]
ignores this parameter, it tends to underestimate the strength of
slabs with values of p greater than 1% and to produce a signifi-
cant number of unsafe predictions for slabs with ratios below 1%.
It must be highlighted that for slabs with low reinforcement ratios
(p < 0.6%), both ABNT NBR 6118 [11] and Eurocode 2 [12] also
present a significant number of theoretical strength predictions
higher than those observed experimentally. On the other hand,
for slabs with p greater than 2%, Figures 8e and 8f shows that,
based on this database, it is not clear the need to limit the flexural
reinforcement ratio as p < 2.0, as adopted in Eurocode 2 [12]. The
effect of this limitation has left the Eurocode 2 [12] predictions, in
this range, more conservative and scattered.
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Figure 8

Influence of p in the theoretical prediction of resistance of slabs without shear reinforcement
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Influence of d in the theoretical prediction of resistance of slabs without shear reinforcement
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Accuracy of code prediction for slabs without shear reinforcement
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Performance of codes for slabs without shear reinforcement according to Collins [23]

Figure 9 discusses the influence of the effective depth of the slabs
(d) on the performance of the theoretical predictions from design
codes. As ACI 318 [10] does not takes into account the size effect
in its equations, it shows a trend of unsafety results for slabs with
an effective depth greater than 200 mm. Slab PG3 from Guandalini
et al. [22], which combines low flexural reinforcement ratio (o =
0.33%) and a large thickness (d = 456 mm), presents theoretical
strength significantly higher than the one observed in the experi-
mental test. Figure 9 also shows that ABNT NBR 6118 [11] main-
tains a constant average of the V /V, .. ratio in all ranges of d, while
Eurocode 2 [12] tends to underestimate the punching resistance
of thin slabs (d < 100 mm), a consequence of the limit of k < 2.0.
Figure 10 graphically presents a general analysis of the
performance of the theoretical strengths predicted by codes for
slabs without shear reinforcement. This figure compares the trend
line of the results (dashed line in the picture) with the ideal situation
(V, = V,,) represented by the solid line. This figure also presents:
the linear correlation coefficient of the results (R?); the average of
the results (AVE.); the coefficient of variation (C.0.V.); the standard
deviation (S.D.) and percentage of unsafe results (U.R.), assumed
as the cases where V//V. .. < 1. Figure 11 graphically shows
the evaluation of the performance of theoretical methods, rated
according to the criterion of Collins [23], called Demerit Points
Classification (DPC), presented in Table 4. This classification
consists of assigning a demerit scale calculated from the sum of
the products of V /V,_ by the corresponding score. Table 5 presents
the demerit scale proposed by Collins for V /V,__ values.

ACI 318 [10] showed the worst correlation between the experi-
mental results and the theoretical predictions, with results of co-
efficient of variation equal to 25.7% and R? equal to 0.72. It is
important to note that, despite the wide dispersion of results, ACI
318 [10] showed a low percentage (16.8%) of unsafe estimates
(V/Vgoaes < 1) This is due to its high average (1.32) which main-
tains most of its results in favour of safety. ACI 318 [10] presented
55% of its results classified, according to DPC, as conservative.

Nevertheless, 6.7% of its results are classified as dangerous,
contributing to the high penalty attributed to this code. ACI 318
[10] was the most penalised code in this analysis, having the
worse performance according to DPC.

The recommendations of Eurocode 2 [12] and ABNT NBR 6118
[11], which are based on CEB-FIP MC90 [24], presented similar
trends regarding dispersion, with a coefficient of variation of 16.2%
and 14.1%, R? of 0.964 and 0.970 and average of 1.10 and 0.97,
respectively. It is worth mentioning that ABNT NBR 6118 [11] was
the one with the best performance, with the best results of coef-
ficient of variation, R? and average, being the least penalised by
DPC. However, it should also be noted that 54.4% of the results
were V, / Vg, < 1.0. As most of these values were above 0.85, this
fact was ignored by DPC, which considers this as a zone of values
with appropriate safety (0.85 <V, / V, . < 1.30).

3.2 Slabs strengthened for punching shear

A database with results of 62 experimental tests was used to
evaluate the performance of the adjustments proposed in Table
1 to use ACI, EC2 and NBR 6118 for the punching shear design
of slabs strengthened with post-installed steel and CFRP connec-
tors. Table 5 presents a summary of the characteristics of the slabs
used in this database. In this table, the symbology used to describe

Table 4
Demerit scale according to Collins [23]
Vo/Viieo Rating Penalty
<0.50 Extremely dangerous 10
[0.50 - 0.65] Dangerous 5
[0.65-0.85] Low safety 2
[0.85 - 1.30] Appropriate safety 0
[1.30 - 2.00] Conservative 1
>2.00 Extremely conservative 2
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Table 5
Characteristics of the slabs strengthened against punching shear
Authors sI:\:l:) s Reinforcement (mdm) (mcm) Sﬁ;l:;:? (é/)o ) (fopa I;I:;zrl Iav;rs (r:?n) (r:r'n) (|Yﬁ)
Binici (2003) [59] 9 S N4 304 s 19 28 48 8 29 58 595778
Bini(%‘ 0%?);1' [Ei)%‘ﬁr‘“k 2 s 57 150 S 05 24 4 8 14 29 138154
Er(%%?g)” [ﬁ’;f’- 5 D 114 300 s 14 2635 35 8 5760 6086 571657
Erg%%%‘ﬁ’; 3’" 4 D 114 125375 SandR 14 2932 3 8 57 57 571657
Ro(%%?g)es[ 692"10’- 3+ D 47 150 S 11 40 34 8 23 35 105125
5‘550'?155(]2007) 12 S 120 85 S 1522 2736 612 612 30 90 550775
SO”*‘E? 512014) 1 Des 135145 300 S 1416 4458 812 68 70 %0 8181185
COfVO'[g‘g](QOO” 8 c 99107 120 S 1215 4044 8 23 4951 4951 301458
Ruiz er[%.](zom) 9 c 210 260 S 1015 2837 412 36 150200 125200 974-1690
Wérle (2014) 4 c 155 300 C 22 3638 8 4 59 96 612937

[26]

* These slabs were removed from the analyses because they had a shallow effective depth.

the type of strengthening was: D and S for CFRP strengthening of
types dowel and stitch; and C for strengthening with post-installed
steel connectors. Table 5 also presents: the number of holes per
strengthening layer; the number of strengthening layers; the dis-
tance between the first strengthening layer and the column face
(s,); and the distance between successive layers of strengthening
(s,). It should be noted the difficulty of finding experimental results
of tests on slabs with post-installed shear reinforcement.

In Figures 12, 13 and 14, the results of tests where the authors
inform that the failure occurred within the reinforcement region are
used to discuss both the performance of the different strengthen-

test results with post-installed steel connectors with mechanical
anchorage at both ends (see Carvalho [25]). Figure 12 shows the
influence of the strengthening increment, measured by the ratio
between the estimated contribution from the strengthening materi-
al and the resistance of an equal slab, but without shear reinforce-
ment (Vq, oo /Vaewo)s IN the increase of punching shear resistance,
given by the ratio between the ultimate shear force measured in
the tests and the estimated punching shear resistance for the case
without shear reinforcement (V /V__ ). The distribution of the re-

sults is confronted by a solid line showing the trend of the codes
prediction for the failure within the region of the reinforcement

ing techniques and the response of the calculation methodology (V) @nd dashed lines indicating the limitation due to crushing
presented in Table 1. The red triangles in these figures indicate  of the strut (V).
3.0
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Figure 12

Performance of strengthening methods according to the proposed methodology
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Influence of the increment in the shear strengthening ratio in the strength predictions for slalbs failing

inside the shear reinforced region

Figures 12a, 12b and 12c show that the three strengthening tech-
niques evaluated may be efficient and have similar overall perfor-
mance about their capacity of increasing punching shear resis-
tance. In the case of methods with post-installed steel connectors,
the tests of Ruiz et al. [18] were those that showed better perfor-
mance. The authors were able to obtain increases of resistance
of about 74% in comparison to the strength of the reference slab,
without shear reinforcement. For all codes, the test results with
steel connectors are those that show the best correlation with the
trend of V. _ .., expressed by the solid line in these figures. In the
case of CFRP strengthening, the tests of Santos [16] with the stitch
strengthening technique were the ones that achieved better perfor-
mance, showing a slightly higher performance than the dowel tech-
nique. The author achieved increases of resistance of up to 93%
compared to the reference slab. In general, the tests of Sissakis
and Sheikh [15] and Woérle [26] make it clear that it is fundamental
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Figure 14

to respect the limits and the detailing rules usually recommended
for pre-installed shear reinforcement to obtain an adequate perfor-
mance of the strengthening method.

Figure 12a shows that the proposal for ACI 318 [10] would be the
method with the highest dispersion between the theoretical results
and those observed experimentally. In many cases the predictions
would be very conservative, that is, with estimated resistances more
than twice as low as those measured experimentally. It should also
be noted that in the case of the proposal for ACI 318 [10], the small
percentage of unsafe results is only guaranteed by the conservative-
ness of its maximum strength predictions (V). Among theoretical
methods, Figure 12b shows that the proposed adjustments for ABNT
NBR 6118 [11] would lead to a lower dispersion between theoretical
and experimental results, but the equation for V,_, whose trend is
represented by the solid line, loses correlation with the experimental
basis for values of V. / V. > 0.75. For the proposed adaptation to

0 Dowel
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Performance of code provisions for failure inside the shear-reinforced region (ignoring limitations

proposed in Table 1)
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Accuracy of proposed adjustments for the assessment of the resistance of slabs strengthened

with post-installed steel and PRFC connectors

Eurocode 2 [12] [13] [14] (see Figure 12c), it is observed that the
correlation between its equation for V, and the database is slightly
better than what was found for the adaptation of ABNT NBR 6118
[11]. It is also seen that the efficiency limitation of the strengthening
in 1.5V, _is adequate and guarantees a good percentage of results
in favour of safety.

Figure 13 shows the influence of increasing the strengthening ra-
tio on the resistance predictions for slabs failing within the shear
reinforcement region. It is observed in Figure 13a that in the case
of the adaptation proposal made to ACI 318 [10], there is a tenden-
cy to underestimate the punching shear resistance in the case of
slabs where the ratio V, /V, < 1.0 and to overestimate the strength
in cases where V_/V, > 1.5. Figures 13b and 13c show that the
strengthening efficiency limitation in V< 1.5V, proposed to
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ABNT NBR 6118 [11] and Eurocode 2, reduces or even eliminates
the trend to overestimate the resistance of slabs failing within the
strengthened region. Figure 14 illustrates what would be the trend
of these standards if this limitation were not used.

Figure 15 presents the accuracy analysis and the statistical analy-
sis of the proposals to verify the resistance of slabs strengthened
for punching shear. Figure 16 graphically illustrates the evaluation
result of these proposals according to DPC. The use of ACI 318
[10] and Eurocode 2 would lead to conservative resistance esti-
mates. The ACI 318 [10] would perform worse than Eurocode 2
according to DPC, since it presented a large percentage of resis-
tance estimates classified in the range of extremely conservative
results. The proposed adaptation to ABNT NBR 6118 [11] showed
a good correlation with the experimental basis, with average
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Performance of codes for slabs strengthened against punching according to Collins [23]
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results V, / Vi s Of 1.15, the coefficient of variation of 13.0% and
R2? of 0.85, including the best performance according to the crite-

rion of Collins [23].

4. Conclusions

EE

This paper presented a summary of structural accidents due to
punching shear failure in Brazil and abroad, and their review in-
dicates that most of them originated from faults in the design and
construction stages. This conclusion must be seen as an alert to
the technical community, since design codes present recommen-
dations that can lead to different estimates of resistance to simi-
lar situations, according to Soares and Vollum [8], among others.
Also, if there is a need for strengthening, there is a lack of stan-
dardisation, both for the design and for the execution, a fact alerted
by Koppitz et al. [9].

In the case of slabs without shear reinforcement, the analyses
showed that ACI 318 [10] does not present a good correlation of its
theoretical results with the trend of experimental results since it ig-
nores essential parameters in its equations, such as the flexural re-
inforcement ratio and the size effect. About Eurocode 2 [12], consid-
ering this database, it was not observed any mechanical reason to
justify the limitations imposed in the equations for the size effect and
the flexural reinforcement ratio terms. Although they reduced the
percentage of unsafe theoretical results, these limitations increased
the dispersion, reducing the performance according to the criterion
of Collins [23]. About the current version of the Brazilian code, a
better correlation between theoretical and experimental results was
observed, but with many results where the ratio between the ex-
perimental resistance (V) and theoretical resistance (V) resulted
in values slightly less than 1.0. As in the criterion of Collins [23] the
adequate safety range is established as varying from 0.85 to 1.30,
ABNT NBR 6118 [11] was the code with the best-rated performance.
The analysis of the slabs strengthened for punching shear showed
that the three methods evaluated can be efficient and increase
the load-carrying capacity as long as the usual detailing rules are
respected. About the adjustments proposed to the theoretical ap-
proaches of calculation, the proposed adaptations to ACI 318 [10]
and Eurocode 2 [12] [13] [14] were the most scattered compared
to the database, and their safety is guaranteed by the conserva-
tism directly related to the recommendations for V__, and V, .
The proposal presented for ABNT NBR 6118 [11] was the one that
showed the best correlation with the database, but it was observed
that it is fundamental to impose limits for the maximum perfor-
mance of the strengthening, here considered as V, < 1.5V, , to
avoid unsafe estimates in the case of slabs failing within the shear
strengthened region.
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6. Notations

EE

€, — maximum strain of CFRP

v, — safety factor for concrete material properties

v, — safety factor for the material properties of reinforcing steel;
Yerrp — Safety factor for CFRP

n, — coefficient that accounts for the performance of strengthening
systems in the punching shear resistance inside the shear—rein-
forced zone

p — flexural reinforcement ratio

o, — effective strength of transverse steel

T, — stress strength

V..., — minimal shear resistance

a — major column size

b — smallest column size

¢ — size of the column

d — effective depth of the slab

f. — compressive strength of concrete

f.” — specified compressive strength of concrete

f.— characteristic compressive strength of concrete

fyw — yield strength of the steel connector

k — size effect

ksys — coefficient that accounts for the performance of the strengthen-
ing system in the resistance of the concrete strut close to the column
s, — clear distance from the first strengthening layer to the column side
s, — radial spacing between subsequent strengthening layers

u, — length of the column perimeter

u, —length of the control perimeter inside the shear—strengthened zone
u,,— length of the control perimeter outside shear-strengthened zone
A,, — steel area of one layer of shear strengthening reinforcement
C — columns with circular section

C — post—installed steel connectors

D — dowel strengthening

Errp — modulus of elasticity of CFRP

R — rectangular column

R2 — coefficient of determination

S — columns with square section

S — stitch reinforcement

Vi — punching shear strength provided by concrete

Vs — punching shear strength provided by the strengthening
reinforcement

Vi — Punching shear resistance inside the shear—strengthened zone
Vi o — PUNching shear resistance outside the shear-strengthened zone
V. __ —maximum resistance of the concrete strut close to the column

R,max

V.__— theoretical punching shear resistance

teo

V, — experimental resistance
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Abstract
E——

Structural accidents due to punching shear failures have been reported in flat slab buildings. Design recommendations presented by codes can
lead to entirely different punching shear resistance estimates for similar situations. Furthermore, design codes do not present guidelines for the
design of punching shear strengthening of existing slabs. This paper uses a database with 118 experimental results to discuss the performance
of theoretical estimates of punching shear resistance using ACI 318, Eurocode 2 and ABNT NBR 6118 in the case of slabs without shear
reinforcement. Another database with results of 62 tests on slabs strengthened with post-installed steel and CFRP dowels is used to evaluate the
performance of these strengthening techniques and to propose adaptations in codes to allow their use in punching shear strengthening situations
of existing slab-column connections.

Keywords: flat slabs, punching shear, structural strengthening; CFRP, post-installed steel connectors.

Resumo
E———

Acidentes estruturais por pun¢do vém sendo relatados em edificios com lajes lisas. As recomendacgdes de projeto apresentadas pelas normas po-
dem levar a estimativas de resisténcia a pungao divergentes para situagbes semelhantes. Além disso, ndo sdo apresentadas orientagdes para o
dimensionamento do reforgo a pungao de lajes existentes. Este artigo utiliza um banco de dados com 118 resultados experimentais para discutir o
desempenho das estimativas tedricas de resisténcia a pungao obtidas usando o ACI 318, o Eurocode 2 e a ABNT NBR 6118 para o caso de lajes
sem armadura de cisalhamento. Um outro banco de dados, com resultados de 62 ensaios em lajes reforgadas com conectores pés-instalados de
aco e PRFC, é utilizado para avaliar o desempenho destas técnicas de reforgo e para apresentar propostas de adaptagédo das recomendagdes
destas normas para permitir seu uso em situagdes de reforgo a pungao de ligagdes laje-pilar existentes.
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1. Introducgao

EE

Falhas nas fases de projeto, de construcdo, de uso e manutengao
ou ainda mudangas na finalidade de um edificio podem gerar a
necessidade de reforgo estrutural. No caso de edificios com lajes
lisas, a regido da ligagéo entre a laje e o pilar € um ponto critico
devido a punc¢ao, que € um modo de ruptura fragil, que pode levar
a estrutura a ruina através do colapso progressivo. Desenvolvido
no inicio do século XX, trata-se de um sistema estrutural que sim-
plifica as etapas de confecgéo de férmas e armaduras, mas requer
cuidados, uma vez que diversos casos de acidentes vém sendo
reportados. Melo e Regan [1] relatam que o primeiro acidente re-
gistrado por puncgao foi o do edificio Prest-o-Lite, ocorrido em In-
dianapolis em 1911. Desde entdo, outros casos foram registrados
na literatura.

A Figura 1a apresenta o caso do colapso do edificio 2000 Com-
monwealth Avenue. Tratava-se de um edificio de apartamentos

a) 2000 Commonwealth Avenue, 1971
Autor: King e Delatte [2]

i

R

o

e B
s

c) Sampoong Department Store, 1995
Autor: Gardner et al. [4]

Figura 1
Acidentes estruturais por puncdo

com 16 pavimentos que ruiu durante a sua construgdo em 1971
na cidade de Boston, EUA, vitimando 4 operarios. King e Delatte
[2] apresentam uma revisdo do caso e concluem que a causa
deste acidente foi a ruptura localizada de uma ligagao laje-pilar
da cobertura, que se propagou para uma grande area da edifica-
¢ao. Durante o processo de investigagao, varias falhas e omis-
sbes foram observadas referentes ao projeto e a construgéo. Na
Figura 1b é possivel ver o caso do edificio Bullock’s Department
Store, cuja estrutura era composta por lajes lisas nervuradas
apoiadas sobre pilares circulares. Segundo Mitchel et al. [3], o
desabamento ocorreu em 1994 apos um terremoto na Califor-
nia e a falta de armaduras de pés-puncao fez com que a ruina
se propagasse. Gardner [4] apresenta as causas do colapso do
Sampoong Department Store (ver Figura 1c), que ocorreu em
1995 na Coreia do Sul e conclui que o acidente foi provocado por
falhas de projeto e execugéo, levando A 502 vitimas fatais e 937
feridos. Outro exemplo de colapso por pungéo foi o do edificio
Piper Rows Car Park, mostrado na Figura 1d, ocorrido em 1997

b) Bullock’s Department Store, 1994
Autor: www.johnmartin.com [3]

d) Piper Rows Car Park, 1997
Autor: Woods [5]
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Viséo geral da estrutura apds o colapso

Detalhe das ligagdes antes e apds o colapso

a) Shopping Mall Rio Poty, 2013. Fonte: Oliveira et al. [6]

Viséo geral da estrutura apds o colapso

Detalhe da posigéo das
armaduras passivas e ativas
negativas na ligagéo laje-pilar

b) Residencial Grand Parc, 2016. Fonte: Adaptado de Coutinho et al. [7]

Figura 2
Acidentes estruturais por puncdo no Brasil

na Inglaterra, que ocorreu, principalmente, devido a corroséo das
armaduras de flexao, como relatado por Woods [5].

No Brasil, foram registrados dois acidentes recentes por pungao.
Na cidade de Teresina, Piaui, uma area de 40.000 m? do Shopping
Rio Poty (ver Figura 2a) foi a ruina durante a sua construgao em
2013, sem vitimas fatais. Em 2016 ocorreu em Vitéria, Espirito
Santo, o colapso da area de lazer do edificio residencial Grand
Parc (ver Figura 2b), levando a uma vitima fatal. Em ambos os
casos, os documentos técnicos disponiveis até o momento (ver
Oliveira et al. [6] e Coutinho et al. [7]) nao sdo conclusivos, mas
apontam diversas falhas com origem na fase de construgdo des-
tas estruturas.

A revisao da literatura indica que muitos dos acidentes estruturais
ocorridos em edificios com lajes lisas iniciam-se de forma localiza-
da, por pungao, tendo como origem falhas de projeto e construcao.
Soares e Vollum [8] fazem uma ampla discussao sobre as diferen-

¢as entre as recomendagoes atuais e as anteriormente utilizadas
no Reino Unido para o dimensionamento a puncao de lajes lisas de
concreto, e destacam que as normas de projeto podem levar a esti-
mativas de resisténcia significativamente diferentes para situagdes
semelhantes. Isto pode favorecer divergéncias durante o projeto ou
a verificagdo da capacidade resistente de um edificio. Koppitz et al.
[9] alertam que nos casos onde ocorre a necessidade de aumentar
a capacidade resistente da estrutura a situagao € ainda mais critica,
uma vez que nao existem recomendacdes normativas que orientem
os profissionais envolvidos em relagao as técnicas de reforgo e aos
métodos de calculo que devem ser utilizados.

Este artigo discute o desempenho de normas internacionais e
da norma brasileira, na verificagdo da resisténcia a puncao de
ligacdes laje-pilar sem armaduras de cisalhamento. Isto é feito
usando-se as normas ACI 318 [10], ABNT NBR 6118 [11] e Euro-
code 2 [12, 13, e14]. A avaliagdo do desempenho destas normas

4064
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A AL 1]

a) Sistema stitch

Figura 3

b) Sistema dowel

Tipos de reforco & pung¢do para ligacoes laje-pilar com PRFC (adaptado de Santos [16])

é feita tendo como referéncia uma base de dados ampla e atu-
alizada, reunindo resultados cuidadosamente selecionados de
pesquisas realizadas no pais e no exterior, tendo como objetivo
principal mostrar em que contexto se encontram as recomen-
dagbes atualmente empregadas no Brasil, fornecendo ao meio
técnico nacional parametros que permitam o estabelecimento de
critérios para a avaliagéo da capacidade resistente de ligacdes
laje-pilar em edificios existentes, na auséncia de uma normaliza-
¢ao nacional especifica. Apods estas analises, uma nova base de
dados, reunindo resultados experimentais de ensaios em lajes
reforgadas a pungéo com conectores de ago e PRFC pos-insta-
lados é montada. Seus resultados sao utilizados para avaliar as
adaptacdes necessarias nas normas de projeto para que elas
possam ser utilizadas com seguranga para dimensionar o reforgo
a pungéo de ligacoes laje-pilar de concreto armado com conecto-
res pos-instalados de ago e PRFC.

2. Base teorica
EE
2.1 Técnicas de reforg¢o a pungao

Polimeros reforcados com fibra de carbono (PRFC) podem ser uti-
lizados de diferentes formas para o reforgo a puncéo de ligagdes
laje-pilar. Segundo Sissakis e Sheikh [15], eles podem contribuir
para aumentar tanto a capacidade resistente da ligagao e, por-
tanto, do pavimento, quanto o deslocamento maximo em caso de
ruina. Segundo Santos [16], a natureza flexivel deste material per-
mite que ele seja fixado de forma distinta, podendo ser ancorado
em forma de lago, em uma técnica internacionalmente conhecida
como stitch (costura), ou ainda sendo utilizado de forma similar

¢ ¢

a conectores de cisalhamento, em técnica denominada de dowel/
(pino), com a ancoragem feita nas superficies da laje, conforme
ilustrado na Figura 3.

Na técnica stitch, as mantas de PRFC s&o cortadas em tiras, sa-
turadas com resina e inseridas na laje através de furos, formando
lagos fechados similares a estribos (ver Figura 3a). Apds a sua
colocagéao, os furos devem ser preenchidos com epdxi ou arga-
massa de alto desempenho a fim de favorecer a transferéncia de
forcas entre concreto e a superficie do PRFC. A técnica dowel,
segundo Erdogan et al. [17], consiste em fabricar pinos a partir do
corte de mantas de PRFC em faixas retangulares, como ilustrado
na Figura 3b. Apds a saturagdo com resina epdxi, as mantas de
PRFC sao enroladas, formando uma espécie de tubo. Estes tubos
sdo instalados dentro de furos na laje com o auxilio de uma guia,
removida logo apds o posicionamento do reforgo. Posteriormente,
as extremidades superior e inferior do tubo de PRFC sao cortadas
e abertas em formato de pétalas e coladas na superficie da laje a
fim de garantir a ancoragem, preenchendo-se os furos com epoxi
ou argamassa de alto desempenho.

Uma outra opgéo para o reforgo a puncgao de ligagdes existentes
laje-pilar envolve a utilizagdo de conectores de ago pds-instala-
dos. Diferentes tipos de conectores sdo comercializados indus-
trialmente, e a Figura 4a ilustra um modelo onde a ancoragem
é feita através de um sistema de porcas e arruelas. Este tipo de
reforgo € capaz de aumentar tanto a capacidade resistente quanto
a ductilidade das ligacdes laje-pilar. Este sistema pode ser usado
ainda com uma combinacao de ancoragem mecanica na superfi-
cie inferior e adesivo ep6xi como mecanismo de aderéncia, com
os pinos instalados verticalmente (ver Figura 4b) ou de forma in-
clinada (ver Figura 4c), conforme apresentado por Ruiz et al. [18].

X

|
.

Y

a) Conector com dupla
ancoragem mecanica

Figura 4

b) Conector com ancoragem
mecanica e adesiva

c) Conectores inclinados com
ancoragem mecanica e adesiva

Tipos de reforco a pungdo para ligacdes lajes-pilar com conectores pds-instalados de aco
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a) Esmagamento da biela adjacente ao pilar

(VR,max
Figura 5

) (Adaptado de Lips [27]) \

R,cs

b) Ruptura dentro da regido das armaduras
) (Ferreira [28]) Vv,

c) Ruptura fora da regido das armaduras
) (Adaptado de Ferreira [28])

R,out:

Modos de ruptura por puncdo em lajes armadas ao cisalhamento

2.2 Métodos para estimativa da resisténcia a pungao

As normas ACI 318 [10], ABNT NBR 6118 [11] e Eurocode 2 [12, 13
e 14] apresentam recomendacgdes para o dimensionamento de lajes
lisas de concreto armado e protendido. De uma forma geral, estas
normas assumem que a resisténcia a puncao de lajes sem arma-
duras de cisalhamento (Vj ) pode ser estimada com base em uma
tensé&o resistente (t;) atuando em uma area de controle (u,-d). No
caso de lajes com armaduras de cisalhamento, estas normas orien-
tam que devem ser checadas as possibilidades de ruptura: dentro
da regido das armaduras de cisalhamento (V,, ..); fora da regido das
armaduras de cisalhamento (V,, ); ou ainda devido ao esmaga-
mento da biela proxima ao pilar (Vleax). A Figura 5 apresenta ima-
gens destes modos de ruptura descritos na literatura.

Nao existem recomendagdes normativas para estimar a resistén-
cia de lajes reforgadas a puncdo com conectores pos-instalados
de ago ou PRFC. No caso de conectores poés-instalados de ago,
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€ usual assumir que, se os mecanismos de instalagao forem efi-
cientes, os mesmos critérios estabelecidos para conectores pré-
-instalados sao validos. No caso de execugao de reforgos com
PRFC, 0 ACI 440.2R [19] é a principal referéncia e apresenta reco-
mendacdes para aplicagdes de reforgo ao cisalhamento em vigas
e pilares.

Nos casos onde o refor¢o ao cisalhamento envolve completamen-
te o elemento, o ACI 440.2R [19] recomenda que a deformagéo
maxima na fibra seja limitada a 0,004 para o dimensionamento.
Esta limitagdo baseia-se na constatagédo pratica de que, no caso
do cisalhamento, antes da ruina da fibra perde-se a parcela de
contribuicdo do concreto por engrenamento de agregados, confor-
me reportado por Priestley et al. [20]. A Tabela 1 apresenta uma
sintese das recomendagbes normativas para o calculo da resis-
téncia a puncao em situagdes de projeto de lajes sem armadura
de cisalhamento. Ela apresenta também adaptagbes propostas
pelos autores para o uso das normas em situagdes de reforgo.
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Perimetros de controle
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Tabela 1
Sintese da metodologia para estimar a resisténcia de lajes de concreto armado d pung¢do

Método Lajes sem armadura de cisalhamento Lajes reforcadas ao cisalhamento

Vedes =Me * VRde +Q- Ay, -0, (d/si)
VRd =min VRdout =0-0,17- fcl'uout -d

VRd' =®-‘L’R,-u1-d
‘ ¢ Vidmax = ksys Vrae

?, 0,083- (40' d/”l + 2)' v s w S 420 MPa  (conectores de ago)
il . o, =
Q tge =min{0,17- (1+2/[a/b])- /1" " 10,004- Epgre <0,75-24, - Epprc (PREC)
0,331, _]0,50  (PRFC)
0=0,75 e = 0,75  (conectores de ago)
_JLS (PRFC)
95 712,0  (conectores de ago)
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experimental para cada tipo de reforco.

1,20 para aplicagdes com controle rigoroso de corte e colagem
yprrc =135 para aplicagdes com controle normal de corte e colagem

ou quando ocorrem dificuldades de montagem "in loco".
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Os fatores de segurancga utilizados para minorar a resisténcia do
PRFC nas adaptagdes do Eurocode 2 [12, 13 e 14] e ABNT NBR
6118 [11] baseiam-se nos valores propostos pelo fib Bulletin 14
[21]. Na Figura 6 séo ilustrados os perimetros de controle utiliza-
dos nas estimativas de resisténcia das lajes.

3. Avaliagao do desempenho
dos métodos tedricos

EE

Para avaliar o desempenho das estimativas de resisténcia a
pungéo (V. ) sintetizados na Tabela 1, os coeficientes de segu-
ranga foram retirados de todas as equagdes. Além disso, para o
valor da resisténcia a compressao do concreto das lajes, foram
considerados os valores informados pelos autores, usualmente
a resisténcia média e ndo a caracteristica. O esforgo cortante
maximo medido nos ensaios (V) foi confrontado com a resistén-
cia tedrica (V_ ).

teo

Tabela 2

3.1 Lajes sem armadura de cisalhamento

A reviséo bibliografica feita permitiu a coleta de resultados de 340
ensaios em lajes lisas de concreto armado sem armaduras de ci-
salhamento, com carregamento simétrico e com ruptura declarada
pelos autores como sendo por pungado. De modo a ndo compro-
meter as analises, o espago amostral foi filtrado a fim de eliminar
resultados que nao sejam representativos da realidade. Foram eli-
minados da base de dados resultados de ensaios em lajes segun-
do os seguintes critérios: altura util inferior a 85 mm; resisténcia a
compressao do concreto menor que 20 MPa; barras de flexdo com
tensdo de escoamento inferior a 300 MPa e superior a 700 MPa;
omissao de informagdes importantes para o calculo segundo as
normas. A Tabela 2 resume o processo de coleta e montagem do
banco de dados das lajes sem armadura de cisalhamento.

A Tabela 3 apresenta um resumo das caracteristicas dos espéci-
mes que efetivamente compdem o banco de dados para o caso

Processo de montagem do banco de dados com Igjes sem armadura de cisalhamento

Lajes restantes apéds o filtro

N° de P
futeres lajes d<ssmm  <20MPa 7 <TooNE,  fomacso

Elstner e Hognestad (1956) [29] 24 24 19 17 17
Kinnunem e Nylander (1960) [30] 12 12 12 12 4
Moe (1961) [31] 13 13 13 11 5
Bernaert e Puech (1966) [32] 20 20 13 6 6
Manterola (1966) [33] 12 12 12 3 3
Yitzhaki (1966) [34] 16 0 0 0 0
Mowrer e Vanderbilt (1967) [35] 25 0 0 0 0
Schaeidt et al. (1970) [36] 1 1 1 1 1
Vanderbilt (1972) [37] 15 0 0 0 0
Ladner (1973) [38] 1 1 1 1 1
Marti et al. (1977) [39] 1 1 1 1 1
Kinnunen ef al. (1978) [40] 8 8 8 4 0
Schaefers (1978) [41] 2 2 2 2 2
Pralong et al. (1979) [42] 1 1 1 1 1
Regan et al. (1979) [43] 10 3 3 3 0
Rankin e Long (1987) [44] 27 0 0 0 0
Regan (1986) [45] 23 13 11 11 11

Tolf (1988) [46] 8 8 8 4 4
Gardner (1990) [47] 18 9 7 0 0
Lovrovich e Mclean (1990) [48] 5 0 0 0 0
Marzouk e Hussein (1991) [49] 17 14 10 10 10
Ramdane (1993) [50] 15 15 15 15 15
Tomaszewicz (1993) [51] 13 13 13 13 13
Hallgren (1996) [52] 7 7 7 7 6

Li (2000) [53] 6 6 6 6 0

Birkle e Dilger (2008) [54] 3 3 3 3 3
Guandalini et al. (2009) [22] 11 11 11 11 11
Sundquist e Kinnunen (2004) [55] 3 3 3 0 0
Marzouk e Hossin (2007) [56] 8 8 8 8 0
Marzouk e Rizk (2009) [57] 11 11 11 11 0
Lips et al. (2012) [58] 4 4 4 4 4

Lajes restantes 340 223 203 165 118
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Tabela 3
Resumo das caracteristicas das lajes do banco de dados sem armadura de cisalhamento
Autores a j:: (mm) do ‘oilar (mdm) ) (Mf|°>a) (IYN)
Elstner e Hognestad [29] 17 254-356 S 114-121 0.5-3,7 20-51 200-578
Kinnunem e Nylander [30] 4 150-300 C 117-128 0,8-1,1 30,8-34,9 255-430
Moe [31] 5 203-305 S 114 1,1-1.5 20,8-24,5 343-433
Bernaert e Puech [32] 6 203 S 114-124 1,0-1,7 20,6-41,4 328-439
Manterola [33] 3 100-450 S 107 0.5 26,4-34,2 175-294
Schaeidt et al. [36] 1 500 C 240 1.3 34,9 1662
Ladner [38] 1 226 C 109 1,2 39,7 362
Marti et al. [39] 1 300 C 143 1,5 43,2 628
Schaefers [41] 2 120-210 C 113-170 0.6-0.8 23,1-23,3 280-460
Pralong et al. [42] 1 300 C 171 1.2 32,8 626
Regan [45] 11 54-250 S 93-200 0.81,5 29-53,3 170-825
Tolf [46] 4 250 C 197-200 0.5-0,8 28,6-31,7 444-603
Marzouk e Hussein [49] 10 150-300 S 90-120 0,7-2,1 42-80 249-645
Ramdane [50] 15 150 C 98-102 0.6-1,3 33,6-127 169-405
Tomaszewicz [51] 13 100-200 S 88-275 1.5-2,6 64,3-119,0 330-2450
Hallgren [52] 6 250 C 194-202 0,3-1,2 84,1-108,8  565-1041
Birkle e Dilger [54] 3 250-350 S 124-260 1,1-1,5 31,4-36,2 483-1046
Guandalini et al. [22] 11 130-260 S 96-464 0,25-1,5 27,6-40,5 118-2153
Lips et al. [58] 4 130-340 S 193-353 1,5-1,6 30,5425 1135-2491
2,5
Vi VReact v/ VReNBR v/ VRc,Ecz
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Figura 7

Influéncia de . no desempenho das normas para lajes sem armadura de cisalhamento
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de lajes sem armaduras de cisalhamento. Este banco de dados
final € composto por 118 lajes ensaiadas por 19 autores diferentes
entre 1956 e 2012. Na tabela sao apresentados: o numero de la-
jes por autor; o tamanho do lado do pilar, no caso de pilares com
sec¢ao quadrada, ou o didmetro do pilar, no caso de pilares com
segao circular, definido como (c); a geometria da segao transver-
sal dos pilares, onde “C” refere-se a pilares com segéo circular e
“S” refere-se a pilares com se¢ao quadrada; a taxa de armadura
de flexdo (p); a resisténcia a compresséo do concreto informada
pelos autores (f); e o cortante resistente maximo na ligagéo laje-
-pilar medido nos ensaios (V).

As Figuras 7 a 9 apresentam o efeito da variagéo de alguns para-
metros no desempenho das estimativas tedricas de resisténcia a
puncgédo. Foram avaliados os efeitos da variagdo da resisténcia a
compress&o do concreto (f), da taxa de armadura de flex&o (p) e da
altura util da laje (d). Estas analises foram realizadas a partir da dis-
tribuicio da razé&o entre a resisténcia maxima a pungéo (V ), medida
nos ensaios, e a capacidade resistente prevista por cada norma
(V..). Nestes gréficos, as linhas cheias representam o limite ide-

teo

al, onde a resisténcia experimental seria igual a estimativa tedrica

(V,=V,,), com os coeficientes de seguranga assumidos como iguais
a 1,0. Ja as linhas tracejadas representam o limite considerando a
resisténcia tedrica minorada segundo os valores de coeficientes de
seguranga estabelecidos na Tabela 1. Em paralelo, nas Figuras 7d;
7e; 7f a 9d; 9e; 9f sdo realizadas analises em trés faixas de valores
para cada pardmetro, onde observa-se os resultados da média, do
valor maximo, do valor minimo, desvio padrao e coeficiente de varia-
gao dos resultados para cada faixa de valores analisada.

Analisando os resultados da Figura 7, percebe-se que o ACI 318
[10] apresenta estimativas dispersas. E possivel perceber que as-
sumir a influéncia da resisténcia a compresséo do concreto na re-
sisténcia a pungado como sendo proporcional a raiz quadrada de
f_pode levar a estimativas contra a seguranga e que a limitagdo
imposta nestas equagdes, de que f, < 69 MPa, & importante para
controlar esta tendéncia. Quanto a consideracédo da influéncia da
resisténcia a compressao do concreto, ainda na Figura 7, é possi-
vel perceber que a ABNT NBR 6118 [11] apresenta desempenho
ligeiramente superior ao Eurocode 2 [12], sendo isto resultado das
limitagbes impostas pelo Eurocode 2 [12] para a consideragao da
taxa de armadura de flexao (p) e do efeito de escala (k).

2,5
Vu/ VRC,ACI Vu/ VRC,NBR Vu/ VRC,ECZ
2,0
1,5
1,0
0,5
p P p
0,0 T T T T T T T T T
0 00l 0,02 003 004 0 0,01 0,02 003 004 0 0,01 0,02 003 004

a) ACl 318 b) NBR 6118 c) Eurocode 2

2,5
Vil Vreact 8'5' Z?’é %% Vil Venpr Vil Veeca
2,0 R -
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1,5
1,0
D.P.=0,24 D.P.=0,09 D.P.=0,13
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0,0
[<0,6] [0,6-2] [>2] [<0,6] [0,6-2] [>2] [<0,6] [0,6-2] [>2]

d) ACI 318 e) NBR 6118 f) Eurocode 2

Figura 8

Influéncia de p no desempenho das normas para lajes sem armadura de cisalhamento
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Precisdo das normas na estimativa da resisténcia a puncdo de lajes sem armadura de cisalhamento
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Desempenho das normas para lajes sem armadura de cisalhamento segundo o critério de Collins [23]

A Figura 8 discute a influéncia da taxa de armadura de flexao (o) na
resisténcia & puncao. E possivel perceber que o ACI 318 [10], ao ig-
norar este parametro, tende a subestimar a resisténcia das lajes com
valores de p maior do que 1%. Ja para taxas inferiores a 1%, 0 ACI [10]
apresenta uma tendéncia considerada perigosa, com muitos resulta-
dos contra a seguranga, evidenciando o impacto que a desconsidera-
¢ao desse parametro causa em suas previsdes tedricas. No caso da
ABNT NBR 6118 [11] e Eurocode 2 [12], para lajes pouco armadas (p <
0,6%), ambas apresentam uma quantidade relevante de resultados te-
éricos superiores aos observados em laboratoério. Para lajes com taxa
de armadura maior do que 2%, as Figuras 8e e 8f mostram que, com
base neste banco de dados, ndo é clara a necessidade de limitar a taxa
de armadura de flex&o em p < 2,0, conforme adotado no Eurocode 2
[12]. O efeito desta limitagao deixou as previsdes do Eurocode 2 [12],
nesta faixa, mais conservadoras e dispersas.

A Figura 9 discute a influéncia da altura util (d) nas previsbes de
resisténcia a pungao. E possivel perceber que o ACI 318 [10], que
nao apresenta nenhum parametro em suas expressoes para levar
em consideragao o efeito de escala, mostra uma tendéncia de re-
sultados contra a seguranga para lajes com altura util superior a
200 mm. A laje PG3 de Guandalini et al. [22], que combina baixa
taxa de armadura (p = 0,33%) e grande espessura (d = 456 mm),
apresenta previsao de resisténcia de calculo significativamente

Tabela 4
Escala de penalidade segundo Collins [23]
V./Viieo Classificacdo Penalidade
< 0,50 Extremnamente perigoso 10
[0,50 - 0,65] Perigoso 5
[0,65 - 0,85] Baixa seguranca 2
[0,85-1,30] Seguranga apropriada 0
[1,30 - 2,00] Conservador 1
Extremamente
22,00 conservador 2

maior que a resisténcia observada em laboratério. Ainda na Figura
9, percebe-se que a ABNT NBR 6118 [11] mantem uma média
constante da relagdo V /V, . em todas as faixas de d, enquanto
o Eurocode 2 [12] tende a subestimar a resisténcia a pungao de
lajes delgadas (d < 100 mm), devido ao limite de k < 2,0.

A Figura 10 apresenta de forma grafica a analise geral da preciséo
das estimativas tedricas de resisténcia a pungao para lajes sem
armadura de cisalhamento. Esta figura permite comparar a linha
de tendéncia dos resultados (linha tracejada na figura) com a si-
tuagéo ideal (V, = V,_ ), representada pela linha continua. A figura
mostra também o coeficiente de correlagéo linear dos resultados
(R2), além dos resultados de média (MED), coeficiente de variagéo
(C.V.), desvio padrao (D.P.) e percentual de resultados contra a
seguranga (R.C.S.), que se referem aos casos onde V /V, <1.
Ja na Figura 11 é apresentada de forma grafica a avaliagdo do de-
sempenho dos métodos tedricos, ponderados segundo o critério
de Collins [23], chamado de Demerit Points Classification (DPC),
apresentado na Tabela 4. Esta classificagdo consiste em atribuir
uma escala de demérito calculada a partir da soma dos produtos
de V /V,_ pelo escore correspondente. A Tabela 5 apresenta a es-
cala de demeérito proposta por Collins para valores de V /V,_ .

O ACI 318 [10] mostrou a pior correlagdo entre os resultados expe-
rimentais e as previsdes tedricas, com resultados de coeficiente de
variagdo igual a 25,7% e R2igual a 0,72. E importante destacar que,
apesar da grande dispersao dos resultados, o ACI 318 [10] mostrou
um baixo percentual (16,8%) de estimativas contra a seguranca
(V/Vana < 1). Isto se deve a sua média elevada (1,32) que man-
tém a maioria de seus resultados a favor da seguranca. O ACI 318
[10] apresentou 55% dos seus resultados classificados, segundo o
DPC, como conservadores. Ainda assim, 6,7% dos seus resultados
sdo classificados como perigosos, contribuindo com a elevada pe-
nalizagao desta norma. O ACI 318 [10] foi a norma mais penalizada
e com pior desempenho em suas estimativas segundo o DPC.

As recomendacdes do Eurocode 2 [12] e ABNT NBR 6118 [11],
por se basearem no CEB-FIP MC90 [24], apresentaram resultados
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Tabela 5

Caracteristicas das lajes do banco de dados com lajes reforcadas a puncdo

Autores N°de  Tipo de d c Forma P f.  Furo/ N° S s, v,
lajes reforco (mm) (mm) dopilarr (%) (MPa Cam, Cam, (mm) (mm) (kN)
Binici (2003) [59] 9 s 114 304 s 19 28 48 8 29 58 595778
Binici e Bayrak "
o008 160] 2 s 57 150 s 05 24 4 8 14 29 138154
Erdogan et al,
R toNehs 5 D 114 300 s 14 2635 35 8 5760 6086 571-657
Erdogan et al,
(2011) [61] 4 D 114 125375 SeR 14 2932 3 8 57 57 571657
Rodrigues et al, X
TP D 47 150 s 11 40 34 8 23 35 105125
S'SS°'<['1S5<]2007) 12 S 120 85 S 1522 2736 612 612 30 90 550775
SN m DeS 135145 300 S 1416 4458 812 68 70 90 8181185
Corvo::g%](Qom) 8 c 99107 120 S 1,215 4044 8 23 4951 4951 301458
Rz 9 c 210 260 S 1,015 2837 412 36 150200 125200 974-1690
Werle (2014) 4 c 155 300 c 22 3638 8 4 59 96 612:937

[26]

* Essas lajes foram removidas das andlises devido & sua baixissima altura atil.

semelhantes de disperséo, com coeficiente de variacdo de 16,2%
e 14,1%, R? de 0,964 e 0,970 e média de 1,10 e 0,97, respectiva-
mente. Vale ressaltar que a ABNT NBR 6118 [11] foi a que teve o
melhor desempenho, tendo os melhores resultados de coeficiente
de variacdo, R? e média, sendo a menos penalizada pelo DPC.
No entanto, também deve-se destacar que 54,4% dos resultados
ficaram com relagéo V, / V, ., < 1,0. Como grande parte destes
valores foi acima de 0,85, este fato foi ignorado pelo DPC, que
considera como zona de valores com seguranga apropriada aque-
les contidos no intervalo 0,85 <V, / VR.teo <1,30.

3.2 Lajes reforgcadas a pungao

Para avaliar o desempenho das equacgdes apresentadas na Ta-

bela 1, propostas para a verificagéo da resisténcia a puncgéo de
ligacdes laje-pilar reforgadas com conectores de ago e PRFC pds-
-instalados, foi montado um banco de dados reunindo resultados
de 62 ensaios experimentais. A Tabela 5 apresenta um resumo
das caracteristicas das lajes usadas neste banco de dados. Nesta
tabela, a simbologia usada para descrever o tipo de reforgo foi: D e
S para reforgo com PRFC do tipo Dowel e Stitch; e C para refor¢o
com conectores de aco. Na Tabela 5 sdo apresentados ainda: o
numero de furos por camada de refor¢o; o nimero de camadas de
reforgo; a distancia entre a primeira camada de reforgo e a face
do pilar (s,); e a distancia entre camadas sucessivas de refor¢o
(s,). Deve-se destacar a dificuldade de encontrar resultados ex-
perimentais de ensaios em lajes com armaduras de cisalhamento
pos-instaladas.
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Figura 12

Desempenho das diferentes técnicas de reforco segundo as metodologias propostas
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Figura 13

Influéncia do aumento da taxa de armadura de cisalhamento nas previsdes de resisténcia para lajes

rompendo dentro da regido reforcada

Nas Figuras 12, 13 e 14, os resultados de ensaios onde os autores
informam que a ruptura ocorreu dentro da regido das armaduras
de reforgo sao utilizados para discutir tanto o desempenho das di-
ferentes técnicas de reforgo, quanto a resposta da metodologia de
calculo apresentada na Tabela 1. Os triangulos vermelhos nestas
figuras indicam resultados de ensaios com conectores pos-instala-
dos de ago com ancoragem mecanica nas duas extremidades (ver
Carvalho [25]). A Figura 12 apresenta a influéncia do acréscimo de
refor¢o, medida pela razdo entre a forga estimada para as arma-
duras e a resisténcia de uma laje igual, mas sem armadura de ci-
salhamento (Vi ../Vi. o) NO incremento de resisténcia a pungao,
dado pela razao entre a resisténcia ultima medida nos ensaios e
a resisténcia estimada a pungéo para o caso sem armadura de
cisalhamento (V /V, ). A distribuicdo dos resultados € confron-

Rc.teo

tada por uma linha sélida mostrando a tendéncia da previsdo das

normas para a ruptura dentro da regiéo das armaduras (V) €
3,0 D "
0O Dowe
Vu/VR.csNBR .
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2,0
1,5
o
il -
0,5 b po
Oa
0.0 VR.SNBR/ VR.CNBR
0,0 1,0 2,0 3,0
a) NBR 6118

Figura 14

por linhas tracejadas indicando a limitagao devido ao esmagamen-
to da biela (V,,_,), no caso do ACI 318 [10], ou limite de eficiéncia
do reforgo (1,5V, ), para os casos da ABNT NBR 6118 [11] e do
Eurocode 2 [12][13][14].

As Figuras 12a, 12b e 12c mostram que as trés técnicas de reforgo
avaliadas podem ser eficientes e tem desempenho geral similar em
relagdo a sua capacidade de acréscimo de resisténcia a pungéo.
No caso das técnicas com conectores poés-instalados de ago, os
ensaios de Ruiz et al. [18] foram os que mostraram melhor desem-
penho. Os autores conseguiram obter acréscimos de resisténcia
da ordem de 74% em comparacéo com a resisténcia da laje de
referéncia, sem armaduras de cisalhamento. Para todas as normas,
os resultados de ensaios com conectores de ago s&o os que apre-
sentam melhor correlagdo com a tendénciade V., expressa pela
linha sélida nestas figuras. Ja no caso dos reforcos com PRFC, os
ensaios de Santos [16] com a técnica de reforgo do tipo stitch foram

0 Dowel
@ Stitch

A Conec

Vu/ VRCS,EC2

VRS EC2/ Rc,EC2

A

0,0 1,0 2,0 3,0
b) Eurocode 2

Desempenho das previsdes de resisténcia dentro da regicdo reforcada (ignorando-se as limitagdes

propostas na Tabela 1)
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Figura 15

Precisdo das adaptacdes propostas para a verificacdo da resisténcia de lajes reforcadas com

conectores de aco e PRFC

os que alcangaram melhor rendimento, tendo mostrado desempe-
nho ligeiramente superior ao conseguido com a técnica dowel. O
autor conseguiu acréscimos de resisténcia de até 93% em relagéo
a laje de referéncia. De uma forma geral, os ensaios de Sissakis e
Sheikh [15] e Worle [26] deixam claro que € fundamental respeitar
os limites e regras de detalhamento das armaduras de cisalhamen-
to para que o reforgo possa ter um bom desempenho estrutural.

Em relagdo aos métodos tedricos de calculo, a Figura 12a eviden-
cia que a proposta para o ACI 318 [10] seria 0 método com maior
dispersdo entre os resultados tedricos e os observados experi-
mentalmente. Em muitos casos as previsdes seriam muito conser-
vadoras, ou seja, com valores de resisténcia estimados mais de
duas vezes menor que os medidos experimentalmente. Deve-se
destacar ainda que no caso da proposta ao ACI 318 [10], o baixo
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@<
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10% - —’

0% T — r

ACI NBR EC2

a) Distribuicao das lajes nas faixas de penalidade

Figura 16

percentual de resultados contra a seguranga s6 é garantido gra-
gas ao conservadorismo das suas previsdes de resisténcia maxi-
ma (V). Dentre os métodos teodricos, a Figura 12b mostra que
as adaptagbes propostas para a ABNT NBR 6118 [11] levariam
a menor dispersao entre os resultados tedricos e experimentais,
mas a Equagéo para V,_, cuja tendéncia é representada pela li-
nha solida, perde correlagdo com a base experimental para valo-
res de V / V. >0,75. Para a proposta de adaptag&o ao Eurocode
2 [12] [13] [14] (ver Figura 12c), observa-se que a correlagao en-
tre a sua equagéo para o V. e a base de dados ¢é ligeiramente
melhor que o observado para a adaptagdo da ABNT NBR 6118
[11]. Observa-se ainda que a limitagéo de eficiéncia do reforgo em
1,5V, € adequada e garante um bom percentual de resultados a
favor da seguranga.

80
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70 - 65
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50
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40
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b) Penalidade total das normas

EC2

Desempenho das normas para lagjes reforcadas ¢ puncdo segundo o critério de Collins [23]
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A Figura 13 mostra a influéncia do acréscimo da taxa de reforgo
nas previsdes de resisténcia para lajes rompendo dentro da re-
gido das armaduras de cisalhamento. Observa-se na Figura 13a
que no caso da proposta de adaptagao feita para o ACI 318 [10],
existe uma tendéncia de subestimar a resisténcia a pungao para
o caso de lajes onde a razdo V. /V, < 1,0 e de superestimar a
resisténcia para os casos onde V./V, > 1,5. As Figuras 13b e 13c
mostram que a limitag&o de eficiéncia do reforgo em V< 1,5V,
proposta para a ABNT NBR 6118 [11] e Eurocode 2, reduz ou até
mesmo elimina a tendéncia de superestimar a resisténcia de lajes
rompendo dentro da regido reforgada com o aumento da taxa de
reforgo. A Figura 14 ilustra qual seria a tendéncia destas normas
caso esta limitagdo nao fosse utilizada.

A Figura 15 apresenta a andlise da precisao e a analise estatistica
das propostas para verificagdo da resisténcia de lajes reforcadas
a puncao. Ja a Figura 16 ilustra graficamente o resultado da ava-
liagao destas propostas segundo o DPC. O uso do ACI 318 [10] e
do Eurocode 2 levaria a estimativas de resisténcia conservadoras.
O ACI 318 [10] teria desempenho pior que o Eurocode 2 segundo
o DPC, uma vez que apresentou grande percentual de estimativas
de resisténcia classificados na faixa de resultados muito conserva-
dores. A proposta de adaptagao feita para a ABNT NBR 6118 [11],
mostrou boa correlagdo geral com a base experimental, tendo re-
sultados meédios de V, / V,, . de 1,15, coeficiente de variagéo de
13,0% e R? de 0,85, tendo ainda o melhor desempenho segundo
o critério de Collins [23].

4. Conclusoées

EE

Este artigo apresentou uma revisdo de acidentes estruturais por
puncao registrados no Brasil e no exterior. Observou-se que a
maior parte destes acidentes tem como origem falhas nas fases
de projeto e construcdo. Esta conclusao deve ser vista como um
alerta ao meio técnico, uma vez que as normas de projeto apre-
sentam recomendagbes que podem levar a estimativas de resis-
téncia muito diferentes para situagdes semelhantes, conforme
alertam Soares e Vollum [8], dentre outros. Além disso, caso haja
necessidade de refor¢o, o meio técnico carece de normalizagéo,
tanto para o projeto quanto para a execugéo deste reforgo, fato
este alertado por Koppitz et al. [9].

Para o caso de lajes sem armadura de cisalhamento, as anali-
ses mostraram que o ACI 318 [10] ndo apresenta boa correla-
¢ao dos seus resultados tedricos com a tendéncia dos resulta-
dos experimentais, uma vez que ignora aspectos importantes
como a taxa de armadura de flexao e o efeito escala. Em rela-
¢éo ao Eurocode 2 [12], ndo foram observadas nesta base de
dados justificativas experimentais para as limitagbes propos-
tas para o efeito de escala e para a taxa de armadura de fle-
xao. Apesar de diminuirem o percentual de resultados tedricos
contra a segurancga, estas limitagcdes aumentaram a disperséo
dos resultados, reduzindo seu desempenho segundo o critério
de Collins [23]. Em relagao a versao atual da norma brasileira,
observou-se a melhor correlagdo entre resultados tedricos e
experimentais, porém com uma grande quantidade de resul-
tados onde a razé&o entre a resisténcia experimental (V) e a
tedrica (V, ) resultou em valores ligeiramente inferiores a 1,0.

teo

Como no critério de Collins [23] a faixa de seguranc¢a adequa-

da é estabelecida como variando de 0,85 a 1,30, a ABNT NBR
6118 [11] foi a que apresentou o melhor desempenho dentre
as normas avaliadas.

No caso das lajes reforgadas a pungao, observou-se que as trés
técnicas de reforgo avaliadas sdo eficientes quanto a sua capa-
cidade de incremento de resisténcia, desde que as regras usuais
de detalhamento sejam respeitadas. Em relacdo aos métodos
tedricos de calculo, as adaptagdes propostas ao ACI 318 [10] e
ao Eurocode 2 [12] [13] [14] mostraram-se as mais dispersas em
comparagéo com a base de dados e sua seguranga € garantida
pelo conservadorismo quanto as recomendagbes para V. . €

,out

Vi max- A Proposta feita para a ABNT NBR 6118 [11] foi a que apre-
sentou a melhor correlagao com a base de dados, mas observou-
-se que é fundamental impor limites para o desempenho maximo
do reforgo, aqui considerado como V. < 1,5V, a fim de evitar
estimativas contra a seguranga para o caso de lajes rompendo

dentro da regido reforcada.
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6. Lista de simbolos
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g, — deformacéo ultima do PRFC

v, — fator de seguranga para minoragdo do concreto

v, — fator de seguranga para minoragéo da resisténcia do ago
Yerec — fator de seguranca para minoragéo de resisténcia do PRFC
n, — coeficiente que leva em consideragdo o desempenho do
tipo de armadura para a resisténcia a pungao dentro da regiao
das armaduras

p — taxa de armadura de flexao

o, — tenséo efetiva na armadura de reforgo

1, — tenséo resistente

v, — tenséo resistente minima a pungéo

a — maior dimensao do pilar

b — menor dimensao do pilar

¢ — dimensao do pilar

d — altura util

f — resisténcia média & compressé&o do concreto

f.” — resisténcia especificada a compressdo do concreto

f — resisténcia caracteristica a compressao do concreto

fyw — tensao de escoamento do conector de ago

k — efeito escala

ksys — coeficiente que leva em consideragao o desempenho do tipo
de armadura na resisténcia do esmagamento da biela

s, — distancia entre a primeira camada de reforgo e a face do pilar
s, — distancia radial entre camadas subsequentes de reforgo

u, — perimetro do pilar

u, — perimetro de controle dentro da regido reforgada

u,,— perimetro de controle fora da regi&o reforcada

A, — area de ago de uma camada de armadura de reforgo

C — pilares de segao circular

C — conectores de ago pos instalados

D — reforgo do tipo “dowel”

E_rrc — Mbdulo de elasticidade do PRFC

R — pilares de segao retangular

R? — coeficiente de correlagao linear dos resultados

S — pilares de sec¢édo quadrada

S - reforgo do tipo “stitch”

V, . — resisténcia a pung&o provida pelo concreto

V., resisténcia a pung&o provida pela armadura de reforgo

V., . —resisténcia a pungao dentro da regigo reforgada ao cisalhamento
,CS

Vi max — FESIStéNCia a0 esmagamento da biela proxima ao pilar

Vi . — resisténcia a pungéo fora da regigo reforgada ao cisalhamento

V__—resisténcia tedrica a pungéo

teo

V, — resisténcia experimental
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Abstract

Most standards indicate the need of the evaluation of abnormal loads in the structural design, but in general, they do not provide many details
about these actions and how to consider them in the design. The consequence of not considering these actions may be to the progressive col-
lapse of the structure. This type of failure can be avoided by design of elements with sufficient robustness to control possible localized damage,
ensuring adequate time for emergency measures to be taken. This work aims to discuss the progressive collapse and the behavior of masonry
buildings subject to abnormal loads. An extensive literature review is carried out, highlighting the main procedures and strategies to mitigate this
issue and the guidelines available in the standards. It is concluded that there is still an absence of works that deal with this kind of action in ma-
sonry buildings.

Keywords: masonry, abnormal loads, progressive collapse, robustness.

Resumo

A maioria dos cédigos normativos cita a necessidade da avaliagdo de agbes excepcionais no projeto de estruturas, porém sem fornecer muitos
detalhes de quais seriam estas agbes e como considera-las. A consequéncia da ndo consideracao destas agdes pode levar ao colapso progressi-
vo da estrutura. Este tipo de ruina pode ser evitado projetando-se estruturas com robustez suficiente para controlar possiveis danos localizados,
proporcionando tempo suficiente para que medidas de emergéncia sejam realizadas. Este trabalho tem como objetivo discutir o colapso progres-
sivo e o comportamento de edificios em alvenaria estrutural sujeitos a agdes excepcionais. Para tal, uma extensa reviséo tedrica é realizada,
destacando os principais procedimentos e estratégias para mitigagdo dessa problematica e as diretrizes de projeto disponiveis nos cédigos
normativos. Conclui-se que ainda faltam trabalhos especificos que tratam sobre as agdes excepcionais em edificios de alvenaria estrutural.
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Discussion about progressive collapse of masonry buildings

1. Introduction

EE

The federal government social programme Minha Casa Minha
Vida boosted the construction system named structural masonry
all over the country. This system has become a sustainable tech-
nological alternative to residential construction building for the mid-
dle-class and lower-middle-class families. Brazilian builders have
been widely applied it to the new projects.

Since, the increase in productivity due to the characteristics of
modulation and rationalization of this process reflects in the de-
crease of material waste and the final costs of the building.

In masonry buildings, the wall is the structural element, which
means damages or possible removal of these elements may lead
to serious risk of structural collapse due to the appearance of ad-
ditional internal forces. Unfortunately, due to the ignorance of some
users, it is common in residential buildings, the removal of walls
to increase environments without the permission of technical per-
son responsible for the project. Therefore, there is a great concern
about the occurrence of abnormal loads, which generate dispro-
portional damages.

The abnormal loadings (vehicle impact, gas explosion, terrorist
attack, etc.) are not usually considered in building designs due
to their low probability of occurrence. Nevertheless, in the occur-
rence of these events, several problems can occur in the struc-
tures, such as the progressive collapse. The accident at the Ronan
Point Building in 1968 in the city of London started the search for
better predictions of abnormal loads and progressive collapse in
structures. This event resulted in the update of international recom-
mendations and standards.

The Brazilian masonry building standards, [1] and [2], published in
2010 and 2011, respectively, have not specific design guidelines
about abnormal loadings or progressive collapse. However, they
have informative annexes with some general recommendations
about these subjects.

Concerning concrete structures, the Brazilian standard [3] cites
the ultimate limit state of progressive collapse as something to
be checked to ensure the safety of structures. In sections 19.5
and 20.3 the standard recommends additional reinforcements for
slabs in order to guarantee local ductility and consequently protec-
tion against progressive collapse. The precast concrete standard
[4] in section 5.1.1.4 emphasizes that the engineer should take
special care in detailing the structure to minimize the occurrence
of progressive collapse. On the other hand, standard of concrete
wall castes in place for residential buildings [5] does not comment
anything about this subject. Therefore, it should be highlighted that
only some Brazilian standards indicate the concern regarding ab-
normal loadings and progressive collapse, however, without many
guidelines to help on the building design. The historical of struc-
tures that have undergone the progressive collapse in Brazil, such
as the Liberdade Building in Rio de Janeiro in 2012, with the death
22 people, shows that engineers should discuss more this subject.
Therefore, this work intends to discuss current strategies to miti-
gate progressive collapse in masonry structures. Note that design
a masonry structure by evaluating the possibility of abnormal load-
ings, with the goal of reducing the probability of occurrence of pro-
gressive collapse, requires a differentiated view of the engineer.

Also, the load combinations described in Brazilian standards do
not take into account their effects on structures.

2. Abnormal loads and
progressive collapse

Failure of a structure subjected to abnormal loadings is associated
with significant economic implications and severe social repercus-
sions. Although abnormal loadings and progressive collapse is
events with a low probability of occurrence, their consequences
have a deep impact on society due to the loss of life.

Several authors ([6], [7] and [8]) assert that events that include
abnormal loads are not generally considered in building design,
which implies the possibility of loss of structural integrity due to
their occurrences. Also, such loads may lead to the partial or total
collapse of buildings and loss of a high number of human lives ([9],
[10], [11] and [12]).

Ellingwood [13] and Eurocode [14] recommend that the damage
in the building after abnormal loads does do not exceed 15% of
the floor area, nor 100 m?, and, in the vertical direction, does not
extend beyond the adjacent floors to the location of the event.
However, Eurocode [14] emphasizes that localized damage to a
structural element may be acceptable if the building preserves its
structural integrity for a sufficient period to allow necessary emer-
gency measures to be take.

The researchers ([15] and [16]) point out that currently, the stan-
dard that more details the progressive collapse is the UFC [17].
Nevertheless, this standard is more suitable for frame structures,
where the loss of a column instantly in a possible abnormal load-
ing is the primary factor that takes in the occurrence of a progres-
sive collapse.

Progressive collapse can be understood as an “incremental” rup-
ture and develops, in a chain reaction mechanism, in which cause
the failure of the building. If the structure has not sufficient robust-
ness, abnormal loads cause localized damages that construction
cannot absorb or contain. Accordingly, the final state is dispropor-
tionate to the event that initiated it ([18], [19] e [20]). For research-
ers [6] and [21] progressive collapse is the gradual failure of the
building due to initial damage to an element that leads to the rup-
ture of the structure or part of it.

Ellingwood [11] and Dusenberry [22] affirm that specific designs
that ensure safety from abnormal loads have not been standard-
ized in the United States or nowhere else in the world. Neverthe-
less, codes dealing with the progressive collapse use an empirical
approach to this issue through passive guidelines to increase the
robustness of the structure.

The classical examples of progressive collapse into buildings
mentioned in the literature review have been in concrete and
mostly in precast concrete structures because given the lack of
continuity in the link of the structural system these are more sus-
ceptible to collapse.

Concerning the progressive collapse in masonry buildings, there are
insufficient guidelines, since the works that deal with the subject do
not show the needed procedures to minimize their occurrence. This
lack of guidelines is due to the difficulty of evaluating the fragile, het-
erogeneous and anisotropic behavior of masonry ([16]).
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One of the first works to deal with the progressive collapse in ma-
sonry structures was performed by Mcguire [23]. This researcher
conducted a case study on the progressive collapse of masonry
building in the prevention of abnormal load through the British
standard [30]. The author recommends that the structure is ana-
lyzed through the alternate load paths and the specific local resis-
tance, both procedures described in section 3.

Hendry [24] made a study of the fundamental architectural con-
cepts of masonry buildings regarding abnormal loads. This author
verified three basic kinds of architectural details that need particu-
lar attention: a) external wall without flange; b) internal wall without
flange; and c) when the removal of a wall produces a large stress
concentration in a small area of other walls.

Ellingwood et al. [25] through a structural reliability analysis conduct-
ed a case study for an eight-story building of ceramic blocks ma-
sonry. The abnormal load of the building was based, on an explosion
in the kitchen of an apartment on the eighth floor. Such strategy was
used to demystify the idea that structural elements in upper floors
would not lead to the collapse of the structure. These researchers
calculated the probability of failure of the structure considering the
failure mode of the flexural compression walls measuring values of
the order of 10 and 10, respectively, in the eighth and first floor.
They concluded that the lack of continuity and ductility of masonry
structures make them susceptible to progressive collapse.

3. The mitigating risk from abnormal
loads and progressive collapse

In the design of a building, the engineer should consider the dead
and live loads with their partial and representative factors in the
load combinations described by the standards.

The load combinations take into account the occurrence of the ac-
tions from low-probability and high-consequence events, providing a
safety margin against minor abnormal loads. However, the engineer
should ensure that the structure has sufficient redundancy, strength,
and ductility to mitigate the event of a progressive collapse.

Due to the low probability of abnormal loads, it is common the en-
gineers address passive protection measures rather than evaluate
those loads in the structure. Such measures are carried out by
introducing ties anchored along some predefined structural ele-
ments ([17], [18] e [19]). However, those measures are obtained
from laws of a phenomenological nature. Therefore, the use of ties
may generate an undesirable effect because there is a probability
that in the event of a localized collapse, other interconnected ele-
ments will be pulled, becoming a chain reaction mechanism that
can cause the progressive collapse of the structure.

In the literature, the term robustness often appears as a way to minimize
the damage caused by the progressive collapse. Nevertheless, there is
not general agreement about the precise meaning of robustness.

UFC [17], ASCE 7 [18], NISTIR [19] and GSA [26], prescribe two
approaches to project building structures considering the possibil-
ity of progressive collapse: indirect design and direct design.

3.1 Indirect design approach

The indirect design approach consists implicitly of predicting
minimum requirements of strength, continuity, and ductility. These

requirements are satisfied when the engineer uses one of the fol-
lowing standards UFC [17], ASCE 7 [18], NISTIR [19] and GSA [26].
However, the indirect design guidelines alone do not guarantee
structural integrity in the eventual progressive collapse of the struc-
ture. In the indirect design approach, the engineer can still use the
Tie Force method. This procedure consists to enhance continuity,
ductility, and structural redundancy by specifying minimum tensile
forces through ties that should be used to attach the structure.

To mobilize alternative paths for the load transfer in case of a local-
ized failure of a structural element, the engineer must use extra
ties anchored in the structural elements, not provided for in the
usual design of the structure. UFC [17] prescribes the horizontal
ties must be provided: longitudinal, transverse, and peripheral be-
tween beams and slabs. Vertical ties are applied in columns and
load-bearing walls.

To use this approach, the engineer must check following equation
of ultimate limit state:

OR, = R, M

where, ¢ is the strength reduction factor, R is the nominal tie
strength calculated with the appropriate material specific code, in-
cluding the over-strength factors form Chapters 5 to 8 of ASCE 41
[27], and R, is the required tie strength.

To uniform floor load the required tie strength is determinate by
following load combination:

w=12F, + 0.5F, )

Where, w is the floor load (KN/m?), ngs the dead load (KN/m?), and
F, is the live load (KN/m?).
From the slab shown in Fig. 1 a), it is possible to deduce an equa-
tion for the calculation of the required tie strength in the limit situ-
ation, considering the deformed position of the slab after the re-
moval of support at point B in Fig.1 b).
By equilibrium of moments at point B’ Fig.1 b), the required tie
strength is written by Eq. (3).
w(Ly + Lp)?

= —g5r =R ®

The needed reinforcement to ensure continuity by the supports is

calculated by Eq. (4).

F
Ay =1

@

3.2 Direct design approach

Direct design approach considers the resistance to progressive
collapse explicitly. This approach includes the specific local resis-
tance (SLR) method and alternate load paths (ALP) method.

3.2.1 Specific local resistance (SLR)

This method provides extra strength in key elements that are need-
ed for overall stability. The SLR is used for a predefined event.
Therefore, the engineer evaluates the efforts in the structural ele-
ments considering in the load combinations their several effects,
for instance, terrorist attacks, explosions, fires, and earthquakes.
According to Ellingwood [28], one way of implementing this ap-
proach is merely to increase the partial factors of safety over the
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usual design loads. However, increasing the partial factors of safe-
ty may not be an adequate solution. Because when the structure
is subjected to collapse, the failure modes may be different from
those initially considered to calibrate the factors. Thus, its increase
to the current failure modes becomes irrelevant.

3.2.2Alternate load paths (ALP)

The ALP approach focuses on the evaluation of the behavior of the
structure following the occurrence of the removal of load-bearing
elements. Thus, the structural system should be capable of bridg-
ing over a missing structural component. Nevertheless, UFC [17]
comment that the application of this approach must be evaluated
through 3D modeling of the structure.

According to the UFC [17] and GSA [26], three analysis proce-
dures can be used to evaluate the ALP; they are linear static
analysis, nonlinear static analysis, and nonlinear dynamic
analysis. Regardless of the analysis considered, it is neces-
sary to analyze the structure acceptance criterion. The de-
mand-capacity ratio (DCR) performs this evaluation. The DCR
is defined by:

Qi

DCR = ud,lim (5)
QCE

where, Q.. is the resulting actions (internal forces and moments)

after to apply the ALP, and Q_, is the expected strength of the com-
ponent or element, as specified in Chapters 4 to 8 of the UFC [17].
The value of the DCR must be in the restricted range between 1
and 2. Consequently, structural elements outside these limits have
a high probability of collapse.

To evaluate the Eq. (5) the engineer must carry out a check in
the deformation-controlled actions and force-controlled actions.
According to UFC [17] and GSA [26], to compute the deformation-
controlled actions, followed loads combination should simultane-
ously applied:

1) Increased gravity loads for floor areas above removed column
or wall.

Gy = Quq[1.2F 4 + (0.5F, or 0.2F,)] 6)
where, G, is the increased gravity loads for deformation-controlled
actions for linear static analysis, Q,, is the load increase factor for

calculating deformation-controlled actions for linear static analysis
defined in Table 3.4 of the UFC [17], and F_ is the snow load.

B\

a)

P&

Figure 1

Il) Gravity loads for floor areas away from the removed column
or wall.

G =[12F,+ (0.5F, or 0.2F )] - G = gravity loads 7

Load case for force-controlled actions must be calculated simulta-
neously applying the following loads combination ([17] and [26]).

IIl) Increased gravity loads for floor areas above removed column
or wall.

G = Quf[1.2F 4 + (0.5F, or 0.2F; )] (®)

where, G, is the increased gravity loads for force-controlled actions
for linear static analysis, Q, is the load increase factor for calcu-
lating force-controlled actions for linear static analysis defined in
Table 3.4 of the UFC [17].

IV) Gravity loads for floor areas away from the removed column or
wall: use Eq. (7) to compute the load G.

Due to the complexity, nonlinear procedures have been used less

frequently for progressive collapse analyses than that linear proce-

dures. However, according to GSA [26], if the engineer has knowl-

edge and experience about nonlinear analysis he can use follow-

ing those loads combination to perform this analysis.

V) Static analysis loading.

Gyin = 2(F4 + 0.25F;) - Gy, = static load for nonlinear analysis ~ (9)

VI) Dynamic analysis loading.

Gam = (Fg + 0.25Fq) Gy = dynamic load for nonlinear analysis (10)

Additionally, the engineer must evaluate acceptance criteria for the
nonlinear analysis presented in Table 2.1 of the GSA [26].

4. Current standard approaches
progressive collapse

Nowadays, the consideration of abnormal loads and progressive
collapse in new building construction has been inserted into the
main standards as UFC [17], ASCE 7 [18], NISTIR [19] and GSA
[26] and the Russian standard STO [29], which establish guide-
lines for prevention of progressive collapse of frame structures.

Concerning masonry buildings, UFC [17] in Chapter 6 prescribes

b)

a) removal of the slab support at point B; b) deformed position after removal of support at point B
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that these buildings be analyzed by the tie force requirements or by
the alternate load path method.

NISTIR [19] prescribe in section 4.2.2 that peripheral and horizon-
tal ties should be provided along the whole perimeter within a nom-
inal distance of slab edge in case of masonry structures. Those
ties should be anchored at reentrant corners, wheras, vertical ties
shall be fixed floor-to-floor at load-bearing walls. According to sec-
tion 5.4.2 of the NISTIR [19], the following design checks should
be evaluated for enhancing the robustness of masonry buildings.
The membrane behavior of slabs should be consolidated providing
additional reinforcements if possible. Concerning reinforced ma-
sonry, should provide continuous steel in both directions; provide
at least one horizontal bar along each course and one vertical bar
in each cell so that wall has potential to support an eventual ab-
normal loading.

To consider abnormal loads, ASCE 7 [18] prescribes the following
gravity load combination (G,):

Gq= (0.9 or 1.2)F, + Fgp, + 0.5F, + 0.2F,, an

in which, F_is the wind load, and F,, is the load or load effect
resulting from an abnormal load. Concerning to F,, , the engineer
can use a force, for instance, such as an explosion or impact, or
deformation related, as in case of fire.

GSA[26] and STO [29] deal with guidelines on concrete structures
and not comment on abnormal load and progressive collapse in
masonry buildings structural.

A code that highlights particular comments in the guidelines of
abnormal loads and progressive collapse for masonry buildings
structural is the British standard BS 5628 [30]. BS 5628 [30] differs
from other standards since addressed the first guidelines to mini-
mize the occurrence of the abnormal loads. This code in section
37 prescribes recommendations by the tie force approach, which
should be considered in design to mitigate the effects of the pro-
gressive collapse.

Table 13 of the BS 5628 [30] presents the requirements for full pe-
ripheral (Tp) and internal (T)) ties, according to following equations:

f (KN = {20 -6+04NS (2)
T, =f, (13)
fe
Ti(KN) <A f(Fg+Fy) (Lg (14)
7.5 (??)

in which, f is the basic horizontal tie force, N, is the number of
stories (including ground and basement), and L, is whichever is
the lesser of: the greatest distance in meters in the direction of the
tie, between the centers of columns or other vertical loadbearing
members whether this distance is spanned by a single slab or by a
system of beams and slabs; or 5 times floor-to-floor heights.
Additionally, BS 5628 [30] address the Eq. (15) to evaluate ties into
an external column or wall.

2f,
T,(KN) < { <£> s h = floor — to — floor height inmeters  (15)
t\2.5

Regarding requirements for full vertical ties, BS 5628 [30] recommend:

I)  The minimum thickness of a solid wall or one load bearing leaf
of a cavity wall is equal to 150 mm;

II) The minimum characteristic compressive strength of masonry
equal to 5 MPa;

Ill) The ratio between the free height of a column or wall between
restraining surfaces and their thickness must be less than or
equal 20 times;

IV) Vertical tie force (T ) given by:

100L,

T,(KN) > {344 (h\’ (16)
T(?>

in which, respectively, L_ is the length, t is the thickness, and A is
the horizontal cross-sectional area in mm? of the wall or column.
V) The distance of ties 5 meters maximum along the wall and 2.5

meters maximum from a free end of any wall.

Nevertheless, BS 5628 [30] does not comment direct design guide-
lines as a solution to increase the structural integrity of masonry
buildings structural.

5. Current research
E—

With concerns about terrorist attacks on buildings several re-
searchers ([31], [32], [33], [34], [35] and [36]) began to study the
behavior of structures when subjected to explosions. These stud-
ies were generally restricted to concrete and steel structures.
Regarding masonry buildings, in 2013, researchers from Mc-
Master University, Canada, conducted experimental tests on
three reinforced masonry walls to evaluate their response when
subjected to an explosion. These walls were compared with
unreinforced masonry walls subjected to the same explosion
loads. The level of permanent strain was significantly lower in
the reinforced masonry walls, shown its ability to prevent pro-
gressive collapse [37].

Lu et al. [38] and Pham et al. [39] evaluated the behavior of slabs in
the occurrence of a progressive collapse. These authors concluded
that the residual strength of slabs, given by membrane mechanisms
contribute to the resistance of progressive collapse. However, it
is needed to analyze the influence of the interaction between the
beams and slabs, given the removal of a support element.

Felipe [40] proposed a Systematic Reliability-based Approach to
Progressive Collapse (SRAPC). This procedure provides a more
accurate measurement of risks through an approach that uses
structural reliability analysis [41]. Also, it is possible to determine
the coefficients of importance and vulnerability to identify the key
elements for structure. The identification of these elements is use-
ful since the engineer can increase its strength to mitigate the oc-
currence of the progressive collapse [41].

6. Future perspectives
——

The future perspectives are to insert the structural reliability analy-
sis and SRAPC approach to evaluate the effects of the abnormal
loads and progressive collapse. Thus, to determine the key ele-
ments and to prescribe guidelines based on a probabilistic theory.
Therefore, providing robustness and structural integrity to new
building designs.
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7. Conclusions

EE

The paper concludes that there is lack of publications that address
the probability of failure of masonry buildings when subjected to
abnormal loads. The way in which standards deal with the progres-
sive collapse of the masonry buildings using the indirect design
approach and passive guidelines does not allow complete preven-
tion when abnormal loads occur. These codes do not measure the
probability of collapse of the structure, as well as they do not detect
the most vulnerable elements.

In most cases, the guidelines of the codes established ties be-
tween slabs and walls to provide local ductility in the structure.
It is known that these ties increase the continuity of the links be-
tween the structural elements and consequently the robustness
of the structure. However, the failure of a wall can influence other
walls resulting in a chain effect that culminates in the progressive
collapse of the structure. Also, there is lack of publications in the
review literature that measure the efficiency of these ties in mitigat-
ing abnormal loads.
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Abstract

The present study evaluated the feasibility of the use of grinding dust (GD), a waste generated in the clutch disc finishing process, as a retardant
additive in cementitious matrices. For this, the waste was added in contents of 5%, 10% and 15%, relative to the cement weight, and the setting
time was determined by the Vicat method. In addition, the influence of this material on rheology (flow table, squeeze-flow and rotational rheom-
etry) and on the physical-mechanical properties of the hardened matrices was analyzed. The results indicated an increase in setting time and a
reduction in the fluidity of the mortars as a function of the addition of GD and the best results for the hardened state properties were verified for
the cementitious matrices containing a 5% addition. Therefore, it was observed that GD is effective in retarding the setting time, presenting great
potential for use in civil construction, without impairing its properties.

Keywords: waste, grinding dust, retarding admixture, rheology, physical-mechanical properties.

Resumo
E——

O presente estudo avaliou a viabilidade da utilizagao do po de retifica (PR), residuo gerado na produgéo de revestimentos de discos de embre-
agem, como aditivo retardador em matrizes cimenticias. Para isso, o PR foi adicionado nos teores de 5%, 10% e 15%, em relagdo a massa de
cimento, e avaliou-se o efeito desta adicao no tempo de pega, pelo método de Vicat. Além destes ensaios, foi analisada a influéncia deste material
na reologia (flow table, squeeze-flow e reometria rotacional) e nas propriedades fisico-mecanicas das matrizes endurecidas. Os resultados indi-
caram um retardo de pega crescente em funcéo de um maior teor de PR adicionado e uma redugéo na fluidez das matrizes cimenticias, sendo
que os melhores resultados para as propriedades no estado endurecido foram verificados para as matrizes cimenticias contendo 5% de adigéo.
Assim, observou-se que o PR ¢ eficaz no retardo da pega, apresentando grande potencial de utilizagcdo na construgao civil, sem prejudicar as
suas propriedades.

Palavras-chave: residuo, po de retifica, aditivo retardador, reologia, propriedades fisico-mecanicas.
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1. Introduction

EE—

The use of industrial waste as additives to cement matrices or
supplementary cementitious materials (SCM) has been thoroughly
studied in the past years. In several countries, such wastes are
being viewed from a new perspective, as important inputs in pro-
duction and with aggregate economic value, being considered by-
products [1]. The development of uses for these wastes has also
become a focus of the productive process.

Among the different wastes generated by the automotive industry
is grinding dust (GD), a powdery material generated in the produc-
tion of clutch discs, during the machining stage. The generation of
this waste in Brazil by ZF Sachs do Brasil, the largest industry in
the sector, is approximately 40 tonnes/month, according to data
presented in Figure 1. The decrease in GD generated in recent
years is probably associated with the economic recession in Brazil
that has had a direct impact on the sale of automobiles and, con-
sequently, the production of clutch discs.

The grinding dust of the clutch discs is the waste generated in the finish-
ing process, carried out by sanding and drilling. The process of making
clutch discs begins with the production of mixed fibers (composed of
metallic fibers, polymer fibers and glass fiber) which are interlaced and
immersed in a solution of rubber in a bath containing the other additives
used for the final composition of the product [2]. The discs are then
shaped from this rubberized pre-product and taken to a hot press tower.
The product is perforated and rectified and the material generated in
this process is collected by a suction system [2]. The process of pro-
duction of clutch discs and generation of GD can be seen in Figure 2.
Nowadays, grinding dust it is normally not re-used and/or recycled,
being destined to incineration. This is not the most environmentally
friendly practice of disposing of wastes due to the emission of pol-
lutants and contamination of neighboring communities [3]. Studies
that aim to develop alternatives for reuse and/or recycling of grind-
ing dust are extremely necessary.

However, due to the highly hazardous nature of the waste and the
small number of sites in the world that generate it, the amount of
scientific work that deals with the reuse of grinding dust from clutch
discs is scarce. RIBEIRO and MORELLI [4, 5] and RIBEIRO et al.
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[6] evaluated the influence of the addition of this waste on the prop-
erties of magnesium phosphate cement matrices, such as setting
time, mechanical strength and durability, but did not evaluate its
effect when added to Portland cement matrices.

Alkaline matrices, such as Portland cement, are commonly used
for waste conditioning due to the low cost, a long history of use
and easily accessible technology used. Its high alkalinity, with
pH around 12.5, greatly reduces the solubility of various toxic or
hazardous inorganic compounds and inhibits microbiological pro-
cesses. In addition, as observed by RIBEIRO and MORELLI [5],
grinding dust contains zinc oxide (ZnO) and copper (CuO) oxides,
as well as phenolic resins, which are known to retard the cement
hydration process [7 — 22].

Several studies [7 — 16] show that the presence of zinc and its
compounds influence the hydration of cement with the formation
of zinc hydroxide [Zn(OH),]. During the hydration process, the high
concentrations of Ca?" and OH- in the pores causes Zn(OH), to
react, according to equation (1), to form calcium hydroxy-zincate
[CaZn,(OH),.2H,0].

2 Zn(OH), + 2 OH + Ca2* + 2 H,0 - CaZn,(OH),.2H,0 m

Although some research has related the delay in the hydration pro-
cess with the presence of zinc, with the formation of calcium hy-
droxy-zincate, there is no consensus regarding the agent or process
responsible for the delay. For ARIGUIE and GRANDET [7] and LI et
al. [10], the retarding effect of ZnO is attributed to the precipitation
of zinc hydroxide on the grains of cement. While for YOUSUF et al.
[11] and ASAVAPISIT et al. [12], the delay is related to the precipita-
tion of hydroxy-zincate. For both theories, the delay is explained by
the formation of a layer of low permeability and solubility around the
anhydrous cement particles, which hinders the transport of ions and
water, thus slowing down the hydration process.

According to STEPHAN et al. [13], TREZZA [14] and WEEKS et al.
[15], the delay in the setting time is caused by the calcium hydroxy-
zincate, which consumes calcium and hydroxyl ion in the reaction,
preventing them from precipitating and forming C-S-H and port-
landite. Thus, until the reaction is complete, the Ca?* and OH- con-
centrations are kept low and there is no supersaturation, which is
required for the precipitation of C-S-H and portlandite.
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Copper oxide (CuO) and phenolic resins present in the grinding
dust are also responsible for retarding the cement hydration pro-
cess [17-19, 21, 22]. Similar to ZnO, the retarding effect of CuO is
also not completely understood and, according to KAKALI et al.
[20], is due to the formation of a layer Cu(OH), on the surface of
the cement particles, which hinders the diffusion of ions and the
passage of water. In relation to the phenolic resins, at the initial
moments of hydration these are adsorbed on the surface of the
cement particles, reducing the passage of water and the diffusion
of calcium ions [21, 221].

Due to its physical, chemical and mineralogical properties, grinding
dust therefore has great potential as a retarder additive to the ce-
mentitious matrix, adding value to this waste. However, it is of fun-
damental importance to observe if the presence of GD, which has

high fineness and it is rich in zinc, copper, glass fiber and phenolic
resins, does not negatively influence the rheological and physical-
mechanical properties of the cementitious matrices.

Itis expected that the addition of the grinding dust will have several
effects on the cement matrix. Its very fine particles have the poten-
tial to fill voids between the hydration products (filler effect), thus
reducing porosity and, thereby improving the mechanical proper-
ties. The mechanical properties can also be influenced positively
by the presence of fibre glass in the GD, which promotes an in-
crease in the tensile strength. On the other hand, the glass fiber
hinders the workability of the mixture [23, 24].

The focus of the present paper is to evaluate the potential of use
of grinding dust as a retarder additive of setting time in cementi-
tious matrices. Additionally, the effect of the addition of this waste

Figure 3

Micrographs of GD obtained by scanning electron microscopy (SEM), showing:
(A) general view of the morphology of the particles present in the GD; (B) approximation of the particle
overview; (C) stick-shaped particle; (D) irregular shaped particle
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Figure 4
Particle size distribution of GD, cement and sand

on the rheology and on the physical-mechanical properties of the
cementitious matrices was analyzed, so as to investigate the tech-
nical feasibility of this addition.

2. Materials and methods
E——
2.1 Materials

Portland cement CP V ARI, sand commercialized in the city of Sal-
vador-BA, Brazil, water from the public supply network (Embasa —
Empresa Baiana de Agua e Saneamento AS) and the grinding dust
generated by ZF Sachs do Brasil Ltda., located in Sdo Bernardo
do Campo, Sao Paulo, Brazil, were used to produce the cementi-
tious matrices.

The Portland cement used in this paper has a specific gravity of
3.13 kg/dm? and a Blaine specific surface area of 0.4255 m?/g. The
sand used has a bulk density of 1.46 kg/dm?®, specific gravity of 2.67
kg/dm?3, fineness modulus of 1.32 (the sand classified as very fine),
maximum particle size of 1.18 mm and 2.20% of powdery material.

The grinding dust used has a specific gravity of 2.10 kg/dm?® and
a Blaine specific surface area of 0.2954 m?/g. Grinding dust is a
very complex material with particles of different shapes and sizes
due to their several constituents (metal fibers, polymer fibers and
glass fiber), as can be seen in the micrographs shown in Figure 3,
which were obtained using a scanning electron microscope (SEM)
of Phenom, model Pro-X.

Figures 3c and 3d show this heterogeneity of shapes and sizes.
For example, regular shaped particles (Figure 3c) such as rods of
different sizes, and other more irregular such as shown in Figure
3d can be seen. The cross section of the rods present in the mate-
rial are solid, according to the micrograph presented in Figure 3c.
This is important because if they were leaked more water would be
required to prepare the mixtures with GD [2].

Comparing the particle size distributions of the grinding dust and
cement (obtained in a CILAS 1180 laser granulometer) with the
sand particle size distribution (obtained by mechanical sieving),
we obtain the representation presented in Figure 4. The diameters
(D,,) obtained for cement, grinding dust and sand were 0.009 mm,
0.028 mm and 0.25 mm, respectively. In relation to GD, the distri-
bution is quite broad, varying from 0.04 ym to 600 uym. However,

Table 1

Chemical composition of the grinding dust,
in oxides, determined by XRD

Constituent  Content (%) Constituent Content (%)

SO, 30.40 MgO 1.79
CuO 20.20 Fe,O, 0.58
SiO, 16.90 KO 0.32
CaO 13.60 TiO, 0.19
ZnO 4.98 CsO, 0.19
Al,O, 4.20 P,Os 0.19
BaO 4.16 V,04 0.10
MnO 211 LOI* 37.70

* Loss on ignition.

great care must be taken in analyzing this result because the par-
ticle diameters obtained by the laser granulometer are given by the
circumferences that circumscribe them. Thus, elongated particles
and stick-shaped particles present in GD (see Figure 3) tend to
increase the value of the average particle diameter of the waste,
thus impairing the analysis of this result.

Table 1 shows the chemical composition of the grinding dust,
obtained by X-ray fluorescence (XRF) technique using a Bruker
equipment, model S2 Ranger. Among the constituents of the grind-
ing dust, there is copper oxide (CuO), which is recognized as a
retarder of cement hydration [17 — 19]. In addition, there is the
presence of zinc oxide (ZnO), which even in small quantities is
responsible for retarding the setting time of the cementitious ma-
trix very effectively [7-16]. Finally, the presence of sulfur in the GD
composition can be observed, which may generate degradation of
the cementitious matrix if it is not chemically combined.

Figure 5 shows the X-ray scan of the grinding dust obtained by
a Bruker D2 Phaser diffractometer with copper tube, scanning
from 5° to 70° (26) and increase of 0.001°/s, with 10mA current
and 30kV voltage. Using the DIFFRAC plus-EVA software, with
a database centered on the COD system (Crystallography Open
Database), it was possible to identify the phases present in the
material as well as the amorphous content. It was observed that
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Figure 5

X-ray scan of the GD (barite: BaSO,;

bassanite: CaSO,.1/2H,0)
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its degree of amorphization is 33.7%, probably associated with
the presence of glass fiber and phenolic resins in the GD com-
position. It was also possible to observe the presence of barite
(BaSO,) and basanite (CaSO,.1/2H,0), evidencing the pres-
ence of sulfates in GD.

Environmental characterization (leaching/solubilization) tests with
grinding dust were also performed according to NBR 10005:2004
[25] and 10006:2004 [26]. The results are presented in Table 2, as
well as the limits established in NBR 10004:2004 [27].

No elements in higher concentrations than those allowed in the
leached extract were detected, which classifies this material as
non-hazardous (Class Il). On the other hand, in the solubilized ex-
tract, higher concentrations than the limits allowed for aluminum,
cadmium, lead, manganese, iron and total phenols were detected,
which classifies this material as a non-hazardous non-inert waste
(Class II-A), unlike the classification found by RIBEIRO and MO-
RELLI [5]. This is due to the change in the productive process by
the generating industry, which was influenced by more rigorous
and restrictive environmental regulation and inspection. In particu-
lar, values for solubilization of cadmium and total phenols were
much higher than those permitted by the standard.

Table 2

2.2 Methods

2.21 Cementitious matrices mix design

For the evaluation of the influence of grinding dust on the rheol-
ogy and on the physical-mechanical properties of the cementitious
matrix, @ mix design of 1.0 : 2.6 : 0.59 (cement : sand: water) was
used, with the addition of three different contents (5%, 10% and
15%, relative to the cement weight), as well as a reference mixture
(without the addition of the waste). No limit was specified for the
consistency of the cementitious matrices.

2.2.2 Rheological characterization

The flow indexes (flow table) of the cementitious matrices with
the addition of grinding dust were determined by the method pre-
scribed by NBR 13276:2005 [28]. For this purpose, a Contenco
automatic consistency table, model I-3019-B was used.

The squeeze-flow tests were performed following the recom-
mendations of NBR 15839:2010 [29], using for this a INSTRON
universal test machine, with displacement control and load cell

Results of the solubilization and leaching tests for the grinding dust, according to NBR 10004:2004,

10005:2004 and 10006:2004

Solubilization Leaching
Parameters Result MVA* Result MVA*
mg/L mg/L mg/L mg/L
Aluminum 0.63 0.2 X #
Arsenic Nd 0.01 Nd 1.0
Barium 0.6 0.7 0.9 70.0
Cadmium 0.06 0.005 Nd 0.5
Lead 0.04 0.01 0.03 1.0
Copper 1.5 2.0 X #
Total chromium 0.03 0.05 0.06 50
Manganese 0.63 0.10 # #
Mercury Nd 0.001 Nd 0.1
Selenium Nd 0.01 Nd 1.0
Sodium 63.0 200.0 X #
Zinc 4.65 5.0 X #
Iron 0.59 0.3 X #
Cyanides Nd 0.07 X #
Chlorides 34.0 250.0 X #
Total phenols 3.59 0.01 X #
Nitrates 6.3 10.0 X #
Fluorides 1.36 1.5 1.36 150.0
Sulfates 114.77 250.0 X #
Surfactants Nd 0.5 X #
Benzene X # 0.2 0.5
Chlorobenzene X # 1.3 100.0
Chloroform X # 0.3 6.0
Carbon tetrachloride X # 0.06 0.02
Tetrachlorethylene X # 0.03 4.0
Trichlorethylene X # 0.04 7.0

# - Absence of a limit established by the NBR 10004:2004 standard; X - Not required by the NBR 10004:2004 standard; Nd - Not detected.

*MVA - Maximum value allowed by the NBR 10004:2004 standard.
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Test setup adopted for the flow fest on the rheometer

of 5 kN, after 15 minutes of mixing, using a displacement speed
of 0.1 mm/s.

The rheological properties of the pastes with different additions of
grinding dust were obtained using a Rheotest Medingen GmbH —
RN 4.1, rotational type rheometer. In this test, a procedure adapted
from Betioli et al. [30], shown in Figure 6, was used. The rheo-
logical parameters were obtained by applying the Herschel-Bulkey
model in the curve obtained in the deceleration of the rheometer
palettes, according to studies by VIKAN and JACOBSEN [31], LIU
et al. [32] and ANDRADE NETO and SILVA [33].

2.2.3 Influence of GD on the physical-mechanical
properties of cementitious matrices

For the characterization of the cementitious matrix in the hard-
ened state, tensile and compressive strength tests according
to NBR 13279:2005 [34] were carried out. For tensile strength
tests, 4 (four) specimens measuring 4 cm x 4 cm x 16 cm were
used. After the rupture of these specimens, five of the eight
halves obtained were subjected to axial compression. The
other three halves were subjected to the apparent porosity
and density tests using a technique based on the Archimedes
principle. The mechanical strength test were carried out using
a servo-controlled press of Contenco, model HD-120T, with a
capacity of 120 tf.

Further tests were carried out to determine the coefficient of water
absorption by capillarity (absorptivity) and the height of capillary
ascension according to ABNT NBR 9779:2012 [35]. For the capil-
lary water absorption test, three cylindrical specimens measuring
5 cm in diameter and 10 cm in height were used. At the end of the
test, the specimens were diametrically ruptured and capillary as-
cending heights in each specimen were measured.

2.2.4 Analysis of the setting time of the cementitious matrix

The influence of GD on the setting time was measured using the
Vicat method, according to ABNT NBR NM 65:2003 [36]. The tests
were done in triplicate to determine the setting time, and the aver-
age of these results was presented. The equipment used for this
test was the Solatest automatic Vicat apparatus.
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Consistency index (spread on flow table)
of the cementitious matrices as a function
of the GD content added

In order to carry out the test, pastes were prepared until the “nor-
mal consistency” recommended by the standard was reached and
then the grinding dust was added in three different contents (5%,
10% and 15%, relative to the cement weight).

3. Results and discussions
E—

3.1 Rheological characterization of cementitious
matrix containing grinding dust

Figure 7 shows the results obtained for the consistency indexes
of the cementitious matrices in a flow table. A reduction of 17 mm
(5.5%), 44.7 mm (14.5%) and 72.33 mm (23.5%) in the consis-
tency indexes in relation to the reference mortar was observed for
the cementitious matrixes containing 5%, 10% and 15% of grinding
dust, respectively. Despite the limitations of the technique (it is a
monoponto evaluation), it is possible to observe that the addition of
GD impacts on the workability of the mixture.

In Figure 8, the curves obtained in the squeeze-flow tests are pre-
sented. It can be observed that there is a reduction in plasticity
as a function of the addition of grinding dust in the cementitious
matrixes. The higher the GD content, the more rigid the mixture is,
thus requiring higher loads to obtain the same deformation.
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Figure 8

Rheological behavior of the cementitious matrixes
with various ratios of GD added, evaluated by the
squeeze-flow test
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Table 3
Yield stress and viscosity of the pastes with varying contents of grinding dust (GD)
Yield stress Yield stress Viscosity Viscosity
Paste (mN.m) - 20 min (mN.m) - 60 min (mN.m.min) - 20 min (mN.m.min) - 60 min
Average Deviation Average Deviation Average Deviation Average Deviation
Reference 1.86 0.239 3.39 0.271 0.054 0.007 0.100 0.017
5% GD 5.19 1.096 7.36 0.705 0.184 0.064 0.307 0.084
10% GD 8.53 0.115 11.30 1.386 0.205 0.037 0.366 0.035
15% GD 16.77 1.701 24.60 1.952 0.587 0.014 0.770 0.051
» > ticles such as grinding dust in water have a natural tendency to
» /_L‘: agglomerate due to Van der Waals forces [37]. The presence of
’ /L' these agglomerates increases the viscosity and the yield stress of
f the mixture thus reducing its plasticity [38, 39].
> \/—. Furthermore, the addition of fibers (such as mixed fiber present in
> \—/——: GD) in the cementitious matrix is responsible for causing a reduc-
—» — tion in the fluidity of the mixture [40 — 42]. By introducing fibers
. into the cementitious matrix, fiber — fiber, fiber — wall of the mixing
Figure 9 vessel and fiber — matrix interactions occur, which hinders the

Effect of the presence of a spherical particle on
the flow lines of a fluid subjected o shear.
Fluid (a) free and (b) containing fine particles [43]

Table 3 shows the results of yield stress and viscosity of the mix-
tures with different contents of GD after 20 minutes and 60 minutes
of the mixture, obtained by a rotational rheometry and from the ap-
plication of the Herschel-Bulkley model. It can be observed that, for
the evaluated times (20 min and 60 min), the yield stress and the
viscosity of the mixtures increase with the addition of GD.

The reduction in plasticity caused by the addition of GD, observed
in the flow table, squeeze flow and rotational rheometry tests, is
due to the higher content of fines present in the mixture. Fine par-

Table 4

dispersion and homogenization process and reduces the fluidity
of the system due to the formation of fiber and particle — fiber ag-
glomerates [40].

In addition, the particles and the mixed fibers of the waste possibly
act as a barrier to the flow and thereby disturb the flow lines. Be-
cause of this, the flow lines are curved rather than parallel sheets,
thereby raising the viscosity of the mixture as shown in Figure 9 [43].
Another factor which explains the reduction in plasticity is the ad-
sorption of a portion of the water from the mixture by the GD par-
ticles due to the fineness and high surface area of the waste, which
impedes it from lubricating the solid particles [39]. The adsorption of
a portion of the water, the angular shape of the GD particles (Fig-
ure 3), and the presence of fibers are responsible for increasing the

Physical and mechanical properties of the cementitious matrices with varying grinding dust (GD)

addifion contents

Property Reference 5% GD 10% GD 15% GD
Apparent density
iy 1.97 +0.01 1.98 +0.01 1.96 +0.01 1.96 +0.01
App‘”'e[”%]poros”y 14.70 + 0.87 13.29 + 0.44 15.10 + 0.93 15.31 + 0.46
Water absorption coefficient
i 0.13+0.0] 0.11+0.0] 0.13+0.0] 0.15+0.0]
Height of CO[ﬂ:gay ascension 3.47+016 3714017 4.75+0.24 546+0.15
Tensile S”[e,\;l‘gg]‘ -3 days 559 +0.23 596 +0.21 4.90+0.33 458 +0.23
Tensile S”[el\;l‘g;? - 7 days 8.57 +0.29 8.85+0.36 714 +0.21 6.73 +0.37
Tensile S”‘f,(‘/l%g‘]‘ 28 days 8.93 +0.41 9.40 + 0.58 8.14 £ 0.50 7.41£0.10
Compress“’e[,\%%qgm -3 days 26.08 + 1.56 27.56 + 2.06 24.56 + 2.00 2453 +1.61
CompreSSiV"E,\jggquh - 7 days 31.41+1.09 34.06+0.7]1 32.00 +1.47 30.93 £ 2.07
Compress“’e[f\;lrggf*h - 28 days 3511+ 1.46 3650 £ 1.77 33614197 3269 + 2.07
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internal friction of the particles during the flow and consequently re-
ducing the plasticity of the mixture [23, 44].

3.2 Influence of GD on the physical-mechanical
properties of cementitious matrices

Table 4 presents the physical properties of the cementitious matri-
ces with different grinding dust contents at 28 days of curing, and
the tensile and compressive strength at 3, 7 and 28 days.

For the mixture with 5% of grinding dust, the fineness of the particle
of the waste was possibly responsible for promoting an increase in
the compactness of the mortar, resulting in a higher packing of par-
ticles, which increased the density of the matrix and decreased its
porosity. For the mixtures with 10% and 15% of GD, the decrease
in workability due to the addition of the waste generated difficulties
in the molding of the specimens, which resulted in a higher poros-
ity and, consequently, lower density of the cementitious matrices.
In relation to the capillary absorption coefficient, there was a
10.30% reduction in the value of the coefficient of the cementitious
matrix with 5% of GD, when compared to the reference mortar.
However, for the matrices with the addition of 10% and 15% of GD,
increases of 1.73% and 16.27%, respectively, are observed when
compared to the reference mortar.

For the mixture with 5% of GD, pore filling by the particles of the
waste reduced the capillary suction, resulting in a lower absorption
coefficient. However, the same did not occur for the cementitious
matrices with 10% and 15% of GD, probably due to the difficulty of
densification during molding, which may have increased the poros-
ity. This increase in the porosity must have included capillary pores
or established a better connection between the existing pores.
According to MENG [45], pores larger than 0.1 micrometers (107
m) and smaller than 1 millimeters (10> m) are more relevant to the
phenomenon of capillarity water rise. When we observe the par-
ticle size distribution of grinding dust, it can be seen that a signifi-
cant portion of the particles are between 10 ym and 100 ym, within
the range relevant to the capillary absorption according to MENG
[45]. With the addition of the grinding dust, some of the pores were
probably obstructed or their diameter was reduced, which was
reflected in the capillary rise height values that increased 6.91%,
36.94% and 57.41% for the cementitious matrices with the addition
of 5%, 10% and 15% of GD, respectively, when compared to the
reference mixture.

The reduction in the diameter and/or the increase in the quantity
and interconnection between the capillary pores, due to the addi-
tion of GD, elevates the capillary pressures [46]. This results in a
higher capillary rise height, as observed for the matrices with 10%
and 15% of GD.

In relation to tensile and compressive strengths, the specimens of
cementitious matrices with 5% of GD presented the best results,
for all the ages evaluated. This can be attributed to the physical
effect of the addition, which results in a higher packing of particles
as confirmed in the apparent density and porosity tests. The higher
compactness and density of the material are the result of filling the
voids between the sand grains and between the hydration prod-
ucts of the cement by the particles of the waste (filler effect).

In addition, the presence of mixed fibers (polyester, glass and me-
tallic fibers) probably contributed to the increase in tensile strength

observed in the cementitious matrix with 5% of GD. This can be
explained by the ability of the fibers to interweave the cement hy-
dration productions and dissipate energy, which hinders the propa-
gation of microcracks and, consequently, increases the tensile
strength [24].

However, for the matrices with 10% and 15% of GD there was
a reduction in the mechanical strength, which is associated with
the reduction in plasticity observed in the rheology tests. Due to
the greater difficult in adequately dispersing the particles, agglom-
erates formed, which made it difficult to mold the specimens, in-
creasing the porosity. According to CASTRO and PANDOLFELLI
[47], the formation of agglomerates can alter the initially predicted
particle size curve, consequently increasing the minimum effective
diameter of the composition and decreasing the compactness, with
the loss of the mechanical performance by the formation of the ag-
glomerates, which are equivalent to empty particles and which give
rise to pores in the microstructure.

3.3 Analysis of cement pastes setting time

In Figure 10 it can be seen that the addition of grinding dust to
the CP V ARI cement retards the initial and final setting time of
the cementitious matrix. With the addition of 5%, 10% and 15% of
GD, increases of 36.57%, 68.98% and 101.39% respectively, were
observed in the initial setting time and increases of 6.19%, 30.97%
and 89.38%, respectively, at the final setting time, measured by
the Vicat needle.

The delay observed in the initial and final setting time can be at-
tributed to the presence of zinc (ZnO) and copper (CuO) oxides
and phenolic resins, which act as setting retarders, as discussed
in the introduction.

The addition of grinding dust promoted an increase in the set-
ting time of the cementitious matrix. This is due to the presence
of zinc (ZnO) and copper (CuO) oxides in the GD. These oxides
are possibly responsible for the precipitation of amorphous layers
of Zn(OH), and Cu(OH),, respectively, with low permeability and
solubility, which block the hydration of C,S, thereby retarding the
setting time of the cementitious matrix. The presence of phenolic
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Figure 10

Variation of sefting time of cement pastes as
a function of the added GD content, using
CP V-ARI cement
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resins in GD also contributes to this delay as during the hydration
they are adsorbed onto the cement particles and, thus, they ham-
per the transport of water and the diffusion of calcium ions.

As a result, the grinding dust acts as an efficient setting retarder and
does not significantly influence the other properties of the cementi-
tious matrix, when added up to 5%, which is technically feasible.

4. Conclusions

EE

From the obtained results, it can be concluded that:

B Grinding Dust is classified as non-hazardous non-inert waste
(Class II-A)

B The addition of Grinding Dust promotes an increase in the ini-
tial and final setting time of the Portland cement, due to the
presence of zinc (ZnO) and copper (CuO) oxides, in addition to
the phenolic resins

B The addition of the grinding dust influences the rheology of the
cementitious matrices, increasing their viscosity and yield stress,
as the particles and fibers of the waste disturb the flow lines and
promote greater rigidity in the spatial structure of particles

B The addition of up to 5% of grinding dust resulted in a decrease in
porosity and an increase in the density of the cementitious matri-
ces studied due to the filling of pores (filler effect). However, due
to the loss of plasticity and the consequent difficulty of molding,
resulting from a lower water/dry materials ratio, the mixtures with
10% and 15% of GD had higher porosities and lower densities.

B There was a decrease in the capillary absorption coefficient
with the addition of 5% of the waste, a behavior that is ex-
plained by the obstruction of the pores by the particles of GD

B The addition of GD at 5% contributed to the increase in the
tensile and compressive strengths due to higher packaging of
particles as the grinding dust fills the voids in the matrix in the
hardened state, and due to the presence of mixed fibers that
interweave the hydration products and dissipate energy, this
hampers the spread of microcracks

B The decrease in tensile and compressive strengths found for
the specimens with 10% and 15% GD when compared to the
specimens with 5% GD may be due to the formation of particle
agglomerates of the GD in the matrix, which can be compen-
sated for by the use of dispersants.

B ltis noted that the grinding dust is an effective setting retarder for
cementitious matrices. However, studies are needed to improve the
dispersion of the material in the cementitious matrix. The forma-
tion of agglomerates with higher levels of GD addition negatively
impacted the physical and mechanical properties of the matrix.
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7. APPENDIX
N

Table 5, which presents the ANOVA results, validates the information presented throughout this paper, in related to the statistical analyzes,
and was added to assist the reviewers in the evaluation process, not being part of the paper

Table 5
ANOVA of the results evaluating the influence of grinding
dust addifion on the properties of the cementitious matrix

Property saQ GL Ma F P value F, Sig;f:22$ni
Initicl seffing 2333067 3 7776.89 9.70 0.0048 4.07 Yes
Findl sefting 82292.25 3 27430.75 19.71 0.0004 4.07 Yes
Co?rf‘cjgncy 9081.67 3 3027.22 370.68 0.0000 4.07 Yes
Yield stress

(20min) 368.04 3 122.69 117.83 0.0000 4.07 Yes
Yield stress

(60min) 764.60 3 254.87 161.82 0.0000 4.07 Yes

Viscosity

(20min) 0.05 2 0.02 10.92 0.0150 5.79 Yes

Viscosity

(60min) 0.69 3 0.23 76.00 0.0000 4.07 Yes

Apparent

Density 0.00038 3 0.00013 5.03 0.0222 3.71 Yes

Apparent

Porosity 12.39 3 4129 8.01 0.0020 3.29 Yes

Water
absorption 0.01 3 0.01 7.57 0.0262 5.41 Yes
coefficient

Height of

capillary 37.42 3 12.47 395.74 0.0000 2.79 Yes

ascension
Tensile

strength - 4.80 3 1.60 24.74 0.0000 3.49 Yes
3 days
Tensile

strength - 12.96 3 4.32 19.78 0.0000 3.41 Yes
7 days
Tensile

strength - 8.32 3 2.77 13.31 0.0003 3.41 Yes

28 days
Compressive

strength - 67.44 3 22.48 7.12 0.0005 2.81 Yes
3 days
Compressive
strength - 37.72 3 12.57 11.40 0.0002 3.13 Yes
7 days
Compressive
strength - 65.67 3 21.89 6.28 0.0027 3.01 Yes
28 days

Note: SQ - Square sum; GL - Degrees of freedom; MQ - Square mean; F - Calculated value of F; P value - Level of significance; F_ - F critical; If P < 5% and F_ < F the value is
significant. considering the 95% confidence inferval.

400 IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



Volume 12, Number 3 (June 2019) p. 486 — 508 « ISSN 1983-4195
http.//dx.doi.org/10.1590/S1983-41952019000300004

REVISTA IBRACON DE ESTRUTURAS E MATERIAIS

IBRACON IBRACON STRUCTURES AND MATERIALS JOURNAL

Retarding effect of grinding dust and its influence on
the physical-mechanical and rheological properties of
cementitious matrices

Efeito retardador do po6 de retifica e sua influéncia
nas propriedades fisico-mecanicas e reoldgicas das
matrizes cimenticias

R. D. MARIANO ®
raphael_mariano500@hotmail.com

https://orcid.org/0000-0001-8961-4866

J. S. ANDRADE NETO @
josedasilvaandradeneto@gmail.com

https://orcid.org/0000-0001-9655-2659

M. R. MORELLI®
morelli@ufscar.br
https://orcid.org/0000-0003-4304-7901

D. V. RIBEIRO ?
verasribeiro@hotmail.com

https://orcid.org/0000-0003-3328-1489

Abstract

The present study evaluated the feasibility of the use of grinding dust (GD), a waste generated in the clutch disc finishing process, as a retardant
additive in cementitious matrices. For this, the waste was added in contents of 5%, 10% and 15%, relative to the cement weight, and the setting
time was determined by the Vicat method. In addition, the influence of this material on rheology (flow table, squeeze-flow and rotational rheom-
etry) and on the physical-mechanical properties of the hardened matrices was analyzed. The results indicated an increase in setting time and a
reduction in the fluidity of the mortars as a function of the addition of GD and the best results for the hardened state properties were verified for
the cementitious matrices containing a 5% addition. Therefore, it was observed that GD is effective in retarding the setting time, presenting great
potential for use in civil construction, without impairing its properties.

Keywords: waste, grinding dust, retarding admixture, rheology, physical-mechanical properties.

Resumo
E——

O presente estudo avaliou a viabilidade da utilizagao do po de retifica (PR), residuo gerado na produgéo de revestimentos de discos de embre-
agem, como aditivo retardador em matrizes cimenticias. Para isso, o PR foi adicionado nos teores de 5%, 10% e 15%, em relagdo a massa de
cimento, e avaliou-se o efeito desta adicao no tempo de pega, pelo método de Vicat. Além destes ensaios, foi analisada a influéncia deste material
na reologia (flow table, squeeze-flow e reometria rotacional) e nas propriedades fisico-mecanicas das matrizes endurecidas. Os resultados indi-
caram um retardo de pega crescente em funcéo de um maior teor de PR adicionado e uma redugéo na fluidez das matrizes cimenticias, sendo
que os melhores resultados para as propriedades no estado endurecido foram verificados para as matrizes cimenticias contendo 5% de adigéo.
Assim, observou-se que o PR ¢ eficaz no retardo da pega, apresentando grande potencial de utilizagcdo na construgao civil, sem prejudicar as
suas propriedades.

Palavras-chave: residuo, po de retifica, aditivo retardador, reologia, propriedades fisico-mecanicas.
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Retarding effect of grinding dust and its influence on the physical-mechanical and rheological properties

of cementitious matrices

1. Introducgao

EE

O aproveitamento dos rejeitos industriais como adi¢gdes ou aditi-
vos as matrizes cimenticias tem sido exaustivamente estudado,
apresentando-se promissor em diversos paises, com estes resi-
duos sendo vistos sob uma nova perspectiva, como importantes
insumos na produgao e, consequentemente, com valor econdmico
agregado, isto &, sendo considerados subprodutos [1]. Dessa for-
ma, o desenvolvimento de alternativas de aplicagéo para estes
residuos também se torna foco do processo produtivo.

Dentre os diversos residuos gerados pela industria automotiva esta
0 po de retifica, material pulverulento gerado na produgéo de reves-
timentos de discos de embreagem, durante a etapa de usinagem. A
geragao deste residuo no Brasil, pela ZF Sachs do Brasil, maior in-
dustria do setor, é de aproximadamente 40 toneladas/més, de acor-
do com dados apresentados na Figura 1. A diminuigdo na geragéo
do PR nos ultimos anos provavelmente esta associada a recessao
econdmica do Brasil que impacta diretamente na venda de auto-
moveis e, por conseguinte, na produgéo de discos de embreagem.
O po de retifica dos discos de embreagem é o residuo gerado
no processo de acabamento, realizado por meio de lixas e na fu-
ragao. O processo de confecgao de um disco de embreagem se
inicia com a producéo de fibras mistas (compostas por fibras me-
talicas, fibras poliméricas e fibra de vidro) que sé&o posteriormente
entrelagadas e imersas em um banho de borracha em solugéo
contendo os demais aditivos empregados para conferir a compo-
sicdo final do produto [2]. Os discos sdo, entdo, conformados a
partir desse pré-produto emborrachado e levados para a torre de
prensagem a quente. O produto é perfurado e retificado e o0 mate-
rial gerado neste processo € recolhido por um sistema de sucgao
[2]. O processo de produgdo de revestimentos de embreagem e
geragéao do PR pode ser visto na Figura 2.

Atualmente, o p6 de retifica ndo esta inserido em um plano efeti-
vo de reuso e/ou reciclagem, sendo destinado a incineragao, que
nao se constitui na pratica ambientalmente mais adequada para
destina-los, devido a emisséo de poluentes e contaminagédo das
comunidades vizinhas [3]. Desta forma, estudos que objetivam o
desenvolvimento de alternativas para reuso e/ou reciclagem do p6
de retifica sédo extremamente necessarios.

2009

2010 2011 2012 2013

Ano

2014 2015 2016

Figura 1
Geracdo média mensal de pb de retifica pela
ZF Sachs do Brasil, a cada ano

Impregnagido Tramagem Moldagem Cozimento
— T - o-ﬁﬁ&" s
]
Retifica Lavagem Euracdo

Identificagao Inspecao
O =

- - = a -
Figura 2

Representacdo esquemdtica do processo
de produg¢do dos discos de embreagem [2]

Contudo, devido a elevada periculosidade do residuo e ao reduzido
numero de locais no mundo que o geram, a quantidade de trabalhos
cientificos que tratam da utilizagdo do p6 de retifica proveniente de dis-
cos de embreagem é escassa. RIBEIRO e MORELLI [4, 5] e RIBEIRO
et al. [6] avaliaram a influéncia da adigdo deste residuo nas proprieda-
des de matrizes de cimento de fosfato de magnésio, como o tempo de
pega, a resisténcia mecanica e a durabilidade, porém, ndo avaliaram o
seu efeito quando adicionado em matrizes de cimento Portland.

As matrizes alcalinas, como o cimento Portland, sdo comumente
utilizadas no condicionamento de residuos devido ao baixo custo,
possuir um grande histérico de utilizagao e apresentar tecnologia
facilmente acessivel. A sua elevada alcalinidade, com pH em tor-
no de 12,5, reduz bastante a solubilidade de diversos compostos
inorganicos toxicos ou perigosos e inibe processos microbiologi-
cos. Além disso, como observado por RIBEIRO e MORELLI [5], o
po de retifica apresenta em sua composigao quimica os oxidos de
zinco (ZnO) e de cobre (CuO), além das resinas fendlicas, que sdo
reconhecidos por retardar a pega do cimento [7-22].

Diversas pesquisas [7-16] mostram que a presenga do zinco e
seus compostos influencia na hidratagao do cimento, com a for-
mac&o de hidroxido de zinco [Zn(OH),]. Com o decorrer do proces-
so de hidratagado, as altas concentragdes de Ca?* e OH- presentes
nos poros fazem com que o Zn(OH), reaja, segundo a equagéo
(1), formando hidroxizincato de calcio [CaZn,(OH),.2H,0].

2 Zn(OH), + 2 OH" + Ca2* + 2 H,0 -> CaZn,(OH),.2H,0 M

Apesar de algumas pesquisas relacionarem o retardo de pega com a
presenga do zinco, com a formagao do hidroxizincato de calcio, ainda
nao ha um consenso em relagéo ao agente ou processo responsavel
pelo retardo. Para ARLIGUIE e GRANDET [7] e LI et al. [10], o efeito
retardador do ZnO ¢ atribuido a precipitagcédo do hidréxido de zinco
sobre os gréos de cimento. Ja para YOUSUF et al. [11] e ASAVAPI-
SIT et al. [12], o retardo esta relacionado com a precipitagéo do hidro-
xizincato. Para ambas as teorias, o retardo € explicado pela formagao
de uma camada de baixa permeabilidade e solubilidade em torno das
particulas anidras de cimento, que dificulta o transporte de ions e
agua, desacelerando, assim, o processo de hidratagao.

De acordo com estudos de STEPHAN et al. [13], TREZZA [14] e
WEEKS et al. [15], o retardo da pega é causado pelo processo de
formagao do hidroxizincato de calcio, que utiliza ions calcio e hidroxila
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na reagao, consumindo-os e evitando que estes precipitem e formem
C-S-H e portlandita. Assim, até que a reagao finalize, as concentra-
cbes de Ca?* e OH sdo mantidas baixas e ndo ha a supersaturagédo
necessaria para que ocorra a precipitagao do C-S-H e da portlandita.
O oxido de cobre (CuO) e as resinas fendlicas, presentes no pé
de retifica, também sado responsaveis por retardar o processo de
hidratagéo do cimento [17 — 19; 21, 22]. Assim como o ZnO, o efeito
retardador do CuO também nao é completamente compreendido e,
segundo KAKALI et al. [20], se deve a formagao de uma camada de
Cu(OH), sobre a superficie das particulas de cimento, o que dificul-
ta a difusdo de ions e a passagem de agua. A atuagéo das resinas
fendlicas se da nos momentos iniciais de hidratagdo, quando estas
sdo adsorvidas nas superficies das particulas de cimento, reduzin-
do a passagem de agua e a difusédo de ions calcio [21, 22].

Figura 3

Assim, em fungéo de suas propriedades fisicas, quimicas e mine-
ralégicas, o pé de retifica pode ser adicionado as matrizes cimenti-
cias em fungdo de seu potencial como aditivo retardador de pega,
agregando valor a este residuo. No entanto, é fundamental impor-
tancia observar se a presenca do PR, de elevada finura e rico em
zinco, cobre, fibras de vidro e resinas fendlicas néo influencia ne-
gativamente nas propriedades reoldgicas e fisico-mecanicas das
matrizes cimenticias.

Espera-se que a adi¢éo do po6 de retifica ocasione diferentes efeitos
na matriz cimenticia, ja que suas particulas, de elevada finura, apre-
sentam o potencial de preencher os vazios entre os produtos de
hidratagao (efeito filer), diminuindo, assim, a porosidade e, conse-
quentemente, melhorando as propriedades mecanicas. As proprie-
dades mecanicas também podem ser influenciadas positivamente

o A ; s
g W e N T -\L\.-:; ":&‘- £

Micrografias do pd de refifica obtidas por microscopia eletrénica de varredura (MEV), mostrando:
(A) visdo geral da morfologia das particulas presentes no pd de refifica; (B) aproximagdo da visdo geral
das particulas; (C) particula com formato de bastdo; (D) particula com formato irregular
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Figura 4
Distribuicdo do tamanho de particulas do pd de
retifica, cimento e areia utilizados

pela presenca de fibras de vidro no PR, que promovem o aumento
da resisténcia a tragéo na flexao, contudo, podem prejudicar a reo-
logia da mistura [23, 24].

Desta forma, o foco do presente artigo € avaliar o potencial de uti-
lizagdo do pd de retifica como aditivo retardador de pega em ma-
trizes cimenticias e, de forma complementar, avaliar o efeito desta
adicdo na reologia e nas propriedades fisico-mecanicas, com o
intuito de investigar a viabilidade técnica de utilizagao.

2. Materiais e métodos
E——
2.1 Materiais

Para a confecgédo das matrizes cimenticias foram utilizados o
cimento Portland CP V ARI, areia comercializada na cidade de
Salvador-BA, agua proveniente da rede publica de abastecimento
(Embasa - Empresa Baiana de Agua e Saneamento S.A.) e 0 p6
de retifica, gerado pela ZF Sachs do Brasil Ltda., localizada em
Sao Bernardo do Campo, Sao Paulo.

O cimento Portland CP V ARI utilizado neste trabalho apresentou
massa especifica de 3,13 kg/dm? e area superficial especifica Blai-
ne de 0,4255 m?%g. Ja a areia utilizada possui massa unitaria de
1,46 kg/dm?, massa especifica de 2,67 kg/dm?, modulo de finura de
1,32 (areia classificada como muito fina), dimensdo maxima carac-
teristica de 1,18 mm e um teor de 2,20% de material pulverulento.
O po de retifica utilizado apresentou massa especifica de 2,10 kg/
dm? e area superficial especifica Blaine de 0,2954 m?/g. O pé de
retifica € um material bastante complexo, cujas particulas apre-
sentam diversas formas e tamanhos devido aos seus diversos
constituintes (fibras metalicas, fibras poliméricas e fibra de vidro),
como pode ser observado nas micrografias mostradas na Figura
3, que foram obtidas por meio de um microscopio eletrénico de
varredura (MEV) da marca Phenom, modelo Pro-X.

As Figuras 3c e 3d evidenciam essa heterogeneidade de formas
e tamanhos, podendo ser observadas, por exemplo, particulas
com formato regulares (Figura 3c), como bastdes de diferentes
tamanhos, e outras, mais irregulares, como exposto na Figura 3d.
Observando-se a secao transversal dos bastdes presentes no ma-

Tabela 1
Composicdo quimica do pd de retifica, em 6xidos,
determinada por FRX

Constituinte Teor (%) Constituinte Teor (%)

SO, 30,40 MgO 1,79
CuO 20,20 Fe,O, 0,58
SiO, 16,90 KO 0.32
CaO 13,60 TiO, 0,19
ZnO 4,98 CsO, 0,19
Al,O, 4,20 P,Os 0,19
BaO 4,16 V,04 0,10
MnO 2,11 LOI* 37,70

* Perda ao fogo,

terial, percebe-se que estes sdo macigos, de acordo com a micro-
grafia apresentada na Figura 3c. Essa informacéo € importante,
pois, caso fossem vazados, maior seria a quantidade de agua ne-
cessaria para a elaboragao de misturas [2].

Comparando-se as distribuigbes do tamanho de particulas do po
de retifica e do cimento (obtidos em um granuldmetro a laser Cl-
LAS 1180) com a distribuicdo da areia (obtida por peneiramento
mecanico), obtém-se a representacdo observada na Figura 4. Os
diametros médios equivalentes (D) obtidos para o cimento, p6
de retifica e areia foram 0,009 mm, 0,028 mm e 0,25 mm, respec-
tivamente. Em relagdo ao PR, a distribuicdo & bastante ampla,
variando de 0,04pym a 600um. Porém, deve-se ter muito cuidado
ao analisar esse resultado, ja que os diametros das particulas, ob-
tidos pelo granuldémetro a laser, sdo dados pelas circunferéncias
que as circunscrevem. Desta forma, as particulas alongadas e as
particulas com formato de bastéo presentes no PR (ver Figura 3)
tendem a aumentar o valor do didametro médio do residuo, prejudi-
cando, assim, a analise deste resultado.

A Tabela 1 apresenta a composigdo quimica do p6 de retifica, em
oxidos, determinada com base na técnica de fluorescéncia de

r 11T 1 17T 717 7171770
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Figura 5
Difratograma de raios X do pé de reftifica
(barita: BaSO,; bassanita: 2CaSO,.H,0)
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raios X (FRX) por meio de um aparelho Bruker, modelo S2 Ranger.
Entre os constituintes do pé de retifica, destaca-se o éxido de co-
bre (CuO) que é reconhecido por ser um retardador da hidratagéo
do cimento [17 - 19]. Ademais, ressalta-se também a presenga do
6xido de zinco (ZnO), que mesmo em pequenas quantidades &
responsavel por retardar a pega do cimento de forma muito eficaz
[7 - 16], além da presenca de enxofre, na forma de sulfato, que
pode gerar degradagao da matriz cimenticia caso nao esteja qui-
micamente combinado.

A Figura 5 mostra o resultado do difratograma de raios-X do pé
de retifica obtido por meio de um difratdbmetro D2 Phaser Bruker,
com tubo de cobre, varredura de 5° a 70° (20), incremento de
0,001/s, funcionando a 10mA e 30kV. A partir da utilizagdo do
software DifracEva da Bruker, com banco de dados centrado no
sistema Crystallography Open Database (COD), foi possivel rea-
lizar a identificagdo das fases presentes no material, além do teor
de material amorfo. Foi observado que o seu grau de amorfizagéo
foi de 33,7%, provavelmente associado a presenga da fibra de
vidro e das resinas fendlicas na composigdo do PR. Também foi
possivel observar a presenca da barita (BaSO,) e da bassanita
(CaSO0,.1/2H,0), evidenciando a presenca de sulfatos no PR.
Foram realizados, ainda, ensaios de caracterizagdo ambiental (lixivia-

Tabela 2

¢ao/solubilizagado) com o pé de retifica, segundo as NBR 10005:2004
[25] e 10006:2004 [26]. Os resultados s&o apresentados na Tabela 2,
bem como os limites estabelecidos na NBR 10004:2004 [27].

Nao foram detectados elementos em concentragdes superiores as
permitidas no extrato lixiviado, o que classifica este material como
nao perigoso (classe Il). Observaram-se elevadas concentragdes
de aluminio, cadmio, chumbo, manganés, ferro e fendis totais no
extrato solubilizado, o que classifica este material como residuo
nao perigoso ndo inerte (Classe II-A), contrario ao que RIBEIRO e
MORELLI [5] encontraram em seus estudos. Esse fato se deu em
fungdo da mudancga do processo produtivo por parte da industria
geradora, influenciada por uma normatizagao e fiscalizagédo am-
bientais mais rigorosas e restritivas. O cadmio e os fendis totais,
principalmente, apresentaram valores para solubilizagdo muito
maiores que os permitidos pela norma.

2.2 Meétodos
2.21

Formulagao das matrizes cimenticias

Para a avaliagédo da influéncia do p6 de retifica na reologia e nas
propriedades fisico-mecanicas da matriz cimenticia, foi utilizado

Resultados de solubilizacdo e lixiviagdo do pd de refifica, segundo as NBR 10004:2004, 10005:2004

e 10006:2004

Solubilizado Lixiviado
Par&metros Resultado VMP Resultado VMP
mg/L mg/L mg/L (X) mg/L (#)
Arsénio n.d. 0,010 n.d. 1,00
Bdrio 0,600 0,700 0,90 70,00
Cdé-dmio 0,0-60 0,005 Nd 0,50
Chumbo 0,040 0,010 0.03 1,00
Cobre 1,500 2,000 X #
Cromo Total 0,030 0,050 0,06 5,00
Manganés 0,630 0,100 # #
Mercdario n.d. 0,001 n.d. 0.10
Selénio n.d. 0,010 n.d. 1,00
Sédio 63,000 200,000 X #
Zinco 4,650 5,000 X #
Ferro 0,590 0,300 X #
Cianetos n.d. 0,070 X #
Cloretos 34,000 250,000 X #
Fendis fotais 3.590 0.010 X #
Nitratos 6,300 10,000 X #
Fluoretos 1,360 1,500 1,36 150,00
Sulfatos 114,770 250,000 X #
Surfactantes n.d. 0,500 X #
Benzeno X # 0,20 0.50
Clorobenzeno X # 1,30 100,00
Cloroférmio X # 0,30 6,00
Tetracloreto de carbono X # 0,06 0,02
Tetracloroetileno X # 0.03 4,00
Tricloroetileno X # 0,04 7.00

VMP = Valor méximo permitido; # = Auséncia de limite pela NBR 10004:2004; x = N&o solicitado pela NBR 10004:2004; n.d. = ndo detectado.
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Figura 6
Configuracdo de ensaio adotada para a realizagcdo
do ensaio de fluxo no redbmetro

um trago 1,0 : 2,6 : 0,59 (cimento : areia : agua), com adi¢do de
trés teores diferentes do po de retifica (5%, 10% e 15%, em re-
lagédo a massa de cimento), além de uma mistura de referéncia
(sem adigédo do residuo). Nao foi especificado um limite para a
consisténcia das matrizes cimenticias.

2.2.2 Caracterizagao reolégica

Os indices de consisténcia (flow table) das matrizes cimenticias
com adigdo de p6 de retifica foram determinados por meio do mé-
todo prescrito pela NBR 13276:2005 (“Argamassa para assenta-
mento e revestimento de paredes e tetos — Preparo da mistura e
determinacéo do indice de consisténcia”) [28]. Para tal, utilizou-se
uma mesa de consisténcia automatica Contenco, modelo [-3019-B.
Os ensaios de squeeze-flow foram realizados seguindo as reco-
mendagdes da ABNT NBR 15839:2010 (Argamassa de assenta-
mento e revestimento de paredes e tetos — Caracterizagao reold-
gica pelo método squeeze-flow) [29], utilizando-se uma maquina
universal de ensaios INSTRON, com controle de deslocamento e
célula de carga de 5 kN, apds 15 minutos da mistura, utilizando-se
uma velocidade de deslocamento de 0,1 mm/s.

As propriedades reoldgicas das pastas com diferentes adigbes de
po de retifica foram obtidas por meio do redmetro do tipo rotacional
Rheotest Medingen GmbH — RN 4.1. Para a realizagéo do ensaio,
utilizou-se um procedimento adaptado de Betioli et al. [30], confor-
me apresentado na Figura 6. Os parametros reoldgicos foram obti-
dos aplicando-se o modelo de Herschel-Bulkley na curva obtida na
desaceleragao das paletas do redmetro, conforme estudos de Vikan
e Jacobsen [31], Liu et al. [32] e Andrade Neto e Silva [33].

2.2.3 Influéncia do PR nas propriedades fisico-mecanicas
das matrizes cimenticias

Para a caracterizagdo da matriz cimenticia no estado endureci-
do, foram realizados ensaios de determinagdo das resisténcias
a tragdo na flexdo e a compresséo axial, segundo a ABNT NBR
13279:2005 (Argamassa para assentamento e revestimento de
paredes e tetos — Determinagao da resisténcia a tragédo na flexao
e a compresséo) [34]. Para os ensaios de resisténcia a tragéo na
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Figura 7
Indice de consisténcia das matrizes cimenticias
em funcdo do teor de pb6 de retifica adicionado

flexdo, foram utilizados 4 (quatro) corpos de prova de dimensdes 4
cm x4 cm x 16 cm. Apds a ruptura por flexao destes corpos de pro-
va, cinco das oito metades obtidas foram submetidas a compres-
sao axial. As outras trés metades foram submetidas aos ensaios
de porosidade e densidade aparentes utilizando-se uma técnica
baseada no principio de Arquimedes. Os ensaios de resisténcia
mecanica foram realizados utilizando a prensa servo-controlada
HD-120T da empresa Contenco, com capacidade de 120 tf.
Foram realizados, ainda, ensaios de determinagdo do coeficiente
de absorgéo de agua por capilaridade (absortividade) e altura de
ascensdo capilar, segundo a ABNT NBR 9779:2012 (Argamassa
e concreto endurecidos — Determinacéo da absor¢do de agua por
capilaridade) [35]. Para o ensaio de absorgao de agua por capila-
ridade, foram utilizados trés corpos de prova cilindricos com 5 cm
de diametro e 10 cm de altura. Ao final do ensaio, os corpos de
prova foram rompidos diametralmente, sendo medidas as alturas
de ascensao capilar em cada corpo de prova.

2.2.4 Analise do tempo de pega das matrizes cimenticias

A influéncia do PR no tempo de pega foi mensurada por meio do
método de Vicat, segundo a ABNT NBR NM 65:2003 (Cimento
Portland — Determinacéo do tempo de pega) [36]. Os ensaios fo-
ram feitos em triplicata para a determinagéo do tempo de pega,
sendo apresentada a média destes resultados. O equipamento
utilizado para tal foi o aparelho de Vicat automatico da Solotest.
Para a realizagdo do ensaio foram preparadas pastas até que se
atingisse a “consisténcia normal” preconizada pela norma e, a se-
guir, o po de retifica foi adicionado em trés teores diferentes (5%,
10% e 15%, em relagao a massa de cimento).

3. Resultados e discussoes

EE

3.1 Caracterizagao reologica das matrizes
cimenticias contendo p6 de retifica

A Figura 7 apresenta os resultados obtidos para os indices de con-
sisténcia das matrizes cimenticias por meio da mesa de consisténcia
(flow table). Observa-se uma reducéo de 17 mm (5,5%), 44,7 mm
(14,5%) e 72,33 mm (23,5%) nos indices de consisténcia, em relacéo

502 IEE—

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



R. D. MARIANO | J. S. ANDRADE NETO | M. R. MORELLI | D. V. RIBEIRO

a argamassa de referéncia, para as matrizes cimenticias contendo 5%,
10% e 15% de po de retifica (PR), respectivamente. Apesar da limita-
¢ao da técnica, pelo fato de ser uma avaliagdo monoponto, é possivel
observar que a adi¢éo do PR impacta na trabalhabilidade da mistura.
Na Figura 8, sao apresentadas as curvas provenientes do ensaio de
squeeze-flow. Observa-se que ha uma redugéo da plasticidade em
funcao da adi¢éo de po de retifica nas matrizes cimenticias. Quanto
maior o teor de PR, mais rigida a mistura €, precisando, assim, de
cargas cada vez maiores para obter a mesma deformacéo.

A Tabela 3 apresenta os resultados obtidos por meio de reome-
tria rotacional para a tensdo de escoamento e viscosidade plas-
tica das misturas com diferentes teores de adigéo de PR para os
tempos de 20 minutos e 60 minutos, obtidos a partir da aplicagéao
do modelo de Herschel-Bulkley. Observa-se que, para os tempos
avaliados (20 min e 60 min), a tensdo de escoamento e a viscosi-
dade plastica das misturas aumentam com a adi¢do de PR.

A reducgédo na plasticidade pela adigdo de PR, observada nos en-
saios de flow table, squeeze-flow e reometria rotacional, se da
pelo maior teor de finos presentes na mistura. Particulas finas,
como o po de retifica, em agua, apresentam uma tendéncia natu-
ral de se aglomerarem devido a forgas de van der Walls e a forcas
capilares [37]. A presenca destes aglomerados eleva a viscosida-
de e a tensédo de escoamento da mistura reduzindo, portanto, a
plasticidade da mistura [38, 39].

Ademais, a adi¢ao de fibras (como as fibras mistas presentes no
PR) as matrizes cimenticias também é responsavel por provocar
uma redugédo na fluidez da mistura [40-42]. Ao se introduzir fibras
na matriz cimenticia ocorrem interagdes fibra-fibra, fibra-parede
do recipiente de mistura e fibra-matriz, o que dificulta o processo
de disperséo e homogeneizacgéo, devido a formagao de aglome-
rados de fibras e particulas-fibras, reduzindo, assim, a fluidez do
sistema [40].

Além disso, as particulas e as fibras mistas do residuo possivel-
mente atuam como uma barreira ao escoamento e, com isto, per-
turbam as linhas de fluxo, que passam a se formar de maneira
curvada ao invés de laminas paralelas, elevando, assim, a viscosi-
dade da mistura, como ilustrado na Figura 9 [43].

Outro fator para a reducao da plasticidade € a adsor¢éo de uma
parcela da agua da mistura pelas particulas de PR, devido a
finura e a elevada area superficial do residuo, que ndo permi-
te, assim, que esta contribua para a lubrificagdo das particulas
solidas [39]. A adsor¢cao de uma parcela da agua, o formato
angular das particulas do PR (Figura 3) e a presencga de fibras
sao responsaveis por aumentar a friccao interna das particulas
durante o escoamento e, consequentemente, reduzir a plastici-
dade da mistura [23, 44].

Tabela 3

-

Carga (N)
o8 B82888E88¢2

—0%
—5%
—10%
——15%

0.5 1 15 2 25 3

o 35 4 4.5 5

Deslocamento (mm)

Figura 8

Comportamento reoldgico das matrizes
cimenticias com diferentes teores de adicdo de
o6 de retifica (PR), avaliado por meio do ensaio
de squeeze-flow

3.2 Influéncia do PR nas propriedades
fisico-mecénicas das matrizes cimenticias

A Tabela 4 apresenta as propriedades fisicas das matrizes cimen-
ticias com diferentes teores de adigédo de po de retifica aos 28 dias
de cura, e as resisténcias a tragao na flexdo e a compressao axial
aos 3, 7 e 28 dias.

Para a mistura com 5% de p¢ de retifica, a finura das particulas do
residuo possivelmente foi responsavel por promover um aumento
da compacidade da argamassa, resultando em um melhor empa-
cotamento de particulas, o que aumentou a densidade da matriz
e, por conseguinte, diminuiu a sua porosidade. J& para os teores
de 10% e 15% de PR, a diminuigdo da trabalhabilidade devido a
adigao do residuo gerou dificuldades na moldagem dos corpos de

Lv Y YY ¥ V¥ 9

Figura 9

Efeito da presenca de uma particula esférica
sobre as linhas de fluxo de um fluido submetido
ao cisalhamento. Fluido (a) isento e (b) contendo
particulas finas [43]

Tensdo de escoamento e viscosidade plastica das pastas com diferentes teores de po de reftifica (PR)

Tensdo de escoamento

Tensdo de escoamento

Viscosidade pldstica Viscosidade plastica

Pasta (mN.m) - 20 min (mN.m) - 60 min (mN.m.min) - 20 min (mN.m.min) - 60 min
Média Desvio Média Desvio Média Desvio Média Desvio
Referéncia 1.86 0.239 3,39 0.271 0,054 0,007 0.100 0,017
5% PR 519 1.096 7,36 0,705 0,184 0,064 0,307 0,084
10% PR 8,53 0,115 11,30 1,386 0,205 0,037 0,366 0,035
15% PR 16,77 1,701 24,60 1,952 0,587 0,014 0,770 0,051
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Tabela 4

Propriedades fisico mecdnicas das matrizes cimenticias com diferentes teores de adicdo do pd de

refifica (PR)

Propriedade Referéncia 5% PR 10% PR 15% PR

Dﬁgflcdn?ge 1,97 + 0,01 1,98 + 0,01 1,96 0,01 1,96 + 0,01
Poro[igcde 14,70 + 0,87 13,29 + 0,44 1510+093 15,31 + 0,46
Coeﬁflizr}ﬁfriigﬁ%orﬁ?do 0,130,001 0,11 0,01 0,130,001 0,15+ 0,01

Allra cie caeensao caplar 3,47 +0,16 3,71+0,17 4,75+0,24 5,46 +0,15
Resitencia atreedo o flexdo -3 dias 5,59 + 0,23 5,96 £ 0,21 4,90+0,33 4,58 +0,23
Resisiencia a figgdio naflexdo - 7 dios 8,57 +0,29 8,85+ 0,36 7.14£0,21 6,73 0,37
Resiiencia ariragh (i flexao =26 dias 8,93+ 0,41 9,40 + 0,58 8,14 + 0,50 7,41 £0,10
Resisiencio d compressdo axial =3.dids 26,08 + 1,56 27,56 + 2,06 24,56 + 2,00 24,53+ 1,61
Resilencia a comiessdo axial =7.dias 31,41 41,09 34,06 +0,71 32,00 + 1,47 30,93 + 2,07
Resisiencia a compiessaoaxal=28clas 35,11 21,46 36,50+ 1,77 33,61 +1,97 32,69 + 2,07

prova, o que resultou em uma maior porosidade e, consequente-
mente, menor densidade das matrizes cimenticias.

Em relagdo ao coeficiente de absorgdo capilar, observa-se que
ha uma redugao de 10,30% no valor do coeficiente de absorgao
capilar das matrizes cimenticias com 5% de adigéo do residuo, em
comparagao a argamassa de referéncia. Porém, para as matrizes
cimenticias com adigdes de 10% e 15% de PR, observam-se au-
mentos de 1,73% e 16,27%, em relagao a argamassa de referén-
cia, respectivamente.

Para a mistura com 5% de PR, a obstru¢ao dos poros pelas par-
ticulas do residuo reduziu a sucgao capilar, resultando, assim,
em um menor coeficiente de absorgdo. Porém, o mesmo néao
aconteceu para matrizes cimenticias com teores de 10% e 15%
de adicao, provavelmente devido a dificuldade de adensamento
durante a moldagem, o que pode ter contribuido para o aumento
da porosidade. Esse aumento da porosidade deve ter incluido
poros capilares ou estabeleceu uma melhor conexdo entre os
poros existentes.

De acordo com MENG [45], poros com dimensfes maiores que
0,1 micrémetros (107 m) e menores que 1 milimetro (10 m) sdo
mais relevantes para o fendmeno da ascensao da agua por capi-
laridade. Ao observarmos a distribuicao granulométrica do pé de
retifica, nota-se que parcela significativa das particulas do pé de
retifica estao entre 10 ym e 100 ym, isto é, dentro da faixa rele-
vantes a capilaridade segundo MENG [45]. Com a adi¢do do po6
de retifica, provavelmente, uma parte dos poros foi obstruida ou
teve seu didmetro reduzido, o que se refletiu nos valores de altura
de ascensao capilar que aumentou 6,91%, 36,94% e 57,41% para
as matrizes cimenticias com 5%, 10% e 15% de adigédo de PR,
respectivamente, em relagao a mistura de referéncia.

A redugdo do didmetro e/ou o aumento da quantidade e da inter-
conexao entre os poros capilares, devido a adi¢cdo do PR, eleva
as pressoes capilares [46], o que resulta em uma maior altura de

ascensao capilar, como observado para as matrizes cimenticias
com teores de 10% e 15% de adigdo de PR.

Em relagédo as resisténcias a tragdo na flexdo e a compressao
axial, é possivel observar que os corpos de prova das matrizes
cimenticias com um teor de adicdo de 5% apresentaram os me-
Ihores resultados, para todas as idades. Esse comportamento
pode ser atribuido ao efeito fisico da adi¢ado, resultando na me-
Ihoria no empacotamento das particulas, como confirmado nos
ensaios de densidade e porosidade aparentes. A maior compa-
cidade do material e, consequente, aumento da densidade é re-
sultado do preenchimento dos vazios entre os gréos de areia e
entre os produtos de hidratagdo do cimento pelas particulas do
residuo (efeito filer).

Além disso, a presenca das fibras mistas (fibras de poliéster, de
vidro e metadlicas) provavelmente contribuiu para o aumento na
resisténcia a tracdo na flexdo observado na matriz cimenticia
com 5% de PR. Esse comportamento pode ser explicado pela
capacidade das fibras de entrelagar os produtos de hidratagcao
do cimento e dissipar energia, o que dificulta a propagagao de
microfissuras e, consequentemente, aumenta a resisténcia a tra-
¢ao na flexao [24].

Observa-se, no entanto, que para as composigdes contendo 10%
e 15% de PR ha uma reducdo na resisténcia mecanica, o que
esta associado a redugao da plasticidade observada nos ensaios
de reologia. Devido a maior dificuldade em dispersar adequada-
mente as particulas, formaram-se aglomerados, o que dificultou
a moldagem dos corpos de prova, proporcionando aumento na
porosidade. Segundo CASTRO e PANDOLFELLI [47], a formagao
de aglomerados pode alterar a curva granulométrica prevista ini-
cialmente, com consequente aumento do didametro minimo efetivo
da composigao e diminuigdo da compacidade, com prejuizo do de-
sempenho mecanico pela formagéo dos aglomerados, que equi-
valem a particulas vazias e que originam poros na microestrutura.
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3.3 Analise do tempo de pega de pastas
de cimento

Na Figura 10 observa-se que a adigdo de pé de retifica ao cimento
CP V ARI retarda o inicio e fim de pega das matrizes cimenti-
cias. Para os teores de adi¢éo iguais a 5%, 10% e 15%, houve
aumentos de 36,57%, 68,98% e 101,39%, respectivamente, no
tempo de inicio de pega e aumentos de 6,19%, 30,97% e 89,38%,
respectivamente, no tempo de fim de pega, medido por meio da
agulha de Vicat.

O retardo observado nos tempos de inicio e fim de pega pode ser
atribuido a presenga dos 6xidos de zinco (ZnO) e de cobre (CuQ)
e aresina fendlica, presentes no PR e que atuam como retardado-
res de pega, conforme discutido na revisao de literatura.

A adicao do p6 de retifica promoveu um aumento no tempo de fim
de pega do cimento Portland. Isso ocorre devido a presenga de
oxido de zinco (ZnO) e de cobre (CuQO) no po de retifica, possi-
velmente responsaveis pela precipitacdo de camada amorfas de
Zn(OH), e de Cu(OH),, respectivamente, de baixa permeabilidade
e solubilidade, que blogueiam a hidratagéo do C,S, retardando,
assim, a pega do cimento. A presenga de resinas fendlicas no PR
também contribui para este retardo, ja que, durante a hidratagéo,
sdo adsorvidas nas particulas de cimento e, assim, dificultam o
transporte de agua e a difusdo de ions calcio.

Assim, observa-se que o po6 de retifica, além de atuar como efi-
ciente retardador de pega, nédo influencia significativamente nas
propriedades das matrizes cimenticias, quando adicionado até o
teor de 5%, sendo tecnicamente viavel sua incorporagédo.

4. Conclusoes
E—

A partir dos resultados obtidos, pode-se concluir que:

B O po de retifica é classificado como residuo nao perigoso nao
inerte (Classe II-A);

B Aadigdo do p6 de retifica promove um aumento nos tempos de
inicio e fim de pega do cimento Portland, devido a presenca dos
oxidos de zinco (ZnO) e de cobre (CuO), além da resina fendlica;

B A adigdo do po de retifica influencia na reologia das matrizes
cimenticias, aumentando a sua viscosidade e tensdo de es-
coamento, pois as particulas e as fibras do residuo perturbam
as linhas de fluxo e promovem uma maior rigidez na estrutura
espacial de particulas;

B A adicéo de até 5% de po de retifica resultou em uma dimi-
nuigao na porosidade e um aumento na densidade das matri-
zes cimenticias estudadas devido ao preenchimento de poros.
Contudo, devido a perda de plasticidade e a consequente di-
ficuldade de moldagem, provenientes de uma menor relagao
agua/materiais secos, as misturas com 10% e 15% de PR
apresentaram maiores porosidades e menores densidades;

B Houve diminuicdo do coeficiente de absorgao capilar com a
adicéo de 5% do residuo, comportamento este justificado pelo
tamponamento de poros pelas particulas do residuo;

B A adigdo do residuo até 5% contribuiu para o aumento da re-
sisténcia a tragdo na flexdo e a compresséo axial devido ao
melhor empacotamento das particulas, visto que o p6 de reti-
fica preenche os vazios existentes na matriz no estado endu-
recido, e devido a presenca de fibras mistas que entrelagam
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Figura 10

Variagcdo do tempo de pega das pastas de
cimento em funcdo do teor de pd de retifica
adicionado, utilizando o cimento CP V-ARI

os produtos de hidratagdo e dissipam energia, dificultando a
propagagao de microfissuras;

B A queda na resisténcia verificada para os teores de 10% e
15% do residuo em relagédo as composigdes contendo 5% de
adicdo pode ser decorrente da formagéo de aglomerados de
particulas do residuo na matriz, o que pode ser compensado
com o uso de dispersantes;

B Observa-se que o p6 de retifica € um eficaz retardador de
pega do cimento. No entanto, sdo necessarios estudos para
melhorar a dispersdo do material na matriz cimenticia, visto
que foi observada a formagdo de aglomerados com maiores
teores de adigao, o que impactou nos resultados de proprieda-
des fisicas e mecanicas.
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Retarding effect of grinding dust and its influence on the physical-mechanical and rheological properties
of cementitious matrices

7. ANEXO
B

A Tabela 5, com os resultados ANOVA, valida as informagdes apresentadas ao longo do artigo, em relagao as analises estatisticas,
e foi adicionado de forma a auxiliar os revisores no processo de avaliagdo, ndo fazendo parte do artigo.

Tabela 5
ANOVA dos resultados avaliando a influéncia do pd de retifica nas propriedades das matrizes cimenticias
Propriedade sa GL Ma F Valor p F Efeito
c significativo
Inicio de pega 23330,67 3 7776,89 9.70 0.0048 4,07 Sim
Fim de pega 82292,25 3 27430,75 19,71 0.,0004 4,07 Sim
indice de .
consisténoia 081,67 3 3027,22 370,68 0.0000 4,07 Sim
TensGo de
escoamento 368,04 3 122,69 117,83 0,0000 4,07 Sim
(20 min)
Tensdo de
escoamento 764,60 3 254,87 161,82 0,0000 4,07 Sim
(60 min)
Viscosidade
pldstica 0.05 2 0.02 10,92 0.0150 5,79 Sim
(20 min)
Viscosidade
plastica 0,69 3 0,23 76,00 0,0000 4,07 Sim
(60 min)
Densidade 0,00038 3 0,00013 5,03 0,0222 3,71 Sim
Porosidade 12,39 3 4,129 8,01 0,0020 3,29 Sim
Coeficiente de .
absorcao 0,01 3 0,01 7.57 0,0262 5,41 Sim
Altura de
ascensdo 37.42 3 12,47 395,74 0,0000 2,79 Sim
capilar
Resisténcia
a tracdo na 4,80 3 1,60 24,74 0,0000 3,49 Sim
flexdo - 3 dias
Resisténcia
a tragdo na 12,96 3 4,32 19,78 0,0000 3.41 Sim
flexdo - 7 dias
Resisténcia
a fragdo na )
flexdo - 28 8,32 3 2,77 13,31 0.0003 3.41 Sim
dias
Resisténcia &
compressdo 67,44 3 22,48 7,12 0.0005 2,81 Sim
axial - 3 dias
Resisténcia a
compressdo 37,72 3 12,57 11,40 0,0002 3.13 Sim

axial - 7 dias
Resisténcia &
compressdo 65,67 3 21,89 6,28 0,0027 3,01 Sim
axial - 28 dias

Nofa: $Q - Soma quadrada; GL - Graus de liberdade; MQ - Média quadrada; F - Valor calculado de F; Valor p - nivel de significancia; F_ - F crifico; Se P < 5%
e F_ < F o valor & significativo, considerando o intervalo de confianca de 95%.
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Abstract
E——

In search of an improved compatibility between cold-formed steel profiles and precast floor systems, this study proposes an alternative shear
connector for cold-formed steel-concrete composite beams. This connector consists of a steel plate with holes placed longitudinally in the middle
of the upper flange of the steel profile, aiming to maximize the support area for precast slabs during the assembly. The proposed solution was
experimentally tested on I-beams under bending, composed by two cold-formed steel channels, connected to a reinforced concrete slab by the
shear connector. The relative slip between the steel profile and concrete, vertical deflection of the beam, and strains at several locations of the
composite section were measured. The results show that the proposed connector assures shear transfer at the interface of the composite section
components and shows strength of the same magnitude as other commonly used connectors.

Keywords: composite beam, cold-formed steel profiles, shear connector, perfobond.

Resumo
E——

Buscando compatibilizar as estruturas em perfil formado a frio com os sistemas de piso com pré-laje, foi proposta nesse trabalho uma alternativa
de conector de cisalhamento para vigas mistas compostas por perfil formado a frio que visa maximizar a area disponivel para apoio das pré-lajes
durante o processo construtivo. Trata-se de um conector em chapa perfurada disposto longitudinalmente no centro da mesa superior do perfil.
Para testar a solugéo proposta, foi realizado um trabalho experimental em que se submeteu a flexdo uma viga de segéo | composta por dois
perfis U enrijecidos formados a frio conectada a uma laje de concreto armado através dos conectores propostos. Nestes ensaios foram medidos
o deslizamento relativo entre o perfil de ago e o concreto, o deslocamento vertical da viga e as deformagdes em diversos pontos da segao mista.
Analisando os resultados obtidos péde-se concluir que o conector proposto consegue desempenhar a funcédo de transferir o cisalhamento na
interface dos componentes da segdo mista apresentando resisténcia da mesma ordem que conectores usuais
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Plate with holes as shear connector in cold formed steel composite beams

1. Introduction
E——

1.1 Initial considerations

The use of cold-formed steel (CFS) profiles for steel-concrete com-
posite beams is still relatively uncommon, and since the headed
studs, one of the most usual sort of shear connectors, is incompat-
ible with these profiles due to their small thickness, there has been
recent efforts to study connectors that properly suit these beams.
Figure 1 shows examples of these connectors along with their av-
erage strengths (Qg, ).

Although these connectors are compatible with CFS profiles, the
large space that they occupy on the upper flange of the steel pro-
file can interfere with precast slabs, which need a free surface for
support during the assembly; therefore, the compatibility of such
connectors with precast floor systems is generally difficult.

As a possible solution for this problem, use of steel plate with
holes as shear connectors is suggested. Longitudinal placement
of these connectors assures that they occupy less space on the
upper flange of the profile, leaving the surface almost completely
free for receiving the precast slabs (Figure 2).

Four point beam bending tests were performed to evaluate the
proposed solution. This article presents the adopted experimen-
tal methods, the analysis of the results, and a comparison of the
strength result with theoretical predictions found in the literature.

1.2 The connector used in the study

The connector used in this study, shown in Figure 3, has similar
features to the Perfobond, an already widely studied connector,
with main applications in bridges and other large structures. The
Perfobond connector is a steel plate with longitudinally aligned cir-
cular holes that is usually thicker than 12 mm, sometimes reaching
20 mm. The connector height is about 130 mm, and the diameter
of the holes is about 50 mm, as can be seen in the works of Ogue-
jiofor & Hosain[4], Medberry & Shahrooz[5] and Al Darzi et al.[6].
Table 2 summarizes these dimensions. The connector used in the
present work, though having a similar configuration, was adapted
to be more appropriate for the reduced dimensions of the CFS
beams. The dimensions of this connector are smaller than those of
Perfobond: the thickness is set to 8 mm, height to 90 mm, and the
diameter of the holes to 20 mm, as shown in Figure 4. Therefore,

(a) Bolt M12
Q,,, = 44.3 kN (Lawan et al.[1])

Figure 1

(b) Arc-shaped connector
Q,,, = 180.0 kN (Chaves[2])

(¢) Channel connector 120x25x3
Q,,, = 245.1 kN (Bremer[3])

Shear connectors suggested for CFS composite beams and their average strength

CIOHMTOTER

O HECTOR

SO T=TORMED STERL RS S

Figure 2

TOLL-FORKED STEEL PROGFILD

Steel plate with holes applied to CFS composite beams in precast floor systems
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Figure 3
Tested connector prior fo concrete casting

throughout this work, when referring to this connector, the terminol-
ogy “plate with holes” is used.

2. Literature review

EE

2.1 Composite beams with a cold-formed
steel component

The Brazilian Standard ABNT NBR 14762:2010[7] specifies that
the design of the composite steel-concrete beams constituted by a
CFS profile symmetric about the plane of bending, and a concrete
slab connected to the upper surface of the steel component by
shear connectors, can be done based on Brazilian Standard ABNT
NBR 8800:2008[8].

The Brazilian Standard ABNT NBR 8800:2008[8] specifies that the
composite beams with h/t_ ratio higher than 3,7(;% have to be

A A

" EIRIER 0203 ACELD Imo G e

Figure 4

Geometry of the specimens, sizes in millimeters
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Plate with holes as shear connector in cold formed steel composite beams

calculated in elastic range, with normal longitudinal stresses limit-
ed to steel yield strength and concrete compressive strength.
Therefore, since the plates that form CFS profile have small thick-
ness, normally varying between 1.5 and 4.75 mm, the majority of
composite beams formed by CFS profiles will have to be designed
with this limitation.

However, if, on one hand, the reduced thickness of CFS profiles
makes them prone for local buckling, on the other hand, the small-
er sectional area of these profiles brings the neutral axis of the
composite beams to be located on concrete in most of the cases.
Hence leaving the profile completely in tension and, therefore, free
of instability.

2.2 The Perfobond
2.21

General properties

Perfobond is a rigid connector developed in 1987 by German

company Leonhardt, Andra und Partner for use in composite bridges
and other structures subjected to fatigue. The connector consists of
a plate with longitudinally aligned circular holes that are filled by con-
crete and can be penetrated by reinforcement bars. The concrete
and transversal bars inside these holes improve the shear strength
and prevent uplift (vertical separation between the beam and the
slab). The Perfobond is embedded into composite structures by
welding it to the steel profile prior to casting the concrete slab.

2.2.2 Failure mode in Perfobond tests

According to Oguejiofor[10], failure mode of the concrete slab in
Perfobond specimens that don’t have transverse reinforcement
bars is brittle. Starting from cracks along the connector line, the
slab suddenly splits.

When transverse reinforcement bars are present within the holes,
splitting is resisted by reinforcement and failure is characterized by
large cracks along the connector line and crushing of concrete in

Table 1
Analytical models for prediction of Perfobond strength
Authors Model Equation
Oguejiofor & Hosain[4] Qr = 4.50. hoe. toc. fur + 0.91. Ay £, + 3.31.0. D%\ [foye Q)
Medberry & Shahrooz[5] Qg = 0.747.b.h.\[for + 0.413.bp. L, + 0.9. Ay f + 1.66.1. D2, \[foy, 2
Al Darzi et al.[6] Qg = 255.31 + 7.62.10 % hye. tye. for — 7.59.1077. Agy fyy + 2.53.1073. Age. [ fure ®)

h,, = connector height;

1. = connector thickness;

f., = characteristic compressive strength of concrete in MPa;
A, = area of fransverse reinforcement;

f, = yield strength of transverse reinforcement steel;

n = number of holes in the connector;

D = diameter of the holes;

b = thickness of the concrete slab;

h = length of the concrete slab in front of the connector (considered as the average distance between the connectors in this work);

b, = width of the upper flange of the profile;

L, = length of the contact region between the slab and the profile (considered as the average distance between the connectors in this work);

A, = tofal area of the concrete dowels in the holes.

Table 2

Applicability limits and values used in obtaining the analyfical models

Oguejiofor & Hosain[4] Medberry & Shahrooz[5] Al Darzi et al.[6]
Parameters Limits Parameters Limits Parameters Limits

t,. (mm) 13 t. (Mm) 12.7 -19.05 h,, (mm) xt_ (mm) 1200 - 4500
h, (mm) 127 h,. (mm) 139.7 A, (mm?) xf (MPa) 20000 - 1100000
f, (MPa) 20.91 - 41.43 f, (MPa) 39.6-455 A, (mm2) x f, (MPa) 5000 - 43000
A, (mm?2) 0.0-817.4 A, (mm?2) 0.0-999.3 - -
f, (MPa) 406.4 - 426.6 f, (MPar) Noft stated - -

n 0-4 n 0-3 - -
D (mm) 50 D (mm) 50.8 - -

1. = connector thickness;

h,. = connector height:

f, = characteristic compressive strength of concrete in MPa;
A, = area of transverse reinforcement;

f, = yield strength of transverse reinforcement steel;

n = number of holes in the connector;

D = diameter of the holes;

A, = total area of the concrete dowels in the holes.

" According to ANSI/AISC 360-16[9], section of comments, item 13-2a, adopting first yield as flexural strength limit is a conservative specification that accounts for possible web buckling

when web is slender and has large portion in compression.
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Table 3
Strength of the materials
Steel
Profiles and plates Screen 283 Transverse bars Concrete
(USI SAC300) (CA-60) (CA-50)
f, (MPa) 369 690 575 £ (MPa) 20.19
f, (MPa) 453 725 633 em

front of the connector. In this case, failure process is slower due
to the action of transverse reinforcement and aggregate interlock,
which enables the cracked slab continue resisting to shear until
failure of the connector or transverse reinforcement.

2.3.3 Strength of Perfobond

Since the invention of Perfobond various analytical models were
proposed to predict the strength of this shear connector. The models
of Oguejiofor & Hosain[4], Medberry & Shahrooz[5] and Al Darzi et
al.[6] were chosen as a reference to verify the experimental results
in this study due to a simpler and more direct relation of the terms of
the equations to the geometry of the proposed experimental model.
Table 1 summarizes the equations for the analytical models.

The equation proposed by Oguejiofor & Hosain[4] has three terms,
the first one related to the contribution of the frontal contact be-
tween the connector and concrete, the second one related to the
transverse reinforcement contribution, and the third one related to
the shear of the concrete dowels formed through the holes of the
connector. The equation of Medberry & Shahrooz[5] also considers
these three contributions; however, it also takes into account the
term related to the adhesion between the concrete and the upper
surface of the steel profile. The equation of Al Darzi et al.[6], be-
sides the three components, includes also one constant.

The three analytical models were obtained from shear tests and
parametric studies, and their validity is limited to the range of val-
ues shown in Table 2.

Figure 5
Experimental set-up

The connector used in this study is an adaptation of the Perfobond
and has reduced dimensions which don’t comply with the limits of
the parameters t_, h_, D and h_xt_ adopted by the authors above.

sc’ " 'sc’ sC sC

3. Experimental program
——
3.1 Bending tests

The specimens used for the tests are composite beams with the
span of 3200 mm, consisting of a 140 mm thick and 800 mm wide
slab, and one I-beam, composed by coupled back-to-back oriented
stiffened U channels (Ue200x70x25x2.25). The slab is reinforced
by welded mesh Q 283 (10x10cm — 6x6mm) on top and bottom
faces. Five connectors were used to join the components of the
composite section. The connectors are CH8x90x200 mm plates
with four longitudinally aligned holes of 20 mm diameter; steel
bars of 10 mm diameter pass through two of these holes. Figure 4
shows the detailed geometry of the specimens.

Table 3 presents average yield strength (fy) and ultimate strength
(f,) for the steel and average compressive strength (f_ ) for the con-
crete used in the specimens, which were obtained by tensile tests
and cylinder compression tests respectively.

Three specimens were tested in a four point bending configura-
tion, as shown in Figure 5. Load was applied by hydraulic press
through a load distributing beam. Twenty five load cycles between
15 kN and 60 kN were applied before test, as recommended by
EN 1992 11:2004[11] for tests on shear connectors.

Load

il
DLsLL | = DI KUK

/ - 2 =

K

#leleal .o LT
DT Ol TT 02 nT 03

ECSU
b
|
-
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ey AN

\
IAALT LAMS
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Figure 6
Strain gauges and displacement fransducers
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Table 4
Ultimate load and corresponding moment
for each specimen

Corresponding

Ultimate load bending moment

(kN) (kN.cm)

Specimen 01 172.51 9200.60
Specimen 02 177.94 9489.90
Specimen 03 169.61 9045.65
Average 173.35 9245.38

Vertical deflection was measured under the loading points by
displacement transducers named DT 01 and DT 03 and at mid-
span by transducer DT 02. The slip of the steel at the concrete
interface was measured at the ends of the specimen by trans-
ducers DT NOR and DT SUL. Strain gauges were placed on
the central section: on the top face of the concrete slab (strain
gauge ECSU); on the bottom face of the concrete slab (strain
gauge ECIN); on the bottom face of the upper flange of steel
profile (strain gauge EAMS); in the middle of the profile web
(strain gauge EAAL); and on the bottom face of the bottom
flange of steel profile (strain gauge EAMI). Instrumentation set
up is shown in Figure 6.

3.2 Results

The ultimate load and corresponding bending moment for each of
the three specimens are shown in Table 4.

The specimens showed the first cracks on the bottom face of the
slab between loads 70 and 114 kN, thereafter cracking increased
rapidly and longitudinal cracks appeared on the top face along the
connectors’ line. Concrete failure was first observed near the out-
ermost connectors at the end of the tests.

With the displacement transducers and strain gauges installed on
the three specimens, it was possible to obtain curves load x de-
flection at three points along the beam’s span, load x slip at both
ends of the beam, and load x strain at different points of mid-span

30
Deflection [mm)

Figure 7

Load (kN) x vertical deflection (mm) under the
loading points (DT 01 e DT 03) and on the central
section (DT02) of Specimen 01

180
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Figure 8
Load (kN) x slip (mm) on steel - concrete
inferface, at the ends of Specimen 01

section. These curves are shown, respectively, in Figures 7, 8 and
9 for Specimen 01.

3.3 Discussion of the results

To evaluate the degree of interaction of the beams, calcula-
tions were done for the specimens with full interaction and
for the steel profile performing as an isolated beam. The
calculated ultimate bending moment obtained for these two
conditions were 10037 kN.cm and 3891 kN.cm respectively.
The average ultimate bending moment obtained in the tests
was 9245 kN.cm (this value is between the two calculated
values). Therefore, the specimens had partial-interaction
composite behavior.

When the applied load was between 80 and 100 kN, slip rate
increased, and the load x slip curves (Figure 8), as well as
load x strain (Figure 9) and load x deflection (Figure 7) curves,
started bending. This indicates that at this load level the con-
nectors started to show decreasing stiffness and partial-inter-
action mode begun.

The load x strain curve (Figure 9) show that the strains at

a0

&l
140 %%

Load [kN)

-3000 -2000 -1030 a 1000 2030 3000 4000 5000 G000 Fa00 8000

Strain [Microstrains|

Figure 9
Load (kN) x strain (10°) at various points of the
mid-section of Specimen 01
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the bottom face of the slab and on the upper flange of the
steel profile (ECIN and EAMS) have almost identical trajecto-
ries until the load reaches the value of approximately 100 kN.
After reaching this load, the strain curves started diverging.
This indicates that after load reached this value, relative slip
between the bottom face of the slab and the upper flange of
the profile increased, as these surfaces started deforming at
different rates, with concrete showing larger deformations than
steel profile.

By the end of the tests, slip increased drastically, showing
well-defined plateaus on load x slip curve (Figure 8), indicat-
ing that the connectors had reached their ultimate strength.
The end of the tests followed shortly after, with high level of
cracking along the connectors’ line and local failure of concrete
next to the connectors.

4. Behavior of the connectors
E—

According to Brazilian Standard ABNT NBR 8800:2008[8], the hori-
zontal shear force at the interface of the composite section (F, )
is equal to the compressive force on the slab when neutral axis is

in the steel profile or equal to the tensile force on the steel profile
when neutral axis is in the slab. This force is resisted by the con-
nectors located between the maximum moment section and clos-
est inflection point; in this case, by the two connectors at the ends
of the beam, because the contribution of the central connector is
negligible, since the shear flow in the central portion of the span is
zero or very small.

Since neutral axis is in the slab in this case, the resultant tension
force on the steel profile (F, ) and the average slip between steel
and concrete at the ends of the beam were obtained at different
load levels from strain gauges (EAMI, EAAL and EAMS) and dis-
placement transducers (DT SUL and DT NOR). Dividing the resul-
tant tension force and the average slip values by the number of
engaged connectors (two), the force x slip curves for the connector
were obtained.

Table 5 shows the values of force and slip that were used to de-
scribe the connector’s force x slip curves, as well as the strain and
displacement values from which they were calculated.

Figure 10 shows the strain and stress distribution given by strain
gauges at a certain load and the resultant forces obtained. Figure
11 shows the force x slip curves.

Table 5
Obtaining shear force and slip of the connector at various load levels
Load Strain Strain rggfg;fc;r: fofgz?ore ) Slip (mm) AV:Irid ge
KN) e Eaa Eams O O Oam  PrOfile Fyy connector  SUL  NOR  (mmy
(kN) (kN)
0.0  0.000000 0.000000 0.000000  0.00 0.00 0.00 0.0 0.0 0.000  0.000 0.000
39.2  0.000469 0.000272 0.000058  93.81 54.35 11.59 88.1 44.0 0.004  0.047 0.025
_ 588 0.000720 0.000416 0.000091 143.94  83.28 18.15 136.0 68.0 0.005  0.068 0.037
S 785 0001002 0.000574 0.000126 200.32  114.89 2511 188.8 94.4 0.005  0.102 0.053
© 1030 0001554 0.000860 0000186 31086 17202  37.19 288.8 144.4 0072 0212 0.142
G 1030 0001681 0000865 0000115 33615 17292  23.03 295.8 147.9 0.102 0.251 0.177
& 1177 0002169 0001105 0.000126 369.00 22092 2525 352.5 176.3 0.176 0.344 0.260
137.3  0.003272 0.001670 0.000161 369.00 334.02  32.26 406.4 203.2 0.386 0.591 0.488
156.9  0.005010 0.002459 0.000286 369.00  369.00  57.27 452.4 226.2 0.657 1.078 0.868
167.7 0.007209 0.003171 0.000434 369.00 369.00  86.71 483.2 241.6 1.269 1.613 1.441
0.0  0.000000 0.000000 0.000000  0.00 0.00 0.00 0.0 0.0 0.000  0.000 0.000
39.2  0.000509 0.000300 0.000066 101.88  60.10 13.26 97.1 48.5 0.009 0012 0.010
S 588 0.000745 0.000447 0.000099 148.91  89.36 19.70 142.8 71.4 0015 0016 0.015
g 785 0001052 0.000630 0.000142 21042 12602 2843 202.1 101.0 0.027 0.030 0.028
£ 981 0.001465 0.000880 0.000199 293.09 17610  39.74 281.8 140.9 0.071 0.074 0.073
§ 117.7  0.002085 0.001225 0.000227 369.00 24509  45.38 3733 186.7 0.154 0.147 0.151
o 137.3 0.003421 0.001927 0.000345 369.00 369.00  69.09 441.2 220.6 0.310 0.335 0.323
156.9 0.005362 0.002808 0.000589 369.00 369.00 117.72  494.0 247.0 0.445 0.680 0.563
164.8  0.006953 0.003399 0.000750 369.00  369.00  149.97 519.5 259.8 0.606 0.949 0.778
0.0  0.000000 0.000000 0.000000  0.00 0.00 0.00 0.0 0.0 0.000  0.000 0.000
. 392 0000541 0.000288 0.000054 108.26  57.69 10.85 98.3 49.1 0.007 0.026 0.017
S 588 0000815 0.000438 0.000085 163.07  87.67 17.07 148.8 74.4 0.011 0.030 0.020
g 785 0001195 0000615 0000124 239.02 12298  24.85 215.4 107.7 0.017 0.036 0.026
S 981 0001810 0.000887 0.000188 362.00 177.48  37.69 322.0 161.0 0059  0.094 0.077
:’;) 117.7  0.002657 0.001252 0.000248 369.00  250.31  49.63 385.9 193.0 0.132 0.172 0.152
137.3  0.004696 0.001998 0.000348 369.00  369.00  69.53 444.5 222.3 0.329 0.322 0.325
151.0 0.007070 0.002911 0.000462 369.00 369.00  92.39 482.0 241.0 0.747 0.523 0.635
Average max shear force per connector (kN) 247.5
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Plate with holes as shear connector in cold formed steel composite beams
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Resultant force F_, for applied load of 137.3 kN on Specimen 01 obtained from strain gauges
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Figure 11
Force (kN) x slip (mm) curves of the connector

The force x slip curves of the three specimens converge to a maxi-
mum average strength (Q, ) of 247 kN.

The strength of the tested connector was calculated using the
analytical models for Perfobond proposed by Oguejiofor & Ho-
sain[4], Medberry & Shahrooz[5] and Al-Darzi et al.[6]. Predic-
tions of these models are compared with experimental average
strength at Table 6.

Even though the average of the three predictions are close to
the experimental strength, none of the individual predictions
are close enough to the experimental strength, with the models
of Medberry & Shahrooz[5] and Al-Darzi et al.[6] resulting in
predictions 20 and 17% above experimental strength respec-
tively, and the quite conservative model of Oguejiofor & Ho-
sain[4] predicting strength 31% below.

A possible explanation for the unsatisfactory approximation of the
predictions is the fact that the thickness of the plate, the diameter
of the holes and the height of the tested connector are beyond the
applicability limits of the analytical models developed for Perfobond.
With the connector’s strength value (Q) of 247 kN, theo-
retical ultimate bending moment of the composite beam in
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Table 6

Comparison of the experimental and predicted result of Q,

Experimental

Analytical predictions

Average analytical

strength Oguejiofor & Hosain[4] Medberry & Shahrooz[5] Al-Darzi et al.[6] prediction
247 kN 171 kN 296 kN 289 kN 252 kN
Difference 31% 20% 17% 2%

partial-interaction mode was calculated and compared to the
average experimental ultimate bending moment shown in Ta-
ble 4. The interaction degree for such Q. value was found
to be 0.78, which resulted in a theoretical ultimate bending
moment of 9322 kN.cm. This value is only 1% different from
average experimental ultimate bending moment.

5. Conclusions

EE

The test results show that the proposed solution is viable, since the
tested beams showed a satisfactory composite behavior, resisting
238% higher average moment (9245 kN.cm) than the bending strength
moment of the isolated steel beam (3891 kN.cm). And the tested con-
nector showed strength compatible with theoretical predictions, and
comparable with strength of other commonly used connectors.
Among the analytical models used in this study, only the model of
Oguejiofor & Hosain[4] was appropriate, since the other models
predicted strength values higher than the obtained in tests. How-
ever, the model of Oguejiofor & Hosain[4] was very conservative,
perhaps because it was developed for Perfobond, which usually
has different dimensions than the connector dimensions used in
the present work. Therefore, the development of an analytical
model that can be applied for a wider range of geometry dimen-
sions is desirable.
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Abstract

In this paper, the finite element method was used for the numerical modeling of columns with square, rectangular and circular cross sections
wrapped with FRP. The numerical modeling was successfully calibrated with the experimental data considering axial load, axial strain and trans-
verse strain. The distribution of compressive stresses in the cross section of the column indicates that for centered load, circular cross sections
have uniform distribution and for square and rectangular sections the effective confined concrete was defined by parabolas and concentrates next
to the rounded corners. For eccentric load, the effective confined region moves to the most confined edge, thus, this does not reduce the gain for
square and rectangular columns, but is unfavorable for circular columns.

Keywords: strengthening of columns, fiber reinforced polymers, concrete confinement.

Resumo

Neste artigo é apresentada a modelagem numérica em elementos finitos de pilares com se¢des transversais circular, quadrada e retangular so-
licitados por forga centrada e excéntrica, reforcados com PRF. O modelo numérico foi calibrado com os resultados experimentais e indicou boa
compatibilidade de forgas axiais, deformagdes axiais e deformacgdes transversais. Foi demonstrada a distribuicdo das tensdes de compressao
na sec¢ao transversal do pilar, indicando que no caso de solicitagcdo por forgca centrada as segbes transversais circulares apresentam distribuicdo
uniforme e os pilares com segédo quadrada e retangular a regido de concreto confinado fica limitada por parabolas e se concentram junto aos
cantos arredondados. Para o caso de forga excéntrica, a regido efetivamente confinada se desloca junto a borda mais comprimida, sendo que
isso ndo reduz o ganho de resisténcia para segdes quadradas e retangulares, mas reduz a eficiéncia do refor¢co em segdes circulares.
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1. Introduction

EE

Fiber Reinforced Polymers (FRP) are materials composed of fibers
combined with a polymeric matrix. They appear as an alternative in
relation to conventional materials for strengthening and rehabilita-
tion of structures. FRP is lightweight, non-corrosive and has high
tensile strength. In fabric format, the FRP can be used to wrap the
structure to promote strengthening. Fibers and resins are expensive
if compared to traditional materials; however, they allow strengthen-
ing of the structure in a relatively short time and demand a lower
degree of structure intervention. In addition to this, it is possible to
apply them in places with difficult access (ACI 440.2R-08 [1]).

FRP is used in concrete columns in the shape of a jacket to obtain
strength improvement through the lateral confinement mechanism.
Richart et al. [2] affirm that this mechanism is more efficient for
circular columns cross section because the lateral confinement
pressure is uniformly transferred to the concrete by the membrane
effect. Complementing the concept, Lam e Teng [3] indicate that,
for columns with different cross sections than circular, the distri-
bution of lateral confinement pressures is not uniform, reducing
the confinement effect on concrete. For square and rectangular
shapes, the cross section is not completely confined, because
the lateral pressure is developed only near the rounded corners,
where the membrane effect is also developed (Shehata [4]). Be-
cause the FRP laminate does not have bending strength, the mem-
brane effect is not developed in the flat sides of the cross section.
Consequently confining of concrete does not occur in this region.
For rectangular cross sections, the bigger the aspect ratio (ratio
between the major and minor side) the lower is the effectiveness
of concrete confinement. In addition, the efficiency of FRP confine-
ment is also influenced by the load eccentricity, creating a coupled
effect that is related to the confinement level, the cross sectional
shape, and the load eccentricity (Maaddawy [5]).

1.1 Objective

This research aims to demonstrate, through numerical modeling
using the finite element method, the distribution of the compressive
axial stresses in columns with different cross sections confined by
FRP. In addition, columns with concentric and eccentric load were
considered in order to identify the relationship of these stress dis-
tributions with the strength efficiency.

1.2 Columns strengthened with FRP mobilizing
confinement effects

In the last decades, several researches have indicated the main fac-
tors that influence the structural behavior of columns strengthened
with FRP based on the confinement mechanism. Among them, the
shape of the columns cross section, the radius of the rounded cor-
ners and the load eccentricity are one of the most important param-
eters and that are related to the columns geometry.

In relation to the radius of the rounded corners, the larger is the ra-
tio between the radius to the cross sectional side, the greater is the
confinement efficiency (Nistico [6]) and, fixing the columns cross
section dimensions and the number of FRP layers, the increase in
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Figure 1

Confinement efficiency of FRP for different cross
section shape tested by Carrazedo [17]

radius improves the strain capacity FRP (Rochette e Labossiere
[7] e Yang [8]).

Shehata [4], Carrazedo [9], Youssef et al.[10]a stress-strain model
for concrete confined by fiber reinforced polymer (FRP, ki et al.
[11]68 reinforced concrete columns were tested under uniaxial com-
pression after being jacketed externally with carbon fiber-reinforced
polymer (CFRP, Toutanji et al. [12], Maalej et al. [13], Micelli and
Modarelli [14] and Tan et al. [15] found that circular columns cross
sections have greater effectiveness of confinement, followed by the
square cross section and finally the rectangular ones with the lowest
efficiency. In the circular sections, the membrane effect forms along
the entire section perimeter, allowing a uniform distribution of lateral
confining pressure. For different sections than the circular one, the
small bending strength of the FRP jacket does not allow that large
pressures be applied in flat sides. Since a membrane has a very
low bending stiffness a jacket curvature in necessary to restrict the
transversal loads in the median plane. Machado [16] and Carrazedo
[17] comment that circular and square sections have a stress strain
curve with a second ascending branch, whereas for rectangular sec-
tions this becomes descending, as shown in Figure 1.
Experimental tests in rectangular cross sections performed by
Chaallal [18], Harajli [19], lIki et al. [11]68 reinforced concrete col-
umns were tested under uniaxial compression after being jacketed
externally with carbon fiber-reinforced polymer (CFRP, Kumutha et
al. [20], Wu and Wei [21], Yan and Pantelides [22], Ozbakkaloglu
[23] and Tan et al. [15] showed that the greater the aspect ratio,
smaller is the axial strength promoted by the FRP jacket. Because
of the large straight sides of the section, even if a high lateral defor-
mation occurs, the jacket is not capable of mobilizing considerable
passive confinement. Wu and Wei [21] have stated that for aspect
rations greater than two, the strengthening increase is insignificant.
However, it is common to have columns with high aspect ratio in
reinforced concrete buildings.

For rectangular cross sections, Fib [24] considers that the effec-
tive confined region is delimited by parabolas beginning at 45°,
as indicated in Figure 2a. Following this concept, Tan et al. [15]
indicate that these parabolas touch each other when the aspect
ratio is above a critic value of o, = h/b, which starts from 2, for
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r =0, until 3, for r = b/2. Above these limits, the parabolas cross
each other, (see Figure 2b). In opposition to this concept, ACI
440.2R-08 [1] indicates that the parabolas begin with inclination
parallel to the cross section diagonal (see Figure 2c). Thus, re-
gardless of the aspect ratio, the parabolas would never touch, as
suggested by Harajli [19] on Figure 2d. Considering this disparity
of concepts, it is understood that numerical modeling can clearly
demonstrate the configuration of the effectively confined region.
Carrazedo [9] observed in columns with circular cross sections that
the gain provided by the confinement is smaller in the presence of
load eccentricity in comparison to the situation of concentric load.
For square and rectangular sections the eccentricity was not as
detrimental as in circular sections. In some cases the gain in an ec-
centric situation was higher than in the concentric force situation.
Maaddawy [5] observed in their tests that increases in strength and
ductility were greatly affected by the variation of the cross section
geometry under concentric load and that the respective gains were
smaller under small eccentricities. He pointed the need for further
studies in the area that to better observe the relationship between
eccentricity and cross sectional shape. To highlight these param-
eters, he indicates that these studies should consider large values
of eccentricities and or lower level confining pressure.

The analytical model available in standard recommendations for the
design of square and rectangular columns under eccentric load is the
only one proposed by Rocca et al. [25] and indicated in ACI 440.2R-
08 [1]. However, this model does not consider a different configuration
for the effective confined concrete region in sections of square and
rectangular columns when in eccentric load. It adopts the same stress
distribution considered for the concentric load situation. In addition,
there are no theoretical models in standard recommendations to de-
sign circular columns under eccentric load strengthening

These confirmations point out the necessity for further investiga-
tion regarding the distribution of compressive stress which is ef-
fectively confined by FRP, and one of the best ways to do this is by
using numerical modeling.

2. Conss_titutive _model for concrete under
passive confinement

|

2.1 Plasticity model for concrete

Most studies on FRP strengthening system have been experimental

Uneonfined l h

S eomerete
r I

Figure 2

tests. This is justified due to the difficulty to represent the passive
confinement of concrete numerically, which has as a basic principle
the transverse dilation in the plastic zone of stress strain curve. More
recently a constitutive model called Concrete Damaged Plasticity
(CDP) was incorporated in the software ABAQUS [26]. This model
uses the plastification function proposed by Lubliner [27] and the
modifications proposed by Lee and Fenves [28]. In the present work,
the damage resources of this model were not used, only the plastic-
ity criterion was used to represent the behavior of the concrete. The
main parameters that define the model are: yielding surface, plastic
potential and the hardening law. In addition to these data it was nec-
essary to define the compressive stress strain curve of concrete and
the behavior under tensile stresses.

2.2 Yielding surface

The function of the yielding surface of CDP is defined by the fol-
lowing equation:

F(E: gpl) = lTla (q - 3ap + ﬁ(gpl) (3méx) - Y(_améx) - Ec(gpl)) (1)

where:
p — is the effective hydrostatic pressure;
q — is the equivalent Mises stress;
a — is the tensile tensor of effective stress;
Onax — is the eigenvalues vector of tensor @;
! — is the vector of equivalent plastic deformations.
The function B("') can be computed by:
— (=pl
B(E") = Lspl) (1-a)—(1+a) @
o ()
which @, and 0: are the effective compression and tensile stress
and, #' and " are the vectors of plastic deformations when in
compression and tensile, respectively.
The variable o is defined from the initial compression stress in bi-
axial and uniaxial state (0,, and o_, respectively), which can be

b0 c0’
resumed by the following equation:

_ Op0 —0c0
T 2050~ 0o ®)
According to Lubliner et al. [27], for concrete, the ratio

0,,/ 0, varies from 1 to 1.16. The y coefficient is defined by the

(c) (d)

Different configurations for regions of effective confined concrete: (a) Fib [24]; (b) Tan et al. [15];

(c) ACI 440.2R-08 [1] and (d) Harajli [19]
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comparison between compression and tensile meridian, respec-
tively, which results in the following equation:

3( _Kc)
Ty O]
which K is defined by the relation between the Mises stress in
tensile meridian and stress Mises in compression meridian, that is:
9ur
K,=——

“ due ®)
This coefficient can vary from 0.5 until 1, but for the concrete gen-
erally it is assumed as 2/3 (Lubliner et al. [27]). In Figure 3 the
cross section for the yielding surface in the Nadai plane is shown.

2.3 Plastic potential

The plastic potential uses the Drucker-Praguer hyperbolic function
and assumes a non-associative flow, as follows:

G=+(EagytanP)? +q% —ptany ©

which:

0, — is the tensile stress in the uniaxial state;

e — is the eccentricity that defines the rate at which the hyperbolic
function approaches to an asymptotic line, that is, the shape of the
plastic potential curve in the meridians tends to be a straight line
when the eccentricity tends to zero. For concrete the usual value
is adopted equal to 0.1;

vy — is the dilation angle measured in the meridian plane for large
values of confining stress. For concrete, the typical values vary
from 36° until 56° (Lubliner et al. [27]).

In CDP the concrete capacity of transversal expansion, when in com-
pression strain, is governed by the dilation angle . This behavior is
essential to represent the passive confinement of concrete. If the lat-
eral confining pressure and the stress strain curve of the unconfined
concrete were fixed, the larger the angle of expansion, the greater are
the concrete hardening and the lateral strain. In summary, in order to
obtain a level of concrete hardening the solution involves the definition
of the dilation angle and the concrete stress strain curve. For concrete
confinement in columns the calibration can be performed considering
the tensile strain of the FRP as parameter.

Ozbakkaloglu et al. [29] observed that the bigger the lateral confining
pressure the smaller is the dilation angle. In addition, the dilation angle
tends to decrease with the plastic strains increase. They proposed a
numerical model that considers this variation of dilation angle. However,
this model is considered only for circular cross section specimens con-
fined with FRP and subjected to uniform lateral pressure. For columns
with a rectangular section, where the confinement is not uniform, each
region is subjected to a different confining pressure and plastic strain.
Then, it is still necessary to improve this model to be used in rectangular
columns. Despite the study by Ozbakkaloglu et al. [29], it is understood
that satisfactory results can be obtained by using a fixed value for the
dilation angle as adopted by the CDP obtained by calibration with the
experimental values as will be shown in the following items.

2.4 Hardening law

The CDP hardening law is defined by the following plastic strain vector:

~pl

#l= [;El] A(B s E) - )

which:

?i’l — is the vector that represents de equivalent tensile plastic strain;
#! — is the vector that represents de equivalent compression plas-
tic strain;

i —is the vector that defines the direction of hardening vector;

#P! —is the eigenvalues of plastic strains tensor.

For model data input it is necessary the concrete plastic stress strain
curve in uniaxial compression state. For tensile behavior it is pos-
sible to provide only the tensile strength and tensile fracture energy.

2.5 Stress strain curve
In order to define the stress strain curve in compression Wee et al.

[30] equation was used (see Equation 8). This curve can represent
the entire post peak branch.

e
0. = ﬁ (8)
by -1+ (5)
Which:
3 13
e, = 0.00078f/% ()
1
Po=—7" (12)
- SC EC

E, — is the concrete Young modulus;

€ —is the concrete strain;

€, — is the strain concrete peak strength;

f, —is the unconfined concrete strength.

For concrete lower than 50MPa, the variables assumes the values
k,=1 and k,=1.

Figure 3

Cross section of yielding surface at Nadai plane, in
which -S1,-S2 and -S3 are the compression stress atf
the three principal directions (ABAQUS [26])
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Table 1
Values for G, (CEB-FIB [31])
Coarse aggregate diameter Gy
(mm) (MPa.mm)
8 0.025
16 0.030
32 0.058

2.6 Tensile behavior for concrete

For tensile fracture energy CEB-FIB [31] the following equation
was used:

fcm 0.7
Gr = Gro (f )

which:

G,, — is the tensile fracture energy related to the coarse aggregate
size (see Table 1);

f,., — is the average compression strength of concrete;

f..o — is equal to 10MPa.

cm

1)

Table 2
Column series tested by Carrazedo [17]

2.7 FRP behavior

A linear elastic model type lamina in the software ABAQUS [26]
was used to represent the FRP behavior. This model is used for or-
thotropic materials in which the Young modulus and the Poisson’s
coefficient are defined for each three directions. Only values in the
direction of the fibers were considered.

2.8 Modeling of columns strengthened with FRP

In order to perform the present study, columns from Carrazedo [17]
were used. He tested 36 different short columns with circular, rect-
angular and square cross sections. Other variables such as radius
of the rounded corners, concrete strength, number of FRP layers
and the load eccentricity were analyzed. Table 2 summarizes all
the specimens tested by Carrazedo [17].

2.9 Finite elements mesh

For concrete columns three-dimensional solid finite element
C3D20R were used. This element is available in ABAQUS [26]
and it has quadratic interpolation for the displacements with twenty
nodes, three degrees of freedom per node and reduced integration.

Series 1 - Square cross section

Eccentricity (mm)

(150 mm x 150 mm) r = 10 mm 0 10 20
0 S00r1 SO1r1 S02r1
Number of FRP Layers 1 S10r] S11r1 S12rl
2 S20r1 S21r1 S22r1
Series 2 - Square cross section Eccentricity (mm)
(150 mm x 150 mm) r =30 mm 0 10 20
0 S00r3 S01r3 S02r3
Number of FRP Layers 1 S10r3 g} } ;g:g -
2 S20r3 S21r3 S22r3
Series 3 - Rectangular cross section Eccentricity (mm)
(150 mm x 225 mm) r=30mm
0 x =30 y=20
Number of FRP Layers 0 ROO ROx3 ROy2
2 R20 R2x3 R2y2
Series 4 - Circular cross section Eccentricity (mm)
(D =150 mm) 0 20
0 Co0 C02
Number of FRP Layers 1 C10 C12
2 C20 C22
Series 5 - Square cross section Eccentricity (mm) / Radius (mm)
(150 mm x 150 mm) r=10 or 30 mm 0/10 0/30 20/10 20/30 20/30
0 X00 - X02 -
Number of FRP Layers 1 X10r1 X10r3 X121 X1213

Columns nomenclature:
First lefter: cross section shape (S = square, R = rectangular, C = circular);
First number: number of FRP layers;

Second number: initial eccentricity (cm). For rectangular the eccentricity is preceded by the direction x ory

Third number: (after lefter r): radius of the rounded comers (cm).
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kneecap support

N
P

eccentricity g

' |
\%-—- Modeled part —

<——— kneecap support

EXPERIMENTAL TEST
ESCHEME

Figure 4
Typical finite element mesh of modeled columns

For FRP the three-dimensional S8R shell element with eight nodes,
six degrees of freedom per node and reduced integration was used.
Total interaction between concrete and FRP was considered by the
command “TIE”.

The columns were 400 mm long, however, only a 10 mm slice of
the column was modeled (see Figure 4). At the columns ends,
the support system was represented by the kinematic coupling of
the section with a reference point. This restriction allows the sec-
tion to have relative rotation in relation to the reference point, but
remaining plane. For concrete and FRP, the finite element mesh
was generated using the automatic mapped mesh feature and the
maximum dimension of 7 mm was considered for the elements.
The load was applied by displacement steps automatically deter-
mined by ABAQUS [26]. The minimum step of 1.10-°and maximum
of 2.102 until the final displacement of 0.2 mm was adopted. In or-
der to obtain the total column displacement, the axial displacement
obtained in the modeling was multiplied by 40, which is the ratio
between the length of the modeled column and the length of the
real columns tested experimentally. The model Modified Newton
Method was used and the standard values of ABAQUS [26] was
kept as convergence criteria.

2.10 Materials properties

Table 3 summarizes concrete properties experimentally ob-
tained by Carrazedo [17]. The other parameters used in the nu-
merical modeling are also indicated in the same table. For € and
0,,/0,, the standard values of ABAQUS [26] were considered because
these values did not affect the behavior of the modeled columns. G, was
computed by CEB-FIP [31], as demonstrated by Equation 13.

Support at z direction

Kinematic coupling as hinge

Concrete
FRP

iy

FINITE ELEMENTS MESH AND BOUNDARY CONDITIONS

Several analyses have demonstrated that dilation angle is the
parameter that most influences the numerical model behavior,
because it is related to the lateral expansion of the concrete. For
the analyzed concrete, several values were tested taking the load
displacement curves of columns and the FRP tensile strain as
references. These strains are directly associated to the lateral
expansion of the concrete. The values that provided the best cali-
bration were equal to 47° for the concrete of f. = 36.1 MPa and
56° for the concrete of f, = 26.1 MPa.

\ ' | e—26.1 MPa

N | meee- 36.1 MPa

5
10
5
0 0.01 0.02 0.03 0.04
€, (mm/mm)
Figure 5

Stress strain curves for concrete of the modeled
columns

Table 3
Concrete properties for modeling
Parameter Description Series 1 to 4 Series 5
f. (MPa) Unconfined strength (from experimental test) 36.1 26.4
f, (MPa) Tensile strength 3.33 2.92
& Peak strain 0.0030 0.0028
E. (MPa) Young modulus (from experimental fest) 28550 26000
v (Degree) Dilation angle 47° 56°
€ Eccentricity of flux potential 0.1 0.1
O0/ %0 Ratio between compression biaxial/uniaxial 1.16 1.16
G, (N/mm) Tensile facture energy 0.139 0.132
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Table 4

Carbon fiber fabric properties for FRP modeling
Figure 5 shows the curves used for compressive stress strain

curve for concrete obtained from the equation of Wee et al. [30]. Parameter Description Value
For FRP modeling only the properties of the carbon fiber fabric were f (MPa) Tensile strength 2757
considered, the properties of the epoxy resin were not considered. E; (MPa) Young modulus 218950
The FRP behavior was considered linear elastic until the rupture, &, Ultimate 13x10°
which was defined as the limit deformation of the fiber. Table 4 rupture strain

shows the properties of the fiber obtained in characterization tests t (mm) Equjr\é?éekzgdsbfic 0.17

performed by Carrazedo [17].
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Figure 6

Comparison between the load displacement curves from Carrazedo [17] and the curves from numerical
modeling for columns of series 1 to 4
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3. Results and analysis

EE

Figures 6 and 7 show the load displacement curves of the modeled
columns compared to those obtained by Carrazedo [17]. From that
it is possible to highlight a good correlation between the experi-
mental and numerical curves. The numerical model was able to
identify the curve tendencies in a very similar way, identifying the
gains in load and displacement, and representing the second as-
cending or descending branch of each situation. Table 5 shows the
values of load and displacement at peak (F_ and §_, respectively)
and ultimate (F, and &, respectively). The average ratios between
experimental and numerical values were 1.03 for load and 1.09 for
displacement at peak situation. At ultimate condition these ratios
were 1.05 for ultimate load and 1.28 ultimate displacements. In
addition, the deviations around the average for each of these com-
parisons are also shown in Table 5, indicating a good approxima-
tion of the numerical values with the experimental ones.

Figures 8 and 9 show the FRP strains obtained from numerical
modeling along the perimeter at the intermediate columns cross
sections compared with the respective strains measured by Car-
razedo [17], in the rupture situation. It is possible to observe a good
correlation of the numerical model to represent the transverse ex-
pansion of the concrete and that the calibration of the dilation angle
in the passive confinement was satisfactory. In addition, in the case
of eccentric loading, the FRP deformations were larger in the pe-
rimeter near the more compressed region of the section.

Figure 10 shows the compressive stresses in the intermediate
cross sections of some columns with concentric load. From that it
is possible to verify that for columns with square cross sections the
stress configuration for the effective confined concrete indicated in
Fib [24] or in ACI 440.2R-08 [1] can be considered, because this
suitably fits the found configuration. However, for the rectangular
cross section, it is clear the overlapping of the parabolas delimit-
ing the confined concrete region, which points for the configuration
proposed by Tan et al. [15] as the most appropriate.

From the comparison between 1.5 cm and 3 cm for rounded corners
radius of square cross sections, one can observe that for larger ra-

-800 S

dius columns, higher values of compression stress were obtained
and, consequently, greater increase of strength (see Table 5). In
regions next to the flat sides of the cross section practically there
was no strength increase, different from what occurred next to the
rounded corners. In addition, because the membrane effect just oc-
curs in the rounded corners, it was clearly observed that in columns
with higher radius the confinement effectiveness was better.

For columns with circular cross sections and concentric load, a
perfect distribution of compression stresses was observed. This
demonstrates that the uniform confinement and the membrane ef-
fect develops efficiently across the entire perimeter of the cross
section.

From the compression stresses distribution obtained in different
cross sections, the relationship between cross section shape and
confinement efficiency with FRP is clear. For circular sections the
area of the section is the same as the concrete area effectively
confined. For square section the area of confined concrete delim-
ited by the parabolas is smaller in relation to the total area of the
section. This ratio is still smaller for rectangular sections, where
parabolas cross each other. This allows affirming that for rectangu-
lar cross sections with high aspect ratio the parabolas will overlap
each other, which will therefore reduce the effective confined area.
In Figure 11 the compression stress distribution of circular columns
with concentric and eccentric load is shown along a specific path
through the cross section. From this, one can see that the region
with higher values of compression stress moved in the direction of
the eccentricity and even exceeded the compression values at the
most compressed edge. However, this region has a smaller width
than the rest of the section, which makes the integral of the stress-
es result in a smaller strength increase for circular columns in the
eccentricity situation (see Table 5). In addition, it is also observed
that the effectively confined region is delimited by a curved aspect.
Because of this, it is not possible to draw a line which is parallel to
the neutral line having constant values of compression stresses.
In Figures 12 to 14 one can observe in square and rectangular cross
sections that the effectively confined concrete region also moves
towards the eccentricity and modifies its distribution aspect. From the
center of the cross section to the most compressed edge, the graphs
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Comparison between the load displacement curves from Carrazedo [17] and the curves from numerical

modeling for columns of series 5
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concentric and eccentric load

indicate that the compression stresses for the eccentric load situation
were generally higher in relation to concentric load situation. As the
width of the section remains the same, a greater region is proportion-
ately confined in comparison to the circular shape. This justifies the
fact that the strength gain for square section is practically the same
or slightly higher in cases of eccentricity than the concentric load (see
Table 5). This allows affirming that the eccentricity is not harmful when
square and rectangular sections are strengthened FRP.

From graphs shown in Figures 15 and 16 it is possible to demon-
strate that the increase in eccentricity has little influence on efficien-
cy of strengthening in square and rectangular sections here repre-

Table 5

sented by the gain ratio of stress f_/f_and the strain ratio of strain € _,

/€. These gains remain practically the same and in some cases they
increase slightly as the eccentricity increases. On the other hand,
for the circular sections, it is clear that the increase in eccentricity
provides less gain in strength and strain due to FRP confinement.

4. Conclusion

[

The numerical model used was able to represent the passive
confinement mechanism of the concrete columns with square,
rectangular and circular cross sections, which have regions of high

Comparison of load and displacement between the values measured by Carrazedo [17] and the ones

obtained by the numerical modeling

Fcc,exp Fcc,exp Fcc.num Fcc, num 5c!:,e)(p 6!:(:,num

6cc,num Fu,exp Fu,num Fu,num 8u,te)(p 8u.num 5u,num

Colmn "GN} Fasg (M) Faep (MM (M) Gey (KD () Ry (MM (M)
S00r1 815 - 808 0.99 1.15 1.26 0.91 - - - - - -
S10r1 872 1.07 872 1.00 1.34 1.58 0.92 678 645 0.95 3.32 522 1.57
S20r1 883 1.08 932 1.06 1.76 1.8 0.92 842 785 0.93 3.25 4.92 1.51
SO1r1 709 - 652 0.92 0.76 1.26 1.19 - - - - - -
S11r 785 1.11 784 1.00 1.13 1.26 1.04 272 601 2.21 4.76 3.6 0.76
S21n 816 1.15 821 1.01 1.3 1.62 1.13 733 722 0.98 4.53 3.39 0.75
S02r1 578 - 575 0.99 0.68 1.08 1.30 - - - - - -
S12rl 650 1.13 653 1.00 1.06 1.44 1.04 488 497 1.02 1.9 4.14 2.18
S22r1 722 1.25 724 1.00 1.23 1.80 1.24 641 605 0.94 2.37 3.5 1.48
S00r3 730 - 784 1.07 1.01 1.44 1.12 - - - - - -
S10r3 846 1.16 864 1.02 3.27 1.62 0.48 840 746 0.89 3.56 4.86 1.37
S02r3 1049 1.44 1028 0.98 523 5.4 0.99 1047 1028 0.98 5.44 5.40 0.99
S01r3 573 - 632 1.10 1.03 1.08 1.05 - - - - - -
S11r3 716 1.25 727 1.02 1.81 1.44 0.62 722 684 0.95 2.1 3.24 1.54
S11r3 742 1.29 749 1.01 1.94 1.44 0.67 742 684 0.92 215 3.24 1.51
S21r3 929 1.62 932 1.00 3.30 3.96 1.13 929 898 0.97 3.5 3.96 1.13
S02r3 552 - 557 1.01 0.68 1.08 1.26 - - - - - -
S22r3 745 1.35 753 1.01 3.02 4.14 1.32 745 764 1.03 3.14 4.14 1.32
ROr3 1019 - 1191 1.17 1.06 1.26 0.80 - - - - - -
R2r3 1331 1.31 1370 1.03 1.69 1.85 0.88 1120 1285 1.15 3.90 534 1.37
ROx3 646 - 846 1.31 0.68 1.08 1.32 - - - - - -
R2x3 972 1.50 1063 1.09 1.42 3.85 1.4 1060 1023 0.96 1.54 3.85 2.50
ROy2 756 - 846 1.12 0.68 1.08 1.37 - - - - - -
R2y2 1020 1.35 1019 1.00 1.42 1.98 1.62 661 997 1.51 3.27 1.98 0.61
C00 682 - 636 0.93 1.02 1.26 1.21 - - - - - -
c10 1013 1.49 863 0.85 4.14 5.04 1.24 1000 863 0.86 4.08 5.04 1.24
C20 1562 2.29 1431 0.92 8.00 576 0.72 1560 1431 0.92 8.00 5.76 0.72
C02 469 - 470 1.00 0.72 1.08 1.26 - - - - - -
C12 611 1.30 612 1.00 1.77 3.35 1.66 612 523 0.86 2.02 3.35 1.66
C22 892 1.90 914 1.02 2.90 3.96 1.13 892 780 0.87 3.52 3.96 1.13
X00 562 - 574 1.02 1.21 1.26 1.18 - - - - - -
X10r1 638 1.14 652 1.02 1.73 1.44 0.76 540 486 0.90 4.35 5.58 1.28
X10r3 690 1.23 762 1.10 3.77 54 1.33 690 762 1.10 4.39 54 1.23
X02r3 367 - 470 1.28 0.72 1.08 1.35 - - - - - -
X12r1 483 1.32 485 1.00 1.09 1.47 0.99 394 428 1.09 4.07 3.27 0.8
X12r3 487 1.33 498 1.02 1.88 3.37 0.73 487 552 1.13 4.59 3.37 0.73
Average: 1.03 1.03 1.05 1.28
Deviation from the average:  0.06 0.06 0.17 0.34
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FRP strains in the perimeter of columns midsections: comparison between numerical and experimental
values by Carrazedo [17]. Series T and 2 (unit in %o)
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and low confinement. There was a good correlation when compar-
ing the experimental and numerical load displacement curves. It
was possible to adequately represent the dilatation of the concrete,
which was calibrated with experimental values of FRP tensile strains
at the cross sections perimeters.

It was possible to observe the compression stresses distri-
bution in different cross sections. In square sections the ef-
fectively confined region forms near the rounded corners and
it is delimited by parabolas starting at 45° near the rounded
corners. For rectangular sections, because of the larger sides
of the section, the parabolas touch each other. This divide the

confined region into two regions located closer to the smallest
sides of the cross section.

For eccentric load, the most compressed region moves in the di-
rection of eccentricity and the stress reaches higher values than in
the concentric situation. However, this was not harmful for square
and rectangular sections, because the width of the section remains
the same and the stress values exceed the values observed in the
concentric situation for a larger portion of the cross section. In some
cases the strength gain was slightly higher in eccentricity situation.
For the circular sections, the presence of eccentricity was
detrimental because the width of the section decreases as it

15 15
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0 0
R20 \ R2x3 { R2y2
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Experimental

Figure 9

C20

Numerical modeling

FRP strains in the perimeter of columns midsections: comparison between numerical and experimental

values by Carrazedo [17]. Series 3 and 4 (unit in %o)
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Figure 10

S20r1

-15
-31
-47

=79

495
-110
-126
-142
-158
-174
-190

S20r3

C20

-7
-15
=22
-30
-37
-45
=52
-60
-67
-75
-82
-90

0
=15
=31
-47
-63
-79
=95

-110
-126
-142
-158
-174
-190

Axial compression stress distribution in columns confined with FRP obtained by numerical modeling
(unitin MPa)

Figure 11

Axial compression

stress
(MPa)
0

o
=15
=22
-30
-37
=45
-52
-60
-67
T
-82
-90

C20

G22
@

25 -
20- AN
— C20
i 15. ---=-C22
=,
w= 1.0
0.5-
0.0 : , : :
00 02 04 06 08 10
Normalized distance
(b)

Axial compression stress in circular columns C20 and C22 (unit in MPa): (a) stress distribution;
(b) stress gain throughout the indicated paths (a)

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



Numerical modeling of circular, square and rectangular concrete columns wrapped with FRP under
concentric and eccentric load

Axial
compression
stress

(MPa)
0

1 52013

-47
-63
=9
=95
-110
-126
-142
-158
-174
-190

A 5

—a— S20r3 - X axis
—e— 520r3 - diagonal
—o— S§22r3 - X axis
—4—S22r3 - diagonal

co
w

f I

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
52013 Normalized distance

(@) (b)

Figure 12
Axial compression stress in circular columns S20r3 and S20r3 (unit in MPa): (a) stress distribution;
(b) stress gain throughout the indicated paths (a)
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Figure 13
Axial compression stress in circular columns S20r1T and S22r1 (unit in MPa): (a) stress distribution;
(b) stress gain throughout the indicated paths (a)
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approaches the more compressed edge. This justifies the fact
that for circular sections the strength gain was lower.
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Abstract

In this paper, the finite element method was used for the numerical modeling of columns with square, rectangular and circular cross sections
wrapped with FRP. The numerical modeling was successfully calibrated with the experimental data considering axial load, axial strain and trans-
verse strain. The distribution of compressive stresses in the cross section of the column indicates that for centered load, circular cross sections
have uniform distribution and for square and rectangular sections the effective confined concrete was defined by parabolas and concentrates next
to the rounded corners. For eccentric load, the effective confined region moves to the most confined edge, thus, this does not reduce the gain for
square and rectangular columns, but is unfavorable for circular columns.

Keywords: strengthening of columns, fiber reinforced polymers, concrete confinement.

Resumo

Neste artigo é apresentada a modelagem numérica em elementos finitos de pilares com se¢des transversais circular, quadrada e retangular so-
licitados por forga centrada e excéntrica, reforcados com PRF. O modelo numérico foi calibrado com os resultados experimentais e indicou boa
compatibilidade de forgas axiais, deformagdes axiais e deformacgdes transversais. Foi demonstrada a distribuicdo das tensdes de compressao
na sec¢ao transversal do pilar, indicando que no caso de solicitagcdo por forgca centrada as segbes transversais circulares apresentam distribuicdo
uniforme e os pilares com segédo quadrada e retangular a regido de concreto confinado fica limitada por parabolas e se concentram junto aos
cantos arredondados. Para o caso de forga excéntrica, a regido efetivamente confinada se desloca junto a borda mais comprimida, sendo que
isso ndo reduz o ganho de resisténcia para segdes quadradas e retangulares, mas reduz a eficiéncia do refor¢co em segdes circulares.
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1. Introducgao

EE

Os Polimeros Reforgados com Fibras (PRF) sdo materiais com-
postos por fibras unidas por uma matriz polimérica e surgiram
como uma alternativa aos materiais convencionais para o reforgo
e reabilitagdo de estruturas. O PRF é um material leve, ndo corro-
sivo e possui alta resisténcia a tragdo. Na forma de um laminado,
o PRF pode ser usado para envolver externamente a estrutura e
promover o reforgo. As fibras e as resinas sao materiais caros se
comparadas com os materiais tradicionais, no entanto, possibili-
tam o reforgo da estrutura em tempo relativamente menor e en-
volvem um menor grau de intervengéo na estrutura. Além disso, &
possivel aplica-los em locais de dificil acesso (ACI 440.2R-08 [1]).
Para o reforgo de pilares, o PRF é utilizado para encamisar o pilar
e promover reforgo pelo mecanismo de confinamento lateral. Ri-
chart et al. [2] afirma que esse mecanismo é mais eficiente para pi-
lares de segao transversal circular, pois essa a pressao lateral de
confinamento é transferida ao concreto de maneira uniforme por
meio do efeito de membrana. Complementando o conceito, Lam
e Teng [3] indicam que pilares com segdes transversais diferentes
da circular a distribuigdo das pressodes laterais de confinamento
ndo é uniforme, reduzindo o efeito de confinamento no concreto.
Para sec¢des quadradas e retangulares, a secéo transversal nao
fica inteiramente confinada, pois a pressao lateral é desenvolvida
apenas junto aos cantos arredondados da sec¢do, onde também
se desenvolve o efeito de membrana (Shehata [4]). Como o lami-
nado PRF nao possui rigidez a flexao, nos trechos retos da segao
nao é desenvolvido o efeito de membrana e, portanto, o concreto
nao fica confinado. Para uma secao transversal retangular, quanto
maior a relagéo entre os lados, menor é a efetividade do confina-
mento do concreto na segao. Além disso, a eficiéncia do confina-
mento com PRF também ¢é influenciada pela excentricidade da
forga, com efeito acoplado ao nivel de confinamento, formato da
secao transversal e nivel de excentricidade (Maaddawy [5]).

1.1 Objetivo

Esta pesquisa teve como escopo demonstrar, por meio da mo-
delagem numeérica utilizando o método dos elementos finitos, a
configuracdo da distribuicdo das tensdes de axiais de compres-
sdo em pilares com diferentes se¢des transversais confinadas por
PRF, solicitadas por forca centrada e excéntrica, com o objetivo
de identificar a relagao dessas distribuicdes com a eficiéncia do
reforgo com PRF.

1.2 Reforgo de pilares com PRF
mobilizando confinamento

Nas ultimas décadas, diversas pesquisas demonstraram os princi-
pais fatores que influenciam no comportamento estrutural de pila-
res reforgados com PRF utilizando o mecanismo de confinamento,
dentre os quais sdo aqui destacados o raio de arredondamento
dos cantos, a excentricidade da forga e o formato da segao trans-
versal dos pilares.

Em relagdo ao raio de arredondamento dos cantos da secgao,
quanto maior a proporgao entre o raio e o lado da secao trans-

versal, maior a eficiéncia de confinamento (Nistico [6]) e, fixando
o tamanho do lado da se¢do e um niumero constante de camadas
de PRF, o aumento do raio melhora a capacidade de deformagao
do PRF (Rochette e Labossiére [7] e Yang [8]).

Em relagdo ao formato da segdo transversal, Shehata [4], Car-
razedo [9], Youssef et al.[10]a stress-strain model for concrete
confined by fiber reinforced polymer (FRP, llki et al. [11]68 rein-
forced concrete columns were tested under uniaxial compression
after being jacketed externally with carbon fiber-reinforced polymer
(CFRP, Toutanji et al. [12], Maalej et al. [13], Micelli e Modarelli [14]
e Tan et al. [15] constataram que pilares circulares possuem maior
efetividade de confinamento, em seguida vem os pilares de segéo
quadrada e por ultimo os de segao retangular. Nas segoes circula-
res, o efeito de membrana se forma ao longo de todo o perimetro
da secgao, possibilitando uma distribuicdo uniforme de presséo la-
teral de confinamento. Em seg¢des diferentes da circular, a peque-
na rigidez a flexdo da camisa de PRF permite grandes redugdes
da pressao lateral em trechos retos. Isto € compreensivel, pois ao
se considerar apenas a rigidez de membrana da camisa é neces-
saria uma curvatura da camisa para que esta contraponha carre-
gamentos transversais a seu plano médio. Machado [16] e Carra-
zedo [17] comentam que segdes circulares e quadradas possuem
um confinamento com segundo trecho ascendente, enquanto para
secgOes retangulares esse segundo trecho se torna descendente,
como ilustrado na Figura 1.

No caso de pilares com segao transversal retangular, ensaios ex-
perimentais feitos por Chaallal [18], Harajli [19], IIki et al. [11]68
reinforced concrete columns were tested under uniaxial compres-
sion after being jacketed externally with carbon fiber-reinforced
polymer (CFRP, Kumutha et al. [20], Wu e Wei [21], Yan e Pan-
telides [22], Ozbakkaloglu [23] e Tan et al. [15] demostraram que
quanto maior a relagao entre os lados da segéo, menor o aumento
da resisténcia axial do pilar promovido pelo encamisamento com
PRF. Por conta dos grandes lados retos da se¢cao, mesmo ocor-
rendo deformagao lateral, esta ndo é capaz de mobilizar um confi-
namento passivo consideravel. Wu e Wei [21] chegaram a afirmar
que para uma relacdo entre os lados maior que dois, o aumento
da resisténcia axial do pilar é insignificante. No entanto, € comum
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Figura 1

Eficiéncia do confinamento com PRF em
funcdo do formato da secdo de pilares
ensaiados por Carrazedo [17]
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a existéncia de pilares com relagao entre lados maior que dois nos
edificios de concreto armado.

Para segbes retangulares, a Fib [24] considera que a regido de con-
creto é limitada por parabolas que se iniciam a 45°, como indicado na
Figura 2a. Seguindo esse conceito, Tan et al. [15] indicam que essas
parabolas se toquem quando a relagao entre os lados supera um
valor critico denominado de o, = h/b, que varia de 2, parar = 0, até
3, parar = b/2. Acima desses valores as parabolas se cruzam, como
mostrado na Figura 2b. Contrario a esse conceito, 0 ACI 440.2R-08
[1] indica que as parabolas se iniciam com inclinagao paralela a
diagonal da secao (Figura 2c). Desse modo, independente da rela-
¢ao entre os lados da secgao, as parabolas nunca se tocariam, como
sugere Harajli [19] na Figura 2d. Dada essa disparidade de conceitos,
entende-se que a modelagem numeérica podera demonstrar com cla-
reza a configuracdo da regido efetivamente confinada.

Em relacédo a excentricidade da forga, Carrazedo [9] observou em
pilares com sec¢des transversais circulares que o ganho forneci-
do pelo confinamento € menor na presenga de excentricidade se
comparado ao ganho obtido para a situagdo de forga centrada.
Para segbes quadradas e retangulares a excentricidade nao foi
téo prejudicial como em segdes circulares, sendo que para alguns
casos o ganho na situagéo de excentricidade foi maior que na si-
tuacao de forga centrada.

Maaddawy [5] observou em seus ensaios que os aumentos de for-
¢a e ductilidade foram muito afetados pela variacdo da geometria
da segao transversal sob carga concéntrica e que os respectivos
ganhos foram menores sob pequenas excentricidades. Afirmou
que, para ser possivel observar relagao entre a excentricidade e o
formato da segao transversal, as excentricidades devem ser muito
grandes ou o nivel de confinamento deve ser baixo, ressaltando a
necessidade de maiores estudos na area.

Ressalta-se, também, que o Unico modelo analitico disponivel em
norma para o dimensionamento de pilares quadrados e retangula-
res solicitados por forga excéntrica € o proposto por Rocca et al.
[25] e adotado pelo ACI 440.2R-08 [1]. No entanto, esse modelo ndo
considera configuragao diferente para a regido de concreto efetiva-
mente confinado em seg¢des de pilares quadrados e retangulares
solicitados por forga excéntrica, adotando para isso a mesma distri-
buicdo de tensdes considerada para a situagao de forga centrada.
Ressalta-se também, a inexisténcia de modelos em normas para o
dimensionamento de pilares de segao circular sob forga excéntrica.
Essas constatagoes conduzem a necessidade de maiores investi-

. ConccretJo nio I h

PRF |

Wb < tg
(a)
Figura 2

gacoes a respeito da distribuicdo das tensbes axiais de compres-
sdo em segoes de pilares reforcados com PRF, e uma das melho-
res maneiras de se fazer isso é utilizando a modelagem numérica.

2. Modelo constitutivo para o concreto
sob confinamento passivo
_——

2.1 Modelo de plasticidade do concreto

Grande parte dos estudos voltados para o reforgo de pilares com
PRF tem sido de carater experimental. Isso € justificado pela di-
ficuldade em representar numericamente o confinamento passivo
do concreto, que tem por principio basico a expanséao transversal
do concreto para deformagdes no regime plastico. Recentemente
foi desenvolvido o modelo constitutivo denominado Concrete Da-
maged Plasticity (CDP) disponivel no software ABAQUS [26]. Esse
modelo de dano acoplado a plasticidade utiliza a fungao de plastifi-
cagao proposta por Lubliner [27] e as modificagbes propostas por
Lee e Fenves [28]. No presente trabalho ndo foram utilizados os
recursos de dano do modelo, apenas os critérios de plasticidade
para representar o comportamento do concreto. Os principais pa-
rametros que definem o funcionamento do modelo sao: superficie
de plastificagdo, potencial plastico e a lei de encruamento. Além
desses dados foi necessario definir a curva do concreto para ten-
sdes compressao e o comportamento sob tensdes de tragao.

2.2 Superficie de plastificacao

Afuncdo que define a superficie de plastificagdo do CDP é a seguinte:
1

F(3,8") = 77— (a - 3ap + B(E") @) = ¥(~Bps) — (&) (1)

Sendo:
p — tensao hidrostatica efetiva;
g — tensao de Mises equivalente;
o — o tensor de tensdes efetivas;
Gmix — Vetor de autovalores do tensor (o)
! — vetor de deformagdes plasticas equivalentes.
Afuncdo g(z") é dada por:
— (=pl
BE") = () 1-o-1+a) )

— [l
7 (&)

Tipos de configuracdo da regido efetivamente confinada: (a) sugerido pela Fib [24];
(b) sugerido porTan et al. [15]; (¢) indicado no ACI 440.2R-08 [1] e (d) sugerido por Harajli [19]
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em que 0. e J: sdo as tensdes efetivas de tragdo e compressao
efetivas e &' e §fl sdo vetores referentes as deformagdes plasti-
cas na compressao e na tragao, respectivamente.

O coeficiente a € determinado a partir das tensdes iniciais de com-

pressé&o no estado biaxial e uniaxial (o, e o0, respectivamente),
fornecendo a seguinte equagéo:
_ Op0 —0c0 @3
20h0 = 0o

De acordo com Lubliner et al. [27], para o concreto a relagao
0,,/ 0, variade 1a 1,16. O coeficiente y € determinado pela com-
paragao entre o meridiano de compressao e o meridiano de tra-
¢ao. Isso fornece a seguinte equagao:

_3(1-K.)
T O2K.—1

@

sendo que o coeficiente K & dado pela relag&o entre as tenses
de Mises no meridiano de tragcao e pelas tensdées de Mises no
meridiano de compressao:

ur
K, =M 5
e ®

Esse coeficiente pode variar de 0,5 a 1, mas para o concreto é
adotado como sendo 2/3 (Lubliner et al. [27]). Na Figura 3 é mos-
trada secgéo transversal para a superficie de plastificagdo do mo-
delo no plano de Nadai.

2.3 Potencial plastico

O potencial de plastificagdo assume um fluxo ndo associativo, no
qual é utilizada a funcéo hiperbdlica de Drucker-Praguer, confor-
me segue:

G=+(EaytanP)? +q* —ptanyp ®

Sendo:

o, — tens&o de tragdo no estado uniaxial;

€ — excentricidade que define a taxa em que a funcgao hiperbdlica
se aproxima de uma reta assintotica, ou seja, a forma da curva do
potencial plastico nos meridianos tenda a ser uma reta quando a
excentricidade tende a zero. Para o concreto o valor usual é ado-
tado igual a 0,1;

v — angulo de dilatagdo medido no plano meridional para grandes
valores de tensao de confinamento. Para o concreto, os valores
tipicos variam de 36° a 56° (Lubliner et al. [27]).

No Concrete Damage Plasticity a capacidade de expansao trans-
versal do concreto, ao sofrer deformagdes de compressao, € go-
vernada pelo angulo de dilatagéo y, sendo esse comportamento
essencial para representar o confinamento passivo do concreto.
Em termos praticos, se forem fixadas a pressao lateral de con-
finamento para o concreto e a curva do concreto ndo confinado,
quanto maior for o angulo de dilatagao, maior serd o encruamen-
to do concreto e maior sera a deformagao lateral do mesmo. Em
resumo, para se obter um nivel de encruamento do concreto a
solugéo envolve a definigdo de um angulo de dilatagdo e de uma
curva do concreto adequada. Essa solugéo pode ser definida con-
siderando o nivel de deformagédo transversal desejado. No caso
do confinamento do concreto em pilares pode-se considerar como

valores de referéncia para calibragdo as deformagdes de tragédo
obtidas na camisa de PRF.

Ozbakkaloglu et al. [29] observaram que o angulo de dilatagéo
varia, sendo que quanto maior a pressao lateral, menor é o angulo
de dilatagéo, considerando também que esse angulo tende a dimi-
nuir conforme se aumenta as deformacdes plasticas. Os autores
propuseram um modelo numérico que considera essa variagao.
No entanto, esse modelo considerara apenas corpos-de-prova de
segao transversal circular confinados com PRF, sujeitos a uma
pressao lateral uniforme. Para a situagéo de pilares com secao
retangular, em que o confinamento ndo é uniforme, cada regido
esta sujeita a uma pressao confinante diferente e a um nivel de
deformagéo plastica diferente, sendo necessaria uma grande in-
vestigagdo numérica capaz de considerar essas diversas situa-
¢Oes. Apesar de se considerar o estudo de Ozbakkaloglu et al.
[29], entende-se que é possivel obter resultados satisfatorios uti-
lizando um valor fixo para o angulo de dilatagdo, conforme adota
o CDP, obtido por meio da calibragdo com as curvas de ensaios
experimentais, como sera apresentado nos itens subsequentes.

2.4 Lei de encruamento

A lei de encruamento que rege o CDP ¢é definida pelo vetor de
deformagoes plasticas:

e 1 1
Pl = [E’Z’l] A(B i &) - & )

sendo:

Efl — vetor que representa as deformacdes plasticas equivalentes
na tragéo;

#! — vetor que representa as deformacdes plasticas equivalentes
na compressao;

Figura 3

Secdo fransversal da superficie de plastificacdo
no plano de Nadai, sendo -S1,-S2 e -S3 as tensdes
de compressdo nas frés direcdes principais
(ABAQUS [26])
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Tabela 1
Valor de G, (CEB-FIB [31])
Diagmetro do agregado graido Gy
(mm) (MPa.mm)
8 0,025
16 0,030
32 0,058

h — vetor de define a diregdo do vetor de encruamento;

##! — o vetor de autovalores do tensor de deformacgdes plasticas.
Como dado de entrada do modelo, é necessério fornecer as
curvas de tensdo de compressdo versus deformagdes plas-
ticas do concreto para o estado uniaxial. Sendo que para o
comportamento na tragdo é possivel, de modo alternativo,
fornecer apenas a resisténcia a tragéo e a energia de fratura
na tragao.

2.5 Curva do concreto na compressao

Para a curva do concreto na compressao foi utilizada a formulagdo
fornecida por Wee et al. [30], pois essa curva é capaz de repre-

Tabela 2
Série de pilares ensaiados por de Carrazedo [17]

sentar todo o comportamento pds-pico do concreto, cuja equagao
esta indicada a seguir:

i
|l o
kiBy—1+(5)
Sendo:

©) (10)

we(F) e n=()
1= fc e 1= fc

&, = 0.00078f /%

m

1

7.
SC EC

bo= 12

1

Em que:

E, — mddulo de elasticidade tangente inicial do concreto;

€ — deformagéao do concreto;

¢ — deformagéo de pico do concreto;

f, — resisténcia a compressao do concreto ndo confinado.

Para concretos com resisténcia abaixo de 50MPa, considera-se
k,=1ek,=1.

Série 1 - Secdo quadrada

Excentricidade inicial (mm)

(150 mm x 150 mm) r = 10 mm 0 10 20
0 S00r1 SO1r1 S02r1
Camadas de PRF 1 S10r1 S11r S12r1
2 S20r1 S21r1 S22r1
Série 2 - Se¢do quadrada Excentricidade inicial (mm)
(150 mm x 150 mm) r =30 mm 0 10 20
0 S00r3 SO1r3 S02r3
Camadas de PRF 1 S10r3 g} ] gg -
2 S20r3 S21r3 S22r3
Série 3 - Secdo retangular Excentricidade inicial (mm)
(150 mm x 225 mm) r =30 mm
0 x =30 y =20
Camadas de PRF 0 ROO ROx3 ROy2
2 R20 R2x3 R2y?2
Série 4 - Segdo circular Excentricidade inicial (mm)
(D =150 mm) 0 20
0 Coo C02
Camadas de PRF 1 C10 Cl12
2 C20 C22
Serie 5 - Se¢dio quadrada Excentricidade inicial (mm) / Raio dos cantos (mm)
(150 mm x 150 mm) r =10 or 30 mm 0/10 0/30 20/10 20/30 20/30
0 X00 - X02 -
Camadas de PRF 1 X101 X103 X121 X123

Nomenclatura dos pilares:
Primeira lefra: geometria da se¢do fransversal (S = quadrado, R = refangular, C = circular);
Primeiro nimero: niimero de camadas de PRF aplicadas;

Segundo nuimero: excentricidade inicial de carregamento (cm), sendo que para colunas retangulares;

A excentricidade é precedida pela dire¢Go (x ou y);
Terceiro nimero: (apds r): arredondamento do raio dos cantos (cm).
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Apoio rotulado Acoplamento cinemético
simulando apoio rotulado

Concreto

Excentricidade
— PRFC

| Fatia modelada —

7

3 /

Apoio na dire¢do Z

<——— Apoio rotulado

ESQUEMA DE ENSAIO MALHA DE ELEMENTOS FINITOS E CONDICOES DE CONTORNO

Figura 4
Malha de elementos finitos tipica utilizada na modelagem dos pilares

2.6 Comportamento do concreto na tragdo de arredondamento dos cantos, o nimero de camadas de PRF

e a excentricidade da forga de compressao. O resumo com as
A energia de fratura foi calculada pela equacdo do CEB-FIB [31]  caracteristicas de cada um dos pilares esta indicado na Tabela 2.
conforme apresentado a seguir:

0.7
or=6n(72) ©

Sendo:

G,, valor da energia de fratura que varia com o didmetro maximo
do agregado graudo (ver Tabela 1);

f,,, — resisténcia média a compresséo do concreto; 35 %
f, —igual a 10MPa.

3.1 Malha de elementos finitos

O concreto foi representado pelo elemento finito solido tridimensional

\ ' | ——126.1 MPa

2.7 Comportamento do PRF =25 . =TT 36.1 MPa
& .
Como o PRF possui um comportamento elastico até a ruptura, foi :é, 20
utilizado um modelo elastico do tipo Lamina disponivel no software « 15
ABAQUS [26]. Esse modelo ¢ utilizado para materiais ortotropicos 10
no qual se definem o moédulo de elasticidade e o coeficiente de Pois-
son para cada uma das trés diregbes. Como o tecido & unidirecio- 5
nal, foram considerados apenas os valores na diregao das fibras. | ] |
3. Modelagem dos pilares reforgados 0 0.01 0.02 0.03 0.04
com PRF €. (mm/mm)

EE

Para o estudo em questao foram modelados em elementos finitos ~ FIQUra 5

os pilares ensaiados por Carrazedo [17] que analisou 36 diferen- Curva de tensdo de compressdo versus

tes pilares curtos, dentre eles variando a secdo transversal em  deformacgdo obtidas para os dos concretos
quadrada, circular e retangular; a resisténcia do concreto; o raio  Ufilizados na modelagem dos pilares

Tabela 3
Propriedades do concreto ufilizadas na modelagem
Par&metro Descricdo Séries 1 a4 Seérie 5
f. (MPa) Resisténcia & compressdo (obtida no ensaio experimental) 36,1 26,4
f, (MPa) Resisténcia d fra¢cdo 3.33 2,92
€ Deformacdo de pico na compressdo 0,0030 0,0028
E. (MPa) Médulo de elasticidade (obtido no ensaio experimental) 28550 26000
vy (Graus) Angulo de dilatacéo 47° 56°
€ Excentricidade do potencial de fluxo 0.1 0.1
SISV Relacdo de tensdo compressdo biaxial/uniaxial 1,16 1,16
G, (N/mm) Energia de fratura 0,139 0,132
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Tabela 4
Propriedades do tecido de fibra de carbono
consideradas na modelagem do PRF

ParGmetro Descricdo Valor
) ’ N ~ fe (MPay) Resisténcia & tragdo da fibra 2757
C3I;)20R, disponivel no ABAQUS[2§], que possui mterpola?ao qua- £ v Modulo de elasticidade 218950
dratica para os deslocamentos com vinte nos, trés graus de liberdade 1 (MPa) da fibra
por n6 e de integragéo reduzida. Para representar a membrana de e Deformagdo Ultima de fragdo 13x10%
PRF foi utilizado o elemento de casca tridimensional S8R com oito © da fibra X
nos, seis graus de liberdade por nd e integragéo reduzida. Intera- t (mm) Espessura equivalente do fecido 017
¢do total entre o concreto e o PRF foi considerada pelo comando da fibra '
-1400 - L | 1 | 1 I L I L I L L | 1 l L I L l L | L 1 l L I L l - Il | L l 1
4 7 7] —— Numeérico N
-1200 ] N | = Experimental -
g -1000_‘ =20rt . S21r1 . -
S = B r ] B
© 800 ] o . S22r1 N
g -600 _ 0011 $10r1 — — —
(e 1 - S11r1 . -
_400_- N S01r1 N soor  St2n -
-200 ] . _ -
0 Y AT TN (Y (T YN IR NI (YN Y SR NI AR NI N N R .
-1400 — — — —
-1200 - S203 - . —
g -1000 J S21r3 J [
= -800 - N N S22r3 "
E’ -600 — S00r3 s10r3 . S11r3 ] -
- S01r3 - S02r3 —
1 1 I 1 I 1 l 1 I 1 I L ] 1 l 1 l 1 I [ I 1 l 1 —
= - - =
© - i L
= - - L
=) i 4 B
L — - -
L} I T I T I T I T I L} I L] I T I T ' L} I L} I L] l T
0 -1 -2 3 -4 5 0 -1 -2 -3 -4 5 0 -1 -2 -3 -4 -5
Delocamento (mm) Delocamento(mm) Delocamento(mm)
PR T T AU NI NI ST S PR N T (T T T T I
-1600 - c20 - N
ﬁ-1 400 - - -
§-1 200 . - -
8'-—1 000 - c10 - co2 -
5 -800 — - -
L .600 - - C12 =
-400 — coo — =
-200 J co2 [
0 LA L L BN I L IENLEN B LA I LA LA R L LA L B
o 1 2 -3 4 5 6 -7 80 1 -2 -3 4 5 6 -7 -8
Figura 6

Comparagdo entre curvas de forca versus deslocamento obtidas na modelagem numérica em relacdo
as obtidas nos ensaios experimentais por Carrazedo [17], para pilares das séries de 1 a 4

yym
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denominado “TIE” para considerar o PRF totalmente fixado ao concreto.
Os pilares possuem 400 mm de comprimento, no entanto, a ape-
nas uma fatia de 10 mm do pilar foi modelada (ver Figura 4). Na
extremidade do pilar, o sistema de apoio rotulado foi representado
pelo acoplamento cinematico da segéo de extremidade com um
ponto de referéncia. Essa restricdo possibilita a segéo girar em
relagéo ao ponto de referéncia, permanecendo plana. Tanto para
o concreto quanto para o PRF, a malha de elementos finitos foi
gerada utilizando o recurso do automatic mapped mesh, de modo
que a maior dimensao dos elementos ndo ultrapassasse 7 mm.

A aplicagédo do carregamento foi aplicada por meio de passos de
deslocamento determinados de modo automatico pelo programa
ABAQUS|26], porém com passo minimo de 1,10° e maximo de
2,102 até atingir o deslocamento final de 0,2 mm. Para se obter o
deslocamento total do pilar, o deslocamento axial obtido na mode-
lagem foi multiplicado em 40 vezes, que é a relagédo entre o com-
primento do trecho modelado e o comprimento do pilar ensaiado.
Para convergéncia do modelo foi utilizado o Método de Newton
Modificado e os critérios de convergéncia foram mantidos como
padrdao do ABAQUS[26].

3.2 Propriedades dos materiais

As propriedades do concreto obtidas experimentalmente por Car-
razedo [17] estdo contidas na Tabela 3. Os demais parametros
utilizados na modelagem numérica também estéo indicados na
mesma tabela. Para € e 0,,/0,, foram considerados os valores
padréo fornecidos pelo ABAQUS (2012), pois n&o foi verificada
influéncia deles no tipo de analise realizado. G, foi calculado com
pela equagado do CEB-FIP [31], conforme equagéo 13.

Por meio de varias analises percebeu-se que o parédmetro que
mais influenciou no comportamento do modelo numérico foi o an-
gulo de dilatagao, por estar relacionado com a expansao lateral do
concreto. Para o concreto analisado foram testados varios valores
tomando como referéncia de calibragao as curvas de forga versus
deslocamento dos pilares e a deformacéo de tragéo transversal
na camisa de PRF, que esta associada a expansao lateral do con-
creto. Os valores que forneceram a melhor calibragdo foram iguais

-800 P

a 47° para o concreto de f, = 36,1 MPa e 56° para o concreto de
f, = 26,1 MPa.

Na Figura 5 sdo mostradas as curvas utilizadas de tenséo de com-
pressao versus deformacgao para os concretos obtidas a partir da
equacgao de Wee et al. [30].

A modelagem do PRF foi feita considerando apenas as proprieda-
des do tecido de fibra de carbono, desprezando as propriedades
da resina epoxi. Foi utilizado um modelo de Iamina no qual foram
inseridas as propriedades do tecido apenas na diregéo das fibras.
O comportamento da fibra foi considerado linear elastico até a rup-
tura, que foi convencionada quando se atinge a deformacao limite
da fibra. Na Tabela 4 sdo apresentadas as propriedades da fibra
obtida no ensaio de caracterizagao realizado por Carrazedo [17].

4. Resultados e anadlises

[

Nas Figuras 6 e 7 sdo apresentadas as curvas de forga versus
deslocamento dos pilares modelados em comparagao com as ob-
tidas por Carrazedo [17] a partir das quais é possivel destacar boa
correlagdo entre as curvas experimentais e numéricas, sendo que
o modelo numérico foi capaz de identificar aspecto de forma muito
semelhante, identificando os acréscimos de tensdes de deforma-
¢Oes e representando o segundo trecho ascendente ou descen-
dente de cada situacdo. Na Tabela 5 s&o apresentados os valores
de forga e deslocamento de pico (F__ e 5_, respectivamente) e ul-
timos (F, e 5, respectivamente). As razGes médias entre valores
experimentais e numéricos foram de 1,03 para forga de pico e de
1,09 para deslocamento de pico. Na situagéo de ruptura essas ra-
z0es foram de 1,05 para forga ultima e 1,28 deslocamento ultimo.
Além disso, na Tabela 5 também s&o apresentados os desvios em
torno da média para cada uma dessas comparagdes, indicando
boa aproximagao dos valores numéricos com os experimentais.
Nas Figuras 8 e 9 sdo mostradas as deformagdes obtidas por meio
da modelagem numérica ao longo do perimetro das segbes inter-
mediarias dos pilares, sendo as respectivas deformagbes compara-
das com as medidas por Carrazedo [17] na situagdo de ruptura. E
possivel observar a boa correlagéo obtida para as deformagdes ao
longo do perimetro do pilar, demonstrando capacidade do modelo

" 1 1 " " I N L

-700+
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-500

Forga (kN)
S b A
8 8 8 8

o

—— Numeérico

Experimental

X12r3

X12r1

I X02r3 3

2 3 4 5

Deslocamento (mm)

Figura 7

T

-6

-1 3 4 5 6

Deslocamento (mm)

0 -2

Comparagdo entre curvas de forca versus deslocamento obtidos na modelagem numérica em relagdo
as obtidas nos ensaios experimentais por Carrazedo [17] para pilares das série 5
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numeérico em representar a expansao transversal do concreto de
maneira satisfatoria, no que se refere ao angulo de dilatagéo, para
situacdo de confinamento passivo, tanto para a situagdo de car-
regamento centrado quanto para a situagao de carregamento ex-
céntrico. Além disso, observa-se que para o caso de carregamento
excéntrico, as deformagdes no PRF foram maiores no perimetro
junto a regiao mais comprimida da sec¢ao.

Na Figura 10 sdo mostradas as tensdes de compressao nas se-
¢Oes intermediarias de alguns dos pilares solicitados por forga
centrada, sendo possivel verificar que nos pilares de segéo trans-
versal quadrada pode-se considerar tanto a configuragdo indicada

Tabela 5

na Fib [24] quando no ACI 440.2R-08 [1], pois as duas se ade-
quam de modo razoavel a configuragao observada. No entanto,
para a secgao transversal retangular, fica clara a sobreposigdo das
parabolas que delimitam a regido de concreto confinado, definindo
a configuragao proposta por Tan et al. [15] como a mais adequada.
Comparando os pilares quadrados com raio de arredondamento
dos cantos de 1,5 cm e de 3 cm, observa-se que nos pilares de raio
maior foram obtidas maiores tensdes de compressao e consequen-
temente, maior ganho de resisténcia (ver Tabela 5). Observa-se que
junto aos lados retos da segao transversal praticamente nao hou-
ve acréscimo de tensao, sendo esse observado apenas junto aos

Comparacdo entre forcas e deslocamentos medidos nos ensaios experimentais de Carrazedo [17]

e na modelagem numérica

biar Feso Fuee Fenm Fomm  dwsp  donm Omawm Fup Fuwn Fuun Ousp Ouwm Oum
KN R (N Fepp MM (M) G (N () R, (mm) (M) G
S00r1 815 - 808 0,99 1,15 1,26 0,91 - - - - - -
S10r1 872 1,07 872 1,00 1,34 1,58 0,92 678 645 0,95 3,32 5,22 1,57
S20r1 883 1,08 932 1,06 1,76 1,8 0,92 842 785 0,93 3.25 4,92 1,51
SO1r1 709 - 652 0,92 0,76 1,26 1,19 - - - - - -
S11r1 785 1.11 784 1,00 1,13 1,26 1,04 272 601 2,21 4,76 3,6 0,76
S21r1 816 1,15 821 1,01 1,3 1,62 1,13 733 722 0,98 4,53 3,39 0,75
S02r1 578 - 575 0,99 0,68 1,08 1,30 - - - - - -
S12r1 650 1,13 653 1,00 1,06 1.44 1,04 488 497 1,02 1.9 4,14 2,18
S22r1 722 1,25 724 1,00 1,23 1,80 1,24 641 605 0,94 2,37 3,5 1,48
S00r3 730 - 784 1,07 1,01 1.44 1,12 - - - - - -
S10r3 846 1,16 864 1,02 3,27 1,62 0,48 840 746 0,89 3,56 4,86 1,37
S02r3 1049 1,44 1028 0,98 5,23 54 0,99 1047 1028 0,98 5,44 5,40 0,99
SO1r3 573 - 632 1,10 1,03 1,08 1,05 - - - - - -
S11r3 716 1,25 727 1,02 1,81 1,44 0,62 722 684 0,95 2,1 3.24 1,54
S11r3 742 1,29 749 1,01 1,94 1,44 0,67 742 684 0,92 2,15 3,24 1,51
S21r3 929 1,62 932 1,00 3.30 3,96 1,13 929 898 0,97 3,5 3.96 1,13
S02r3 552 - 557 1,01 0,68 1,08 1,26 - - - - - -
S22r3 745 1,35 753 1,01 3,02 4,14 1,32 745 764 1,03 3,14 4,14 1,32
ROr3 1019 - 1191 1.17 1,06 1,26 0,80 - - - - - -
R2r3 1331 1,31 1370 1,03 1,69 1,85 0.88 1120 1285 1,15 3,90 5,34 1,37
ROx3 646 - 846 1,31 0,68 1,08 1,32 - - - - - -
R2x3 972 1,50 1063 1,09 1,42 3,85 1,4 1060 1023 0,96 1,54 3,85 2,50
ROy2 756 - 846 1,12 0,68 1,08 1,37 - - - - - -
R2y?2 1020 1,35 1019 1,00 1,42 1,98 1,62 661 997 1,51 3,27 1,98 0,61
CO00 682 - 636 0,93 1,02 1,26 1,21 - - - - - -
Cl10 1013 1,49 863 0,85 4,14 5,04 1,24 1000 863 0,86 4,08 5,04 1,24
C20 1562 2,29 1431 0,92 8,00 5,76 0,72 1560 1431 0,92 8,00 5,76 0,72
C02 469 - 470 1,00 0,72 1,08 1,26 - - - - - -
C12 611 1,30 612 1,00 1,77 3,35 1,66 612 523 0,86 2,02 3,35 1,66
C22 892 1,90 914 1,02 2,90 3,96 1,13 892 780 0,87 3,52 3,96 1,13
X00 562 - 574 1,02 1.21 1,26 1,18 - - - - - -
X10r1 638 1,14 652 1,02 1,73 1,44 0,76 540 486 0,90 4,35 5,58 1,28
X10r3 690 1,23 762 1,10 3,77 5,4 1,33 690 762 1,10 4,39 5,4 1,23
X02r3 367 - 470 1,28 0,72 1,08 1,35 - - - - - -
X12r1 483 1,32 485 1,00 1,09 1.47 0,99 394 428 1,09 4,07 3,27 0,8
X12r3 487 1,33 498 1,02 1,88 3,37 0,73 487 552 1,13 4,59 3,37 0,73
Média: 1,03 1,03 1,05 1,28
Desvio médio: 0,06 0,06 0,17 0,34

542 I —————

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



D. S. OLIVEIRA | R. CARRAZEDO

15 15 15
1 10 40—
5 ~ A~S | =
% | s10r1 - s11r1 \\ s12r1
X
\-_“
15 15
10 10 10
P — g
V) { ™ 0 0
[ o 1 |
£ s = S$21r1 s22r1
1A —
ra 4
15
P o]
| 0 |
H( s10r3 N\ st1a $21r3
1
15 15 15
:‘:F 10 ™10
g
. Em
/ \ 1\ N
[ \ / \
$20r3 $11r3b $22r3
\ ]l \

[
|\

Experimental

Figure 8

Modelagem numérica

Deformacgdes no PRF ao longo do perimetro das se¢do infermedidria dos pilares: comparagdo entre
valores obtidos na modelagem numérica em relagcdo aos obtidos nos ensaios experimentais por

Carrazedo [17].Séries 1 e 2 (unidades em %o)
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cantos arredondados, pois como o efeito de membrana somente se
desenvolveu nesses cantos, quanto maior foi raio, maior foi o efeito
de membrana, sendo maior também a efetividade do confinamento.
Nos pilares circulares com carregamento centrado, observa-se
uma distribuicao perfeitamente uniforme de tensdes de compres-
sédo, demonstrando assim que o confinamento é uniforme e que o
efeito de membrana se desenvolve de maneira eficiente em todo o
perimetro da segao transversal.

A partir da distribuigcdo de tensdes de compressao observada nas
diversas segoes transversais, fica clara a relagéo entre o forma-

to da segédo transversal e a eficiéncia do confinamento com PREF,
uma vez que para segdes circulares a area da segéo é a mesma
que a area de concreto efetivamente confinado. Para segdo qua-
drada a area de concreto confinado delimitada pelas parabolas &
menor em relagao a area total da segao, sendo essa relagao ainda
menor para o caso de segdes retangulares, em que as parabolas
se tocam. Podendo-se afirmar também que para segdes retangu-
lares alongadas, com maior relagdo maior lado pelo menor lado,
as parabolas terdo maior sobreposi¢cao, reduzindo ainda mais a
proporgao de area efetivamente confinada.
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R20 \ R2x3 { R2y2
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Figura 9
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Modelagem numérica

=

Deformagdes no PRF ao longo do perimetro das se¢do intermedidria dos pilares: comparagcdo entre
valores obtidos na modelagem numérica em relagdo aos obtidos nos ensaios experimentais por
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Figura 10

S20r1

4 »
-45
-60
-75
-90
-105
-120
-135
-150
-165

R20

=15
~31
-47
-63
=79
495
-110
-126
-142
-158
-174
-190

-15

-180

S20r3

-15
-22
-30
-37
-45
-52
-60
-67
-75
-82
-90

0
=15
=31
-47
-63
-79
=95

-110
-126
-142
-158
-174
-190

C20

Distribuicdo das tensdes axiais compressdo na secdo transversal de em pilares confinados com PRF
obtidas na modelagem numérica (valores em MPa)

Figura 11

Tensdes axias de
compressio

(MPa)

0
-7
-15
-22
-30
-37
-45
-52
-60
-67
=75
-82
-90

co

f

cc

C20
€22

(a)

251
2,01
1,5
1,0

0,54

0,0

0,0

04 06 08 10
distancia normalizada

(b)

Tensdes de compressdo em pilares circulares C20 e C22 (Valores em MPa): (a) distribuicdo de tensdes;
(b) acréscimo de fensdes nos frechos indicados em (a)

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



Numerical modeling of circular, square and rectangular concrete columns wrapped with FRP under
concentric and eccentric load

Tensdes axiais de " 5.
compressao —8—$20r3 - eixo X
—e— S520r3 - diagonal
(MPa) 44 —o—522r3 - eixo X I
0 —&—$22r3 - diagonal
-15 3
-31 8 V]
-47 L
-63 e
-79 =
-95
-110 14
-126
-142
-158 0 . . . "
-174 0,0 0,2 0,4 0,6 0,8 1,0
-190 $20¢3 distancia normalizada
(a) (b)

Figura 12

Tensdes de compressdo em pilares quadrados S20r3 e S20r3 (valores em MPa):
(a) distribuicdo de tensdes; (b) acréscimo de tensdes nos trechos indicados em (a)

—8— S20r1 - eixo X
4- —e—S20r1 - diagonal X
—v—822r1 - eixo X

—a— 82211 - diagonal

Tensoes axiais
de compressio

(MPa)
0

-15
-31
-47
-63
=79
-95
-110
-126
-142
-158
-174
-190

0 : : . :
00 02 04 06 08 1,0

__________________________________________________________ distancia normalizada
® (b)

Figura 13

Tensdes de compressdo em pilares quadrados S20r1 e S22r1 (valores em MPa):
(a) distribuicdo de tensdes; (b) acréscimo de fensdes nos trechos indicados em (a)

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



D. S. OLIVEIRA | R. CARRAZEDO

Tensoes
axiais de
compressao
(MPa)

0

-15
-30
-45
-60
-75
-90
-105
-120
-135
-150
-165
-180

R2y2

p—— R20 - méior lado
—e— R20 - menor lado
—a— R20 - diagonal
—o— R2x3 - maior lado

—0o— R2x3 - menor lado r
—&— R2x3 - diagonal

0,2 0.4 0,6 0.8 1.0
distancia normalizada

1

—a—R20 - maior lado
—e— R20 - menor lado L
—a&— R 20 - diagonal
—o— R2y2 - maior lado
—o— R2y2 - menor lado
—a— R2y2 - diagonal

0.2 04 06 08 10
distancia normalizada

Figura 14

(@)

()

Tensdes de compressdo em pilares retangulares R2x3 e R2y2 (valores em MPa):
(a) distribuicdo de tensdes; (b) acréscimo de fensdes nos frechos indicados em (a)

2,5

7

f Jf

1,0

2,5

7

2,01

1

f J/f

Figura 15

2,04

1,51

Quadrado r=10mm @ "7} =

E n=2, exp.
n=2, num

1,51

0,000 0,067 0,134
e/h
I Retangulér : 23 exP-

:”/,”;//:1

0,000 0,067 0,134

25 : . .
’ Quadrado r=30 mm M n=1, exp.
A n=1, num.
g n=2, exp.
201 n=2, num. |
) .
1,5 74 -
a
l/—/,f-:lt ’
1,0 ; , ,
0,000 0,067 0,134
e/h
25 . A ,
Circular E :3: exp.
2,0
tz n=1, exp.
° 15. n=1, num
) :_\_‘—‘
= —4
1,0 . , ,
0,000 0,067 0,134

Influéncia da excentricidade relativa no acréscimo de tensdo axial nos pilares das séries de 1 a 4

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



Numerical modeling of circular, square and rectangular concrete columns wrapped with FRP under

concentric and eccentric load

8 ' ' [} n=1',exp,
7| Quadrado =10 mm A n=1,num |
] n=2, exp.
6. 2N n=2, num. |
o] 5- i
(&
L, 4 i
3_ L
2- | - = -
1 - .
0,000 0,067 0,134
e/h
8 I I n é 1)
- x . |
a Retangular x n=2, nom. |
6l [
Q 5- I
o
L 4 oo
3_ L
2- / B
n L
1 . . .
0,000 0,067 0,134
e/h
Figura 16

8 N N 1

7] Quadrado =30 mm : Eﬂﬁm L
[ n=2 exp.

6 n=2 num.
(o] 5- i
L, 4 r
3_ L
2_ L

1 T T T

0,000 0,067 0,134
e/h

8 - ' -
7. Circular & nt ol
[ n=2, exp.
6- "% n=2, num.L
(o] 5- I
L, 4 i
3_ L
2_ L

1 : : .

0,000 0,067 0,134
e/h

Influéncia da excentricidade relativa no acréscimo de deformacdo axial nos pilares das séries de 1 a 4

Na Figura 11 sdo mostradas as configuragdes de tensdes de com-
pressdo para um pilar circular com forga centrada e excéntrica
juntamente com um grafico que demonstra os valores de tensdes
ao longo dos trechos indicados na seg&o transversal. Com isso,
observa-se que a regido com maiores valores de tensdo de com-
pressao se deslocaram na diregéo da excentricidade, e chegam
a superar os valores de compressao na borda mais comprimida.
No entanto, essa regido tem uma largura menor do que o restante
da segao, o que faz com que a integral das tensbes nesta regiao
da segédo resulte em um acréscimo menor de resisténcia ao pilar
circular na situagao de excentricidade (ver Tabela 5). Além disso,
observa-se também que a regido efetivamente confinada fica deli-
mitada por um aspecto curvo, ndo sendo possivel tragar uma linha
que seja paralela a linha neutra e que possua os mesmos valores
de tensbes de compressao.

Nas Figuras 12 a 14 observa-se nas segdes quadradas e retan-
gulares que a regido de concreto efetivamente confinado também
se desloca na diregdo da excentricidade e modifica seu aspecto
de distribuicdo. Para todas as situagdes, os graficos indicados
nas mesmas figuras demonstram que as tensdes de compressao
para a situacao de forga excéntrica foram, de modo geral, superio-
res em relagéo a situagao de forga centrada, quando se compara
a regido central das segdes e mais a regido junto a borda mais

comprimida. Além disso, a largura da se¢do permanece a mes-
ma, resultando em mais regido proporcionalmente comprimida em
comparagdo com a circular. Isso justifica o fato de o ganho de
resisténcia em pilares de se¢do quadrada ser praticamente o mes-
mo ou até um pouco superior nos casos de excentricidade do que
para carregamento centrado (ver Tabela 5), sendo possivel afirmar
que a excentricidade néo é prejudicial quando se trata de refor¢o
com PRF para se¢des quadradas e retangulares.

Os graficos mostrados nas Figuras 15 e 16 demonstram, de modo
geral, que o aumento da excentricidade para secdes quadradas
e retangulares tem pouca influéncia na eficiéncia do reforgo re-
presentada pelo acréscimo de tensdes f_/f_ e pelo acréscimo de
deformagéo ¢ /¢ , nos quais percebe-se que o ganho permanece
praticamente o mesmo e em alguns casos até apresenta um au-
mento a medida que se aumenta a excentricidade. Ja para as se-
¢Oes circulares, observa-se claramente que o aumento da excen-
tricidade proporciona menor ganho de tensao e de deformacéao.

5. Conclusao
EE
O modelo numérico em elementos finitos utilizado se mostrou

capaz de representar o mecanismo de confinamento passivo do
concreto para segdes quadradas, retangulares e circulares, envol-
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vendo regides de alto e de baixo indice de confinamento. Houve
boa correlagéo ao se comparar as curvas experimentais e numeé-
ricas de forga versus deslocamento dos pilares. Foi capaz de re-
presentar também a dilatagéo do concreto de maneira adequada,
indicando distribuicdo semelhante aos valores experimentais para
as deformagodes de tragdo do PRF em torno dos perimetros das
segoes transversais.

Foi possivel observar a distribuicdo das tensdes de compressao
na segao transversal, demostrando que nas se¢des quadradas a
regido de concreto efetivamente se forma junto aos cantos arre-
dondados da segdo, e no restante ela fica delimitada por para-
bolas, que se iniciam a 45° junto aos cantos arredondados. Para
segOes retangulares, por conta dos maiores lados da secgéo, as
parabolas se tocam, dividindo a regido confinada em duas regides
que ficam préximas dos menores cantos da secao transversal.
Nos casos de carregamento excéntrico, a regiao mais comprimida
se desloca na diregdo da excentricidade e atinge maiores valo-
res de tensdes axiais de compressao do que na situagao de forca
centrada, no entanto ndo representou ser prejudicial para se¢des
quadradas e retangulares, na qual a largura da se¢do se mantém
a mesma e os valores de tensao superam os valores da situagéao
de forga centrada em uma porgéo maior da secao transversal. Em
alguns casos o ganho de resisténcia foi até maior na situacéo de
excentricidade.

Ja para as secgdes circulares, a presenga de excentricidade se
mostrou prejudicial, pois a largura da segéo diminui a medida que
se aproxima da borda comprimida, justificando assim, o fato de
que para segoes circulares o ganho de resisténcia foi menor.
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Abstract
E——

The conventional design of concrete gravity dams still follows the deterministic method, which does not directly quantify the effect of uncertainties
on the safety of the structure. The theory of structural reliability allows the quantification of safety of these structures, from the quantification of
the inherent uncertainties in resistance and loading parameters. This article illustrates application of structural reliability theory to the case study
analysis of a built concrete gravity dam. Results show that reliability of the built structure is greater than that of the designed structure. The study
compares reliability for design conditions, with the corresponding safety coefficients, illustrating a lack of linearity between safety coefficients and
reliability. Furthermore, the study shows which are the failure modes and the design parameters with greater influence on dam safety.

Keywords: structural safety assessment, concrete dams, reliability analysis.

Resumo
E——

O projeto convencional de barragens de gravidade de concreto ainda segue o método deterministico, que ndo quantifica diretamente o efeito
das incertezas na seguranca da estrutura. A teoria de confiabilidade estrutural permite a quantificacdo da segurancga destas estruturas, a partir
da quantificagdo das incertezas inerentes aos parametros de resisténcia e solicitacdo. Este artigo ilustra a aplicagéo da confiabilidade estrutural
ao estudo de caso de uma barragem de gravidade de concreto construida. Os resultados obtidos mostram que a confiabilidade da estrutura
construida é maior do que da estrutura projetada. O estudo compara a confiabilidade na condi¢cdo de projeto com os coeficientes de seguranca
resultantes, ilustrando a falta de linearidade entre coeficientes de seguranca e confiabilidade. O estudo mostra ainda quais sdo os modos de falha
e parametros de projeto com maior influéncia na seguranga da estrutura.
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Reliability analysis of built concrete dam

1. Introduction

EE

The usual procedures for verifying the overall stability of concrete
dams are based on deterministic methods and use of safety fac-
tors. Simplifications normally used in definition of the actions, re-
sistance parameters and mechanical behavior models, introduce
uncertainties in analysis procedures.

Uncertainties are present throughout the entire life cycle of the
structure, from conception to the end of its lifespan. The associ-
ated risks can be aggravated by the inadequate execution of any
phase of an engineering work (design, construction, operation and
decommissioning). The uncertainties also change throughout the
life cycle, being larger in the design phase. In general, uncertain-
ties can be reduced after construction and during the operation,
due to the collection of real data and reduction of forecast or pre-
diction uncertainties.

Uncertainties arise from the incomplete knowledge of the nature
of engineering systems we design and operate, but also from the
natural randomness of the processes involved. Materials strength
and environmental forces are inherently random and cannot be
described completely in a deterministic way [1]. To quantify these
uncertainties, and to evaluate their effects on the performance and
design of engineering systems, concepts and methodologies of
probability and statistics should be appropriately applied [2].
Uncertainties imply risk, which is defined as the product of proba-
bility of occurrence of event (P) and its consequences (C), accord-
ing to Equation (1). The risk related to dam failure can be defined
as the measure of likelihood and severity of an adverse effect on
life, health, property and the environment. Risk can be estimated
by combining all scenarios, considering probabilities of occurrence
and their consequences [3].

Risk = Z P(ocurrence) x C(consequences) M

As described by the International Commission on Large Dams [3],
risk analysis can be used as an appropriate tool in the process of
risk management. Dam risk analysis requires identification of po-
tential failure modes and quantification of conditional probabilities
of system responses to different demands.

The probability of occurrence of an adverse event is called, generi-
cally, probability of failure (P,) [4], which can be obtained by means
of structural reliability analysis. Structural reliability analysis uses
probabilistic methods to evaluate the safety of a structure.
Structural reliability analysis is related to calculation and prognosis
of the probability of failure of a structural system at any stage of
its life cycle [5]. It can also be used for calibration of partial safety
factors of design codes, as described by the European Committee
for Standardization [6].

Structural systems must meet safety requirements, which are di-
rectly related to structural failure modes, which are formulated in
design equations or in terms of limit state equations. The evalua-
tion of probabilities of failure is based on the performance function
of the structural system.

Given a vector X, which gathers the random variables of resistance
and loading, a limit state equation g(X) is written in order to divide
the domain of X into safety domain (D,) and failure domain (D,):
Dy = (X|g(X) < 0) o
D = {X|g(X) > 0}

The probability of failure (P,) can be calculated as the probability of
the problem variables belonging to the failure domain:

Py = Plg(X) < 0] = fD Iy )

where f, (x) is the joint function of probability density of the random
variables of the problem. Thus, the calculation of the probability of
failure constitutes in evaluating a multidimensional integral over
the fault domain.
According to Melchers and Beck [5], there are three methods to
solve this multidimensional integral:
| direct integration: rare application;
B numerical integration through Monte Carlo simulation (MCS);
B transformation methods: integration is performed by transform-
ing the random variables into the multivariate standard normal
space, and through approximations of the integration limit
(9(X)=0).
In this paper, the Monte Carlo Simulation (MCS) and the First Or-
der Reliability Method (FORM) techniques are used.
Evaluated failure probabilities P, can be related to the reliability
index (B), which is defined as the minimum distance between the
limit state equation and the origin of the normal standard space,
expressed in (nondimensional) standard deviation units. To assess
safety of a structure, the reliability index (B) obtained as described
above can be compared with target reliability indexes (B,), which
are related to the limit state and to failure consequences.
The European Committee for Standardization [6] recommends
reliability indexes (B) according to the consequence class of the
structure; however, this rule is not related to dams. The docu-
ment defines three classes of consequences and the respective
target reliability indexes: high class (B, = 5.2/year), middle class
(B, = 4.7/year) and low class (B, = 4.2/year). This classification
considers consequences of economic, environmental and human
life loss for conventional structures (buildings, etc.).it is also im-
portant to assess the effect of design factors in safety margins.
Safety factors have been determined empirically for different ap-
plications and types of materials, and their values incorporated to
design criteria all over the world. The argument is that the project
meeting these criteria would be sufficiently safe, but unfortunately
this is not always true. First, because safety factors will be differ-
ent, depending on the mathematical model used and the safety
factor settings. In addition, a given safety factor returns different
failure probability values, depending on the uncertainties in the in-
put data, such as coefficient of variation, number of tests, quality of
investigations, measurements in loco, etc. Therefore, the structural
safety achieved through safety factors can vary over a wide range
of values, in terms of probability of failure [7].
In Brazil, promulgation of the Law on Safety of Dams
n°® 12.334/2010 [8] reflected societal demands for higher safety
levels of dams, and resulted in the demand for reassessment of
safety of existing dams, according to deadlines and periodicities
established in complementary regulations. These security reas-
sessments can be based on concepts of structural reliability.
Use of structural reliability methods in analysis of concrete dams
is not widespread, but the development of several surveys in this
area can be seen, including research carried out by Ellingwood and
Tekie [9], Tekie and Ellingwood [10], Westberg [11], Johansson [12],
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Royet et al. [13], Garcia [14], Bernstone [15], Westberg [16], Gar-
cia et al. [4], Westberg and Johansson [17], Su et al. [18], Torres et
al. [19], Krounis [20], Krounis et al. [21] and Li et al. [22]. However,
none of these surveys addresses the update of reliability of a con-
structed dam, in relation to the projected dam.

In view of the above, the objective of this paper is to demonstrate
use of structural reliability analysis to evaluate the probability of
failure of constructed concrete dams, in comparison to the tradi-
tionally adopted safety checks. Additionally, it is sought to evaluate
the safety factors established in Brazilian design codes, in order to
verify their impacts on safety of concrete dams.

2. Global failure modes of concrete dams
EE

Structural reliability analyses require the definition of limit state func-
tions, which in turn must mathematically describe the relevant failure
modes of the structure under analysis. Concrete dams may fail at
the foundation, at the interface between concrete and foundation,
and at the concrete. The traditional stability analysis criteria use
conventional balance and limit state theories. The usual analyses
use models in only two dimensions, neglecting three-dimensional
effects. The stability is verified for failure modes related to sliding,
overturning and overstressing on the concrete and foundation.

In general, the occurrence of overstressing is not a global failure
mode. Local crushing or cracking does not necessarily lead to
global failure nor to a failure mechanism. Instead, overstressing
is considered a service limit state. However, overstressing may be
the cause and starting factor that leads to a global failure; hence it
must be analysed [16]. This can be verified by the analysis model of
combined failure modes presented by Fishman [23]. More details
on this issue can also be found in Westberg and Johansson [17].
The basic design assumptions are: a) the dam is completely at-
tached to foundation rock, along the contact; b) the foundation
must withstand loads with acceptable strength; c) the dam con-
crete is homogeneous, isotropic and elastic-linear; which together
with contraction may transfer load if they are joined, otherwise the
entire load is transferred to the foundation; d) horizontal and verti-
cal strength vary linearly from upstream face to downstream face;
and e) the horizontal shear strength has parabolic variation from
upstream to downstream face [24].

There are different methodologies for defining the parameters of
analysis and verification of failure modes, as described in the stud-
ies carried out by EPRI [25], USACE [26], Ruggeri et al [27] and
Johansson [12].

In Brazil, the document entitled Criteria for Civil Project of Hy-
dropower Plants, prepared by Centrais Elétricas Brasileiras S.A.
(ELETROBRAS), published in 2003, is adopted as a reference for
concrete dam projects. According to this guide, the global stability
of concrete dams should be checked for failure modes related to
sliding, overturning, floatation and overstressing on concrete and
foundation. The analyses developed in this paper consider condi-
tions of normal, exceptional and limit loading, limited to the inter-
face region between concrete and foundation; and to global failure
modes related to sliding, overturning and floatation.

The Eletrobras guide [28] defines four conditions of loading:
normal or usual, exceptional, limit and construction. The usual
loading condition corresponds to all combinations of actions that

present a high probability of occurrence during the design life of
the structure, during normal operation or routine maintenance of
the site, under normal hydrological conditions. The exceptional
loading condition corresponds to a situation of combination of
actions with low probability of occurrence during the structures
design life. In general, these combinations consider occurrence
of only one exceptional action, among exceptional hydrological
conditions, defects in the drainage system, atypical action, seis-
mic effects, etc.; with other actions at normal loading condition.
The limit loading condition corresponds to a situation of combina-
tion of actions with very low probability of occurrence during the
design life of the structure. In general, these combinations con-
sider the occurrence of more than one exceptional action, such
as exceptional hydrological conditions, defects in the drainage
system, atypical actions, seismic effects, etc.; with other actions
at normal loading condition.

The construction loading condition corresponds to all combinations
of actions that are likely to occur during the execution of the site.
They may be due to the loading of construction equipment, struc-
tures only partially executed, abnormal loadings during transport of
permanent equipment, and any other similar conditions, and occur
for short periods in relation to the design life.

2.1 Sliding

Sliding stability is verified by comparison of acting and resisting
shear, at the potential rupture surface. The acting shear is depen-
dent on the sum of forces parallel to the surface under analysis.
For the resisting shear strength, the Mohr-Coulomb failure criterion
is used, where the maximum resisting tangential strength (t) for
each point of the sliding surface is described by:

T < c+optang @

being c the cohesion, o the effective normal tension for sliding
surface and ¢ the friction angle. From the integral of cohesion and
normal strength along the surface under analysis, the resisting
shear force (R) is obtained:

R = YNtand + cA ®)

The use of Mohr-Coulomb criterion allows determining an enve-
lope of resistances for a material that is based on friction and co-
hesion parameters, for different levels of normal (c) and shear (t)
strength pairs. This envelope is obtained from laboratory and/or
field tests, leading to the rupture shear strength for different levels
of normal strength.

The design criteria of Eletrobras [28] establishes the following formu-
lation, to verify safety against sliding in concrete-rock interface planes:

5 Y Ntang | Y cA
_ _R _ fsd¢ fsdc )
SSF = ST = 727, >1

where YR is the sum of resistant horizontal forces; XT is the sum
of acting horizontal forces; N is the sum of effective normal forces
on the sliding surface under analysis; ¢ is the characteristic friction
angle of the sliding surface under analysis; ¢ is the characteristic
cohesion along the sliding surface; A is the effective (compressed)
area of contact of the structure on the plane under analysis; fsdd
and fsdc are the partial safety factors of the materials in relation to
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friction and cohesion, respectively; and SSF is the safety factor to the
total sliding (considers the plots of friction and cohesion resistance).
Considering use of the resistance reduction factors for friction angle
(fsd$) and cohesion (fsdc), the total safety factor should be greater
than or equal to 1. If shear rupture is allowed in a certain part of the
surface, the cohesion resistance should be considered equal to 0
(c=0), and the friction angle equal to the residual condition. Table 1
presents the safety factors for sliding safety assessment.

Equation (6) is similar to the sliding safety check equation adopted
by the U.S. Bureau of Reclamation [24], whose “shear-friction fac-
tor of safety” method returns the global safety factor to sliding; that
is, it does not introduce partial safety factors.

2.2 Overturning

The stability to overturning is verified by means of comparison be-
tween stabilizing and overturning moments, with respect to a point
or an effective line of rotation [28], according to:

XM,

ZM, ?
where OSF is the safety factor for overturning; M, is the sum of
acting stabilizing moments on the structure, considered as such:
dead load, the minimum permanent loads and the dead load of the
permanent equipment, if installed; and M, is the sum of overturn-
ing moments, due to action of destabilizing loads, such as hydro-
static pressure, uplift pressure, silt pressure, etc. The stabilizing
effects of cohesion and friction on the surfaces in contact with the
foundation should be rejected. Table 1 presents the safety factors
to be used in assessing safety to overturning.

OSF =

2.3 Flotation

The stability to flotation is verified by means of the ratio between

the sum of the gravitational forces and the sum of uplift pressure

forces at the potential rupture surface [28], according to:
%

FSF = o5

= ®

where FSF is the safety factor for flotation; £V is the sum of gravi-
tational forces; and XU is the sum of uplift pressure forces. The
calculation considers the region delimited in blocks, rejecting any

Table 1
Minimum values of safety factors

favourable contributions due to cohesion and friction between
blocks or between structure and foundation. Table 1 presents the
safety factors to be used in assessment of safety against flotation.

3. Structural reliability methods

[

In order to solve the structural reliability problem, this paper makes
use of the First Order Reliability Method (FORM) and of Monte
Carlo Simulation (MCS). The Structural Risk Analysis and Design
(StRAND) software, developed by the Sdo Carlos School of En-
gineering, University of Sdo Paulo [29], is employed. Importance
sampling using design points is used, in Monte Carlo Simulation.
Transformation methods involve mapping the random variables
from the original design space to standard normal space, a search
for the design point in standard normal space, and approximations
of G(X) at the design point. The design point is found from solution
of a mathematical programming problem, since in standard normal
space the design point is the point on the limit state equation clos-
est to the origin. The design point is also the most likely point (or
mode) of the failure domain. The (minimum) distance between the
design point and the origin of standard normal space is called the
reliability index (B8). The First Order (FORM) solution involves an
approximation of the integration domain by a hyperplane [5]:

Pr=®(=p) ®

being B the reliability index and ® the standard normal cumulative
distribution.

Monte Carlo simulation (MCS) allows solving with same level of dif-
ficulty problems with any number of random variables and/or large
model complexity (linear or nonlinear, single or multiple limit state
functions) [1]. Samples (trials) of random variables are obtained
from the joint density (f, (x), Eq. (3)), and the probability of failure
is estimated as:

N
— 1 N
Pp=qy ) 1l =
i=1

here P; is the estimated probability of failure, I[ ] is the indicator
function, X is sample vector i, N, is the number of points in the
failure domain, and N is the number of trials. The number of trials
must be large enough in order to obtain the probability of failure
with small statistical error.

(10)

Loading conditions

Safety factor

Usual Exceptional Limit Construction
fogo 3.0 (4.0) 1.5 (2.0) 1.3 (2.0) 20 (2.5)
Tsco 1.5 (2.0) 1.1(.3) 1.1(.3) 1.3(1.5)
Sliding Safety Factor
(SSF-total) 21 21 21 21
Overturning Safety Factor
(OSF) 1.5 1.2 1.1 1.3
Flotation Safety Factor

(FSF 1.3 1.1 1.1 1.2

Ref.: Eletrobrds [28];
f.4 reduction factor of the cohesion resistance;

f., reduction factor of the friction resistance;

The factors of reduction in brackets should be adopted when the knowledge of materials is poor.
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Equation (10) is based on a sample of finite size; hence it is subject
to a statistical error that corresponds to the variance of I[X]. The
variance of P; corresponds to the statistical error of the simulation
and depends on the order of magnitude of the exact probability
of failure P.. The lower the probability of failure, the greater is the
number of simulations required to obtain the same variance.

The coefficient of variation (COV) of P, can be obtained from Equa-
tion (11). Evaluation of a probability of failure of the order of 10
with COV = 10%, requires approximately 10°*2 samples, making
the number of simulations prohibitive for very low probabilities of
failure [5]:

_ 1

COVp, ~ \/?Pf am
To reduce the number of required simulations, variance reduction
techniques are used. In this paper, the technique of importance
sampling using design points is used. This technique moves the
sampling points to the failure domain, centering the sampling func-
tion at design point coordinates. The design points are obtained
from the FORM solution, as detailed in Melchers & Beck [5].

4. Limit state equations

EE

Considering the failure modes described above, the loading condi-
tions and the characteristics of the dam-foundation interface, the
limit state equations are written as follows.

The limit state function for sliding along the surface under analysis
is defined by:

Gy =Tp—Ts (12)

Gy = N'tan, + cA — T 13)

where T_ is the sum of the resistant forces on sliding surface, T
is the sum of acting forces parallel to the sliding surface, N' is the
sum of normal forces to sliding surface, ¢, is internal friction angle of
concrete-rock interface, ¢ is cohesion of concrete-rock interface, and
Ais compressed effective area. Expanding Equation (13), we have:

Gy = (Voy,+ Wy —U = U. + W,p)tand, + cA = Ts (14)

where v, is the specific weight of concrete, V_ is concrete volume,
W, , is the upstream water weight, U is the sum of acting uplift
pressure forces, U, is the uplift pressure acting on fissure open-
ings, when present, and W, , is the downstream water weight. U is

obtained from:

U= xq1(hy + h3) | xgp(h3 + hy)
2 2 w

(19)

where x,, is the distance between the drains and the upstream
face, or the end of the fissure, when present, x, is the distance be-
tween drains and downstream face, h, corresponds to headwater
depth, h, corresponds to tailwater depth, h, corresponds to water
depth equivalent to uplift in drainage line, and v, is the specific
weight of water. h, is obtained by:

hs = k(hy — hy) + hy to normal reservoir elevation (16)

hs = k[(hy + iyhy1) — ha] + hy to maximum reservoir elevation 17

where k is the coefficient of hydraulic inefficiency, h, corresponds
to height of the drainage gallery, in relation to concrete-rock in-
terface, i, is the coefficient of increase of uplift, and h , is the dif-
ference in depth between the maximum elevation and the normal
elevation of the reservoir.

The limit state function for overturning, with respect to the most
extreme downstream point of the surface under analysis, is de-
fined as:

Gy = Mg —Ms (18)

Gy = My, + My, + My, + My,) — (My + My, + My,) ()

where M corresponds to the sum of resisting moments and Mg is
the sum of moments tending to cause overturning, and the indexes
W,., W, W,,, H,, U, U, H, correspond respectively to the mo-
ments related to the upstream water weight, dam concrete weight,
downstream water weight, downstream hydrostatic thrust, uplift,
uplift acting on fissure opening, when present, and upstream hy-

drostatic thrust. Expanding Equation (19), we have:

h 3
GZ = (lelwl) + (Wclw[) + (WWZIWZ) + (% yw)

2 2
Xq Xqa1Xd. X4
- [Tl (hs + 2hy) + % (hy +h3) + Tz(h2 + 2h3)] Yo (20)

hy?
_(hchywlc) - ?yw

where | , is the horizontal distance between upstream water cen-
ter of the mass and downstream face on reference surface, lw,_ is
the horizontal distance between center of mass of concrete dam
and downstream face on the reference surface, |, is the horizontal
distance between the center of mass of downstream water and the
downstream face on reference surface, L_ is the length of a crack,
when present, |_is the horizontal distance between the center of
the crack and downstream face on the surface of reference.

The limit state function for floatation is defined by:

Gs=N-U @)

G3=WC+WW1+WW2_U_UC (22)

where N is the sum of gravitational forces and U is the sum of act-
ing uplift pressure forces.

5. Case study
——

5.1 Dam description

The gravity dam under study is made of roller-compacted concrete,
has a maximum height of 82.5 m and a crest length of 746 m. The
contraction joints were spaced at every 20 meters at most, totalling
41 concrete blocks. The upstream face is vertical and the down-
stream face has a slope of 0.775 : 1 (H : V). The crest of the dam
is 7.50 m wide.

The dam has two drainage galleries with drain lines located at
5.85 m from the upstream face, with the purpose of relieving uplift
at the concrete-rock foundation interface and interstitial pressure
of the mass of concrete.

The spillway was dimensioned for the inflow ten-thousand-year
flood, which provides for damping of the affluent flow in the reser-
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voir, with a maximum elevation of 1.5 meters, corresponding to the
maximum water level of the reservoir at the elevation of 71.5 m, in
relation to dam foundation.

For this study, block number 30 was considered, as this block pres-
ents smaller safety factors. This block is located on the left bank,
has a maximum height of 72.5 m and dimensions at the base of
20 m by 54.87 m. The block is set on sedimentary rock, classified
as siltstone (Figure 1). The reference for elevations corresponds to
the dam foundation plan.

In the design phase, the following parameters were adopted in
structural design:

B concrete specific weight (y,): 25.8 kN/m?;

B internal friction angle (¢,): 37°;

B cohesion (c): 250 kN/m2.

The global stability checks were performed according to Eletrobras
design criteria [28].

5.2 Delimitation of analyses

This paper is limited to the stability checks for usual loading condi-
tion, exceptional loading conditions and limit loading conditions, and
to evaluating the failure modes for sliding, overturning and floata-
tion. The usual loading condition considers the structure submitted
to the loading resulting from normal reservoir water level (WL 70 m),

EL72.50
Headwater 71.50 Headwater 70.00 y
I 75
UPPER GALLERY

Q
~
(=4
N~
I}
=

A \
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and uplift with operant drainage. The exceptional loading condition
- 1 considers the structure submitted to normal reservoir water level
(WL 70 m) and uplift with inoperative drainage. The exceptional
loading condition — 2 considers the structure submitted to maximum
reservoir water level (WL 71.5 m), and uplift with operant drainage.
The limit loading condition considers the structure submitted to max-
imum reservoir water level (WL 71.5 m) and uplift with inoperative
drainage. The analyses did not consider any seismic loadings.

The reservoir water level at maximum elevation corresponds to
water columns of 71.5 m (upstream, h,) and 8.66 m (downstream,
h,). The reservoir water levels at normal elevation corresponds to
upstream of 70 m and downstream of 0.96 m. Table 2 shows the
safety factors obtained by the checks in the design phase.

These verifications were calculated with respect to the plane of
the concrete-rock interface, evaluating all the involved loadings,
which in this case are: dead load, uplift pressures and hydro-
static pressures.

The safety factors obtained in Table 2 correspond to determin-
istic calculations, which do not consider the variability of the
input parameters.

To evaluate the probability of failure of the concrete dam in the op-
eration phase, in comparison with the safety checks carried out in
the project design phase, eight scenarios of load combinations and
resistances were defined: four scenarios based on design parame-

Tailwater 8.66

r

EL 0.00 Q Tailwater 0.96
r e
xd1 = 5.85 xd2 = 49.02
7
L =54.87

Figure 1

Geometry of the cross section of block n. 30 of the dam
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Table 2
Safety factors obtained and required

Loading conditions

Safety assessment

Usual Exceptional-1 Exceptional-2 Limit

i 3.0 2.0 2.0 13

Sliding Safety Factor fsdo 1.5 1.3 1.3 1.1

(SSF) Required >1 >1 >1 >1
Obtained 1.01 1.04 1.11 1.15

Overturning Safety Factor Required 1.5 1.2 1.2 1.1
(OSF) Obtained 1.89 1.68 1.46 1.32

Flotation Safety Factor Required 1.3 1.1 1.1 1.1
(FSF) Obtained 45 3.56 2.6 2.19

ters, and four scenarios based on dam data obtained in operation.
Table 3 presents a summary of load combination and resistances
scenarios, and the parameters used in each case.

Considering that the exceptional and limit loading conditions
are related to conditional events, of small probability of occur-
rence, it is necessary to evaluate the unconditional probabil-
ity of failure, for each failure mode. The events considered
are the maximum water level in the reservoir, and the non-
operational foundation drains. The failure probabilities calcu-
lated under these circumstances are conditional probabilities,
conditional on occurrence of each loading scenario. As the in-
volved events are considered independent, the unconditional
probability calculation consists in the multiplication of the
conditional probability by the occurrence probability of each
loading event scenario.

Considering the sizing information of the previously described spill-
way, the occurrence of maximum reservoir level has a mean return
time of 1/10000 years. For the event related to non-operational
drainage, an average lifespan of 50 years was assumed, with
mean return time of 1/50 years. This leads to one expected occur-
rence during the lifetime, with an occurrence probability of 63%.

Table 3
Scenarios of loading and resistances combinations

5.3 Definition of variables

A summary of random variables for the problem is presented in
Table 4: statistical distributions, mean value and standard devia-
tion are presented.

5.3.1  Specific concrete weight

The statistical data on specific weight of concrete in operation
phase were obtained from 29 concrete samples, extracted from
the mass of dam, which were obtained by means of rotary drilling
in different regions of the structure. Specific weight of concrete was
obtained as y_ (kN/m?®) ~ N (26; 0.94).

For the scenarios related to the design phase, y, (kN/m?) ~N (25.8; 1.29)
was adopted, which corresponds to weight and COV (of 5%) measured
in construction, during concrete production technological control of the.
5.3.2 Internal friction angle and cohesion
of concrete-rock contact

For the parameters of internal friction angle and cohesion of the

Load and

Mean of random variables

. Load h, h, L.

céeé'ﬂﬂﬂﬁﬁis conditions (m) (m) M Ny (d:i) (kN7m2) k hy
D1 Usual 70 0.96 - 25.80 37.00 250 0.33 -
D2 Exceptional 1 70 0.96 - 25.80 37.00 250 0.89 -
D3 Exceptional 2 715 8.66 5.55 25.80 37.00 250 0.33 1.00
D4 Linit 715 8.66 5.55 25.80 37.00 250 0.99 1.00
o1 Usual* 70 0.96 - 26.00 41.99 700 0.18 -
02 Exceptional 1* 70 0.96 - 26.00 41.99 700 0.89 -
03 Exceptional 2* 715 8.66 5.55 26.00 41.99 700 0.18 0.50
o4 Limit* 71.5 8.66 5.55 26.00 41.99 700 0.99 0.50

* Loading condition adjusted according to data obtained in the operation phase;
D1, D2, D3 and D4 are scenarios of the design phase;
01,02, 03 and O4 are scenarios of the operation phase;
h, headwater;

h, tailwater;

L, crack length;

Y, concrete specific weight;

¢, internall friction angle;

¢ concrete-rock interface cohesion;

k coefficient of hydraulic inefficiency;

i, coefficient of increase of uplift pressure.
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Table 4
Summary of random variables
R““d°$_‘\’,3"°b'es Unit Distribution Mean SD c(:f/z;'
Concrete specific weight (y.) °© kN/ms3 Normal 25.80 1.29 5 nbi-4
Concrete specific weight (y.) ° kN/ms3 Normal 26.00 0.94 3,62 ©14
Internall friction angle (¢)) © ° Normal 37 9.99 27 104
Internal friction angle (¢)) © ° Normal 41.99 11.34 27 014
Concrete-rock interface cohesion (c) © kN/m?2 Lognormall 250 100.00 40 b4
Concrete-rock interface cohesion (c) © kN/m?2 Lognormal 700 280.00 40 ©14
Coefficient of hydraulic inefficiency (k) @ - Normal 0.18 0.03 150193
Coefficient of hydraulic inefficiency (k) © - Normal 0.33 0.10 300103
Coefficient of hydraulic inefficiency (k) © - Normal 0.89 0.13 15 ko2
Coefficient of hydraulic inefficiency (k) © - Normal 0.89 0.27 3012
Coefficient of hydraulic inefficiency (k) © - Normal 0.99 0.15 15 k04
Coefficient of hydraulic inefficiency (k) © - Normal 0.99 0.30 30104
Coefficient of increase of uplift pressures (i) f - Uniform 0.5 0.29 58 03.04

Coefficient of increase of uplift pressures (i,) ¢ -

Deterministic _D3,D4

@ based on the dam design parameters;

° based on the measurement of specimens exfracted from the concrete of the dam;
° based on the China Electricity Council [31];

9 based on the measurement of the PZC0O1 piezometer during a 4-year period;

¢ based on the dam design parameters and theoretical uplift pressure;

fassumed;

9 considered with deferministic value 1;

" based on the measurement of specimens made during the construction of the dam;

' considered the same COV described in the China Electricity Council [31];

I based on the measurement of others piezometers installed in block 30 of the dam foundation;

¥ considered the same COV of the piezometer PZCO1;
01-4,01.02.030nd 04 oyergtion phase scenarios;
D1-4.01.02.03 and D4 design phase scenarios.

concrete-rock interface, no tests were performed with the dam ma-
terial under study. The adopted parameters were defined based on
studies of other authors. As the analysis model presented previ-
ously does not predict use of roughness or basic friction angle, ref-
erence values coming from tests of intact connection of concrete-
rock interface were considered (for research only).

Studies carried out by EPRI [25] of the concrete-rock interface of
eighteen dams and different types of rock, show friction angle val-
ues between 54 and 68° and cohesion values between 1.3 and
1.9 MPa. Rocha (1964), based on tests of 70 concrete blocks at 6
different dam sites, obtained friction angles between 53 and 63°;
and cohesion values between 0.1 and 0.7 MPa. Link (1969), ob-
tained friction angles between 45 and 52°; and cohesion values

between 0.1 and 3.0 MPa. Lo et al. (1991) evaluated samples of
the intact connection of the concrete-rock interface, obtaining a
typical value of 62° for the internal friction angle, and cohesion of
2.2 Mpa [27].

Fishman [23] presents results of internal friction angle and cohe-
sion of 32 large-scale shear tests performed on concrete blocks on
different types of rock, from the foundation of 24 dams. The study
presents values for the internal friction angle with mean of 52.1°,
standard deviation of 8.8°, minimum value of 27.5° and maximum
value of 63°. For cohesion, the mean of 1.13 MPa, standard devia-
tion of 0.74 MPa, minimum value of 0.06 MPa and maximum value
of 2.6 MPa were found. These tests were performed on igneous,
metamorphic and sedimentary rocks. Krounis et al. [30] performed

Table 5
Friction angle and cohesion parameters of concrete to rock interface
Friction angle Cohesion
. . (N distribution) (LN distribution)
Rock properties of dam foundation Mean D Mean D
(@) (@) (MPa) (MPa)
31 16.7 1. .54
Category I: dense and sound, distance between cracks >1 m 563 6.70 5 0.5
52.43 14.57 1.3 0.47
Category II: sound, weakly weathered 52.43 14.57 1.3 0.47
massive rock with crack spaces 0.5-1 m 47.73 11.86 1.1 0.40
) 47.73 11.86 1.1 0.40
Category lll: rock mass of medium sound, crack spaces 0.3-0.5 m 2199 11.31 07 098

Ref.: China Electricity Council [31]
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direct shear tests on cubic samples of concrete-rock, obtaining re-
sults for intact connection of the concrete-rock interface, with val-
ues of internal friction angle of 54.4° and cohesion of 2.97 MPa.
According to the results of these studies, a wide range of values
is observed, varying between 27.5 and 68° for the internal friction
angle; and between 0.06 MPa and 3 MPa for cohesion, confirming
the high degree of uncertainty present in these parameters. In ad-
dition, it is observed that only a few studies present data that allow
the calculation of statistical parameters.

The Chinese standard for hydroelectric power plant designs, China
Electricity Council [31], presents reference values for friction angle
and cohesion according to the classification of the foundation rock.
The mean parameters and standard deviation are presented for
three rock categories. Table 5 presents the summary of the refer-
ence values for each rock category. It can be observed that the
reference values are within the same range of other presented
studies. Besides the rock category, the Chinese standard appoints
other parameters of the rock mass, such as the resistance and
elastic modulus for classification.

The concrete block of the dam under study is set on siltstone, which
is a sedimentary rock. The tests performed on rock samples during
dam construction showed mean values of resistance to compres-
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= A

r

GROUT CURTAIN

Figure 2
Piezometers installed in block n. 30 of the dam

UPPER GALLERY

LOWER GALLERY

DRAINAGE CURTAIN

sion of 61.58 MPa; and elastic modulus of 31.77 GPa. Based on
dam foundation mapping, a GSI (Geological Strength Index) of 65
was considered; and the elastic modulus of the mass of rock was
estimated as 8.4 GPa. The analyses of the drilling samples and
the surface mapping of the foundation indicated spacing between
fractures varying from 0.1 to 1 meter.

Based on this information, on the previous studies and on the ref-
erences values described in Table 5, the values ¢, (°) ~ N (41.99;
11.31) and c (kN/m?) ~ LN (700; 280) were considered for the con-
crete-rock connection interface, in the operation phase.

For the design phase scenarios, the same material parameters were
considered, but using the same COV as for the operation phase,
resulting in ¢, (°) ~ N (37; 9.99) and ¢ (kN/m?) ~ LN (250; 100).
5.3.3 Coefficient of hydraulic inefficiency

The calculation of the uplift pressure acting on the concrete dam
foundation, defined by deterministic design criteria, is usually
based on Darcy’s law, which predicts the linear reduction of down-
stream pressure to upstream pressure. When there is no drainage
system at dam foundation, or when the drainage is inoperative, the
upstream and downstream uplift pressures are equivalent to the

TOP OF ROCK

Tailwater 8.66
/

Tailwater 0.96

SILTSTONE
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respective water columns in the upstream and downstream reser-
voirs of the dam.

Table 6
Maximum annual values of k
Year Heagr\:;ater er)?é(;g:Jl:: k
(m.w.c.)
2016 70.01 11.21 0.15
2015 70.01 14.34 0.19
2014 70.01 15.71 0.21
2013 70.04 13.51 0.18
Mean 0.18
SD 0.03
cov 0.15

m.w.c.: meters of water column

When there is a drainage system acting on the dam foundation,
the models may differ in the definition of drainage efficiency (E).
According to USBR [24], the drainage efficiency is 0 <E <0.66,
while for USACE [32], drainage efficiency is 0 <E <1. In formu-
lations for the calculation of uplift pressure, instead of using hy-
draulic efficiency (E), the coefficient of hydraulic inefficiency (k) is
normally used, which is given by:

k=1-E (23)

Eletrobras [28] adopts the following formulations for the calculation
of the uplift pressure in the drainage line:

hs = k(hy — hy) + hy for (hy > hy) (24)

hg = k(hy — hy) + hy for (hy < hy) (25)

Similar to the criteria established by USBR [24] for normal drainage

Table 7
Values of (B). (P,) and (a) for each failure mode and scenarios
Scenarios D1 D2 01 02 D3 D4 03 04
(design) (dam built) (design) (dam built)
Headwater h,(m) 70 70 70 70 71.5 71.5 71.5 71.5
Tailwater h,(m) 0.96 0.96 0.96 0.96 8.66 8.66 8.66 8.66
Yo 25.80 25.80 26.00 26.00 25.80 25.80 26.00 26.00
o} 37.00 37.00 41.99 41.99 37.00 37.00 41.99 41.99
Mean R.V. c 250 250 700 700 250 250 700 700
k 0.33 0.89 0.18 0.89 0.33 0.99 0.18 0.99
i - - - - 1.00 1.00 0.50 0.50
Sliding SSF 1.01 1.03 - - 1.11 1.15 - -
Brorm 1.81 1.35 3.42 3.17 1.48 0.88 3.15 2.82
Pirorm 3.50E-02 8.91E-02 3.15E-04 7.67E-04 6.92E-02 1.91E-01 8.15E-04 2.43E-03
Brvc 1.87 1.40 3.47 3.23 1.55 0.91 3.24 2.89
Pavc 3.06E-02 8.13E-02 2.65E-04 6.11E-04 6.06E-02 1.80E-01 5.91E-04 1.90E-03
o values Yo 0.01 0.03 0.00 0.00 0.02 0.04 0.00 0.01
o} 0.81 0.68 0.66 0.55 0.81 0.64 0.66 0.53
C 0.17 0.24 0.34 0.45 0.17 0.23 0.34 0.46
k 0.00 0.06 0.00 0.00 0.01 0.09 0.00 0.01
i - - - - 0.00 0.00 0.00 0.00
Overturning OSF 1.89 1.46 - - 1.68 1.32 - -
Bromu >8 3.57 >8 6.28 7.28 2.82 >8 514
Pirorm < 6E-16 1.76E-04 < 6E-16 1.67E-10 1.67E-13 2.43E-03 < 6E-16 1.40E-07
Buc >8 3.57 >8 6.27 7.30 2.78 >8 5.22
Pavic < 6E-16 1.79E-04 < 6E-16 1.81E-10 1.47E-13 2.75E-03 < 6E-16 8.78E-08
a values Ye 0.77 0.32 0.96 0.50 0.81 0.33 0.97 0.50
k 0.23 0.68 0.04 0.50 0.19 0.67 0.03 0.48
iy - - - - 0.00 0.00 0.00 0.02
Flotation FSF 4.5 2.6 - - 3.56 2.19 - -
Brorm >8 6.68 >8 >8 >8 5.81 >8 >8
Pirorm < 6E-16 1.18E-11 < 6E-16 < 6E-16 < 6E-16 3.15E-09 < 6E-16 < 6E-16
Buc >8 6.68 >8 >8 >8 5.85 >8 >8
Pavc < 6E-16 1.17E-11 < 6E-16 < 6E-16 < 6E-16 2.50E-09 < 6E-16 < 6E-16
o values Yo 0.75 0.29 0.96 0.47 0.78 0.28 0.95 0.45
k 0.25 0.71 0.04 0.53 0.22 0.72 0.04 0.54
i - - - - 0.00 0.00 0.02 0.01

SSF (Sliding Safety Factor); OSF (Overturning Safety Factor); FSF (Flotation Safety Factor).
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situations, Eletrobras [28] adopts a coefficient of hydraulic ineffi-
ciency of 0.33. According to USBR [24], the value of k = 0.33 was
established based on historical data.

Statistical parameters for coefficients of hydraulic inefficiency were
based on Equation (24). Although (h, < h,) for the dam under study,
there is a pumping system installed at the concrete-rock interface
level, such that indeed h, > h,.

The definition of the mean and standard deviation was based on the
4-year historic of monitored data of the uplift pressure, acting at the
foundation of block n® 30. Eight piezometers were installed at the
foundation of this block (Figure 2), and the PZC 01 piezometer was
chosen for evaluation of k. The criterion of choice was based on the
highest observed pressures, installation position and historical data
consistency. The calculation methodology considered the maximum
annual values of piezometric pressure for the water level of the normal
reservoir (WL 70.00 m), obtaining the values presented in Table 6.
For the scenarios related to the operation phase of the dam, with
operant drainage, based on the data presented in Table 8, the
value k ~ N (0.18; 0.03) was defined. For the scenarios related to
the operation phase, with inoperative drainage, k was adopted as
corresponding to the limit established by the model for inoperative
drainage (Equations (26) and (27)), but with the same COV calcu-
lated in Table 8.

For the scenarios related to the dam design phase, the coefficients
of hydraulic inefficiency were adopted according to Eletrobras rec-
ommendations [28]. Considering the greater uncertainties in the
design phase, the COV for these scenarios was defined as the
mean of the coefficients of variation of the piezometers installed in
the same block of the dam.

5.3.4 Coefficient of uplift pressure increment

Exceptional events of reservoir water level are rare and of short
duration, and the response of the elevation of uplift pressure de-
pends on how the discontinuities are influenced by the tensions
induced by the dam-reservoir system [27]. Thus, in the absence
of monitoring data during such events, which would allow under-
standing the actual behaviour, it is reasonable to consider that slow
and sudden variations of the uplift pressure may occur.

Based on the above, an uplift pressure increment coefficient was
defined as a random variable for exceptional cases of reservoir
level, with uniform distribution on the interval [0 ,1], given by
i, ~ U (0.5; 0.29).

5.4 Results

(L —xq) . . The results obtained by FORM and MCS in terms of reliability in-
k = ——— forinterface with no cracks @) gex (8) and conditional probability of failure (P,), for each failure
mode and scenario, are presented in Table 7. The sensitivity coef-
(L —x41) ) ) - . .
k= T-L) for interface with cracks (27)  ficients (a), for each .random variable, arg alls.o presented. Flgl..ll'e
¢ 3 shows the comparison between the reliability indexes resulting
Table 8
Values of (B) e (P,) conditional and unconditional for each failure mode and scenarios
Scenarios D1 D2 o1 02 D3 D4 03 04
(design) (dam built) (design) (dam built)
Headwater h,(m) 70 70 70 70 715 715 71.5 71.5
Tailwater h,(m) 0.96 0.96 0.96 0.96 8.66 8.66 8.66 8.66
Yo 25.8 25.8 26 26 25.8 25.8 26 26
; 37 37 41.99 41.99 37 37 41.99 41.99
Mean R.V. c 250 250 700 700 250 250 700 700
k 0.33 0.89 0.18 0.89 0.33 0.99 0.18 0.99
iy - - - - 1 1 0.5 0.5
Sliding SSF 1.01 1.03 - - 1.11 1.15 - -
c Buc 1.87 1.4 3.47 3.23 1.55 0.91 3.24 2.89
Pavc 3.06E-02 8.13E-02 2.65E-04 6.11E-04 6.06E-02 1.80E-01 5.91E-04 1.90E-03
U Buic 1.87 2.94 3.47 4.22 4.37 4.96 5.30 5.77
Poic 3.06E-02 1.63E-03 2.65E-04 1.22E-05 6.06E-06 3.60E-07 5.91E-08 3.81E-09
Overturning OSF 1.89 1.46 - - 1.68 1.32 - -
c Buc >8 3.57 >8 6.27 7.3 2.78 >8 5.22
Pave < 6E-16 1.79E-04 < 6E-16 1.81E-10 1.47E-13 2.75E-03 < 6E-16 8.78E-08
U Buve >8 4.49 >8 6.85 >8 5.71 >8 7.27
Pac < 6E-16 3.58E-06 < 6E-16 3.63E-12 < 6E-16 5.49E-09 < 6E-16 1.76E-13
Flotation FSF 4.5 2.6 - - 3.56 2.19 - -
c Bue >8 6.68 >8 >8 >8 5.85 >8 >8
Pavc < 6E-16 1.17E-11 < 6E-16 < 6E-16 < 6E-16 2.50E-09 < 6E-16 < 6E-16
U Bue >8 7.23 >8 >8 >8 7.74 >8 >8
Pave < 6E-16 2.33E-13 < 6E-16 < 6E-16 < 6E-16 5.01E-15 < 6E-16 < 6E-16

C conditional probability values; U unconditional probability values.
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Figure 3
Reliability index of scenarios related to the design
and operation phase

from the scenarios related to the design phase and the operation
phase. Table 8 shows the results of conditional and unconditional
B and P, for each failure mode and scenario. Figures 4 to 6 pres-
ent the comparison between the safety factors and the reliability
indexes obtained for each failure mode, related to the scenarios of
the design phase.

5.5 Summary and discussion of results

The results of reliability index and probability of failure, presented
in Table 7, demonstrate very close values between the two meth-
ods used, FORM and MCS. This shows that the non-linearity of
the limit state equation is small. For the overturning and floatation
failure modes, in general, very low probabilities of failure are ob-
served. The results presented as B > 8 and P, < 6 x 10" are related
to the computational representation of the standard Gaussian cu-
mulative distribution function (@) and its inverse (P ). According
to Beck and Avila [33], these functions have no closed analytic
form, and polynomial approximations are often employed. In the
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Figure 5
Safety factor and reliability index to overturning
failure mode
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Figure 4
Safety factor and reliability index to sliding
failure mode

StRAnD Mathematica version, from 3 > 8 instability occurs, so an
operational safety limit is implemented, which corresponds to 8 =
8, for which ® (-8) ~ 6x10-°.

In relation to the scenarios related to the design phases (D1, D2,
D3 and D4) and operation (O1, 02, O3 and O4) of dam (Table 7,
Figure 3), there are considerable increases in reliability indexes for
all failure modes, demonstrating that the built concrete block is more
reliable than the designed concrete block. This is a result of the up-
dating of resistance (y,, ¢,, ¢) and loading (k, i ) random variables.
The results demonstrate importance of specific data collection
about the built structure, and its usage in the reliability assess-
ment, in such a way as to reflect more accurately the reality of the
constructed structure.

In Table 7, the influence of the random variables on the probabili-
ties of failure can be verified, for each loading scenario and failure
mode. For the sliding failure mode, the combined friction angle
and cohesion contribution is greater than or equal to 87%, with
53% being the minimum contribution of the friction angle and 17%
the minimum contribution of the cohesion, for all analyzed cases.

& =~ o

Safety Factor (SF)
Reliability Index (£)

S = N W & n

Scenario

BSF F @2 _F-MC-Conditional &J_F-MC-Unconditional

Figure 6
Safety factor and reliability index to flotation
failure mode
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This result corroborates results obtained by Garcia [4] and West-
berg [11], demonstrating the relevance of these two parameters to
the failure mode under analysis. This is also evident in the design
criteria of Eletrobras [28], which adopts larger partial safety coef-
ficients for angle of friction and cohesion, predicting greater vari-
ability of these parameters.

For overturning and floatation failure modes, the influence of ran-
dom variables on sensitivity is extremely similar. The occurrence of
inversions of the sensitivities between the concrete specific weight
and the coefficient of hydraulic inefficiency is observed, depend-
ing on the operation condition of foundation drainage; that is: for
drainage in operation, the specific weight is more relevant; while
for inoperative drainage, the coefficient of hydraulic inefficiency is
more relevant. The influence of design and operation scenarios is
also observed, demonstrating reduction of the sensitivity of coef-
ficient of hydraulic inefficiency, and increase of the sensitivity of the
specific weight for the operation phase scenarios. In all the evalu-
ated cases, it is observed that the influence of the coefficient of
uplift pressure increment is practically null, so this parameter can
be disregarded as a random variable.

The results of B and conditional P, shown in Table 7 show that the
dominant failure mode is the sliding mode, with 3. between 0.91
(Pgc = 1.8 x 107) for scenario D4 and 3.47 (P, = 2.65 x 10*) for
scenario O1. For the overturning failure mode, we obtained B,,.
from 2.78 (P, = 2.65 x10**); and for the flotation failure mode, B,
from 5.85 (P, = 2.50 x10°°). Note that even for conditional P, the
floatation failure mode shows very low P,. This result corroborates
with manual guidelines such as USBR [24] and USACE [32], which
do not recommend checking this failure mode.

Evaluating the unconditional probabilities presented in Table 8,
for the exceptional flooding and inoperative drainage scenario, it
is observed that P, decreases considerably, showing values of P,
more adequate for the structure under analysis. Scenarios D1 and
01 are not affected by any of these events. For the sliding failure
mode, B is between 1.87 (P, = 3.06 x 10?) for scenario D1 and 5.78
(P, =3.81x 10°®) for scenario O4. For the overturning failure mode,
B varies from 4.49 (P, = 3.58 x10%). For the flotation failure mode,
B start at 7.23 (P, = 2.33 x10).

As described, the sliding failure mode is dominant, presenting
maximum unconditional failure probabilities corresponding to B
of 1.87 (P, = 3.06 x 10?), for design scenario D1; and B of 3.47
(P, = 2.65 x 10*), for the operation scenario. Based on these val-
ues, the required safety is not reached when compared to the reli-
ability indexes recommended by CEN [6], for high (B = 5.2/year),
mean (3 = 4.7/year) and low ( = 4.2/year) responsibility classes.
The failure probabilities obtained, are also above the observed
probability of occurrence of dam rupture worldwide (10-5), accord-
ing to ICOLD [34].

Table 8 also shows the safety factors obtained according to Ele-
trobras criteria [28], in relation to the conditional and unconditional
probability values. Figure 4 illustrates the values obtained for de-
sign phase and sliding failure mode. It is possible to observe val-
ues of safety factors disproportionate to the reliability indexes, for
conditional and unconditional probabilities. This issue is related to
the partial safety factors employed, which are different for each
loading condition, as shown in Table 1. Besides that, when com-
paring safety factors only with conditional probabilities, it can be

verified that higher safety factors occur for smaller 8. This demon-
strates the influence of the sensitivity of parameters in P,, which
partial safety factors cannot adequately contemplate.

For the overturning and floating failure modes (Figure 5 and Figure
6), as in this case the safety factors are global, there is no dispropor-
tionality between the safety factors and the conditional probabilities.
It is also important to observe the sensitivity of the probability of
failure in relation to the safety factors, considering that small varia-
tions in these can imply very different failure probabilities.

The comparison of safety factors and reliability indexes obtained,
with reference values of the literature, demonstrate that the safety
factor required for the sliding failure mode does not meet the safety
requirements, in terms of admissible probability of failure.

The use of safety factors to evaluate the safety of structures
should be analyzed with caveats. In a study presented by ICOLD
[7], for same safety factors, but with different coefficients of varia-
tion, variation in probabilities of failure were found of the order
10-5, demonstrating the limitations of the safety factors regarding
safety quantification.

6. Conclusions
E—

The present paper presented a case study, involving evaluation of
the structural reliability of an existing dam. The study was limited
to failure modes of global balance loss of a dam block. Due to this
limitation, it is not possible to infer about the global safety of the
dam under analysis. The study should be complemented with the
inclusion of stress analysis used to verify the safety of dams.

The case study showed importance of uncertainty quantification,
both in the design phase and in the constructed dam. It was veri-
fied that the structural reliability provides an objective assessment
of the safety of the structure or its reliability, complement of the
probability of failure. The study corroborated previous results, il-
lustrating the inexistence of proportionality between safety coef-
ficients, usually adopted in design, and the evaluated probabilities
of failure.

For the studied dam, the sliding failure mode was shown to be the
dominant mode, i.e. the most probable, with the friction angle be-
ing the most influential random variable in this failure mode. The
overturning and floatation failure modes had a significantly lower
probability of occurrence than sliding. For the overturning and floa-
tation failure modes, the random specific weight and coefficient of
hydraulic inefficiency presented balanced contributions, with the
possibility of inversion depending on the scenario.

The study showed that the reliability of the studied dam in the con-
structed condition is greater than in the designed condition. This
increase in reliability resulted from measurements of the concrete
specific weight and coefficient of hydraulic inefficiency taken dur-
ing and after dam construction, as well as estimation of more ad-
equate statistical parameters of friction angle and cohesion of the
concrete-rock interface.
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Abstract
E——

The conventional design of concrete gravity dams still follows the deterministic method, which does not directly quantify the effect of uncertainties
on the safety of the structure. The theory of structural reliability allows the quantification of safety of these structures, from the quantification of
the inherent uncertainties in resistance and loading parameters. This article illustrates application of structural reliability theory to the case study
analysis of a built concrete gravity dam. Results show that reliability of the built structure is greater than that of the designed structure. The study
compares reliability for design conditions, with the corresponding safety coefficients, illustrating a lack of linearity between safety coefficients and
reliability. Furthermore, the study shows which are the failure modes and the design parameters with greater influence on dam safety.

Keywords: structural safety assessment, concrete dams, reliability analysis.

Resumo
E——

O projeto convencional de barragens de gravidade de concreto ainda segue o método deterministico, que ndo quantifica diretamente o efeito
das incertezas na seguranca da estrutura. A teoria de confiabilidade estrutural permite a quantificacdo da segurancga destas estruturas, a partir
da quantificagdo das incertezas inerentes aos parametros de resisténcia e solicitacdo. Este artigo ilustra a aplicagéo da confiabilidade estrutural
ao estudo de caso de uma barragem de gravidade de concreto construida. Os resultados obtidos mostram que a confiabilidade da estrutura
construida é maior do que da estrutura projetada. O estudo compara a confiabilidade na condi¢cdo de projeto com os coeficientes de seguranca
resultantes, ilustrando a falta de linearidade entre coeficientes de seguranca e confiabilidade. O estudo mostra ainda quais sdo os modos de falha
e parametros de projeto com maior influéncia na seguranga da estrutura.
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Reliability analysis of built concrete dam

1. Introducgao

EE

Os procedimentos usuais de verificagao da estabilidade global de
barragens de concreto sdo baseados em métodos deterministicos
e no uso de fatores de seguranga. As simplificagbes usualmen-
te empregadas para as definicdes dos carregamentos atuantes,
parametros das resisténcias e dos modelos do comportamento
mecanico, inserem incertezas nesses procedimentos de analise.
Incertezas estéo presentes ao longo de todo o ciclo de vida da estru-
tura, desde a concepgao até o final da vida util. Os riscos associados
podem ser agravados pela execugéo inadequada de qualquer uma
das fases de uma obra de engenharia (projeto, construgao, operagéo
e desativagao). As incertezas também mudam ao longo do ciclo de
vida, sendo maiores na fase de projeto. Em geral, as incertezas po-
dem ser reduzidas ap6s a construgéo e durante a operagao, devido a
coleta de dados reais e redugao das incertezas de previsao.

As incertezas se originam em nosso conhecimento incompleto
sobre a natureza dos sistemas de engenharia que projetamos e
operamos, mas também na aleatoriedade natural dos processos
envolvidos. As resisténcias de materiais e agdes ambientais sdo
inerentemente aleatorias e ndo podem ser descritas completamen-
te de forma deterministica [1]. Para quantificagdo dessas incerte-
zas e avaliagéo dos seus efeitos sobre o desempenho e projeto
de sistemas de engenharia, deve-se empregar adequadamente os
conceitos e metodologias de probabilidade e estatistica [2].
Incertezas implicam em risco, que € definido como produto da pro-
babilidade de ocorréncia do evento (P) e suas consequéncias (C),
conforme a Equacao (1). O risco relacionado a falha de barragens
pode ser definido como a medida de probabilidade e severidade
de um efeito adverso para vida, saude, propriedade e meio am-
biente. O risco pode ser estimado pela combinagéo de todos os
cenarios, considerando a probabilidade de ocorréncia e respecti-
vas consequéncias [3].

Risco = Z P(ocorréncia) x C(consequéncias) M

Conforme descrito pela Comissao Internacional de Grandes Bar-
ragens [3], a andlise de risco pode ser empregada como uma
ferramenta adequada no processo de gerenciamento de risco. A
analise de risco de barragens requer identificagdo dos modos de
falha potenciais e quantificagdo das probabilidades condicionais
das respostas do sistema para diferentes solicitagdes.

A probabilidade de ocorréncia do evento adverso € chamada, de
forma genérica, de probabilidade de falha (P,) [4], que pode ser
obtida por meio de analise de confiabilidade estrutural. A analise
de confiabilidade estrutural emprega métodos probabilisticos para
avaliacao de seguranca de uma estrutura.

A analise da confiabilidade estrutural esta relacionada com o cal-
culo e o prognostico da probabilidade de falha de um sistema es-
trutural em qualquer estagio de sua vida util [5]. Também pode
ser utilizada para calibragdo de fatores de seguranga parciais de
critérios de projetos, conforme descrito pelo Comité Europeu de
Normalizagao [6].

Sistemas estruturais devem atender requisitos de seguranga, os
quais estéo diretamente relacionados com os modos de falha estru-
tural, que sao formulados em equagdes de projeto ou em termos de
equacgdes de estado limite. A avaliagdo da probabilidade de falha é
baseada na fungao de performance do sistema estrutural.

Dado um vetor X, que agrupa as variaveis aleatorias de resistén-
cia e de solicitagao, uma equacao de estado limite g(X) é escrita
de forma a dividir o dominio de X em dominios de seguranca (D)
e de falha (D,):

Dy ={X|g(X) < 0} @
Ds = {X|g(X) > 0}

A probabilidade de falha (P,) pode ser calculada como a probabilida-
de de as variaveis do problema pertencerem ao dominio de falha:

Py = Plg(X) < 0] = fD RECLE 3

onde f, (x) é a fungéo conjunta de densidade de probabilidade
das variaveis aleatérias do problema. Deste modo, o calculo da
probabilidade de falha constitui em avaliar uma integral multidi-
mensional sobre o dominio de falha.
De acordo com Melchers e Beck [5], ha trés métodos para resolver
essa integral multidimensional:
B integragao direta: rara aplicagéo;
B integragdo numérica através da simulagao de Monte Carlo (SMC);
B métodos de transformacdo: a integracéo é realizada por meio
da transformacgao das variaveis aleatérias para o espago nor-
mal padrao multi-variado, e através de aproximagoes do limite
de integracéo ( g(X) < 0).
Neste trabalho empregam-se as técnicas de Simulagdo de Monte
Carlo (SMC) e o método de transformacgéo de primeira ordem ou
FORM (First Order Reliability Method).
Aresposta do problema é a probabilidade falha nominal P, e o in-
dice de confiabilidade (f3), que pode ser definido como a distancia
minima entre a equagéo de estado limite e a origem do espago
normal padrdo, expresso em unidades de desvio padrao. Para
avaliagdo da seguranga de uma estrutura, pode-se comparar o in-
dice de confiabilidade () obtido conforme descrito anteriormente
com o indice de confiabilidade alvo (BT), que esta relacionado com
o estado limite e as consequéncias.
O Comité Europeu de Normatizagéo [6] recomenda indices de con-
fiabilidade (B) conforme a classe de consequéncia da estrutura,
no entanto, essa norma nao esta relacionada com barragens. O
documento define trés classes de consequéncias e os respectivos
indices de confiabilidade (), classe alta (B = 5,2/ano), classe média
(B =4,7/ano) e classe baixa (8 = 4,2/ano). A classificagéo considera
as consequéncias de perdas de vidas humanas, econdmicas e am-
bientais para estruturas convencionais (edificagées, etc.).
No que tange a seguranga estrutural, também é importante ava-
liar os fatores de seguranga utilizados em projeto para contornar a
existéncia de incertezas, resultando em estruturas seguras. Fatores
de seguranca tém sido determinados empiricamente para diferen-
tes aplicagoes e tipos de materiais, e seus valores incorporados a
critérios de projeto em todo o mundo. O argumento é que o projeto
em conformidade com esses critérios resultaria suficientemente se-
guro, mas infelizmente isso nem sempre é verdade. Primeiramente,
porque o valor do fator de seguranca sera diferente, dependendo do
modelo matematico usado e das definigdes associadas ao fator de
seguranca. Além disso, um determinado fator de seguranca retor-
na diferentes valores de probabilidade de falha, em func&o das in-
certezas nos dados de entrada, tais como: coeficiente de variacao,
ndmero de ensaios, qualidade das investigacdes, medidas in loco,
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etc. Portanto, a seguranga estrutural obtida por meio de fatores de
seguranga pode variar dentro de uma larga faixa de valores, em
termos de probabilidade de falha [7].

No Brasil, a promulgagéo da Lei de Seguranga de Barragens
n°® 12.334/2010 [8], que reflete a demanda da sociedade pela ga-
rantia de maior nivel de segurancga, resulta na necessidade da
reavaliagdo da seguranca das barragens enquadradas nessa le-
gislagdo, conforme prazos e periodicidades estabelecidos em re-
gulamentos complementares. Essas reavaliacdes de seguranca
podem ser baseadas em conceitos de confiabilidade estrutural.

O uso dos métodos de confiabilidade estrutural para barragens
de concreto ndo é difundido, mas se verifica o desenvolvimento
de varias pesquisas nesta area, incluindo as pesquisas realizadas
por Ellingwood e Tekie [9], Tekie e Ellingwood [10], Westberg [11],
Johansson [12], Royet et al. [13], Garcia [14], Bernstone [15],
Westberg [16], Garcia et al. [4], Westberg e Johansson [17], Su
et al. [18], Torres et al. [19], Krounis [20], Krounis et al. [21] e Li
et al. [22]. No entanto, nenhuma dessas pesquisas aborda a atu-
alizagdo da confiabilidade da barragem construida em relagdo a
barragem projetada.

Tendo em vista o exposto, o objetivo deste trabalho é demonstrar
o emprego da analise de confiabilidade estrutural para avaliagéo
da probabilidade de falha de barragens de concreto construidas,
em comparagdo com as verificagbes de seguranga tradicional-
mente adotadas. Adicionalmente, busca-se avaliar os fatores de
seguranga estabelecidos nos critérios de projetos adotados no
Brasil para verificagdo de seguranga de barragens de concreto.

2. Modos de falha global de barragens

de concreto
EE
As andlises de confiabilidade estrutural requerem a definicao
das fungdes de estado limite, que por sua vez devem descrever
matematicamente os modos de falha relevantes da estrutura em
analise. As barragens de concreto podem falhar na fundagéo, na
interface entre o concreto e a fundagao e no concreto. Os critérios
de analise de estabilidade tradicionais usam analises de equilibrio
convencionais e teorias de estado limite. As analises usuais em-
pregam modelos em duas dimensdes, desprezando-se os efeitos
tridimensionais. A estabilidade é verificada para os modos de falha
relacionados ao deslizamento, tombamento e tensao excessiva no
concreto e na fundagao.
Em geral, a ocorréncia de tensao excessiva ndo € um modo de fa-
Iha global. O esmagamento ou fissuracgao local néo leva necessa-
riamente para falha global e 0 mecanismo de falha ndo podera ser
tensdo excessiva, mas falha por deslizamento ou tombamento.
Em vez disso, tens&o excessiva esta relacionada ao estado limite
de servigo. No entanto, a ocorréncia de tensao excessiva pode ser
a causa e fator de inicio que leva a uma falha global e deve ser
analisada [16]. Isso pode ser verificado pelo modelo de andlise de
modos de falha combinados apresentado por Fishman [23]. Mais
detalhes sobre essa questdo também podem ser encontrados em
Westberg e Johansson [17].
As premissas basicas de critérios de projeto assumem que a bar-
ragem esta completamente ligada a rocha de fundagéo ao lon-
go do contato; a fundagao deve resistir aos carregamentos com
tensdes aceitaveis; o concreto da barragem € homogéneo, iso-

tropico e elastico-linear; que juntas de contragcdo podem transferir
carga se forem solidarizadas, caso contrario, todo o carregamen-
to é transferido para fundacéo; as tensdes horizontais e verticais
variam linearmente da face de montante para face jusante; e as
tensdes de cisalhamento horizontal tém uma variagéo parabdlica
da face de montante para face de jusante [24].

Existem diferentes metodologias para definicdo dos parametros
de analise e verificagdo de modos de falha, como descrito nos
estudos realizados por EPRI [25], USACE [26], Ruggeri et al [27]
e Johansson [12].

No Brasil, adota-se como referéncia para projetos de barragens
de concreto, o documento denominado Critérios de Projeto Civis
de Usinas Hidrelétricas, elaborado pela Centrais Elétricas Brasilei-
ras S.A. (ELETROBRAS), publicado no ano de 2003. De acordo
com esse guia, a estabilidade global de barragens de concreto
deve ser verificada para os modos de falha relacionados ao desli-
zamento, tombamento, flutuagdo e tensdo excessiva no concreto
e na fundagéo. As analises desenvolvidas neste trabalho consi-
deram condi¢gbes de carregamento normal, excepcional e limite,
limitando-se a regido da interface entre o concreto e a fundagao,
e aos modos de falha global relacionados ao deslizamento, tom-
bamento e flutuagao.

O guia da Eletrobras [28] define quatro condigbes de carregamen-
to: condigbes de carregamento normal, excepcional, limite e de
construgdo. A condigdo de carregamento normal (CCN) corres-
ponde a todas as combinacdes de acdes que apresentem gran-
de probabilidade de ocorréncia ao longo da vida util da estrutura,
durante a operagao normal ou manutengao de rotina da obra, em
condigdes hidrolégicas normais. A condigao de carregamento ex-
cepcional (CCE) corresponde a uma situagao de combinagao de
agOes com baixa probabilidade de ocorréncia ao longo da vida util
da estrutura. Em geral, estas combinac¢des consideram a ocorrén-
cia de somente uma agéo excepcional, tais como, condigbes hi-
droldgicas excepcionais, defeitos no sistema de drenagem, mano-
bras de carater excepcional, efeitos sismicos, etc. com as agdes
correspondentes a condigao de carregamento normal. A condigao
de carregamento limite (CCL) corresponde a uma situagéo de
combinagao de agées com muito baixa probabilidade de ocorrén-
cia ao longo da vida util da estrutura. Em geral, estas combinagdes
consideram a ocorréncia de mais de uma agao excepcional, tais
como, condi¢des hidrolégicas excepcionais, defeitos no sistema
de drenagem, manobras de carater excepcional, efeitos sismicos,
etc. com as agdes correspondentes a condi¢cdo de carregamento
normal. A condigdo de carregamento de construgdo (CCC) cor-
responde a todas as combinagbes de agbes que apresentem
probabilidade de ocorréncia durante a execugao da obra. Podem
ser devidas a carregamentos de equipamentos de construcéo, a
estruturas executadas apenas parcialmente, carregamentos anor-
mais durante o transporte de equipamentos permanentes, e quais-
quer outras condigbes semelhantes, e ocorrem durante periodos
curtos em relagao a sua vida util.

2.1 Deslizamento
A estabilidade ao deslizamento é verificada por meio da analise das

tensdes de cisalhamento atuantes e resistentes na superficie po-
tencial de ruptura. As tensdes de cisalhamento atuantes dependem
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do somatodrio das forgas paralelas a superficie em analise. Para
as tensOes de cisalhamento resistentes, emprega-se o critério de
falha de Mohr-Coulomb, onde a maxima tensdo tangencial resis-
tente (t) para cada ponto da superficie de deslizamento é descrita
pela expressao:

T < c+ otang @

Sendo ¢ a coeséo o, a tensdo normal efetiva para superficie de
deslizamento e ¢ o angulo de atrito. A partir da integral da coeséo
e tensdes normais ao longo da superficie em analise, a forga re-
sistente (R) ao cisalhamento pode ser obtida:

R = YNtang + cA ®)

O emprego do critério de Mohr-Coulomb permite determinar uma
envoltéria de resisténcias para um material que é baseada nos
parametros de atrito e de coesao para diferentes niveis de pares
de tens&o normal (o) e cisalhante (t) de ruptura. Essa envoltéria é
obtida a partir de ensaios de laboratério e/ou de campo, obtendo-
-se as tensdes cisalhantes de ruptura para diferentes niveis de
tensdes normais.

Os critérios de projeto da Eletrobras [28] estabelece a seguinte
formulagéo para verificagdo da seguranca ao deslizamento em
planos de interface concreto-rocha:

5 Y Ntang , Y. cA
_ _R _ fsd¢ fsdc (6)
FSD = ST = —ZT >1

onde, >R é o somatério de forgas horizontais resistentes; >'T € o
somatorio de forgas horizontais atuantes; >N é o somatdrio das
forgas normais efetivas a superficie de escorregamento em anali-
se; ¢ € o angulo de atrito caracteristico da superficie de escorrega-
mento em andlise; ¢ é a coesao caracteristica ao longo da superfi-
cie de escorregamento; A é a area efetiva (comprimida) de contato
da estrutura no plano em analise; fsd¢ e fsdc sdo os fatores de
seguranga parciais dos materiais em relagéo ao atrito e a coeséo,
respectivamente; e FSD é o fator de seguranga ao deslizamento
total (considera as parcelas de resisténcia de atrito e de coeséo).
Tendo em vista o emprego dos fatores de redugdo de resisténcia
para o angulo de atrito (fsd¢) e coeséao (fsdc), o fator de seguranca
total deve ser maior ou igual a 1. Caso seja admitida a ruptura de
cisalhamento em determinado trecho da superficie em analise, a
resisténcia de coeséo deve ser considerada igual a 0 (c=0), e 0

Tabela 1
Valores minimos de fatores de seguranca

angulo de atrito igual a condicéo residual. A Tabela 1 apresenta os
fatores de seguranga para avaliagdo da seguranga ao deslizamento.
A equacéo (6) é similar a expresséo de verificacdo de seguranca
ao deslizamento adotada pelo U.S. Bureau of Reclamation [24],
cujo método “shear-friction factor of safety” retorna o fator de se-
gurancga global ao deslizamento, ou seja, nao introduz fatores de
segurancga parciais.

2.2 Tombamento

A estabilidade ao tombamento é verificada por meio da analise
da relagao entre o momento estabilizante e 0 momento de tomba-
mento em relagdo a um ponto ou uma linha efetiva de rotagéo [28],
conforme a equagao:

o )

t

onde, FST é o fator de seguranca ao tombamento; XM, é o so-
matoério dos momentos estabilizantes atuantes sobre a estrutura,
consideradas como tal, o peso proprio da estrutura, as cargas
permanentes minimas e o peso préprio dos equipamentos per-
manentes, se instalados; e XM, é o somatdrio dos momentos de
tombamento, devido a atuagéo de cargas desestabilizantes, tais
como, pressao hidrostatica, subpressao, empuxos de terra, etc.
Deverao ser desprezados os efeitos estabilizantes de coeséo e
de atrito despertados nas superficies em contato com a fundagéo.
A Tabela 1 apresenta os fatores de seguranga para avaliagéo da
seguranga ao tombamento.

FST =

2.3 Flutuagao

A estabilidade a flutuagdo é verificada por meio da analise da rela-
¢ao entre o somatdrio das forgas gravitacionais e o somatorio das
forcas de subpressdo para a superficie potencial de ruptura [28],

conforme a equagao:
v

== 8
FSF ST (8)
onde, FSF ¢é o fator de segurancga a flutuagédo; =V é o somatdrio
das forgas gravitacionais; e XU é o somatorio das forgas de sub-
presséo. Considera-se para o célculo a regido delimitada em blo-
cos, desprezando-se quaisquer contribuigdes favoraveis devidas

a coesao e ao atrito entre blocos ou entre a estrutura e a fundagéo.

Condi¢coes de carregamento

Fator de seguranca

CCN CCE CCL ccC
foae 3.0 (4,0) 1.5 (2.0) 1.3 (2,0) 2,0(2.5)
fsato 1.5 (2,0) 1.1 (1.3) 1.1 (1.3) 1.3 (1.5)
Fator de Seguranca ao Deslizamento
(FSD-total) =1 21 21 21
Fator de Segurorggsc%)oo Tombamento 15 1.2 11 1.3
Fator de Seguzcgggq a Flutuacdo 1.3 1 1 12

Fonte: Eletrobrds [28];
fsdc fator de redugdo da resisténcia & coesdo;

f,, fator de reducdo da resisténcia ao atrito;

ol ~ ~ . oz P
Os fatores de reduc¢do entre parénteses devem ser adofados quando o conhecimento dos materiais é precario.
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A Tabela 1 apresenta os fatores de seguranga para avaliagdo da
segurancga a flutuagao.

3. Métodos de confiabilidade estrutural
EE

Para resolver o problema de confiabilidade estrutural, neste tra-
balho empregam-se o Método de Confiabilidade de Primeira Or-
dem (FORM) e a Simulagdo de Monte Carlo (SMC). Para isso,
foi utilizado o programa computacional StRAnD (Structural Risk
Analysis and Design), desenvolvido pela Escola de Engenharia
de Sao Carlos, Universidade de Sdo Paulo [29]. Na Simulagéo de
Monte Carlo foi utiliza a técnica de amostragem por importancia
utilizando pontos de projeto.

Os métodos de transformagao envolvem transformagao das varia-
veis aleatorias do problema para o espago normal padrao, a bus-
ca pelo ponto de projeto neste espago, e aproximagoes de G(X)
no ponto de projeto. O ponto de projeto é encontrado a partir da
solugéo de um problema de programagao matematica, ja que no
espaco normal padréo, o ponto de projeto € o ponto sobre a equa-
¢ao de estado limite mais préximo da origem. O ponto de projeto
também é o ponto mais provavel (moda) do dominio de falha. A
distancia (minima) entre o ponto de projeto e a origem do espago
normal padréo é o chamado indice de confiabilidade (). O método
de primeira ordem (FORM) envolve uma aproximagao do dominio
de integragéo por um hiperplano [5], de forma que:

Py = ®(=p) ®)

sendo B o indice de confiabilidade e ® a distribuicdo cumulativa
normal padrdo multi-variada.

A Simulagao de Monte Carlo (SMC) permite a solugéo de problemas
com qualquer nimero de variaveis aleatérias e/ou grande complexi-
dade de modelo, resolvendo-se com a mesma facilidade problemas
com poucas ou muitas variaveis, e problemas lineares e nao-linea-
res [1]. Sdo obtidas amostras (realizagdes) das variaveis aleatérias
do problema, e a probabilidade de falha é estimada como:

N

— 1 N

Pf=N§ I[Xi]=Wf (10)
i=1

onde P; é a estimativa da probabilidade de falha, I ] é fungéo
indicadora, X € o vetor que representa a variavel aleatoria, N, € o
numero de pontos no dominio de falha e N é nimero de realiza-
¢bes. O numero de realizagdes deve ser grande o suficiente para
obter a probabilidade falha com erro estatistico pequeno.

A Equacéao (10) esta baseada em uma amostra de tamanho finito e
esta sujeita a um erro estatistico que corresponde a variancia I[X].
A variancia de PAf corresponde ao erro estatistico da simulagéo e
depende da ordem de grandeza da probabilidade de falha exata
P.. Quanto menor a probabilidade de falha, maior o nimero de
simulagbes necessarias para se obter uma mesma variancia.

A partir da Equag&o (11), o coeficiente de variagéo (COV) da P,
pode ser obtido. Observa-se que a avaliagdo de uma probabilida-
de de falha da ordem de 10 com COV < 10% requer aproximada-
mente 10°*2, tornando-se frequentemente proibitivo o nimero de
simulagdes para probabilidades de falha baixa [5].

1
P S

COVPf =~

3

Para reduzir o numero de simulagbes necessarias, utilizam-se téc-
nicas de reducéo de variancia. Neste trabalho, emprega-se a téc-
nica de amostragem por importancia utilizando pontos de projeto.
Essa técnica desloca os pontos de amostragem para o dominio de
falha a partir da informagao das coordenadas do ponto de projeto.
Os pontos de projeto sdo obtidos a partir do calculo do indice con-
fiabilidade (B). Informagdes detalhadas sobre os métodos de con-
fiabilidade estrutural descritos podem ser obtidos em Melchers [5].

4. Equagoes de estado limite
[~

Tendo em vista os modos de falha descritos anteriormente, as
condi¢gbes de carregamento e as caracteristicas do conjunto bar-
ragem-fundagao da estrutura em estudo, a seguir sao apresenta-
das as formulagdes das equagdes de estado limite.

A fungéo de estado limite para o deslizamento ao longo da super-
ficie em analise é definida pelas Equagdes:

Gl = TR - TS (12)

G, = Nltand)l. +cA —Ts (13)

onde, T, é o somatorio das forgas resistentes na superficie de
escorregamento, T, € o somatdrio das forgas atuantes paralelas
a superficie de escorregamento, N’ € o somatério das forgas nor-
mais a superficie de escorregamento, ¢, € angulo de atrito interno
da interface concreto-rocha, ¢ € a coesado da interface concreto-
-rocha, e A é area efetiva comprimida. Expandindo a Equacgao
(13), tem-se:

Gy =(Vey, + Wy —U—=U,+ W,yp)tang, + cA —Tg (14

sendo vy, o peso especifico do concreto, V_ o volume de concreto,
W,, o peso de agua a montante, U é o somatorio das forgas de
subpressédo atuantes, U, é a subpresséo atuante na abertura de
fissura quando houver, e W , € o peso de agua a jusante. U é ob-
tido conforme a Equagao:

~ (xa1(hy + h3) | xaa(hs + hy)
U= ( > + > YV

(1%)
onde, x,, € a distancia entre os drenos e o paramento de montante
ou final da fissura quando houver, x,, € a distancia entre os dre-
nos e o paramento de jusante, h, corresponde a altura de agua a
monte, h, corresponde a altura de agua a jusante, h, corresponde
a altura de agua equivalente a subpressao na linha de drenagem,
e v, € peso especifico da agua. h, é obtido pelas Equagdes:

hz = k(hy — hy) + hy para nivel normal do reservatério (16)

h3 = k[(hy + iyhy1) — ha] + hy para nivel méximo do reservatério  (17)

onde, k é o coeficiente de ineficiéncia hidraulica, h, corresponde a
altura da galeria de drenagem em relagao a interface concreto-rocha,
i, € o coeficiente de incremento de subpresséo, e hy1 ¢é a diferenca de
altura entre o nivel maximo e o nivel normal do reservatério.
Afuncao de estado limite para o modo de falha ao tombamento em
relagéo ao ponto mais extremo a jusante da superficie em analise
¢é definida pelas Equacgdes:

GZZMR_MS (]8)
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(19

onde, MR corresponde ao somatério dos momentos resistentes e
MS é o somatorio dos momentos solicitantes favoraveis ao tom-
bamento, e os indices W,,, W, W, ,, H, U, U, H,, correspondem
respectivamente ao momentos relacionados ao peso de agua a
montante, peso do concreto da barragem, peso de agua a jusante,
empuxo hidrostatico a jusante, subpressao, subpresséo atuante
na abertura de fissura quando houver, e empuxo hidrostatico a

montante. Expandindo a Equacéo (19), tem-se:

Gy = (Mw,, + My, + My, + My,) — (My + My_+ My,)

W3
Gy = Wyalyy) + (Wclwc) + Wzhyo) + (%y"‘)

Xd1Xd2

2 (20)

6

hy?

—(haLey, le) = <?yw>

onde, |, € a distancia horizontal entre o centro de massa de agua
a montante e o paramento de jusante na superficie de referéncia,
lw, ) € a disténcia horizontal entre o centro de massa do concreto da
barragem e o paramento de jusante na superficie de referéncia, | , €
a distancia horizontal entre o centro de massa de agua a jusante e o
paramento de jusante na superficie de referéncia, L &€ o comprimento
da fissura quando houver, I € a disténcia horizontal entre do centro
da fissura e o paramento de jusante na superficie de referéncia.

2 2
- [XL (hs + 2hy) + (h1 + h3) + x% (hy + 2h3)] Y

A fungdo de estado limite para modo de falha a flutuagdo em rela-
¢ao a superficie em analise € definida pela expressao:

@

@)

G3=N-U

63=WC+WW1+WW2—U—UC

onde, N é a o somatorio das forgas gravitacionais e U é o somaté-
rio das forgas de subpressao atuantes.

5. Estudo de caso
e

5.1 Descrigao da barragem

A barragem em estudo € constituida de concreto compactado com
rolo do tipo gravidade, possui altura maxima de 82,5 m e compri-
mento na crista de 746 m. As juntas de contragdo foram espacadas
no maximo a cada 20 metros, totalizando 41 blocos de concreto. O
paramento de montante é vertical e o de jusante possui inclinagéo de
0,775:1 (H:V). A crista da barragem possui 7,50 m de largura.

A barragem possui duas galerias de drenagem com linha de dre-
nos situada a 5,85 m da face de montante, com o objetivo de alivio
de subpressodes na interface concreto-rocha de fundacéo e pres-
sdes intersticiais do macigo de concreto.

O vertedouro foi dimensionado para a cheia decamilenar afluente,

EL 72,50
N.A. MAX. 71,50 N.A. NOR. 70,00 y
7 T 7.5
GALERIA SUPERIOR
=
GALERIA INFERIOR
% CORTINA DE DRENAGEM e 8.8
EL 0,00 % N.A. NOR. 0,96
| ‘ yr—— —r
xd1 =5,85 xd2 = 49,02
-
L =54,87
Figura 1

Geometria da secdo fransversal do bloco n° 30 da barragem
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Tabela 2
Fatores de seguranca obtidos e requeridos

Condi¢oes de carregamento

Verificagdo de seguranca

CCN CCE1 CCE2 CCL

fode 3,0 2,0 2,0 1,3

Fator de Seguranca ao Deslizamento fsato 1.5 1.3 1.3 1.1
(FSD) Requerido > 1 >1 >1 >1
Obtido 1,01 1,04 1,11 1,15

Fator de Seguranca ao Tombamento Requerido 1.5 1.2 1.2 1.1
(FST) Obtido 1,89 1,68 1,46 1,32

Fator de Seguranca & Flutuacdo Requerido 1.3 1.1 1.1 1.1
(FSF) Obtido 4,5 3,56 2,6 2,19

que prevé o amortecimento da vazao afluente no reservatério com
uma sobrelevagao maxima de 1,5 metro, correspondente ao nivel
de agua maximo do reservatorio na elevagao 71,5 m em relagdo a
fundagao da barragem.

Para realizagéo deste estudo, adotou-se o bloco n° 30 da barragem,
que apresenta menor fator de seguranga. Esse bloco esta localiza-
do na margem esquerda, possui altura maxima de 72,5 m e dimen-
sdes na base de 20 m por 54,87 m, que esta assentada sobre rocha
sedimenta, classificada como siltito (Figura 1). A referéncia das ele-
vagdes corresponde ao plano da fundacéo da barragem.

Na fase de projeto, para dimensionamento da estrutura em ques-
tao foram adotados os seguintes parametros:

B peso especifico do concreto (y,): 25,8 kN/m?;

B angulo de atrito interno (¢,): 37°;

B coeséo (c): 250 kN/m?2.

As verificagdes de estabilidade global foram realizadas de acordo
com os critérios de projeto da Eletrobras [28].

5.2 Delimitagcéo das analises

Este trabalho se delimita as verificagbes de estabilidade para

Tabela 3

condigdo de carregamento normal (CCN), condi¢cdes de carre-
gamento excepcional (CCE) e condi¢gdes de carregamento limite
(CCL), avaliando-se somente os modos de falha ao deslizamento,
tombamento e a flutuagdo. A CCN considera a estrutura submeti-
da aos carregamentos referentes ao nivel de agua do reservatério
normal (NA 70 m) e subpressdo com drenagem operante. A CCE1
considera a estrutura submetida aos carregamentos referentes ao
nivel de agua do reservatorio normal (NA 70 m) e subpressdo com
drenagem inoperante. A CCE2 considera a estrutura submetida
aos carregamentos referentes ao nivel de agua do reservatorio
maximo (NA 71,5 m) e subpressdo com drenagem operante. A
CCL considera a estrutura submetida aos carregamentos referen-
tes ao nivel de agua do reservatério maximo (NA 71,5 m) e sub-
presséo com drenagem inoperante. As analises ndo consideraram
os carregamentos devido a eventos de sismo.

O nivel de agua do reservatoério na elevagdo maxima corresponde a
uma coluna de agua de 71,5 m a montante (h,) e 8,66 m a jusante
(h,) da barragem. O nivel de agua do reservatorio na elevagéo normal
corresponde a uma coluna de agua de 70 m a montante e 0,96 m a
jusante da barragem. Dessa forma, na Tabela 2 sdo apresentados os
fatores de seguranga obtidos pelas verificagdes na fase de projeto.

Cendrios de combinagdes de carregamentos e resisténcias

Combinagdo

Média das varidveis aleatoérias

Condigoes de h, h, L,

Colesencias . comegamento (M) (M M e B gafmy K ‘u
D1 CCN 70 0,96 - 25,80 37.00 250 0,33 -
D2 CCE1 70 0,96 - 25,80 37.00 250 0.89 -
D3 CCE2 71,5 8,66 5,565 25,80 37.00 250 0,33 1,00
D4 CCL 71,5 8,66 5,55 25,80 37.00 250 0,99 1,00
o1 CCN* 70 0,96 - 26,00 41,99 700 0,18 -
02 CCE1* 70 0,96 - 26,00 41,99 700 0,89 -
O3 CCE2* 71,5 8,66 5,55 26,00 41,99 700 0,18 0,50
o4 CCL* 71,5 8.66 5,55 26,00 41,99 700 0.99 0,50

* Condicdo de carregamento ajustada conforme dados obtidos na fase de operacdo;

D1,D2, D3 e D4 sdo cendrios da fase de projeto;
0O1,02,03 e O4 sdo cendrios da fase de operacdo;

h, coluna de dgua a montante da barragem;

h, coluna de dgua a jusante da barragem;

L, comprimento de fissura na interface concreto-rocha;
Y., peso especifico do concreto;

¢, dngulo de atrito inferno;

¢ coesdo do contato concreto-rocha;

k coeficiente de ineficiéncia hidraulica;

i, coeficiente de incremento de subpressdo.
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Tabela 4
Resumo das varidveis aleatérias
V""“"e('\s,_i'_‘;d‘°"°s Unidade  Distribuicdo Média sD c(:(/);/
Peso especifico do concreto (y,) @ kN/m3 Normal 25,80 1.29 5hDi-4
Peso especifico do concreto (y,) ° kN/m3 Normal 26,00 0.94 3,62 ©14
Angulo de atrito interno (¢;) © ° Normal 37 9.99 27 104
Angulo de atrito interno (¢;) © ° Normal 41,99 11,34 27 014
Coesdo do contato concreto-rocha (c) @ kN/m?2 Lognormall 250 100,00 40 b4
Coesdo do contato concretorocha (c) © kN/m?2 Lognormal 700 280,00 40 ©1
Coeficiente de ineficiéncia hidraulica (k) ¢ - Normal 0.18 0.03 150103
Coeficiente de ineficiéncia hidraulica (k) © - Normal 0.33 0.10 300103
Coeficiente de ineficiéncia hidraulica (k) © - Normal 0,89 0,13 15 ko2
Coeficiente de ineficiéncia hidraulica (k) © - Normal 0.89 0,27 30/.b2
Coeficiente de ineficiéncia hidraulica (k) © - Normal 0,99 0.15 15 k04
Coeficiente de ineficiéncia hidraulica (k) © - Normal 0.99 0.30 30 b4
Coeficiente de incremento de subpressdo (i) f - Uniforme 0.5 0.29 58 0304

Coeficiente de incremento de subpressdo (i,) © -

Deterministico _D3,D4

@ baseado nos parémetros definidos no projeto;

® baseado na medicdo de amostras de testemunhos extraidos do concreto da barragem;

¢ de acordo com China Electricity Council [31];

9 baseado na medi¢cdo do piezdmetro PZCO1 durante o periodo de 4 anos;

° baseado nos par@metros definidos no projeto e subpressdo tedrica;

fassumido;

9 assumido com valor deterministico 1;

" baseado na medi¢cdo de corpos de prova realizada durante a execugdo da obra;
"assumido o mesmo COV descrito no China Electricity Council [31];

I baseado na medigdo de outros de piezémetros instalados no bloco 30 da fundagdo da barragem;

kassumido o mesmo COV do piezdbmetro PZCO1;
01-4.01.02. 03804 cendrios da fase de operagdo;
D1-4.01.02.03£D4 cendrios da fase de projeto.

Essas verificagdes foram calculadas com relagao ao plano da in-
terface concreto-rocha, avaliando-se todas os carregamentos en-
volvidos, que neste caso sdo: peso proprio, subpressdes e pres-
sbes hidrostaticas.

Salienta-se que os fatores de seguranca obtidos na Tabela 2 cor-
respondem as combinacdes de calculo deterministicas, as quais
nao consideram a variabilidade dos parametros de entrada.

Para avaliagéo da probabilidade de falha da barragem de concreto
na fase operagdo, em comparagao com as verificagbes de segu-
ranga realizadas na fase da elaboragao do projeto, definiu-se oito
cenarios de combinagdes de carregamentos e resisténcias, sendo
quatro com base nos parametros de projeto e quatro com base em
dados da barragem obtidos na fase de operagéo ou pesquisa de

parametros estatisticos adequados. Na Tabela 3 sdo apresenta-
dos os cenarios de combinag¢des de carregamentos e resisténcias
e os parametros empregados.

Tendo em vista que as condigbes de carregamento excepcional
e limite estao relacionadas a ocorréncia de eventos com proba-
bilidades de ocorréncia baixas, faz-se necessaria a avaliagdo da
probabilidade de falha incondicional para cada modo de falha
nessas condigbes de carregamentos. Os eventos considerados
s&o0 o nivel maximo no reservatério e a drenagem inoperante dos
drenos de fundagéo. As probabilidades de falha calculadas nes-
sas condi¢des correspondem as probabilidades condicionais ao
carregamento. Como os eventos envolvidos sdo considerados in-
dependentes, o calculo da probabilidade incondicional consiste na

Tabela 5
ParGmetros de dngulo de atrito e coesdo de interface concreto-rocha
Angulo de atrito Coesdo
. (distribui¢do N) (distribui¢do LN)
t h
Categoria da rocha Média sD Média sD
@) @) (MPa) (MPa)
Categoria |: rocha sa@ e densa com 56,31 16,70 1.5 0,54
espacamento entre fraturas maior que 1 metro 52.43 14,57 1.3 0,47
Categoria Il: rocha pouco alferada com 52,43 14,57 1.3 0,47
espacamento entre fraturas entre 0,5 e 1 metro 47,73 11,86 1,1 0,40
Categoria lll: rocha de alteragdo média com 47,73 11,86 1.1 0,40
espacamento entre fraturas entre 0,3 e 0,5 metro 41,99 11,31 0,7 0,28

Fonte: China Electricity Council [31]
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multiplicagéo da probabilidade condicional pela probabilidade da
ocorréncia dos referidos eventos.

Considerando as informagdes de dimensionamento do vertedou-
ro descrito anteriormente, a probabilidade do evento relacionado
ao nivel maximo do reservatério possui um tempo de retorno de
1/10000 anos. Para o evento relacionado a condi¢gao de dreno ino-
perante, considerou-se uma vida util média de 50 anos, assumin-
do a probabilidade da ocorréncia do evento com tempo de retorno
de 1/50 anos. Isso leva a uma ocorréncia esperada durante a vida,
com uma probabilidade de ocorréncia de 63%.

5.3 Definicdo das variaveis

O resumo das variaveis aleatérias definidas para o problema é
apresentado na Tabela 4. Sdo descritas as respectivas distribui-
cOes estatisticas e seus parametros de média e desvio padrao.

5.3.1Peso especifico do concreto

Os parametros estatisticos da distribuicéo referente ao peso es-
pecifico do concreto da barragem na fase de operagéo foram de-
finidos com base em uma amostra contendo 29 testemunhos de

EL 72,50

o

N.A. MAX. 71,50 N.A. NOR. 70,00

= !

GALERIA SUPERIOR \

CORTINA DE DRENAGEM
N

GALERIA INFERIOR \

CORTINA DE INJEGAO

Figura 2

Piezdmetros instalados no bloco n° 30 da barragem

concreto extraidos do macigo da barragem, os quais foram obtidos
por meio de sondagem rotativa em diferentes regides do macigo
da estrutura. Baseado nisso, definiu-se v, (kN/m®) ~ N (26; 0,94).
Para os cenarios relacionados a fase de projeto, adotou-se
Y.(KN/m?) ~ N (25,8; 1,29) para COV de 5%. Esse COV foi baseado
na medigao do peso especifico de corpos de prova, realizada durante
a execucao do controle tecnoldgico da produgao do concreto da obra.
5.3.2 Angulo de atrito interno e coesdo
do contato concreto-rocha

Para os parametros de angulo de atrito interno e coeséo da inter-
face concreto-rocha néo foram realizados testes com o material
da barragem em estudo. Os parametros adotados foram definidos
com base nas pesquisas e estudos de outros autores. Como o
modelo de analise apresentado anteriormente ndo prevé o em-
prego da rugosidade e do angulo de atrito basico, considerou-se
para pesquisa apenas valores de referéncia oriundos de ensaios
da ligagao intacta da interface concreto-rocha.

Estudos realizados por EPRI [25] da interface de concreto-rocha
de dezoito barragens e diferentes tipos de rocha, demonstram va-
lores de angulo de atrito entre 54 a 68° e valores de coeséo entre

TOPO ESTIMADO
DA ROCHA

SILTITO
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1,3 a 1,9 MPa. Rocha (1964), a partir de ensaios de 70 blocos de
concreto em 6 locais diferentes de barragens, obteve valores de

Tabela 6
Valores mdaximos anuais de k
ELNA Pressao
Ano (m) maxima k
(m.c.a.)
2016 70,01 11,21 0.15
2015 70,01 14,34 0.19
2014 70,01 15,71 0,21
2013 70,04 13,51 0.18
Média 0.18
SD 0,03
cov 0.15

m.c.a.: metfros de coluna de dgua

angulo de atrito entre 53 a 63° e valores de coeséo entre 0,1 a 0,7
MPa. Link (1969) obteve resultados de angulo de atrito entre
45 a 52° e valores de coesdo entre 0,1 a 3,0 MPa. Lo et al. (1991)
avaliou amostras de ligagdes intactas de interfaces concreto-ro-
cha, obtendo um valor tipico para o angulo de atrito interno de 62°
e coesao de 2,2 MPa [27].

Fishman [23] apresenta resultados de angulo de atrito interno e
coesao de 32 testes de cisalhamento de grande escala, realizados
em blocos de concreto sobre diferentes tipos de rocha da funda-
¢ao de 24 barragens. O estudo apresenta valores para o angulo
de atrito interno com média 52,1°, desvio padrdo de 8,8°, valor
minimo de 27,5° e valor maximo de 63°. Para coesdo, obteve-se
meédia de 1,13 MPa, desvio padréo de 0,74 MPa, valor minimo de
0,06 MPa e valor maximo de 2,6 MPa. Esses testes foram reali-
zados sobre rochas igneas, metamoérficas e sedimentares. Krou-
nis et al. [30] realizou testes de cisalhamento direto em amostras

Tabela 7
Valores de (). (P,) e (o) para cada modo de falha e cendrio
L. D1 D2 o1 02 D3 D4 o3 o4
Cendario - -
(projeto) (barragem constr.) (projeto) (barragem constr.)
N.A. Mont. h,(m) 70 70 70 70 71,5 71,5 71,5 71,5
N.A. Jus. h,(m) 0,96 0,96 0,96 0,96 8,66 8,66 8,66 8,66
Yo 25,80 25,80 26,00 26,00 25,80 25,80 26,00 26,00
; 37,00 37,00 41,99 41,99 37.00 37,00 41,99 41,99
Média V. A. c 250 250 700 700 250 250 700 700
k 0.33 0,89 0,18 0,89 0,33 0.99 0.18 0,99
iy - - - - 1.00 1,00 0.50 0,50
Desl. FSD 1,01 1,03 - - 1,11 1,15 - -
Beom 1,81 1,35 3.42 3.17 1,48 0.88 3,15 2,82
Pirorw 3,50E-02 8,91E-02 3,15E-04 7,67E-04 6,92E-02 1,91E-01 8,15E-04 2,43E-03
Buc 1,87 1,40 3.47 3,23 1,55 0,91 3,24 2,89
Pic 3,06E-02 8,13E-02 2,65E-04 6,11E-04 6,06E-02 1,80E-01 5,91E-04 1,90E-03
o valores Yo 0.01 0,03 0,00 0,00 0,02 0.04 0.00 0,01
; 0.81 0,68 0,66 0,55 0,81 0.64 0.66 0,53
c 0.17 0,24 0,34 0,45 0.17 0.23 0,34 0,46
k 0.00 0.06 0.00 0,00 0,01 0.09 0,00 0,01
iy - - - - 0,00 0.00 0.00 0,00
Tomb. FST 1,89 1,46 - - 1,68 1,32 - -
Brorm >8 3,57 >8 6,28 7,28 2,82 >8 514
Pirorw < 6E-16 1,76E-04 < 6E-16 1,67E-10 1,67E-13 2,43E-03 < 6E-16 1,40E-07
Buve >8 3,57 >8 6,27 7,30 2,78 >8 5,22
Paic < 6E-16 1,79E-04 < 6E-16 1,81E-10 1,47E-13 2,75E-03 < 6E-16 8,78E-08
o valores A 0.77 0,32 0,96 0,50 0,81 0,33 0,97 0,50
k 0.23 0,68 0,04 0,50 0,19 0,67 0.03 0,48
iy - - - - 0,00 0,00 0,00 0,02
Flut. FSF 4,5 2,6 - - 3.56 2,19 - -
Brorm >8 6,68 >8 >8 >8 5,81 >8 >8
Pirorw < 6E-16 1,18E-11 < 6E-16 < 6E-16 < 6E-16 3,15E-09 < 6E-16 < 6E-16
Bue >8 6,68 >8 >8 >8 5,85 >8 >8
Pac < 6E-16 1,17E-11 < 6E-16 < 6E-16 < 6E-16 2,50E-09 < 6E-16 < 6E-16
o valores Yo 0.75 0,29 0,96 0,47 0,78 0.28 0,95 0,45
k 0,25 0,71 0,04 0,53 0,22 0,72 0,04 0,54
i - - - - 0,00 0.00 0,02 0,01

u

FSD (Fator de Seguranca ao Deslizamento); FST (Fator de Seguranga ao Tombamento); FSF (Fator de Seguranga & Flutuagdo).

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



K. O. PIRES | M. M. FUTAI | T.N. BITTENCOURT | A.T. BECK

cubicas de concreto-rocha, obtendo resultado para ligagéo intacta
da interface concreto-rocha, com valor de angulo de atrito interno
de 54,4° e coesédo de 2,97 MPa.

Conforme os resultados dos diversos estudos descritos, observa-
-se uma larga faixa de valores, variando entre 27,5 e 68° para o
angulo de atrito interno e 0,06 MPa e 3 MPa para coeséo, confir-
mando o alto grau de incerteza presente na definicdo desses para-
metros. Além disso, verifica-se que poucas pesquisas apresentam
dados que permitem o célculo de parametros estatisticos.

A norma Chinesa de projetos de estruturas hidraulicas de usinas
hidrelétricas, China Electricity Council [31], apresenta valores de
referéncia de angulo de atrito e coesao de acordo com a classi-
ficagdo da rocha de fundagéo. Sdo apresentados os parametros
de média e desvio padrao para trés categorias de rocha. A Tabela
5 apresenta o resumo dos valores de referéncia para cada cate-
goria de rocha. Pode-se observar que os valores de referéncia
estdo dentro da faixa dos demais estudos apresentados. Além da
categoria da rocha, a norma Chinesa indica outros parametros do
macigo rochoso, como a resisténcia e o médulo de elasticidade
para classificagao.

O bloco de concreto da barragem em estudo esta assentado sobre
rocha de siltito, que € uma rocha sedimentar. Os testes realizados
em testemunhos da rocha durante a obra da barragem aponta-
ram valores médios de resisténcia a compresséo de 61,58 MPa
e modulo de elasticidade de 31,77 GPa. Com base no mapea-
mento da fundagao da barragem foi considerado um GSI (Geolo-
gical Strength Index) de 65 e estimado o médulo de elasticidade
do macigo rochoso em 8,4 GPa. As analises dos testemunhos de

sondagem e do mapeamento da superficie da fundagao indicaram
espagamento entre fraturas entre 0,1 e 1 metro.

Com base nessas informagdes, nas pesquisas anteriores e nas re-
feréncias descritas na Tabela 5, definiu-se ¢, (°) ~ N (41,99; 11,31)
e ¢ (kN/m?) ~ LN (700; 280) para a interface de ligagéo concreto
rocha na fase de operacao.

Para os cenarios relacionados a fase de projeto, adotou-se os
mesmos parametros definidos na fase de projeto, porém empre-
gando os mesmos COV assumidos para fase de operacéo, fican-
do ¢, (°) ~ N (37, 9,99) e ¢ (kN/m?) ~ LN (250; 100).

5.3.3 Coeficiente de ineficiéncia hidraulica

O calculo da subpressao atuante na fundagéo de barragens de
concreto, definido por critérios de projeto deterministicos, normal-
mente sdo baseados na lei de Darcy, que prevé a redugao linear
de pressdo de montante para jusante. Quando ndo ha sistema de
drenagem na fundagao da barragem ou a drenagem esta inope-
rante, as supressdes a montante e jusante sdo equivalentes as
respectivas colunas de agua no reservatorio a montante e a colu-
na de agua a jusante da barragem.

Quando ha sistema de drenagem atuante na fundacao da barra-
gem, os modelos podem divergir na definicdo da eficiéncia de dre-
nagem (E). De acordo com USBR [24], a eficiéncia de drenagem é
0 < E <0,66, enquanto para USACE [32], a eficiéncia de drenagem
é 0 < E <1. Nas formulagdes para o calculo de subpressdes, ao
invés de usar a eficiéncia hidraulica (E), emprega-se normalmente
o coeficiente de ineficiéncia hidraulica (k) que é dado por:

Tabela 8
Valores de (B) e (P,) condicional e incondicional para cada modo de falha e cendrio
. D1 D2 o1 02 D3 D4 03 04
Cendario - -
(projeto) (barragem constr.) (projeto) (barragem constr.)
N.A. Mont. h,(m) 70 70 70 70 71,5 71,5 71,5 71.5
N.A. Jus. h,(m) 0.96 0.96 0,96 0,96 8,66 8,66 8,66 8,66
Ye 25,8 25,8 26 26 25,8 25,8 26 26
o 37 37 41,99 41,99 37 37 41,99 41,99
Média V. A. c 250 250 700 700 250 250 700 700
k 0.33 0.89 0.18 0.89 0.33 0,99 0.18 0.99
iy - - - - 1 1 05 05
Desl. FSD 1,01 1,03 - - 1,11 1,15 - -
c Bue 1,87 1.4 3,47 3,23 1,55 0,91 3,24 2,89
Paic 3,06E-02 8,13E-02 2,65E-04 6.11E-04 6,06E-02 1,80E-01 5.91E-04 1,90E-03
| Buc 1,87 2,94 3,47 4,22 4,37 4,96 5,30 577
Piic 3,06E-02 1,63E-03 2,65E-04 1,22E-05 6,06E-06 3,60E-07 5,91E-08 3,81E-09
Tomb. FST 1,89 1,46 - - 1,68 1,32 - -
c Buc >8 3,57 >8 6,27 7.3 2,78 >8 5,22
Pivc < 6E-16 1,79E-04 < 6E-16 1,81E-10 1,47E-13 2,75E-03 < 6E-16 8,78E-08
| Bue >8 4,49 >8 6,85 >8 5,71 >8 7.27
Paic < 6E-16 3,58E-06 < 6E-16 3,63E-12 < 6E-16 5,49E-09 < 6E-16 1,76E-13
Flut. FSF 4,5 2,6 - - 3,56 2,19 - -
c Brc >8 6,68 >8 >8 >8 5,85 >8 >8
Paic < 6E-16 1,17E-11 < 6E-16 < 6E-16 < 6E-16 2,50E-09 < 6E-16 < 6E-16
| Buve >8 7,23 >8 >8 >8 7,74 >8 >8
Pivic < 6E-16 2,33E-13 < 6E-16 < 6E-16 < 6E-16 5,01E-15 < 6E-16 < 6E-16

C valores de probabilidade condicional; | valores de probabilidade incondicional.
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relacionados ¢ fase de projeto e operacdo

k=1-E (23)

A Eletrobras [28] adota as seguintes formulagdes para o calculo da
subpresséo na linha drenagem:

hs = k(hy — hy) + hy para (hy > hy) (24)

hs = k(hy — hy) + hy para (hy < hy) (25)

Semelhante aos critérios estabelecidos pelo USBR [24] para situa-
¢bes normais de drenagem, a Eletrobras [28] adota um coeficiente
de ineficiéncia hidraulica de 0,33. Conforme USBR [24] o valor de
k = 0,33 foi estabelecido com base em dados histéricos.

A definicdo dos parametros estatisticos referentes aos coeficien-
tes de ineficiéncia hidraulica foi baseada na Equacéo (24). Apesar
de (h, < h,) para barragem em estudo, ha um sistema de bom-
beamento instalado no nivel da interface concreto-rocha, dessa
forma, na pratica (h, > h,).

A definicdo da média e desvio padréo foi baseada no histérico
de 4 anos de dados de monitoramento da subpressao atuante na
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fundacéo do bloco n° 30. Ha 8 piezdbmetros instalados na funda-
¢ao desse bloco (Figura 2), sendo que foi escolhido o piezbmetro
PZC 01 para avaliagéo do k. O critério de escolha foi baseado nas
maiores pressdes observadas, posi¢ao de instalagao e consistén-
cia dos dados histéricos. A metodologia de célculo considerou os
maximos valores anuais de pressao piezomeétrica para o nivel de
agua do reservatoério normal (NA 70,00 m), obtendo-se os valores
apresentados na Tabela 6.

Para os cenarios relacionados a fase de operagéo da barragem
com drenagem operante, tendo como base os dados apresenta-
dos na Tabela 8, definiu-se k ~ N (0,18; 0,03). Para os cenarios
relacionados a fase de operacéo da barragem com drenagem ino-
perante, foi adotado k correspondente ao limite estabelecido pelo
modelo para drenagem inoperante, Equagdes (26) e (27), porém
com mesmo COV calculado na Tabela 8.

_ (L —xq1)

L

_L=xq)
B (L - Lz)

k para interface sem fissura (26)

k para interface com fissura 27

)

o
P,
o~ o0
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Indice de Confiabilidade (
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Figura 6
Fator de segurancga e indice de confiabilidade
para modo de falha & flutuacdo

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



K. O. PIRES | M. M. FUTAI | T.N. BITTENCOURT | A.T. BECK

Para os cenarios relacionados a fase projeto da barragem, ado-
tou-se os coeficientes de ineficiéncia hidraulica de acordo com o
modelo da Eletrobras [28]. Tendo em vista as maiores incertezas
na fase de projeto, o COV para esses cenarios foi definido como a
média dos coeficientes de variagdo dos piezémetros instalados no
mesmo bloco da barragem.

5.3.4 Coeficiente de incremento de subpressao

Eventos excepcionais de nivel de agua do reservatorio séo raros e
de curta duragao, sendo que a resposta da elevagao das subpres-
sbes depende de como as descontinuidades sao influenciadas
pelas tensdes induzidas pelo sistema barragem-reservatorio [27].
Dessa forma, na falta de dados de monitoramento realizados du-
rante tais evento que permitam a compreensao do comportamento
real, é razoavel considerar que variagbes lentas e repentinas das
subpressbées possam ocorrer.

Com base no exposto, foi definido um coeficiente de incremento
de subpressao como variavel aleatéria para os casos de nivel do
reservatério excepcional, com distribuigdo uniforme no intervalo
[0 ,1], dado pori, ~ U (0,5; 0,29).

5.4 Resultados

Os resultados obtidos por FORM e MC em termos de indice de
confiabilidade (B) e probabilidade de falha (P,) condicional, para
cada modo de falha e cenario sdo apresentados na Tabela 7. Esta
apresentada também a sensibilidade (o) de cada variavel aleato-
ria do problema na probabilidade de falha. A Figura 3 apresenta
a comparagao entre os indices de confiabilidade resultantes dos
cenarios relacionados a fase de projeto e fase de operagédo. Na
Tabela 8 séo apresentados os resultados de 8 e P, condicional e
incondicional para cada modo de falha e cenario. As Figuras 4 a
6 apresentam a comparagao entre os fatores de seguranca e os
indices de confiabilidade obtidos para cada modo de falha relacio-
nado aos cenarios da fase de projeto.

5.5 Resumo e discussao dos resultados

Os resultados de indice de confiabilidade e probabilidade de fa-
Iha apresentados na Tabela 7 demonstram valores muito proxi-
mos entre os dois métodos utilizados, FORM e MCS. Isto mostra
que a nao-linearidade da equagédo de estado limite € pequena.
Para os modos de falha ao tombamento e flutuagdo, em geral,
observam-se probabilidades de falha muito baixas. Os resultados
apresentados como B > 8 e P, < 6 x 10-'® est&o relacionados com a
representagdo computacional da fungéo de distribuigdo cumulati-
va gaussiana padréo (®) e sua inversa (). De acordo com Beck
e Avila [33], essas fungdes ndo possuem forma analitica fechada,
empregando-se frequentemente aproximagdes polinomiais. No
StRAND versdo Mathematica, a partir de 8 > 8 ocorre instabilidade,
entdo um limite operacional de seguranga esta implementado, que
corresponde a 3 = 8, para o qual ® (-8) ~ 6x10'6.

Com relagao aos cenarios relacionados as fases de projeto (D1,
D2, D3 e D4) e operagado (O1, 02, O3 e 04) da barragem (Tabela
7, Figura 3), observam-se aumentos consideraveis dos indices de
confiabilidade para todos os modos de falha, demonstrando que

bloco de concreto executado apresenta maior confiabilidade em
relagéo ao bloco de concreto projetado. Isso ocorreu em fungao
das adequacgdes realizadas nas variaveis aleatoérias de resisténcia
(v, ¢, c) e carregamento (K, i ).

Os resultados demonstram a importancia da coleta de dados es-
pecificos sobre a estrutura executada, e do uso desses na ava-
liagdo de confiabilidade que reflitam de maneira mais proxima a
realidade da estrutura construida.

Na Tabela 7, pode-se verificar a influéncia das variaveis aleatérias
do problema nas probabilidades de falha para cada cenario e mo-
dos de falha avaliados. Para o modo de falha ao deslizamento, os
parametros angulo de atrito e coesdo somados resultam em uma
influéncia maior ou igual a 87%, sendo 53% a contribuigdo minima
do angulo de atrito e 17% a contribuicdo minima da coeséao entre
todos os casos analisados. Tal resultado corrobora resultados ob-
tidos por Garcia [4] e Westberg [11], demonstrando a relevancia
destes dois parametros para o modo de falha em analise. Isso
também fica evidente nos critérios de projeto da Eletrobras [28],
que adota coeficientes de seguranga parciais de minoragdo dos
materiais em relagdo ao angulo de atrito e coeséo, prevendo-se
maiores variabilidades desses parametros.

Para os modos de falha ao tombamento e flutuagao, a influén-
cia das variaveis aleatérias na sensibilidade é extremamente se-
melhante. Nota-se a ocorréncia de inversdes das sensibilidades
entre o peso especifico do concreto e coeficiente de ineficiéncia
hidraulica, dependendo da condigao de operacao da drenagem da
fundacao, isto é, para drenagem em operacdo o peso especifico
€ mais relevante, enquanto para situacdo de drenos inoperantes
o coeficiente de ineficiéncia hidraulica € mais relevante. Verifica-
-se também a influéncia dos cenarios relacionados as fases de
projeto e operacdo, demonstrando a reducao da sensibilidade do
coeficiente de ineficiéncia hidraulica e aumento da sensibilidade
do peso especifico para os cenarios da fase operagdo. Em todos
0s casos avaliados, observa-se que a influéncia do coeficiente de
incremento de subpresséo é praticamente nula, portanto esse pa-
rametro pode ser desconsiderado como variavel aleatoria.

Os resultados de B e P, condicionais apresentados Tabela 7 de-
monstram que o modo de falha dominante é o deslizamento, apre-
sentando B,,. entre 0,91 (P,,. = 1,8 x 10") para o cenério D4 e
3.47 (P,,. = 2,65 x 10*) para o cenério O1. Para o modo de falha
ao tombamento, ocorrem B,,. a partir de 2,78 (P,,. = 2,65 x10%)
e para o modo de falha a flutuagéo, ocorrem B,,. a partir de 5,85
(Pyc = 2,50 x10°%). Nota-se, que mesmo para P, condicionais, 0 modo
de falha a flutuagio apresenta P, muito baixa. Esse resultado corro-
bora com as orientagdes de guias como USBR [24] e USACE [32], os
quais nao fazem recomendacao da verificagéo desse modo de falha.
Avaliando-se as probabilidades incondicionais apresentadas na
Tabela 8, para os cenarios que consideram as condi¢des de car-
regamento relacionadas aos eventos de cheia excepcional e
drenagem inoperante, observa-se que as P, diminuem conside-
ravelmente, demonstrando valores de P, mais adequados para a
estrutura em anadlise. Os cenarios D1 e O1 néo sao afetados por
nenhum desses eventos. Para o modo de falha ao deslizamento,
ocorrem B entre 1,87 (P, = 3,06 x 10?) para o cenario D1 e 5,78
(P, = 3,81 x 10?) para o cenério O4. Para o modo de falha ao tom-
bamento, ocorrem B a partir de 4,49 (P, = 3,58 x10) e para o0 modo
de falha a flutuag&o, ocorrem 8 a partir de 7,23 (P, = 2,33 x10).
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Conforme descrito, 0 modo de falha ao deslizamento é dominan-
te, apresentando probabilidades de falha incondicionais maximas
com B de 1,87 (P, = 3,06 x 10?) para o cenario de projeto D1 e de
B de 3,47 (P, = 2,65 x 10*) para o cenario de operagdo. Com base
nesses valores, a seguranca requerida ndo é atingida quando
comparado com os indices de confiabilidade recomendados pelo
CEN [6], para classe de responsabilidade alta (§ = 5,2/ano), média
(B = 4,7/ano) e baixa (B =4,2/ano). As probabilidades de falha ob-
tidas, também estdo acima da probabilidade de ocorréncia de rup-
tura de barragens a nivel mundial (10-5), conforme o ICOLD [34].
Na Tabela 8 s&o apresentados também os fatores de seguranca ob-
tidos conforme critérios da Eletrobras [28] frentes aos valores de pro-
babilidade condicional e incondicional. A Figura 4 ilustra os valores
obtidos para os cenarios relacionados a fase de projeto para o modo
de falha ao deslizamento, observam-se valores de fatores de segu-
ranga desproporcionais aos indices de confiabilidade para probabi-
lidade condiciona e incondicional. Tal questao esta relacionada aos
fatores de seguranca parciais empregados, que sao diferentes para
cada condigdo de carregamento, conforme apresentado na Tabela
1. Além disso, quando se compara os fatores de seguranga apenas
com as probabilidades condicionais, pode ser verificado que ocor-
rem fatores de seguranga maiores para 3 menores. Isso demonstra
a influéncia da sensibilidade dos parametros na P, cujos fatores de
seguranga parciais nao conseguem contemplar adequadamente.
Para os modos de falha ao tombamento e flutuagdo (Figura 5 e
Figura 6), como neste caso os fatores de seguranga sao globais,
néo se verifica desproporcionalidades entre os fatores de segu-
rancga e as probabilidades condicionais.

E importante observar também a sensibilidade da probabilidade
de falha em relagéo aos fatores de seguranga, sendo que peque-
nas variagdes nestes podem implicar em probabilidades de falha
muito diferentes.

A comparagao dos fatores de seguranga e indices de confiabilida-
de obtidos com os indices de confiabilidade de referéncia citados
anteriormente, demonstram que o fator de seguranga requerido
para o modo de falha deslizamento, ndo atende aos requisitos de
seguranga em termos de probabilidade falha.

O uso de fatores de seguranga para avaliagao de seguranga de es-
truturas deve ser analisado com ressalvas. Em um estudo apresen-
tado pelo ICOLD [7], para um mesmo fator de seguranga, mas com
coeficientes de variagéo diferentes, obteve-se variagdo nas proba-
bilidades de falha da ordem de 10 °, demonstrando as limitagdes
dos fatores de seguranga quanto a quantificacdo da seguranca.

6. Conclusoes
E—

O presente trabalho apresentou um estudo de caso, envolvendo a
avaliagao da confiabilidade estrutural de uma barragem existente.
O estudo limitou-se aos modos de falha de perda de equilibrio glo-
bal de um bloco da barragem. Devido a esta limitagéo, néo é pos-
sivel inferir sobre a seguranga da barragem em analise. O estudo
deve ser complementado com a inclusao da analise das tensdes
empregada na verificagdo da seguranga de barragens.

O estudo de caso mostrou a importancia da quantificagéo das in-
certezas, tanto na fase de projeto quanto para a barragem cons-
truida. Verificou-se que a confiabilidade estrutural fornece uma
medida objetiva da seguranga da estrutura ou da sua confiabilida-

de, complemento da probabilidade de falha. O estudo corroborou
resultados anteriores, ilustrando a inexisténcia de proporcionalida-
de entre os coeficientes de seguranca, usualmente adotados em
projeto, e as probabilidades de falha avaliadas.

Para a barragem estudada, o modo de falha por escorregamento
se mostrou o modo dominante (mais provavel), sendo o angulo
de atrito a variavel aleatéria de maior influéncia neste modo de
falha. Os modos de falha por tombamento e por flutuagéo tiveram
probabilidades de ocorréncia significativamente menores do que o
deslizamento. Para o modo de falha ao tombamento e flutuagéo,
as variaveis aleatérias peso especifico e coeficiente de ineficién-
cia hidraulica apresentaram contribuicdes equilibradas, podendo
haver inversao dependendo do cenario.

O estudo mostrou que a confiabilidade da barragem estudada, na
condigao construida, € maior do que na condi¢ao projetada. Este
aumento na confiabilidade resultou de medidas do peso especi-
fico do concreto e coeficiente de ineficiéncia hidraulica, tomadas
durante e apds a construgao da obra, bem como da estimativa
de parametros estatisticos mais adequados do angulo de atrito e
coesao da interface concreto-rocha.
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Abstract

In this study, mass concrete samples with tire rubber chips (rubberized concrete) were evaluated in order to determine if the addition of rubber par-
ticles would enhance cracking strength due to volumetric variations of thermal origin, compared to a reference concrete, without rubber. Samples
of the concretes studied were initially tested to characterize their thermal and mechanical properties. The test results were used as parameters for
the analysis of the thermo-mechanic behavior of the rubberized concrete by means of a software that determined the thermal and stress response
on a bi-dimensional dominion of a structural element of hypothetical geometry, typical of dam construction, applying FEM (finite element method)
analysis. The results obtained indicated that, although the maximum temperatures expected are similar for both concretes (reference and rub-
berized), those containing tire rubber chips are subjected to lower tensile stresses, about half the stress generated in the control concrete. This
behavior indicates that the addition of tire rubber chips in concrete is an efficient strategy to minimize the risk of cracking due to thermal stresses.

Keywords: mass concrete, tire rubber, thermal stress analysis, finite element method.

Resumo
E———

Neste estudo, foram avaliadas amostras de concreto massa com borracha (concreto emborrachado) para determinar se a adigcao de particulas de
borracha aumentaria a resisténcia a fissuragao devido a variagdes volumétricas de origem térmica, em comparagado com um concreto de referén-
cia, sem borracha. Amostras dos concretos estudados foram inicialmente testadas para caracterizar suas propriedades térmicas e mecéanicas. Os
resultados do teste foram utilizados como parametros para a analise do comportamento termo-mecanico do concreto emborrachado por meio de
um software que determinou a resposta térmica e de tensées em um dominio bidimensional de um elemento estrutural de geometria hipotética,
tipico da construgéo de barragens, aplicando analise FEM (método dos elementos finitos). Os resultados obtidos indicaram que, embora as tem-
peraturas maximas esperadas sejam similares para ambos os concretos (referéncia e emborrachado), aqueles contendo particulas de borracha
s&do submetidos a menores esforgos de tracédo, cerca de metade da tensdo gerada no concreto de controle. Esse comportamento indica que a
adicao de particulas de borracha de pneus no concreto é uma estratégia eficiente para minimizar o risco de fissuracao devido a tensdes térmicas.

Palavras-chave: concreto massa, borracha de pneu, andlise de tenséo térmica, método de elementos finitos.
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1. Introduction

EE

The use of tire particles mixed in concrete, forming a composite
known as rubberized concrete, has received increasing attention
from several research groups'’. This interest can be justified both
because this seems to be an useful alternative for the disposal of
this kind of residue, and because it is looking to be an interesting
strategy to modify the properties of concretes to meet the specific
requirements demanded by some special applications, where ther-
mal and acoustic isolation, or high tenacity, are relevant properties.
Despite the fact that concretes with tire rubber tend to present lower
compressive and tensile strengths, they have a greater deformation ca-
pacity and less fragile behavior in fracture, indicating a higher capacity
of energy absorption compared to conventional concretes. This behav-
ior is attributed to the capacity of rubber, as an aggregate, of enduring
greater elastic strains before the final fracture of the composite™.

The greater ductility and tenacity of the concretes made with tire rubber
particles are especially interesting for the reduction of the risk of crack-
ing in situations where the concrete is submitted to considerable and
restrained volumetric variations due to thermal changes, such as with
mass concrete elements. ACI defines mass concrete as: “any volume
of concrete with dimensions large enough to require that measures
be taken to cope with the generation of heat from hydration of the ce-
ment and attendant volume change to minimize cracking. The design
of mass concrete structures is generally based on durability, economy,
and thermal action, with strength often being a secondary concern.”
This study is part of a larger research focused on the viability of
incorporating tire particles in concrete, developed at the Techno-
logical Center of Civil Engineering at FURNAS Centrais Elétricas
S/A, with the support of the National Electrical Energy Agency —
ANEEL, and the National Council for Scientific and Technological
Development — CNPg/Brazil.
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Figure 1
Visual aspect of tire particles in the form of granules
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Figure 2
Visual aspect of tire particles in the form of fibers
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2. Research significance

EE

The problem of cracking in mass concrete requires actions such as the
selection of materials and/or processes that reduce the heat generated
during the hydration of cement and the stresses generated while the ma-
terial is cooling; or the increase of the deformation capacity of concrete.
In this research, the use of tire particles was studied as an alternative
to obtain beneficial changes in the thermal and viscoelastic properties
of mass concrete samples, in order to reduce the risks of cracking due
to thermal effects at early ages. The effect on a generic structural ele-
ment was evaluated by means of a numerical simulation made using
a software tool that employed the finite element method for a thermo-
mechanical analysis. The results obtained are promising, because the
thermal stresses on the rubberized concrete would develop more slowly,
allowing time for the concrete to increase its tensile strength.

3. Experimental procedure
—

The study was carried out on concrete samples made with cement

Table 1
Materials

contents close to 310 kg/m? (354 Ib/jd®) and a water/cement ratio
of 0.492. Three mixes were cast: a reference or control concrete
(CC), a concrete with 10% of tire particles in granules (CG), and
a third concrete containing 10% of elongated tire particles, consti-
tuting small fibers (CF)°. Figures 1 and 2 show the visual aspect
of the tire particles obtained in the form of granules and fibers,
respectively. These particles were applied in the CG and CF con-
crete mixes as a partial replacement of the fine aggregate (sand)
volume fraction. In the control mix, it was necessary to use an air-
entraining agent in order to obtain the same amount of entrained
air as measured in CG and CF mixes’. The characteristics of the
materials used and the mix proportions for each concrete are de-
scribed respectively in Tables 1 and 2.

The analysis of the thermal behavior of an element made with
these three types of concrete was done based on the results of
previous tests conducted to determine the thermal conductivity co-
efficients, the thermal diffusion, the specific heat and the adiabatic
rise of temperature of each concrete type®. The input parameters
needed for the stress analysis included also the results of earlier

Material

Type

Portland cement

CPIIF-32

(Ordinary Portland Cement with limestone filler)

Coarse aggregate -
19 mm (0.75in.) and 38 mm (1.50 in.)

Crushed granite

Fine aggregate

Natural sand

Granules: nominal maximum size =1.5 mm (0.06in.)

Tire rubber particles

Scraps (fibers): shape factor = 10
nominal fiber length = 10 mm (0.39in.)

Table 2
Mixture proportions

Mixtures Control (CC) 10% granules (CG) 10% fibers (CF)
Portland cement 307 617) 305 514) 309 521)
Water 151 (254) 150 (252.8) 152 (256)
Natural sand 626 (1055) 560 (943.9) 567 (956)
Rubber ) ) 28.3 47.7) 28.7 47.7)
Composition 19 mm crushed
(kdc/fos) aggregate 535 (902) 531 (895) 538 (907)
g/m 38 mm crushed
(Ib/jd®) aggregate 681 (1148) 676 (1139) 685 (1154)
Superplasticizer
admixture 0.460 (0.775) 0.520 (0.876) 0.618 (1.042)
Air entrainin
Odmixfureg 0.092 (0.185) @) Q) Q) Q)
W/C ratio 0.492 ) 0.492 ) 0.492 )
% mortar with
entrained air 54.0 © 544 e 53.8 @
Properties Fineness module 5.783 ) 5.836 @) 5.846 @)
of fresh % sand in mass 34 ) 33 @) 33 @)
concrete Slump (mm) (in) 40 (1.57) 40 (1.57) 35 (1.38)
Entrained air (%) 4.6 () 4.6 Q) 3.8 =)
Specific gravity
(ka/m¥)(Ib/id.) 2292 (3863) 2267 (3821) 2304 (3883)
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Tabl
Ac\j/grgg:;e results of thermal and mechanical properties tests®
Mixtures CcC CG CF
Hect conductivy s/?c\;iggsj 2.30 (0.39) 2.28 (0.39) 2.31 (0.39)
(J/m.s.K) (W/ft.°F) deviation 0.01 (0.002) 0.01 (0.002) 0.02 (0.003)
Specific heat Average 963 0.23) 1031 (0.25) 927 (0.22)
IS iR Slandard 30 (0.007) 72 ©.017) 68 0.016)
Heat diffusivity Average 0.098 (1.054) 0.092 (0.989) 0.094 (1.011)
(m?/day) Standard 0.003 (0.032) 0.002 (0.022) 0.001 0.017)
Average 0.22 ) 0.16 Q) 0.22 =)
Poisson's ratio ngg%ﬂ 001 &) 001 © 0.01 ©
Thermal exLoonsion S)?;irc(j]c?:d 11.09 © 10.84 © 119 ©
(10:6/°C) deviation 0.31 © 013 Q) 0.01 )
Compression sirengfh Average 31.30 &) 26.45 &) 26.75 &)
(91 days) Sandard 057 ) 0.35 o 0.35 O

tests of compressive strength, Young’s modulus, flexural strength,
strain capacity, creep and thermal expansion®. Some of thermal
and mechanic properties used in the thermodynamic analysis car-
ried out in this study can be seen in Table 3, while others, which
vary in time, can be seen in Figures 3, 4, 5 and 6.

Based on the characteristics of the different concrete types stud-
ied, the thermo-mechanic behavior of a hypothetic element of
mass concrete was analyzed. Because thermal stresses tend to
be quite important in dam construction, the element chosen was a
generic spillway wall, subject to the internal heat generated by ce-
ment hydration and exposed to environmental boundary conditions
that allowed the heat to dissipate, resulting in a non-linear temper-
ature gradient in the interior of the structure. The simulations were
conducted with aid of the softwares PFEM_2DT and PFEM_2DAT
8 which are able to determine the thermal and stress response,

45

S
o

35
30
25 A

20 - —4— Control (CC)

15 | —a—Fibers (CF)

10 —s— Granules (CG)

Adiabatic rise of temperature (°C)

w

0 . . .
0 7 14 21 28
Time (day)

Figure 3
Adiabatic rise of temperature for each type
of concrete

respectively, in bi-dimensional dominions of any geometry, using
the finite element method. In Fig. 7, the transversal section of the
analyzed concrete element, and the respective mesh of finite ele-
ments employed can be observed.

The softwares PFEM_2DT and PFEM_2DAT consider that the
construction process is carried out by adding layers of material,
which is typical of dam construction operations. The PFEM_2DAT
software, which has an object-oriented architecture, makes a linear
and uncoupled viscoelastic thermo-mechanic analysis of the prob-
lem. The results are integrated with the thermal analysis made by
the PFEM_2DT software, in an incremental way, in order to obtain
the complete solution for the strain and stress vectors derived from
the thermal gradients generated by the thermal analysis software.

40
_ 351
& .
g 30 e
g 25 1 --.-.-.—--—--—u-—--v—-—-"-"an
E] -——g T
'g 20 -
= 15 Ecc =t*(0.167 +t'0.031)"
2 Ecg =t* (0.061 +1°0.042) "
& 104 Ecr =1*(0.073 + t*0.041)
w
5
0 - - r
0 20 40 60 80 100
Time (day)
Control = = = =Granules — — Fibers
A Control- Tests O Granules - Tests 0O  Fibers - Tests

Figure 4

Experimental data points and bestfit curve of the
Young's modulus evolution over time for each type
of concrete
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4
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Figure 5

Experimental data points and best-fit curve of the
flexural strength evolution over time for each type
of concrete in bending tests

These tools also consider the time dependent effects, according to
prediction models based on the creep function suggested by the
Bureau of Reclamation® and the creep coefficient given by ACI™,
as well as drying shrinkage parameters recommended by CEB"
and Bazant'. The software used have already been validated in
different applications involving dam and foundation structures® 3.
For each concrete type — CC, CG and CF — the thermal simulations
were done according to the conditions and hypothesis described in Ta-
ble 4. Taking into account the capabilities of the PFEM_2DT software,
the simulation considered that the concrete was poured in 3m thick lay-
ers with an interval of 2 days between layers. This situation is common
in massive structures like those found in dam construction '®.

.‘_ 44m _,.

Cec=3998+32.738*t”"

s Cee=5.937 +27.370 *
= Cer = 5.498 +20073 "t
°
i
o
e it < el
[aY
0 . . -
0 20 40 60 80 10C
Time (day)
Control - - - - Granules — — Fibers
A Control- Tests O Granules - Tests O  Fibers - Tests

Figure 6

Experimental data points and best-fit curve of the
creep evolution over fime for each type of concrete

Given the fact that the thermal evaluation alone is not sufficient
to evaluate the risk of thermal cracking, the temperature distri-
bution on the element was used to calculate the stresses in the
PFEM_2DAT software. The temperature data was transposed to
a strain field distribution to determine the possibility of cracking,
using the mechanical properties of the concretes obtained in previ-
ous tests, as explained above.

4. Results and discussion
[ —
4.1 Thermal analysis

As widely known, heat transfer in solids occurs due to the

=1 Surface region
10 | (node 321/ Elem 511)
9
Lavers of
8 conerete:
7 3 meters high
6 3
| Mucleus region
5 © (node 279/ Tlem 427)
4
3 Intertace region
Metalic (node 273/ Elem 530)
mould 2
1
ROCK ' '

Figure 7

Cross-section and finite element mesh adopted of the generic concrete element analyzed
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Table 4
Executive conditions

Executive conditions Field conditions

Characteristcs of rock Computer simulation data

- Layers of 3 m (9.84 ft)
placed each 2 days.
Total 30 m (98,4 ft) high
(10 layers)

- Wet cure

- Metalic moulds

- Temperature of fresh
concrete = 22°C (72°F)

- Convection coefficient:
25W/m?°C (4.4 BTU/h.ft2.°F)

- Atmospheric average
temperature: 22°C (72°F)

THERMAL PROPERTIES

- Inifial temperature = 22°C (72°F)

- Heat conductivity: 2,303 J/m.s.K
(0.39 W/ft.°F)

- Specific gravity: 2400 kg/m?
(4045 Ib/jd®)

- Total number of elements: 908
- Total number of nodes: 526
- Time of analysis: 2400h

" o - Time step: 4 h
- Specific heat: 1006 J/kg."C_ Averogepelemenf size:
0.6m (1.97 )
MECHANICAL PROPERTIES L )
- Young's modulus: 32 GPa - gErl:iIDslaesmen’r. friangulor with

(4641 ksi)
- Coefficient of thermal
expansion: 11,09 x 10¢/°C
- Poisson’s ratio: 0,22

transmission of energy from one region to another that has a dif-
ferent temperature, and the phenomenon has a speed proportional
to the temperature gap between these regions. The heat in the
interior of the structural element and in its vicinity dissipates fol-
lowing the three basic mechanisms for heat transfer: conduction,
convection, and radiation. In a mass concrete structure, the heat
liberated during cement hydration causes a sharp rise in concrete
temperature at its core, while heat is lost at the surface, resulting in
a cooling gradient that may result in substantial thermal stresses.

Considering these behavioral aspects and the thermal properties
of the different concretes tested, it was possible to arrive, by means
of the computer simulations performed, at the probable range of
temperatures that would be established in the cross section of the
generic element taken as an example in this study. The diagram of
the isotherms presented in Fig. 8 shows the temperature gradient

< 8083

s 84,11

R

< T

WA

(a)

Figure 8

generated between the surface and the core of such structure, for
each of the different concretes studied.

It is noticeable that the temperatures vary, approximately, from
25°C (77°F) in the regions closer to the contact with the rockbed
(node 273), and on the surface of concrete (node 321), reaching
up to 60°C (140°F) in the core of the structure (node 279). The
thermal gradients obtained are similar for the reference concrete
and those with tire particles. This behavior was expected, given
that the concretes showed similar thermal properties (see Fig. 3
and Table 3).

Nonetheless, the statistical analysis of the experimental data re-
lated to the basic characterization of concretes indicated that there
is a significant lower thermal conductivity and higher adiabatic
rise of temperature in concrete CG®. This might explain why the
element using data from concrete with rubber granules — CG —

(b) (©

Isotherm plots showing the temperature gradients from surface fo core of (a) reference
concrete (CC) affer 144h, (b) concrete with tire granules (CG) after 128h, and (¢) concrete

with fire fibers (CF) after 144h
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presented a temperature field with slightly higher values in the
regions close to the concrete-bedrock interface, at the structure’s
core and near the surface, reaching maximum temperature values
of 53.5°C (128°F), 62.5°C (145°F), and 54.5°C (130°F), at 2, 6 and
20 days, respectively. The concrete with rubber fibers — CF — at-
tained the lowest temperature values, of 50.5°C (123°F), 59.5°C
(139°F), and 51.5°C(125°F) at 2, 6 and 20 days. The reference
concrete — CC — assumed an intermediate behavior (Fig. 9). This
thermal behavior is consistent with the results of the tests of adia-
batic rise of temperature, which resulted in higher values for the
CG concrete and lower ones for the CF concrete.

For all concretes, at the core of the generic elements analyzed,
due to the overlapping of concrete layers and the distance from
the surface, the heat production is greater than the dissipation ca-
pacity, at early ages, thus the temperature only stabilizes after ap-
proximately 70 days. The short pouring interval between concrete
layers does not allow the complete cooling of the precedent layer
and the heat transfer is slow due to the smaller thermal gradient.
Thus, the maximum temperatures occur at relatively early ages,
and the temperature reaches higher values, taking longer than the
outer regions to stabilize.

On the contrary, in the outer regions, at the concrete-bedrock in-
terface or near the concrete surface, the heat production rate is
smaller than the dissipation capacity. Consequently, the curve of

70
&0 & Temperature (CC)
E0 < Temperature (CG)

40 & L Temperature (CF)

ag £
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20 1
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C' T T T T T
0 10 20 30 40 50 B0 70 80
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30 4

Temperature(°C)

20 4
10 4

0 T .

Temperature (*C)

temperature evolution reaches lower maximum values than at the
core. At early ages, the heat generated in these regions, or trans-
ferred from the core, is rapidly dissipated to the neighboring envi-
ronment, which has lower temperatures.

In time, the temperature of the top of the rock layer starts to rise,
reducing the thermal gradient in the concrete-bedrock interface.
Nevertheless, the thermal gradient remains quite large at the
concrete surface, due to air renovation and the use of a metallic
mould. For this reason, the cooling curves at the surface of the
element are more pronounced and the temperature stabilizes after
approximately 35 days, while at the concrete-bedrock interface,
the stabilization occurs only after 60 days (Fig. 9(a) and 9(c)).

4.2 Stress analysis

When the temperature rises, concrete expands proportionally
to its thermal expansion coefficient. At early ages, the concrete
microstructure is in a plastic state, and presents little restriction
to this expansion. In time, however, concrete hardens and as-
sumes a viscoelastic behavior, generating restrictions and caus-
ing the development of considerable compression stresses.

In mass concrete elements, the concrete continues to expand
until the maximum temperature is reached. When it starts to
cool, concrete contracts, relieving the compression stresses.

70

60 » Temperature (CC)

50 - = Temperature (CG)

40 o Temperature (CF)

30

20 - '
10

0 . . .
0 10 20 30 40 30 60 70 80 80 100
Time (day)
(b)

& Temperature (CC)
o Temperature (CG)

o Temperature (CF)

20 30

Figure 9

40

S0 60

Time (day)

(©)

Temperature evolution: (a) at the concrete-bedrock interface (node 273); () at the core of the concrete
element (node 279) and (c) at the surface of the concrete element (node 321)
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Evolution of fensile stresses: (a) at the concrete-bedrock interface (element 530); (o) at the core of the
concrete element (element 427) and (c) at the surface of the concrete element (element 511)

This trend continues until the decline in temperature begins to
generate tensile stresses, which become constant with the sta-
bilization of the temperature. The differences in terms of evolu-
tion of temperatures and maximum normal stress for each con-
crete type tested can be observed in Fig. 9(a) and 10(a), Fig.
9(b) and 10(b), Fig. 9(c) and 10(c).

In spite of the fact that the distinct concrete mixes had simi-
lar thermal behavior, the thermo-mechanic analysis resulted in
great differences in the stress values over time. In all three re-
gions considered - next to the concrete-bedrock interface (Fig.
10(a)), at the element core (Fig. 10(b)), and on the concrete
surface (Fig. 10(c)) - the CC concrete resulted in higher tensile
stresses, up to twice those found in the CG concrete element,
while the element made with CF concrete presented an inter-
mediary behavior.

These results can be explained by the differences between the
E-modulus and the creep values of the concretes studied, as
presented in Fig. 4 and 6. The concretes with tire rubber had a
smaller Young’s modulus, 27% lower than that of the reference
concrete; and presented higher creep, about 20% superior to
that of the reference concrete, which allowed a better absorp-
tion of the strains, relieving tensile stresses. According to Meh-
ta and Monteiro'®, the lower the E-modulus, the smaller is the

quantity of elastic tensile stress induced, at a given magnitude
of shrinkage. Additionally, the larger the creep, the larger the
stress relaxation will be, which also reduces the tensile stress.
In Figure 11 a comparison is shown between the evolution of
thermal stresses and the evolution of tensile strength for con-
crete types CC, CF, and CG. It can be observed that, in all
cases, the generated stress surpasses the tensile strength of
the concrete. However, in the CC element, this occurs earlier
(approximately on day 26) than in the elements made with con-
cretes CF and CG (where it occurs on days 38 and 60, respec-
tively). This means that a situation of potential cracking due to
thermal effects would occur in the CC concrete element earlier
and with larger intensity than in the elements made with CF and
CG concretes. In line with this fact, earlier studies on cracks
evolution have found that composites made with a cementitious
matrix reinforced with tire rubber particles demand more time
to show cracks and, when it happens, the cracks tend to be
finer, discontinuous and more evenly distributed. This behavior
was attributed to the capacity of the rubber to absorb energy
and deflect the original path of micro-cracks when these start
to propagate on the interface between aggregates and cement
paste' 8. This way, rubber particles act to delay and reduce
cracks, improving the deformation capacity of the material.
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Evolution of thermal stresses versus tensile strength (element 427): (a) of concrete (CC);

(b) of concrete (CF) and (c) of concrete (CG)

5. Further research

EE

To corroborate the results obtained in this study, it is necessary to com-
pare them with experimental results obtained monitoring real structures
made with concretes similar to the CC, CG, and CF mixes studied here.
In addition, it would be useful to make a thermo-mechanic analysis
comparing control mixes of same compressive strength, with or without
the addition of tire particles, to check the viability of replacing conven-
tional concrete for rubberized concrete in some applications, with ther-
mal gains and without any significant loss of structural efficiency.

6. Conclusions

EE

Based on the thermo-mechanic analysis carried out in this work,
the following conclusions could be drawn:

The thermal gradients and the temperature evolution of the refer-
ence concrete and the rubberized concretes tested are similar.
Although the maximum temperature values found are similar for all
concretes, those with tire rubber particles developed lower tensile
stresses, about half of the ones found for the control concrete.

In the element made with the control concrete, the tensile stress
generated by the temperature variation surpasses the tensile
strength earlier than on the elements made with tire particles, in-
creasing the risk of cracking.

The thermo-mechanic analyses carried out indicated that the use
of concrete with tire rubber particles can be an efficient alternative
to minimize the risk of thermal cracking, when compared with the
control concrete.

Between the rubberized concretes, the risk of cracking was lower
when particles in the form of granules were used.
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Abstract
E——

The objective of this work is to make feasible the use of FEA slag instead of the conventional bulk aggregate in the pervious concrete (PC) pro-
duction, reaching the minimum parameters required by NBR16416/2015 and ACI 522R-10. This substitution would minimize the use of natural
aggregates, besides taking advantage of a residue that has no specific destination. In order to reach the objective, three FEAs with different grain
sizes were chosen: 6-10 mm (A), 10-20 mm (B) and finally a mixture of the two previous ones (C) in the proportion 30-70 respectively. In order to
evaluate its mechanical behavior, tests of compressive strength and flexural tensile tests were carried out, while the evaluation of the hydraulic
behavior, porosity and constant head permeability test were performed. The compressive strength varies from 19-31MPa and 3-4MPa for flexural
tensile strength was obtained. In hydraulic terms, the porosity varied from 15-20% and the permeability coefficient was 10-12mm/s. There is also
a direct influence of grains of size less than 4.8 mm (small aggregate) on the compressive strength and permeability of PCs. At the end of the re-
sults, it was possible to establish a correlation between the compressive strength, the permeability and the percentage of grains inferior to 4.8mm
(sand%), being this positive in relation to the studied variables, that is, the mechanical and hydraulics. Therefore, it has been concluded that the
total substitution of conventional aggregates by FEA in CoPe manufacturing will comply with the minimum parameters of NBR 16416/2015.

Keywords: pervious concrete, permeability, porosity, sustainability, electric furnace slag.

Resumo
[

O objetivo deste trabalho é viabilizar o uso de escoéria de forno elétrico (FEA) em substituicdo ao agregado graudo convencional na fabricagdo de
concreto permeavel (CoPe), atingindo os parametros minimos exigidos pela norma NBR16416/2015. Esta substituicdo minimizaria a utilizagéo
de agregados naturais, além de aproveitar um residuo que nao tem destinagédo especifica. Para alcangar o objetivo foram escolhidos trés FEA's
com diferentes distribuigdes granulométricas: 6-10 mm (A), 10-20 mm (B) e finalmente uma mistura das duas anteriores (C) na proporgéo 30-70
respectivamente. Para avaliar seu comportamento mecanico foram realizados ensaios de resisténcia a compresséao e tragao na flexdo, enquanto
na avaliagdo do comportamento hidraulico, indice de vazios e permeabilidade a carga constante foram realizados. Na compressao foram obtidas
resisténcias variando de 19-31MPa e 3-4MPa na tragéo na flexdo. Em termos hidraulicos, o indice de vazios variou de 15%-20% e o coeficiente
de permeabilidade de 10-12mm/s. Também se verifica a influéncia direta dos gréos de tamanho inferior a 4.8 mm (agregado mitido) na resisténcia
a compressao e na permeabilidade dos CoPes. Ao final, a partir dos resultados obtidos foi possivel estabelecer uma correlagéo entre a resisténcia
a compressao, a permeabilidade e a porcentagem de gréos inferiores a 4.8mm (%areia), sendo esta positiva em relagéo as variaveis estudadas,
ou seja, as propriedades mecanicas e hidraulica. Por tanto foi concluido que é viavel a substituicdo total dos agregados convencionais por FEA
na fabricagdo de CoPe cumprindo com os parametros minimos da NBR 16416/2015.

Palavras-chave: concreto permeavel, permeabilidade, indice de vazios, sustentabilidade, escoéria de forno elétrico.
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1. Introduction

EE

The growth of the cities has taken place rapidly and sharply in the
last years, bringing with it several damages to the environment,
including the reduction of pervious areas. Soil waterproofing sig-
nificantly reduces its natural capacity to absorb rainwater, which
can result in floods that mainly affect large urban centers [1, 2].

In civil construction, a widely used material in pavements is con-
ventional concrete, which has a low permeability coefficient (about
1x10-8 m/s) due to its low percentage of voids [3]. For this reason, its
application results in soil waterproofing. In search of an alternative
that does not waterproof the soil, research has been carried out in
the search for materials that allow the passage of water through its
structure, without changing the mechanical properties [1].

The use of permeable materials helps to reduce the impacts
caused by waterproofing, which provides balance in the hydrologi-
cal cycle that is altered in a radical way with the waterproof coat-
ings of the big cities, minimizing the risk of accidents with vehicles
by the phenomenon of hydroplaning and diseases derived from
floods, ensuring the safety of the environment [1].

Among these materials is the pervious concrete (PC) which, be-
cause of its composition, has a high porosity due to the partial or
total lack of small aggregates in the mixture. This concrete has
a drainage capacity greater than the conventional one, which re-
duces the flow of rainwater present in the surface runoff [4].

PC is composed of Portland cement, coarse aggregate and water,
with little or no small aggregate (sand), which facilitates the forma-
tion of interconnected internal voids that allow the fast and safe
flow of water [1,2,5,6].

In terms of mechanical strength, this material works in the range
of 3-30 MPa [7—10], and can be used on pedestrian sidewalks and
light traffic pavements. In hydraulic terms, the permeability coef-
ficient of the material varies from 1 to 20mm/s, which guarantees
the rapid flow of water through its structure [4,11-14].

Currently, construction waste has been used as an aggregate in the
manufacture of PC. The mechanical properties obtained with some of
these aggregates vary from 6 to 14 MPa in the compressive strength
and from 1 to 2 in the flexural strength[15,16], with a reduction in these
properties when compared to the use of conventional aggregates [1].
However, the hydraulic properties comply with the requirements of
national and international regulations, above 1 mm/s [17].

In order to improve the mechanical properties of the pervious con-
crete made from waste, the steel slag (FEA), which is generated in
the production of second-line steel, has been used, and has physi-
cal characteristics similar to conventional aggregates [18]. The use
of this slag is feasible since according to the Brazilian Steel Insti-
tute [19], in the production of one ton of steel, approximately 600kg
of waste is generated, of which 60% correspond to steel slag.
When compared to conventional aggregates, aggregates of slag
present higher specific mass and negligible amount of fines in the
particle size composition [18].

In mechanical terms, pervious concretes with FEA reach compressive
strengths in the range of 8-20MPa and flexural strengths of 2 to 4 MPa
[18,20], being remarkable the improvement in the mechanical prop-
erties. In the hydraulic properties, the material has a porosity in the
range of 15-30% and a permeability coefficient of more than 1 mm/s.
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Figure 1
Steel aggregates used (FEA)

From the above, a study was carried out at the Polytechnic Universi-
ty of Catalonia on pervious concrete with stabilized FEA. Therefore,
this study evaluated the feasibility of using FEA as large aggregates
in the manufacture of PC with minimum mechanical and hydraulic
performance required by ABNT NBR 16416/2015. For this, three
pervious concretes were produced with three different slag particle
size, and evaluated for mechanical strengths (compression and flex-
ural) and hydraulic properties (porosity and permeability).

2. Material and methods
E——

2.1 Material

In order to evaluate the mechanical and hydraulic properties of
PC produced with steel slag aggregates (Figure 1), three different
particle sizes were chosen: the first with aggregates of size ranging
from 4 to 10 mm (A), the second with size of 10-20 mm (B) and the
third corresponding to a particle size composition of 30% (A) and
70% (B), generating the particle size (C). The slag used is stabi-
lized with an expansion potential of 0.6 being practically negligible
and can be used in the manufacture of building materials accord-
ing to UNE-EN 1744-1:2010 [21].

In Figure 2 and Table 1, the particle size curves and the particle
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Figure 2

Particle size of steel slag aggregates
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Table 1
Parficle size analysis of steel aggregates
A B C
Sieve (mm) % passing Sieve (mm) % passing Sieve (mm) % passing

40 100 40 100 40 100
25 100 31.5 100 31.5 100
16 100 20 97 20 97.9
12.5 100 14 69 14 78.3
10 92 12.5 50 12.5 62.6
8 75 10 21 10 37.2
6.3 54 6.3 1 6.3 16.9

4 24 4 0 4 7.2

2 10 2 0 2 3

1 6 1 0 1 1.8

0.5 4 0.5 0 0.5 1.2

0.25 3 0.25 0 0.25 0.9

0.125 2 0.125 0 0.125 0.6
0.063 1.6 0.063 0.2 0.063 0.62

Sand (%) 50.6 1.2 15.32
Dmax (mm) 10 20 20

Figure 3

Method for production of pervious concretes: a) mixing in the concrete mixer; b) visual analysis;
c) final result; d) slump test
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Table 2
Experimental planning

Type Test Type of Specimen size Samples per age
of test specimen (mm) 7 days 14 days 28 days
Mechanical Compressive strength (NBR 5739/1994) Cylindrical 150 X 300 5 - 5
Flexural tensile strength (ASTM C78-02) Beam 150 X 150 X 600 - - 4
Hydraulic Porosity (Empirical) Cylindrical 150 X 300 - - 3
Constant head permeability Cylindrical 150 X 300 - - 3

size analysis of the slag aggregates used are shown, where it is
possible to observe that the slag A shows a more continuous trend,
whereas the slag B and C have uniform grain sizes.

To analyze the influence of the fines on the mechanical and hy-
draulic behavior of the material, the material passing through the
sieves 4.8 up to 0.063 mm was considered as small aggregate
(sand), as listed in Table 1. The steel aggregates used in the ex-
perimental study had different particle size curves, and therefore
different sand contents. Slag A presents a percentage of sand of
50.6%, B, 1.2% and the slag C, 15.32%.

2.2 Mixing and production

Concretes were produced in a vertical shaft mixer of PROMSA
(Barcelona, Spain), with the following mixing procedure: first, the
steel aggregates, the sand (according to each trait), the cement
and 50% of the water were added; these were mixed for 1 minute
for homogenization. Then, the resin was added and the material
was mixed for a further 1 minute, and finally the remainder of the
water was added along with the additive, mixing for 3 minutes, to-
taling 5 minutes mixing. Figure 3 illustrates the steps of the mixing
process of the pervious concretes.

During the production of the three mixtures, it was veri-
fied that none of them presented excess water and that all
reached zero slump, as expected according to the literature
for this type of concrete, due to the low a/c ratios [1,2]. In Fig-
ure 3 (c), the plasticity of the mixture is observed, whereas in
Figure 3 (d) the slump test is shown, which was zero for the
3 particle sizes.

2.3 Experimental planning

After the mixing process, the specimens were cast for the me-
chanical and hydraulic tests, respectively. Experimental planning
is presented in Table 2.

As presented in Table 2, the tests of compressive strength, porosity
and permeability were performed on cylindrical specimens in order
to directly correlate these three properties.

2.4 Compaction

The compacting procedure used in the cylindrical and prismatic speci-
mens was the single-layer vibrating table (Figure 4c) for 30 seconds.
Cylindrical specimens were cast with 150 mm in diameter and 300 mm
in height (Figure 4a and 4d), as well as beams with 150 mm x 150 mm
x 600 mm (Figure 4b and 4d). Table 3 lists the consumption of materials
per cubic meter, used in the production of pervious concrete.

As the alc ratio employed was very low, it was necessary to in-
corporate the polyfunctional superplasticizer additive (pH 5, den-
sity 1,180 g/cm?® and chloride contents<0.1%) [22], which ensured
good plasticity in the mixing and facilitated the casting process of
specimens. It was also used a polymer resin (pH 9, density 1.05 g/
cm?, viscosity of 12cPoises) [23] in order to increase the adhesion
between the mortar and the steel aggregates, thus guaranteeing
good mechanical strength without damaging the permeability.

2.5 Porosity

The porosity in the hardened state was determined in the same

Figure 4
Casting and compacting specimens
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Table 3
Consumption of materials per m?3

. . Cement Slag Water Polymer resin  Superplasticizer
Parficle stze (kg/m?) (kg/m?) afe (kg/m?) (kg/m?) (kg/m?)
A 350 2570 0.24 142.8 50 1.05
B 350 2570 0.24 142.8 50 1.05
C 350 7711779 0.24 14.8 50 1.05
I film did not suffer deformations. The metal mold with the specimen
G had its mass measured and tared on a scale. Finally, water was
added to fill the internal voids of the material and when the water
touched the surface of the specimen, its mass was determined.
The porosity was calculated using Equation 1 [4,13,24].
_ Viwater * 100
T 0
Amm’ n',‘m Where:
V = porosity (%)
Ve = VYolume of water added up until reaching the surface of the
L .
S specimen (1)
V., = Volume of the specimen with 150 mm in diameter and 300

000
Figure 5

Constant head permeability test

test specimens used in the compressive strength test, which were
tested in the saturated surface dry condition, in order to guarantee
the non-absorption of water. The specimens were wrapped in PVC
film by the side and bottom surfaces and then inserted in the cylin-
drical metal mold of the same dimensions to ensure that the PVC
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mm in height (1)
2.6 Permeability

The constant head permeability test follows the principle of Darcy’s
Law [13,25-27] and basically measures the amount of water pass-
ing through the specimen over a given time interval. For this test,
the specimens used in the compressive strength test were again
used, also in the saturated surface dry condition. The specimens
were wrapped in PVC film, followed by a coating with conventional
adhesive tape and, finally, a layer of polyethylene adhesive tape with
cotton cloth (Silver Tape), in order to guarantee impermeability [4].

42

g8 40
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Flexural Tensile Strength, MPa

32
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Particle Size
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Results of mechanical properties a) Compressive strength; b) Flexural tensile strength
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The specimen was then positioned between two PVC tubes of the
same diameter, the top tube containing an outflow pipe to ensure
constant water level during the test, as shown in Figure 5.

3. Results and analysis
—

3.1 Mechanical properties

The results corresponding to the compressive strength and flexural
strength tests are shown in Figure 6.

For the compressive strength, ANOVA indicated with a p-value lower
than 0.5% that particle size A is significantly different from the other
two particle sizes used in the two mechanical properties analyzed, pre-
senting on average a strength value of approximately 32 MPa in the
compression. This result can be explained by the arrangement of the
granulometry A, aggregates which have a larger size range, increasing
the points of contact between the particles, which facilitates the distribu-
tion of stresses and results in an increased mechanical strength. How-
ever, the particle sizes B and C do not present significant differences
from each other. In the case of concrete with aggregates of the slag B,
its particle size is more uniform and the contact between the grains is
punctual, which impairs the distribution of the loads and decreases the
strength. Finally, the slag C improves mechanical strength, but because
it presents a predominance of size 10-20mm, it is lower compared to A.
In the case of flexural tensile strength, the tendency was practically
equal, with particle size A presenting a significant difference from
the other two, B and C, which showed no difference from each
other. The three particle sizes comply with the minimum strength
established by the Brazilian standard NBR 16416/2015 (> 2MPa),
to be used in light traffic pavements or sidewalks for pedestrians.

3.2 Hydraulic properties

The results corresponding to the porosity and permeability are
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shown in Figure 7. As shown in Figure 7, the three slag particle siz-
es used complied with the minimum permeability required by NBR
16416/2015, of 1mm/s. With a value lower than 0.5%, the particle
size A presented significant difference only from the particle size
B, and the particle sizes B and C showed no difference from each
other. The permeability coefficients obtained are between 10 and 12
mm/s, within the range of values reported in the literature [28-30]
the impact of this distribution on the permeability of the pavement
has not been considered. This research investigates the impact of a
vertical porosity distribution on the overall permeability of pervious
concrete. First, an unimpaired porosity-permeability relationship was
generated using pervious concrete specimens which had uniform
porosity throughout. This relationship was then used in conjunction
with the vertical porosity distribution of surface compacted pervious
concrete specimens to generate a vertical permeability distribution.
An effective permeability value was used to summarize the over-
all behavior of the permeability distribution and was shown to have
a much better correlation with the actual permeability of the speci-
mens than the permeability predicted using the average porosity of
the specimen. Additionally, an analysis of the relationship between
the permeability distribution and the effective permeability showed
that the minimum permeability (and therefore minimum porosity. The
permeability of the material is related to the particle size distribution
of the grains, which indicates that more continuous particle sizes
exhibits lower permeability coefficients when compared to uniform
particle sizes, as is the case of slags A and B [4].

Regarding the porosity, the 3 particle sizes present a significant
difference from each other, as observed in Figure 7, and the values
obtained are between 15 and 20%. This property is directly related
to the particle size distribution and the consumption of materials.

3.3 Correlations

Table 4 lists a summary of the mechanical and hydraulic properties
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Table 4
Summary of results
Particle size A B C
fc > K fo f ® K fo K ®
Property  (mpay (MPD) oy (mm/ss) (MPa) MPa) (%) (mmss) MPa) MPO) mmssy (%)
Mean 3153 407 1523 1002 1890 317 2009 1297 2330 343 1100 1721
sD 129 016 066 078 260 018 102 098 18 011 113 072
CV (%) 409 383 432 783 1376 561 507 754 801 324 1030  4.21

of pervious concrete obtained in the experimental study, as well as
the mean values, standard deviation and coefficient of variation of
each property.

According to Table 4, the coefficients of variation found for the
properties evaluated are in accordance with the literature [31],
due to the quality control during the casting of the specimens,
once all concretes were cast on the same day, reducing the tem-
perature interference. In addition, moisture control of the aggre-
gates was performed and, because the compacting procedure
was performed with the help of the vibrating table, there was a
reduction in the variability resulting from the human operator in
the production process.

In order to better interpret the obtained results, two parametric cor-
relation analyses were implemented: the first related to the hydrau-
lic properties (porosity and permeability), and the second related
to the influence of fine aggregates (% sand) corresponding to each
particle size studied in the mechanical and hydraulic properties of
the material.

Figure 8 illustrates the proposed correlation between the porosity
and the permeability coefficient of the pervious concrete.
According to some studies, the correlation between permeability
and the porosity for large intervals and large number of data have
a most exponential trend [13,28]the impact of this distribution
on the permeability of the pavement has not been considered.
This research investigates the impact of a vertical porosity dis-
tribution on the overall permeability of pervious concrete. First,
an unimpaired porosity-permeability relationship was generated
using pervious concrete specimens which had uniform porosity
throughout. This relationship was then used in conjunction with
the vertical porosity distribution of surface compacted pervious

16
14 k(mm/s) = 0.7006(®) - 0.9368 -
R2=0.9016

0 5 10 15 20
@ (%)

25

Figure 8
Correlation between permeability and porosity

concrete specimens to generate a vertical permeability distribu-
tion. An effective permeability value was used to summarize the
overall behavior of the permeability distribution and was shown
to have a much better correlation with the actual permeability of
the specimens than the permeability predicted using the average
porosity of the specimen. Additionally, an analysis of the relation-
ship between the permeability distribution and the effective per-
meability showed that the minimum permeability (and therefore
minimum porosity, but when smaller intervals are considered and
if there is little data, it can be considered a linear trend [1,32—-34],
which is the case of the present study, therefore a linear cor-
relation was proposed considering a porosity of approximately
15-20% and a permeability range of 9-14mm/s, this correlation
presented a good fit for the studied materials.

Considering that the 3 slags used had different sand contents (<4.8
mm), an analysis was carried out to check for the influence of this
percentage of sand on the mechanical and hydraulic properties
of the material. Figure 9 shows the proposed correlation between
the properties of compressive strength and permeability with the
percentage of sand of each of the particle sizes used.

According to Figure 9, there is an approximate linear correlation
between the compressive strength and the percentage of sand for
the analyzed data range, i.e., the higher the amount of sand, the
greater the strength of the material, since sizes smaller than 4.8
mm improve the particle size curve, reducing porosity and increas-
ing the mechanical response of the material. On the other hand,
the increase in sand percentage results in a decrease in the per-
meability of the material, since this results in the formation of small-
er voids, reducing the hydraulic capacity of the internal channels of
the concrete and consequently, the speed of water passage.

35 14
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Figure 9
Correlation between F'c and k vs % sand
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Table 5
Experimental results
f k sand
PC (MPa) (mm/s) (%)
A 31.50 10.02 50.60
B 18.90 12.97 1.20
C 23.30 11.00 16.02

Thus, there is a balance between the percentage of sand and
the two properties previously analyzed, which means that de-
pending on the final use of the material, the addition of grains
smaller than 4.8mm can be implemented or not to increase the
mechanical strength without highly compromising the perme-
ability of the material.

In order to evaluate the possible relationships between the experi-
mental results obtained, the results of compressive strength (f'c),
permeability (k) and percentage of sand (s) were collected for each
mixture studied. These data can be found in Table 5.

To study the relationships between parameters, a three-step analy-
sis (1, 2, 3) was performed. The results of the three characteristics
are used to obtain an equation that relates them through a nonlin-
ear regression (Equation 2) using the experimental software for
data curve fit (LAB Fit).

frc =19.274- k0.004-(% sand) (2)

Considering the coefficient of correlation obtained, the estimates
are well suited, since R? is equal to 0.98. The average relative er-
ror of the estimate of f'c presents a value of 2.07%, which cannot
be considered significant in relation to the intrinsic variability pre-
sented by the previous concrete. Thus, using this approach, an
acceptable correlation was obtained for the range of data analyzed
(empirical analysis).

4. Conclusions

EE

According to the results obtained in the present study, the following

conclusions were obtained:

m The three slag particle sizes used meet the minimum param-
eters required by NBR 16416/2015, easily complying with the
permeability and strength values, enabling the use of this type
of aggregates in the manufacture of pedestrian walkways and
light traffic pavements;

m The maximum size of the slag grains was predominant for the
compressive strength. In the case of the range 6-10 mm, the
best result was obtained, mainly due to its particle size compo-
sition with 50.6% sand, which led to a greater gain in strength;

m In hydraulic terms, the correlation between the permeability
and the porosity of the material agrees with that found in the lit-
erature for pervious concretes with a porosity between 15 and
25%, since they are directly proportional properties and are
related to the particle size of the type of aggregate used;

m There is a direct influence of the sand percentage relative to
each particle size on the mechanical and hydraulic properties
of PC, so an optimum range of sand can be found which con-
tributes to the strength without compromising the permeability
of the material.
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Abstract
E——

The objective of this work is to make feasible the use of FEA slag instead of the conventional bulk aggregate in the pervious concrete (PC) pro-
duction, reaching the minimum parameters required by NBR16416/2015 and ACI 522R-10. This substitution would minimize the use of natural
aggregates, besides taking advantage of a residue that has no specific destination. In order to reach the objective, three FEAs with different grain
sizes were chosen: 6-10 mm (A), 10-20 mm (B) and finally a mixture of the two previous ones (C) in the proportion 30-70 respectively. In order to
evaluate its mechanical behavior, tests of compressive strength and flexural tensile tests were carried out, while the evaluation of the hydraulic
behavior, porosity and constant head permeability test were performed. The compressive strength varies from 19-31MPa and 3-4MPa for flexural
tensile strength was obtained. In hydraulic terms, the porosity varied from 15-20% and the permeability coefficient was 10-12mm/s. There is also
a direct influence of grains of size less than 4.8 mm (small aggregate) on the compressive strength and permeability of PCs. At the end of the re-
sults, it was possible to establish a correlation between the compressive strength, the permeability and the percentage of grains inferior to 4.8mm
(sand%), being this positive in relation to the studied variables, that is, the mechanical and hydraulics. Therefore, it has been concluded that the
total substitution of conventional aggregates by FEA in CoPe manufacturing will comply with the minimum parameters of NBR 16416/2015.

Keywords: pervious concrete, permeability, porosity, sustainability, electric furnace slag.

Resumo
[

O objetivo deste trabalho é viabilizar o uso de escoéria de forno elétrico (FEA) em substituicdo ao agregado graudo convencional na fabricagdo de
concreto permeavel (CoPe), atingindo os parametros minimos exigidos pela norma NBR16416/2015. Esta substituicdo minimizaria a utilizagéo
de agregados naturais, além de aproveitar um residuo que nao tem destinagédo especifica. Para alcangar o objetivo foram escolhidos trés FEA's
com diferentes distribuigdes granulométricas: 6-10 mm (A), 10-20 mm (B) e finalmente uma mistura das duas anteriores (C) na proporgéo 30-70
respectivamente. Para avaliar seu comportamento mecanico foram realizados ensaios de resisténcia a compresséao e tragao na flexdo, enquanto
na avaliagdo do comportamento hidraulico, indice de vazios e permeabilidade a carga constante foram realizados. Na compressao foram obtidas
resisténcias variando de 19-31MPa e 3-4MPa na tragéo na flexdo. Em termos hidraulicos, o indice de vazios variou de 15%-20% e o coeficiente
de permeabilidade de 10-12mm/s. Também se verifica a influéncia direta dos gréos de tamanho inferior a 4.8 mm (agregado mitido) na resisténcia
a compressao e na permeabilidade dos CoPes. Ao final, a partir dos resultados obtidos foi possivel estabelecer uma correlagéo entre a resisténcia
a compressao, a permeabilidade e a porcentagem de gréos inferiores a 4.8mm (%areia), sendo esta positiva em relagéo as variaveis estudadas,
ou seja, as propriedades mecanicas e hidraulica. Por tanto foi concluido que é viavel a substituicdo total dos agregados convencionais por FEA
na fabricagdo de CoPe cumprindo com os parametros minimos da NBR 16416/2015.

Palavras-chave: concreto permeavel, permeabilidade, indice de vazios, sustentabilidade, escoéria de forno elétrico.
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Pervious concrete made with electric furnace slag (FEA): mechanical and hydraulic properties

1. Introdugao
—

O crescimento das cidades tem se dado de forma rapida e acentu-
ada nos ultimos anos, trazendo consigo diversos prejuizos ao meio
ambiente sendo um destes a reducdo das areas permeaveis. A im-
permeabilizagdo do solo reduz significativamente sua capacidade
natural de absor¢do das aguas pluviais, podendo resultar em en-
chentes que atingem, sobretudo, os grandes centros urbanos [1, 2].
Um material amplamente utilizado em pavimentos na construgao
civil € o concreto convencional, que apresenta baixo coeficiente de
permeabilidade (de cerca de 1x10-8 m/s) devido a sua baixa por-
centagem de vazios [3]. Por esse motivo, sua aplicagao resulta na
impermeabilizagao do solo. Em busca de uma alternativa que nao
impermeabilize o solo, pesquisas vem sendo realizadas na busca
de materiais que permitam a passagem da agua por sua estrutura,
sem alteragao nas propriedades mecanicas [1].

O uso de materiais permeaveis ajuda a diminuir os impactos ocasio-
nados pela impermeabilizagao, o que proporciona equilibrio no ciclo
hidrolégico, que é alterado de maneira radical com os recobrimentos
impermeaveis das grandes cidades, minimizando o risco de aciden-
tes com veiculos pelo fenébmeno da hidroplanagem e de doengas que
derivam das enchentes, garantindo a seguranga do meio [1].

Entre estes materiais esta o concreto permeavel (CoPe) que,
por sua composi¢ao tem um elevado indice de vazios dado pela
caréncia parcial ou total de agregados miudos na mistura. Este
concreto tem uma capacidade de drenagem maior que o conven-
cional, o que reduz a vazao das aguas pluviais presente no esco-
amento superficial [4].

O CoPe é composto de cimento Portland, agregado graudo e
agua, com pouco ou nenhum agregado miudo, o que facilita a for-
magao de vazios internos interconectados que permitem o escoa-
mento rapido e seguro da agua [1,2,5,6].

Em termos de resisténcia mecanica, este material trabalha na fai-
xa de 3-30 MPa [7-10], podendo ser utilizado em calgadas de pe-
destres e vias de trafego leve. Em termos hidraulicos, o coeficiente
de permeabilidade do material varia de 1-20 mm/s, o que garante
o fluxo rapido da agua por sua estrutura [4,11-14].

Atualmente tem sido implementado o uso de residuos de constru-
¢ao civil como agregados na fabricagdo de CoPe’s. Sendo que, as
propriedades mecanicas alcangadas com alguns destes agrega-
dos variam de 6 a 14 MPa na compressao e 1 a 2 na flexao [15,16]
ocorrendo uma redugéo nestas propriedades quando comparadas
ao uso de agregados convencionais [1]. Porem as propriedades
hidraulicas cumprem com o exigido na normativa nacional e inter-
nacional acima de 1 mm/s [17].

Com o intuito de melhorar as propriedades mecanicas do concreto
permeavel fabricado com residuo tem sido utilizada a escéria si-
derurgica (FEA), a qual é gerada na fabricagao de ago de segun-
da linha, e possui caracteristicas fisicas similares aos agregados
convencionais [18]. O aproveitamento de dita escoria € viavel ja
que de acordo com o Instituto Ago Brasil [19], na produgéo de uma
tonelada de ago sao gerados aproximadamente 600kg de residu-
os, dentre os quais 60% correspondem a escéria siderurgica.
Quando comparados aos agregados convencionais, os agregados
de escoria apresentam maior massa especifica e quantidade des-
prezivel de finos em sua granulometria [18].

Em termos mecanicos os concretos permeaveis com FEA atingem
resisténcias a compresséo na faixa de 8 a 20 MPa e resistén-
cias a flexdo de 2 a 4 Mpa [18,20] sendo notavel a melhora nas
propriedades mecénicas. Nas propriedades hidraulicas o material
tem um indice de vazios na faixa de 15 a 30% e um coeficiente
permeabilidade superior a 1 mm/s.

A partir do exposto foi realizado um estudo, na Universidade Politécni-
ca de Catalufa (UPC), de concreto permeavel com FEA estabilizada.
Por tanto este estudo avaliou a viabilidade do uso FEA como agregados
graudos na fabricagéo de CoPe’s com desempenho mecanico e hidrau-

Figura 1
Agregados siderdrgicos utilizados

lico minimo exigido pela NBR16416/2015. Para isto foram produzidos
trés concretos permeaveis com trés granulometrias de escoria diferen-
tes, sendo avaliadas suas resisténcias mecanicas (compressao e fle-
xa0) e propriedades hidraulicas (indice de vazios e permeabilidade).

2. Materiais e métodos
E——

2.1 Materiais

Com o objetivo de avaliar as propriedades mecénicas e hidraulicas
do CoPe produzido com agregados de escoria siderurgica (Figura
1), foram escolhidas trés granulometrias diferentes: a primeira com
agregados de tamanho variando entre 4-10 mm (A), a segunda com
granulometria de 10-20 mm (B) e a terceira correspondente a uma
composigao granulométrica de 30% da granulometria (A) e 70% da
(B), gerando a granulometria (C). A escoria utilizada é estabilizada
apresentado um potencial de expansao de 0.6 sendo praticamente
desprezivel e podendo ser utilizada na fabricagdo de materiais de
construgéo segundo a UNE-EN 1744-1:2010 [21].

Na Figura 2 e na Tabela 1 sdo apresentadas as curvas granu-
lométricas e a analise granulométrica dos agregados de escoéria
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Figura 2
Granulometria dos agregados siderlrgicos
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Tabela 1
Andlise granulométrica dos agregados siderdrgicos
A B C
Peneira (mm) % passa Peneira (mm) % passa Peneira (mm) % passa

40 100 40 100 40 100
25 100 31.5 100 31.5 100
16 100 20 97 20 97.9
12,5 100 14 69 14 78,3
10 92 12,5 50 12,5 62,6
8 75 10 21 10 37.2
6.3 54 6,3 1 6.3 16,9

4 24 4 0 4 7.2

2 10 2 0 2 3

1 6 1 0 1 1.8

0.5 4 0.5 0 0.5 1.2

0,25 3 0.25 0 0.25 0.9

0,125 2 0,125 0 0,125 0.6
0,063 1.6 0,063 0.2 0,063 0,62

Areia (%) 50,6 1.2 15,32
Dmaéx (mm) 10 20 20

Figura 3

Processo de produgdo dos concretos permedveis: a) mistura na betoneira; b) verificacdo visual;
c) resultado final; d) ensaio de consisténcia
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Tabela 2
Planejamento experimental

Tipo de F—— Té%?p%e Dimens&o corpo Amostras por idade
ensaio S deprova (mm)  7dias 14dias 28 dias
Mechanical Resisténcia & compressdo (NBR 5739/1994)  Cilindrico 150 X 300 5 - 5
Resisténcia & fragdo na flexdo (ASTM C78-02) Viga 150 X 150 X 600 - - 4
Hydraulic Indice de vazios (Empirico) Cilindrico 150 X 300 - - 3
Permeabilidade a carga constante Cilindrico 150 X 300 - - 3

utilizados, onde é possivel observar que a escoria A apresenta
uma tendéncia mais continua, enquanto as escérias B e C apre-
sentam granulometrias com tendéncia uniforme.

Para realizar uma andlise da influéncia dos finos no comporta-
mento mecanico e hidraulico do material, foi considerado como
agregado miudo (areia) o material passante pelas peneiras 4,8 até
a 0,063 mm, como mostrado na Tabela 1. Os agregados siderur-
gicos utilizados na campanha experimental tinham curvas granu-
lométricas diferentes, e, portanto, contetdos de areia diferentes. A
escoria A apresenta uma porcentagem de areia de 50,6%, a B de
1,2% e a escoria C de 15,32%.

2.2 Mistura e produgéao

Os concretos foram produzidos em uma betoneira de eixo verti-
cal na empresa PROMSA (Barcelona, Espanha), com o seguinte
procedimento de mistura: primeiramente foram adicionados os
agregados siderurgicos, a areia (segundo cada traco), o cimento e
50% da agua, sendo estes misturados durante 1 minuto para ho-
mogeneizacdo; em seguida adicionou-se a resina e o material foi
misturado por mais 1 minuto e, finalmente, foi acrescentado o res-
tante da agua juntamente com o aditivo, misturando por 3 minutos,
totalizando 5 minutos de mistura. Na Figura 3 podem ser observa-
das as etapas do processo de mistura dos concretos permeaveis.
Durante o processo de produgéo das trés misturas verificou-se que
nenhuma delas apresentou excesso de agua e que todas atingiram
abatimento nulo, como esperado segundo a bibliografia para este tipo
de concreto, devido as baixas relagdes a/c [1,2]. Na Figura 3 (c) obser-
va-se a plasticidade da mistura, enquanto na Figura 3 (d) € mostrado o
ensaio de abatimento que no caso das 3 granulometrias foi nulo.

2.3 Planejamento experimental

Apos o processo de mistura foram moldados os corpos de prova

para os ensaios mecanicos e hidraulicos, respectivamente. Na Ta-
bela 2 é apresentado o planejamento experimental.

Como mostrado na Tabela 2, os ensaios de resisténcia a com-
pressado, indice de vazios e permeabilidade foram realizados em
corpos de prova cilindricos no intuito de correlacionar estas trés
propriedades de forma direta.

2.4 Compactacgao

O procedimento de compactagao empregado nos corpos de prova
cilindricos e prismaticos foi o da mesa vibratéria (Figura 4c), em
camada unica, durante 30 segundos. Foram moldados corpos de
prova cilindricos de 150 mm de diametro por 300 mm de altura (Fi-
gura 4a e 4d), além de vigas de 150 mm por 150 mm por 600 mm
(Figura 4b e 4d). A Tabela 3 apresenta o consumo de materiais
por metro cubico, utilizados na produgao do concreto permeavel
Como a relagéo a/c empregada foi muito baixa, houve a necessida-
de de incorporagdo do aditivo superplastificante polifuncional com
(pH de 5, densidade de 1.180g/cm?e conteudo de cloretos <0.1%)
[22], o que garantiu boa plasticidade na mistura e facilitou o proces-
so de moldagem dos corpos de prova. Também foi utilizada uma
resina polimérica (pH de 9, densidade de 1.05 g/cm?®, viscosidade
de 12cPoises)[23] com o intuito de aumentar a aderéncia entre a
argamassa e os agregados siderurgicos, garantindo assim boa re-
sisténcia mecanica sem prejudicar a permeabilidade.

2.5 Indice de vazios

O indice de vazios no estado endurecido foi determinado nos mes-
mos corpos de prova utilizados no ensaio de resisténcia a com-
pressdo, sendo estes ensaiados no estado saturado superficie
seca, de forma a garantir a ndo absorgdo de agua. Os corpos de
prova foram envoltos em filme de PVC pelas superficies laterais
e face inferior e, posteriormente, introduzidos no molde metalico

a

Figura 4
Moldagem e compacta¢cdo corpos de prova

B2  —————————————
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Tabela 3
Consumo de materiais por m?

. Cimento Escéria Agua Res.emulsGo  Superplastificante
Granulometria (kg/m?) (kg/m?) alc (kgg/m3) team® P (I?g/mS)

A 350 2570 0,24 142,8 50 1,05

B 350 2570 0,24 142,8 50 1,05

C 350 7711779 0,24 14,8 50 1,05
cilindrico, de mesmas dimensdes, para assegurar que o filme de  Onde:
PVC nao sofresse deformagdes. O molde metdlico com o corpo V= indice de vazios (%)
de prova teve sua massa aferida e tarada em uma balanga. Por V., = Volume de agua adicionada até aflorar na superficie do

ultimo, foi-se adicionando agua até preencher os vazios internos
do material e quando a agua aflorou na superficie do corpo de

—t

3,

A mm*

-

000
Figura 5

Ensaio de permeabilidade a carga constante

prova foi determinada sua massa. O indice de vazios foi calculado
mediante a Equagéo 1[4,13,24].
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cogrpo de prova (I)

ch= Volume do corpo de prova de 150 mm de didmetro e 300 mm
de altura (I)

O método utilizado € um método empirico recomendado por

2.6 Permeabilidade

O ensaio de permeabilidade a carga constante segue o principio
da Lei de Darcy [13,25-27] e, basicamente, mede a quantidade de
agua que passa pelo corpo de prova em um determinado intervalo
de tempo. Para este ensaio foram novamente utilizados os cor-
pos de prova empregados no ensaio de resisténcia a compressao,
também no estado saturado superficie seca. Os corpos de prova
foram envoltos em filme de PVC, seguido de um recobrimento com
fita adesiva convencional e, por fim, uma camada de fita adesiva
de polietileno com tecido de algodao (Silver Tape), com o intuito
de garantir a impermeabilidade [4]. O corpo de prova foi entao
posicionado entre dois tubos de PVC de mesmo diametro, sendo
que o tubo superior continha um extravasor para garantir o nivel
da agua constante durante o ensaio, como mostrado na Figura 5.

3. Resultados e analise
E——

3.1 Propriedades mecanicas

Os resultados correspondentes aos ensaios de resisténcia a com-
pressao e resisténcia a flexdo sédo apresentados na Figura 6.

Na resisténcia a compressao foi constatada mediante o analise
ANOVA que com um valor inferior a 0.5% a granulometria A possui

4.2

4.0

38
1

34

32

Resisténcia a Flexo-trago, MPa
36

30
1

Granulometria

b)

Resultados propriedades mecdénicas: a) Compressdo; b) Flexo-tracdo
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diferencia significativa com as outras duas granulometrias utiliza-
das nas duas propriedades mecanicas analisadas, apresentando
em meédia um valor de resisténcia de aproximadamente 32 MPa
na compressao. Este resultado pode ser explicado pelo arranjo
granulométrico dos agregados da granulometria A, que possuem
maior variedade de tamanho, aumentando os pontos de contato
entre as particulas, o que facilita a distribuigdo de esforgos e se
traduz em um aumento da resisténcia mecanica. Ja as granulo-
metrias B e C ndo apresentam diferencia significativas entre elas.
No caso do concreto com agregados da escoéria B, sua granulo-
metria € mais uniforme e o contato entre os gréos é pontual, o
que prejudica a distribuicdo das cargas e diminui a resisténcia.
Finalmente a escoria C melhora a resisténcia mecanica, porém
por apresentar predominancia do tamanho de 10-20mm, é mais
baixa se comparada a A.

No caso da resisténcia a flexo-tragao a tendéncia foi praticamen-
te igual a granulometria A apresentou diferencia significativa com
as outras duas, e a B e a C ndo apresentaram diferencia entre
elas. As trés granulometrias cumprem com a resisténcia minima
estabelecida pela norma brasileira NBR 16416/2015 (>2MPa),
para serem utilizados em pavimentos de trafego leve ou calgadas
para pedestres.

3.2 Propriedades hidraulicas

Os resultados correspondentes ao indice de vazios e coeficiente de
permeabilidade a carga constante sdo apresentados na Figura 7.

Como mostrado na Figura 7, as trés granulometrias de escéria
utilizadas cumprem com a permeabilidade minima requerida pela
norma NBR 16416/2015, igual a Tmm/s. Com um pvalor inferior a
0,5% a granulometria A apresentou diferencia significativa s6 com a
granulometria B, e as granulometrias B e C nao apresentaram dife-
rencia entre elas. Os coeficientes de permeabilidade obtidos encon-
tram-se entre 10-12 mm/s, dentro da faixa de valores reportados na
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bibliografia [28-30]. A permeabilidade do material esta relacionada
com a distribuicao granulométrica dos graos, o que indica que gra-
nulometrias mais continuas exibem coeficientes de permeabilidade
menores quando comparadas as granulometrias uniformes, como é
0 caso das escorias Ae B [4].

Com relagao ao indice de vazios, as 3 granulometrias apresentam
diferencia significativa entre elas como mostrado na Figura 7 e os
valores obtidos situam-se entre 15-20%. Esta propriedade direta-
mente relacionada com a distribuigdo granulométrica e o consumo
de materiais.

3.3 Correlagées

Na Tabela 4 é apresentado um resumo dos resultados das proprie-
dades mecanicas e hidraulicas do concreto permeavel, obtidos na
campanha experimental, bem como os valores médios, desvio pa-
drao e coeficiente de variagado de cada propriedade.

De acordo com a Tabela 4, os coeficientes de variagdo encontra-
dos para as propriedades avaliadas estdo em conformidade com
0 exposto pela bibliografia [31], devido ao controle de qualidade
durante a moldagem dos corpos de prova, visto que todos os con-
cretos foram moldados no mesmo dia, diminuindo a interferéncia da
temperatura. Além disso, foi realizado o controle de umidade dos
agregados e, pelo fato de o procedimento de compactagao ter sido
executado com auxilio da mesa vibratoria, houve redugéo da varia-
bilidade decorrente do operador humano no processo de produgéo.
Com o intuito de interpretar melhor os resultados obtidos, foram
implementadas duas analises paramétricas de correlagao: a pri-
meira relacionada as propriedades hidraulicas (indice de vazios e
permeabilidade), e a segunda relacionada a influéncia dos agre-
gados finos (% de areia) correspondentes a cada granulometria
estudada, nas propriedades mecanicas e hidraulicas do material.
A Figura 8 mostra a correlagéo proposta entre o indice de vazios e
o coeficiente e permeabilidade do concreto permeavel.
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Resultados propriedades hidrdulicas: a) Permeabilidade; b) Indice de vazios
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Tabela 4
Resumo dos resultados
Granulometria A B C
. fo @ K fe f @ K fe K >
Propriedade  (yipgy W (MPA) oy (mm/ss) (MPa) MPa) (%) (mm/s) MPa) MPO) mmssy (%)
Média 31,53 407 1523 1002 1890 317 2009 1297 2330 343 11,00 17,21
DP 129 016 066 078 260 018 102 098 187 011 113 072
CV (%) 409 383 432 783 1376 561 507 754 801 324 1030 421

Segundo algumas pesquisas a correlagdo da permeabilidade e o
indice de vazios para grandes intervalos e grande numero de dados
tem uma tendéncia maiormente exponencial [13,28], porem quando
sao considerados intervalos menores e se conta com poucos dados
pode ser considerada uma tendéncia linear [1,32—-34] que é o caso
do presente trabalho, por tanto foi proposta uma correlagao linear
considerando um indice de vazios de 15-20% aproximadamente e
um intervalo de permeabilidade de 9-14mm/s, esta correlacéo apre-
sentou um bom ajuste para os materiais estudados.

Considerando que as 3 escorias utilizadas apresentavam teores
diferentes de areia (<4.8mm) foi realizada uma analise para ve-
rificar a influéncia desta porcentagem de areia nas propriedades
mecanicas e hidraulicas do material. A Figura 9 apresenta a corre-
lagado proposta entre as propriedades de resisténcia a compressao
e permeabilidade com a porcentagem de areia de cada uma das
granulometrias utilizadas.

Conforme a Figura 9 existe uma correlagdo aproximadamente li-
near, para o intervalo de dados analisado, entre a resisténcia a
compressao e a porcentagem de areia, ou seja, quanto maior a
quantidade de areia maior a resisténcia do material, ja que tama-
nhos inferiores a 4.8 mm melhoram a curva granulométrica, dimi-
nuindo a porosidade e aumentando a resposta mecanica do ma-
terial. Por outro lado, 0 aumento da porcentagem de areia resulta
em uma diminui¢do da permeabilidade do material, uma vez que
isso resulta na formagao de vazios menores, diminuindo a capaci-
dade hidraulica dos condutos internos do concreto e consequen-
temente, a velocidade de passagem da agua.

Dessa forma, existe um equilibrio entre a porcentagem de areia
e as duas propriedades anteriormente analisadas, o que significa
que dependendo do uso final do material, pode ser implementada

16
14 k(mm/s) = 0.7006(®) - 0.9368 -

Rz = 0.9016 ..
12 i

> 10

k(mm/s)

0 5 10 15 20
@ (%)

25

Figura 8
Correlacdo permeabilidade e indice de vazios

ou ndo a adigdo de graos inferiores a 4.8mm para aumentar a
resisténcia mecanica sem um elevado prejuizo a permeabilidade
do material.

Tendo em vista avaliar as possiveis relagdes entre os resultados
experimentais obtidos, os resultados de resisténcia a compressao
(f'c), permeabilidade (k) e porcentagem de areia (s) foram coleta-
dos para cada mistura estudada. Esses dados podem ser consul-
tados na Tabela 5.

Para estudar as relagdes entre os parametros, foi realizada uma
analise em trés fases (1, 2, 3). Os resultados das trés caracteristi-
cas séao utilizados para obter uma equagao que os relacione atra-
vés de uma regressao nao-linear (Equagao 2) usando o software
experimental de ajuste da curva de dados (LAB Fit).

f,c =19.274- k0.004—-(% areia) (2)

Considerando o coeficiente de correlagdo obtido, as estimativas
apresentam boa adequacdo, uma vez que R? é igual a 0.98. O
erro relativo médio da estimativa de f'c, apresenta um valor de
2.07%, o que nao pode ser considerado significativo em relagéo
a variabilidade intrinseca apresentada pelo concreto anterior. As-
sim, usando essa abordagem, obteve-se uma correlagédo aceitavel
para o intervalo dos dados analisados (andlise empirica).

4. Conclusoes

[

Segundo os resultados obtidos no presente trabalho foram obtidas

as seguintes conclusodes:

B As trés granulometrias de escoria utilizadas satisfazem os
parametros minimos exigidos pela norma NBR 16416/2015,
cumprindo faciimente com os valores de permeabilidade e
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Correlacdo F'c e k vs % de areia
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Tabela 5
Resultados experimentais obtidos
f k areia
CoPe (MPa) (mm/s) (%)
A 31,50 10,02 50,60
B 18,90 12,97 1.20
C 23,30 11,00 16,02

5.

resisténcia, viabilizando o uso deste tipo de agregados na fabri-
cacao de calgadas para pedestres e pavimentos de trafego leve.;
Na resisténcia a compressao foi preponderante o tamanho
maximo dos gréos de escoria. No caso da faixa 6-10 mm, ob-
teve-se o melhor resultado, devido principalmente a sua com-
posigao granulométrica com 50.6% de areia, fato que levou a
um maior ganho de resisténcia;

Em termos hidraulicos, a correlagao entre a permeabilidade
e o indice de vazios do material concorda com o encontrado
na literatura para concretos permeaveis com indice de vazios
entre 15-25%, ja que s&o propriedades diretamente propor-
cionais e estéo relacionadas com a granulometria do tipo de
agregado utilizado;

Existe uma influéncia direta da porcentagem de areia relativa a
cada granulometria nas propriedades mecanicas e hidraulicas
do CoPe, por tanto pode ser encontrada uma faixa 6tima de
areia a qual aporte na resisténcia sem prejudicar a permeabili-
dade do material.
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Abstract
[

The research developed has the purpose of analyzing the potential utilization of sugarcane bagasse ash and tire residue in the construction of pav-
ers in replacement of the small aggregate, the natural sand. In order to achieve this objective, the methodology adopted includes steps such as:
characterization of the residues to be used, preparation of pavers with different contents of partial replacement of small aggregates, determination
of the main pavers characteristics (compressive strength, water absorption, abrasion resistance) . The results proved the viability of the substitu-
tion, and the optimum content for the manufacturing of the parts is 27%, being 25% of BCC and 2% of tires. The contribution of the research is
focused on reducing the consumption of natural resources and the correct disposal of the residues studied.

Keywords: cinza do bagaco da cana-de-agucar,pneus, pavers, reciclagem, durabilidade.

Resumo

A pesquisa desenvolvida tem como proposta analisar a potencialidade de utilizacao da cinza do bagago da cana-de-agucar e do residuo de pneus
na confecgado de blocos de concreto para pavimentagéo (pavers) em substituicdo do agregado miudo, a areia natural. Para atingir este objetivo
a metodologia adotada compreende etapas como: a caracterizagdo dos residuos a serem utilizados, confecgdo de pavers com diferentes teores
de substituicdo parcial de agregado miudo, determinagao das principais caracteristicas pavers (resisténcia a compressao, absor¢do de agua,
resisténcia a abraséo). Os resultados comprovaram a viabilidade da substituicdo, sendo que o teor étimo para a fabricagéo das pecas é de 27%,
sendo 25% de CBC e 2% de pneus. A contribuicdo da pesquisa esta voltada para redugéo do consumo dos recursos naturais e a correta dispo-
sicao dos residuos estudados.
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1. Introduction

EE

The various industrial segments seek every day new technologies
and management systems that contribute to the increase of pro-
duction in order to meet a market with high power consumption
and increasingly demanding. However, they are the result of this
productive behavior: the need for raw materials and the increasing
generation of waste, which leads to an indiscriminate but still nec-
essary extraction of natural resources and the generation of waste
in a certain way ignored.

The collection of solutions that minimize the impacts generated by
this scenario impels those responsible for production to evaluate
and analyze differently two extremes of the production chain: the
indiscriminate extraction of natural resources and the consequenc-
es of uncontrolled production. As a result, the productive sectors
seek to apply environmental management practices and strategies
that demonstrate their commitment to this new reality, thus adding
more value to their products vis-a-vis a society more aware of the
need to seek environmental conservation ( ROSA, 2007)"

A solution to this question, pointed out by several lines of research,
to minimize the damages caused to the environment and simultane-
ously guarantee the continuity of production is the use of alterna-
tive materials and the replacement, total or partial, of the natural
resources, through the recycling of waste. According to John (2000)
@ the first and most visible contribution of recycling is the preserva-
tion of natural waste. Since if they are replaced by waste it can be
said that there will be an extension of the life of the natural reserves
and a reduction of the destruction of the landscape, flora and fauna.
The construction sector is one of the most promising sectors for
the use of waste as a source of raw material. Since residues from
the most different origins have been applied successfully in the
manufacture of mortars, concretes, sealing elements, among oth-
ers. This use of waste in construction meets the industry’s need to
reduce its environmental impacts: it is currently estimated that the
construction industry accounts for 20-50% of the consumption of
natural resources extracted from the planet (JOHN , 2000)!.

In Brazil, the approach to waste management was not addressed
clearly and directly in Brazilian environmental legislation, and it
was implicit and generic until 2010 when Law No. 12,305, called
the National Solid Waste Policy (PNRS)®, regulated by Federal
Decree No. 7.404, of December 23, 2010.

The PNRS aims to monitor the waste generated in industrial pro-
duction processes and their integrated management, and among
its principles are shared responsibility for the product life cycle and
the recognition of reusable and recyclable solid waste as an eco-
nomic good and of social, generating value of work and income
and promoter of citizenship.

In this way, it is considered that the industries are not only respon-
sible for the waste generated, but also for their products until the
final disposal, which should have an environmentally correct desti-
nation. The production process must be seen as a whole and inte-
grated into society, in such a way that the reuse of the waste or its
recycling must be defined at the beginning of production.

The proposal presented by this work is the reuse of two residues
through the partial substitution of the sand used in the making of pav-
ers, which may contribute to a decrease in the extraction of this mate-
rial, thus avoiding the degradation of the local ecosystem due to the

silting caused during the process. For this, the research aims to study
the reuse of ash from sugarcane bagasse and the residue of waste
tires in the construction of pavers, replacing the small aggregate.
Both the ash from sugarcane bagasse and the waste from waste
tires are waste generated annually in large quantities, which has
slow decomposition time, and which normally occupy a large volume
in landfills, or are improperly dumped and in an indiscriminate way in
the environment, which probably has contaminated the soil, air and
water, besides posing serious risks to the health of the population.
According to the National Association of Pneumatic Industries
(ANIP, 2016)“ the production of new tires in the year 2015 was
71.9 million units, of this total 63.5% had the purpose of replace-
ment, that is, about 45 million tires were only changed in 2015 in
the country. According to ANIP, of that amount, 46.8% are used
tires that can be returned to the market to be used in vehicles or
undergoing some type of refurbishment, and 53.2% are waste tires,
which are no longer used. Since 1999, when manufacturers began
collecting tires, by the end of 2014, more than 3 million tonnes of
waste tires, equivalent to 625 million tires, were properly collected
and destined. The most common form of disposal of waste tires is
as an alternative fuel for the cement industry, followed by the man-
ufacture of granulated and powdered rubber for use in rubber or
rubber asphalt, shoe soles, fluvial pipelines. However, the industry
still says that there is a need for new applications for this material,
since the volume of waste generated annually is high and many
units are not yet destined for the 824 collection points in Brazil.

In the process of processing sugarcane, the largest by-product gen-
erated is sugarcane bagasse, used in large scale as fuel in boilers
for power generation that generates two types of ash: heavy ash
and fly ash . Taking into account that of the 2016/2017 harvest with
an amount of 690.98 million tons of sugarcane (CONAB, 2016) ¥,
and that all the bagasse would be used as an energy source would
then be , produced approximately 4 million tons of ash per year.
Approximately 378 million tons of aggregates are used annually in con-
crete manufacturing. The substitution of this aggregate by the recycled
waste in addition to contributing to the reduction of the extraction of the
natural resources in large quantities, also, can collaborate to the reduc-
tion of CO, during the transport of the same until the place of use.

In order to analyze the potentiality of the use of the proposed resi-
dues, pavers with different substitution levels were tested, which
were tested according to current standards, analyzing characteris-
tics such as: resistance, water absorption and abrasion, thus defin-
ing the optimal substitution content of the proposed waste.

The methodology used, as well as the definitions used in this work
are based on the methodology and results obtained in the work of
Altoé (2013) ¥, where trait combinations were analyzed and the
first studies on the mechanical resistance, absorption and abrasion
of concrete blocks for paving.

This work aims to study the use of ash from sugarcane bagasse
(CBC) and the residue of waste tires in the replacement of small ag-
gregates for the construction of pavers that are subject to light loads.
In order to reach the main objective of this research, the following
specific objectives were defined: to analyze the ash characteristics
of the sugarcane bagasse and the waste of waste tires in terms of
the possibility of its application as a small aggregate; to analyze the
influence of the partial replacement of the small aggregate by the
proposed residues on the compressive strength, water absorption
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Figure 1
Usacgucar Iguatemi Unit
Source: Usacgucar (2015)

and abrasion resistance of the pavers; to determine the best opti-
mum substitution contents from the interpretation of the data ob-
tained in the different tests performed with the pavers.

2. Materials and experimental program
—

2.1 Materials

211 Aglomerant

The cement used in this research was the CP V ARI, once more
used by pavers manufacturers. The CP V ARI is regulated by
ABNT NBR 5733: 1991, and is recommended for the preparation
of mortars and concretes that achieve high strength with higher
speed (ABCP, 2002) M, and is widely used in the precast industry

21.2 Large aggregate

The natural aggregate used in the confection of the blocks was
zero gravel, of basaltic origin, commercially known as Pedrisco,
with a diameter of between 4.8 and 9.5 mm. The characterization
of the sand used in the preparation of the pavers was carried out
according to the following standards: determination of the granu-
lometric composition (NBR NM 248: 2003) ©!; determination of the
unit mass (NBR NM 045: 2006) ©; determination of the specific
mass (NBR NM 53: 2009) ',

2.1.3 Small aggregate

The natural aggregate used was the quartz sand. The characterization of
the sand used in the preparation of the pavers was carried out according
to the following standards: determination of the granulometric composi-
tion (NBR NM 248: 2003) ©, determination of the unit mass (NBR NM
045) 1, determination of the specific mass (NBR NM 52: 2009) "

2.1.4 Additive

In all the molded traces the liquid additive was used for low cement
consumption in semi-dry concretes. The characteristics of this ad-
ditive are shown in Table 1.

2.1.5 Sugarcane bagasse ash

The sugarcane bagasse ash used in the research comes from the ther-
moelectric plant of Santa Terezinha (Usagucar) Plant, located in the
Iguatemi district, approximately 10 km from Maringa-PR. Figure 2 (A)
Crude CBC, (B) Material removed from the CBC and (C) ) Gray sifted.
BCC was characterized according to the assays described below: - Poz-

Figure 2
CBC sample visual aspect: (A) CBC in the crude state; (B) Material removal da CBC; (C) Sieved CBC

Table 1
Additive characteristics

©

Manufacturer Name Type State Color Density Ph Consumption
Plasticizer type 0.2a05%in
. . SikaPaver for concrete - 1.01 +0.02 relation fo the
Sika Brasil HC-10 semi liquid Liquid Red kg/| 7+1 weight
state of cement

Source: Manufacturer, 2016

6110
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Figure 3
Tire residue

zolanic Activity - The pozzolanic activity was determined by the Modified
Chapelle Method, following NBR 15895: 2010 (Pozolanic Materials - De-
termination of the fixed calcium hydroxide content - Modified Chapelle
Method) ", by the Construction Materials Laboratory of the IPT-SP-
Granulometric analysis - The determination of the granulometric analy-
sis of the BCC was done by means of sedimentation and sieving, fol-
lowing NBR 7181: 1984 (Soil - Particle size analysis) 1'%, thus obtaining
the grain size curve of the material. - Specific mass: The specific mass
of the CBC, being an extremely fine material, should be determined by
NBR 6508: 1984 (Soil grains passing through the 4.8 mm sieve) ["4-
The procedure used to obtain leachate extract for BCC followed NBR
10005: 2004 (ABNT: 2004) ¥, as well as the solubilization procedure
followed 10006: 2004 (ABNT: 2004) ["¢l, The samples of leachate and
solubilized were subjected to determination of the contaminant con-
tents listed in annexes F and G of NBR 10004: 2004 (ABNT: 2004) ['",
by means of Atomic Absorption Spectrometer (AAS) 52 Varian - SPEC-
TRAA-240FS and lon Chromatograph, Metrohm - 850 Professional IC.
2.1.6 Residual tire
The tire residue used in the research was provided by the company
Borrachas SS, located in the city of Maringa, which receives waste
from tire retread companies throughout the region and is used to manu-
facture conveyor belts. This residue goes through a process of sepa-
ration, grinding and sieving, where the rubber is separated from the
other components of the tires. After passing through this process, the
residue, already in the form of powder, is heated and takes the form of
the regenerated rubber, later applied in the manufacture of the belts.
After the sample was collected, a sieving was performed in order to
remove larger pieces of rubber that were not retained in the sieves of
the company equipment. Figure 3 shows the sample after sieving. The
tire residues were characterized according to the tests described below:
B Particle size analysis: The tire residue samples were initially dried
at room temperature for a period of 72 hours, thus ensuring that
the sample was dry for the characterization tests. The granulo-

metric composition was determined according to NBR NM 248:
2003 (ABNT: 2003) @, thus ensuring that the residue corresponds
to the characteristics of small aggregate, since the proposal of the
study is the substitution of this aggregate;

B Unitary Mass - The test was performed according to NBR NM
45: 2006 (ABNT: 2006) ©, used for aggregates with character-
istic dimensions below 37.5 mm;

B Specific mass - As a thin residue, as the CBC, the specific
mass should be determined by NBR 6508: 1984 - Soil grains
passing through the sieve of 4.8 mm - Determination of specific
mass (ABNT, 1984) '4;

B Leaching and solubilization tests - The procedure used to ob-
tain the leachate extract for BCC followed NBR 10005: 2004
(ABNT: 2004) 51, as well as the solubilization procedure fol-
lowed 10006: 2004 (ABNT: 2004 ) ['sl. The samples of leachate
and solubilized were subjected to determination of the contam-
inant contents listed in annexes F and G of NBR 10004: 2004
(ABNT: 2004) "1, by means of Atomic Absorption Spectrom-
eter (AAS) 52 Varian — SPECTRAA-240FS and lon Chromato-
graph, Metrohm - 850 Professional IC.

2.2 Dosage, molding and testing of paving blocks

2.21 Dosage and molding

In order to meet the requirements of NBR 9781: 2013 (ABNT:
2013) 18, the ratio between binder and aggregate was defined as
1: 4, with 55% of the aggregate used being small aggregate and
45% according to the trait developed by Amadei (2011) "9, trait is
validated by the method proposed by Fernandes (2012) % and
indicated by the ABCP. This methodology systematically presents
the dosing procedures, which allows reproducibility in the labora-
tory, besides being suggested by a representative body.

After defining the dosage to be used in the manufacture of the pav-
ers, the traits were defined, based on the results obtained in the
Altoé research (2013) ©. In this research, traces with different levels
of substitution, both CBC and tire, were analyzed, delimiting traces
with maximum and minimum levels of substitution of each residue
used in the 2013 survey, seeking the highest possible use of the
residue in substitution to the natural child aggregate. Table 2 shows
the substitution levels of each trace. A fixed a / c ratio of 0.42, as
defined by Altoé (2013) 1, was adopted, and there was no need for

Table 2
Trace
Substitution content (%)
Trace Tire CBC

TO 0% 0% 0%
T 25% 0% 25%
T2 5% 0% 5%
T3 5% 5% 0%
T4 2% 2% 0%
5 27% 2% 25%
T6 7% 2% 5%
T7 30% 5% 25%
T8 10% 5% 5%
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Figure 4
Pavers production

corrections during the molding process.

The measurement of the materials to make all the traces was made
in mass, in order to guarantee a greater rigor in the control of the
production. Figure 4 shows the production sequence of the parts.
The pavers were left in the factory yard for 48 hours, being wet three
times a day, after this period they were taken to the Construction
Materials Laboratory of the State University of Maringa where they
remained in the Wet Chamber until the tests provided for in the Ex-
perimental Program were performed.

2.2.2 Visual Inspection: dimensions, weight and color

Six pieces of each trait were separated at the age of 28 days
for visual inspection, which consists of measuring, weighing and
color checking. The parameters of weight and color are not de-
fined in standard, but were adopted to verify any change between
molded parts with addition of residues and reference parts. As for
the dimensional parameter, NBR 9781: 2013 (ABNT: 2013) '8 de-
termines that the pieces are measured in their three dimensions,
thickness, width and height, and there can be no variation of 3mm

A
Figure 5

in any of the three. The pieces, at 28 days, were separated, mea-
sured, weighed and analyzed for color as shown in Figure 5

2.2.3 Compressive strength test

The compressive strength test is taken as a parameter by most
national and international standards, so this characteristic is of ut-
most importance in evaluating the performance of pavers.

In this work the study of this property is one of the characteristics
that defines the viability of substitution of the small aggregate by
the residues. This substitution directly interferes in the compres-
sive strength of the concrete, either by its decrease in the case of
the tire residue or by its increase in the case of the BCC. In addi-
tion, the combined substitution will also be studied.

For the compressive strength test, 18 pavers were manufactured
for each of the first defined traces, which were tested at age 28
days, as defined by NBR 9781: 2013 (ABNT, 2013) '8

The test performed followed ABNT NBR 9781: 2103 (Concrete Pav-
ing Parts - Specification and Test Methods) '], which admits that
all other characteristics of the pavers are directly attached to this

®

Parts inspection and measurement: (A) Weighing of parts; (B) Dimension measurement of parts

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3
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Figure 6
Paver in the press between the discs

property. For the tests, the pavers were rectified and immersed in wa-
ter for 24 hours, as required by the standard, and tested in the equip-
ment provided by the laboratory, a Universal Testing Machine (MEU)
of the EMIC brand. Figure 6 shows a paver being compressed.

2.2.4 Water absorption test

According to NBR 9781: 2013 (ABNT, 2013) ["® water absorption, ex-
pressed as a percentage, represents the increase in mass of a porous
solid body due to the penetration of water into its permeable pores,
relative to its state mass dry. According to Fioriti (2007) 22, immersion
water absorption is related to the measurement of the pore volume of

G

Figure 7

the concrete, not to the ease with which the fluid penetrates the con-
crete. The water absorption is closely linked to the voids (pores) in the
cement matrix. The greater the porosity of the pieces, the greater their
water absorption. These unfilled spaces may cause loss of durability
and mechanical strength of the parts, as well as increased leaching of
the chemical substances contained in it. The experiment was based
on NBR 9781: 2013 (ABNT, 2013) "8, For the test three pavers were
used for each trait at the age of 28 days, Figure 7 shows the pavers
immersed in water and also dried in the greenhouse.

2.2.5 Abrasion resistance test

The abrasion is directly linked to the pavement’s resistance to wear,
being as important as the other properties required of the pavers. NBR
9781: 2013 (ABNT: 2013) " provides and describes the abrasion test,
but makes it an optional choice. Because it is not a mandatory test
and because it is not very common, both manufacturing companies
and researchers still adopt other methods to study this parameter.
Among the several possibilities, the method used to determine pavers
abrasion was the CIENTEC Method, available in Rio Grande do Sul.
One paver was tested for the trait as an optimum substitution for the
parameter of resistance to compression, with age of 28 days, since
this is an expensive trial. The proposal is to make a comparison be-
tween the trait with optimal content and the reference trait.

3. Results and discussions
E——

3.1 Characterization of materials

3.1.1 Aglomerant

The cement used was Portland Cement of Initial High Strength

Absorption fests: (A) Immersed pavers; (B) Pavers in the greenhouse
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Table 3 Table 5
Cement features CPV ARI Characterization of the aggregate
Item de Unit Manufacturer NBR 5737/ Characterization Units Values
controle data NBR 5733 Especific mass g/cm? 2,900
strength MPa 27 > 14 Single unit mass in the loose state g/cm® 1,516
24 horas - ) .
ot h Characteristic maximum diameter mm 6.30
3redr;gs MPa 37 >24 Modulus of fineness - 4.49
Strength dias MPa 42 >34
3.1.3 Large aggregate
Strength
28 dias MPa 48 N
Blaine cm?/g 5330 > 3000 The results of the large aggregate characterization tests: determi-
Start of Min 160 S 60 nation of specific mass, unit mass in the loose state, characteristic
handle - maximum diameter and fineness modulus are given in Table 5 and
ﬁggd?; Min 265 <600 Figure 9 shows the granulometric distribution curve.

Source: Caué, 2016

Table 4
Characterization of the small aggregate
Characterization Units Values
Especific mass g/cm? 2,655
Single unit mass in the loose state g/cm?® 1,635
Characteristic maximum diameter mm 1.2
Modulus of fineness - 1.68

(CP V ARI), which gives the pieces high initial resistance al-
ready at the beginning of the curing process. The characteristics
of the material were obtained from the manufacturer and are
listed in Table 3 and meet the Brazilian standards regarding the
minimum quality limit.

3.1.2 Small aggregate

The results of the small aggregate characterization tests: de-
termination of specific mass, unit mass in the loose state,
characteristic maximum diameter and fineness modulus are
shown in Table 4 and Figure 8 shows the granulometric dis-
tribution curve.

314 Sugarcane bagasse ash - CBC

3.1.4.1 POZOLANIC ACTIVITY

The pozzolanic activity assay was performed at the IPT-Sao Pau-
lo Technological Research Institute following the Modified Cha-
pelle Method according to the guidelines of NBR 15895: 2010
(ABNT, 2010) "2 and the IPT123-CT-OBRAS-LMCC- Q-PE-041
- Revision 1 2 The sample analyzed presented a pozzolanic ac-
tivity index of 137 mg Ca (OH) 2 / g of the sample, which accord-
ing to NBR 15894-1: 2010 (ABNT, 2010) '@ is not indicative of
pozzolanic material once that in order to be characterized in this
way the material needs to have an index greater than or equal to
750 mg Ca (OH) 2/ g.

3.1.4.2 GRANULOMETRIC ANALYSIS

The granulometric analysis was performed by the combination
of sieving and sedimentation following NBR 7181: 1984 (ABNT,
1984) "3, Figure 10 shows the result of the test performed.

As can be observed in the granulometric distribution curve 79% of
the ash was retained between the sieves 0.06 to 0.2 mm, in the
classification of NBR 6508: 1995 (ABNT, 1995) [ they are similar
to fine sands. The sample had a uniformity value of 1.25 which
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Curve aggregate granulometric distribution
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Granulometric curve - CBC

indicates an almost vertical granulometric curve, ie the diameters
vary in a small range, indicating a sample with uniform distribution.
The graduation of the sample can be classified with a good grade
with a value of the particle size distribution coefficient close to 1.

3.1.4.3 SPECIFIC MASS AND MOISTURE CONTENT

The results of the assay for specific mass determination, performed
according to the methodology proposed in ABNT NBR 6508: 1984
(ABNT, 1984)) U4, are shown in Table 6. The moisture content of
the sample is shown in Table 6.

The value of the specific mass of the ash was very close to the

value of the sand used in this work, whose specific mass value
was 2.65 g/ cm?.

3.1.4.4 LEACHING AND SOLUBILIZATION TESTS

The values of the leached extract test were kept within the parameters
established by Annex F of NBR 10004: 2004 (ABNT, 2004) ['7, thus
classifying CBC as a “NON-HAZARDOUS’ residue. Some of the re-
sults for solubilization were found to be above that allowed by NBR
10004: 2004 (ABNT, 2004) ', in its Annex F, therefore, this residue
falls within the non-inert class. Thus, according to NBR 10004: 2004
(ABNT, 2004) [17], the analyzed CBC sample can be classified by
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Table 6
Specific mass and moisture content of CBC

Especific mass

Sample
Item 1 2
Capacity of the picnometer (ml) - 22/500 24/200
Wet sample (9) P1 60 60
Dry sample (g) - 59,92 59,92
Picnometer+ ground + water (9) P2 654,34 648,04
Picnometer + water P3 616,56 610,22
Temperature test (°C) - 24,8 25,0
Specific mass of water (g/cm?) - 0,9971 0,9971
Especific mass of ground (g/cm?) Gs 2,70 2,70
Especific mass of grouns (g/cm3) Gs 2,70 2,70
Determination of moisture content
Capsule n° 20 50 78
Wet sample + Capsule (g) 76,69 83,64 72,87
Dry sample + Capsule (9) 76,61 83,54 72,81
Capsule mass () 18,35 18,27 14,35
Moisture (%) 0.14 0.15 0.10
Average 0,13

the parameters presented here as “Non-hazardous waste - Class Il A
- Non-inert”. Residues with such a classification may have biodegrad-
ability, combustibility or water solubility properties.

This condition of the CBC, being a non-inert material, can cause it
to be released directly into the soil may cause some type of con-
tamination in the long term, remembering that the direct launching
in plantations is the method usually employed for CBC. This infor-
mation justifies once again the use of BCC as an aggregate in the
manufacture of concretes and pavers, since the concrete can lead
to the encapsulation of the contaminating materials, mitigating the
possible contaminations. The tests of solubilization and leaching in
the pavers were also carried out, aiming to confirm the neutraliza-

tion and stabilization efficiency of the contaminants present in the
residues used in the manufacture of the parts.

3.1.5 Residual tire

3.1.56.1 GRANULOMETRIC ANALYSIS

The granulometric analysis was performed according to the nor-
malized by NBR NM 248: 2003 (ABNT, 2003) ©. Figure 11 and
Table 7 present, respectively, the grain size curve and the grain
size characteristics of the waste tire residue. The tire residue
presents granulometric characteristics of materials with uniform

40
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Figure 11
Granulometric curve - tire residue
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Table 7
Granulometric characteristics - tire residue
Property Tire residue
Maximum diameter 2,4mm
Modulus of fineness 4,14

Ranking (NBR 7211/2009) Coarse sand

granulometry, as can be observed by its grain size curve. The
granulometric composition has a direct influence on the workability
of the concrete (NEVILLE, 1995) " and its densification, which
leads to a higher resistance, since the more dense the concrete
the greater its resistance (FIORITI, 2007)22.,

3.1.5.2 UNITARY MASS

In order to determine the unit mass of the tire residue, the test used
for aggregates with a characteristic size of less than 37.5 mm was
performed, following the procedure described in NBR NM 45: 2006
(ABNT, 2006) ©, the result being the same to 1.67 g/ cm 3.

3.1.56.3 ESPECIFIC MASS

Table 8 gives the results of the test for determination of specific
mass, performed according to the methodology proposed in NBR
6508: 1984 (ABNT, 1984) 4. The tire residue has a specific grain
mass less than the specific mass of the small aggregate used in the
construction of the pavers, which may contribute to a lighter product.

3.1.56.4 LEACHING AND SOLUBILIZATION TESTS

The values of the leached extract test were kept within the param-
eters established in Annex F of ABNT NBR 10004: 2004) ['"], thus
classifying the tire residue as “NON-HAZARDOUS” waste. Some
of the results for solubilization are above that allowed by NBR
10004: 2004) '"in its Annex F, therefore, this residue falls into the
non-inert class. Accordingly, in accordance with NBR 10004 '],
all samples of the Residual Tire Residue analyzed can be classi-
fied by the parameters presented here as “Non-hazardous waste
- Class Il A - Non inert”. Residues with such a classification may
have biodegradability, combustibility or water solubility properties.
Like CBC, the tire residue is also a non-inert material, which can
lead to some contamination of both soil and water if it is disposed
of inappropriately in the environment. In order to verify if the con-
taminants were encapsulated by the concrete the tests of solubi-
lization and leaching in the pavers were also carried out, trying to
confirm the efficiency of the application.

3.1.56.5 DOSING OF PAVERS

The dosage adopted was established by Amadei (2011))'®! and
also used by Altoé (2013) . The trace has a ratio of aggregate to
binder 1: 4. With the granulometric curves of the aggregates the
dosage was adjusted according to the methodology proposed by
Fernandes (2012) 29, Figure 12 shows the granulometric curve of
the mixture defined according to the proposed methodology.

FAIXA GRANULOMETRICA INDICADA PARA BLOCOS DE CONCRETO E PAVER

—imites pars Blocos

— Limites para Pavers

— T M @SGO

RETIDO ACUMULADO (%)

\\\

Fundo 0.075 0,15 03 06

1.2 24 48 63 2.5 125
ABERTURA DAS PENEIRAS (mm)

Figure 12
Granulometric curve of the mixture
Table 8
Especific mass - fire residue
Sample
Item 1 2
Capacity of the picnometer (ml) - 22/500 24/500
Wet Sample (g) P1 16,43 17,31
Dry Sample (g) - 16,43 17,31
Picnometer + ground + water (g) P2 589,03 582,00
Picnometer + water P3 610,98 604,57
Temperature test (°C) Gs 0,43 0.43
Specific mass of water (g/cm?) Gs (médio) 0,43
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Table 9
Mass dosing of pavers
Cement Sand Tire CBC Ahil Additive
Trace (kg) (kg) (kg) (kg) (kg) Alc mi
T0 18 47,7 0 0 24,3 0.42 40
T 18 35,78 0 11,93 24,3 0,42 40
T2 18 45,32 0 2,39 24,3 0,42 40
T3 18 45,32 2.39 0 24,3 0.42 40
T4 18 46,98 0.72 0 24,3 0.42 40
5 18 35,06 0.72 11,93 24,3 0.42 40
T6 18 44,60 0,72 2,39 24,3 0.42 40
17 18 33,39 2,39 11,93 24,3 0.42 40
T8 18 42,93 2,39 2,39 24,3 0.42 40

The proportion determined by Amadei (2011I" was adequate
for the manufacture of pavers, according to the granulometric
curve of the mixture, being within the limits of the optimal curve
determined by Fernandes (2012) 2%, Thus, the proportion de-
fined was 55% of small aggregate and 45% of large aggregate.
After the dosing was defined, the replacement levels were es-
tablished, based on the results of the Altoé (2013)® research,
based on the principle of maximum use of the proposed resi-
dues. Table 9 shows the mass dosages used to manufacture the
pavers. After the traces were defined, the pieces were molded in
the Concrete Artifacts Factory of the State University of Maringa

3.2 Properties of pavers
3.2.1 Visual inspection

3.2.1.1 COLOR AND VISUAL ASPECT

The visual aspect of the pavers is of extreme importance, since
the developed material must present visual characteristics close

to the commercial pavers. According to the manufacturer Maski
(2010) 2%, the paver should have well defined edges, good sur-

V.

Figure 13
Pavers made from waste

face finish and no burrs. In addition, color is also an important
aesthetic factor when defining which material will be applied on
a sidewalk.

For this reason an inspection was carried out in order to verify
the conformity of the parts and if there was any variation of color
in the parts manufactured with waste. Figure 13 shows some
of the pavers made with the proposed waste. There was not a
considerable variation in the color of the pieces, since the ap-
plied residue, despite having a darker coloration than the natu-
ral aggregate, the amount replaced was not enough to influence
this question.

3.2.1.2 Mass of pavers

The parts were weighed and the average values found for each
trace are given in Table 10.

The results show that the substitution of BCC results in a small
increase in the mass of the pieces. This can be explained by the
difference in mass between the two residues and the natural ag-
gregate. On the other hand, the pieces manufactured with waste
tires had their mass reduced as expected, even in the parts
manufactured with traces that also contained CBC

Table 10
Average weight of pavers
Average Variation i
weight of RS
Trace pavers rela |22 o
(€)]
T0 - 3.277,22 -
T1 25% CBC 3.304,44 0,83
T2 5% CBC 3.312,78 1,08
T3 5% Tire 3.086,67 -5,81
T4 2% Tire 3.240,00 -1,14
25% CBC
5 2% tire 3.250,00 -0,83
5% CBC
T6 2 9% fire 3.275,56 -0,05
25% CBC
17 5% fire 3.235,56 -1,27
5% CBC
T8 59% fire 3.242,22 -1,07
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Table 11
Dimensional variation of pavers in relation to dimensional folerance
Length Width Thickness
Trace Measure Variation Measure Variation Measure Variation
(mm) (mm) (mm) (mm) (mm) (mm)
Forma 195 - 95 - 80 -
TO 196 1 95 0 79 -1
T1 196 1 95 0 81 1
T2 195 0 95 0 80 0
T3 196 1 95 0 80 0
T4 196 0 96 1 80 0
T6 195 0 95 0 80 0
T7 195 0 95 0 80 0
T8 195 0 95 0 80 0

3.2.1.3 DIMENSIONS

The NBR 9781: 2013 (ABNT, 2013) !"8 defines that the dimen-
sional tolerance of pavers should be 3mm for width, length and
thickness. This requirement is given, because the dimensional
variation directly interferes with the alignment and the seating
of the pieces. For the analysis of this parameter, measurements
were made on 18 pavers made by dash, to be calculated the av-
erage of the dimensions. The results are shown in Table 11, and
the dimensions of the pavers manufactured should be (195x95x8)
mm., Both traces presented average dimensions within the di-
mensional tolerances.

3.2.1.4 COMPRESSIVE STRENGTH

According to NBR 9781: 2013 (ABNT, 2013) ["8 and following the
methodology described in Annex A, pavers manufactured with
different substitution contents were tested under compression in
order to determine the estimated compressive strength of each
stroke. The results of the tests are shown in Table 12. In order

Table 12
Compressive strength average
and estimated characteristic

28 dias
Trace
f, (MPa) f e (MPQ)
T0 - 35,32 33,83
T1 25% CBC 40,72 39,19
T2 5% CBC 35,08 33,11
T3 5% tire 25,35 23,07
T4 2% tire 30,77 29,00
25% CBC
15 29 fire 35,16 32,22
5% CBC
T6 2% fire 31,72 29,55
25% CBC
T7 5% fire 28,30 26,17
5% CBC
T8 5% fire 21,79 20,35

to facilitate the analysis of data, the results were transferred to a
graph, shown in Figure 14.

The trait that obtained the best result according to the resistance
parameters required by NBR 9781: 2013 (ABNT, 2013) '8 was T1,
manufactured with 25% sand replacement per BCC, with a value of
39.19 MPa, reaching an increase of 15.89% in relation to the refer-
ence trait. The T2 trace also made with CBC in substitution for the
sand presented similar result to the reference trait. These results
demonstrate the feasibility of the use of this residue in the prepa-
ration of pavers, without compromising the compressive strength.
As already pointed out in several studies, there is a decrease in
compressive strength when sand is replaced by tire residue. For this
research, traces with 2% and 5% of substitution were studied, and
both presented a reduction in relation to the TO trace, with values of
23.07 MPa and 29 MPa, for T3 and T4 respectively. The substitution
of 2% (T4) for the loss of resistance was not as significant as that
of 5% (T3), being in the order of 14%, the compressive strengths
obtained are lower than that determined by NBR 9781: 1987 (ABNT,
1987 ) [l However, they reached values that, according to several
researchers, may be indicated for application in places subject to
light applications, since, secondly, a resistance of 15 MPa would
already be the ideal for this type of request (FIORITI , 2007) 2.
The traces made with the two residues together show that the
mixture of CBC with tire offers an improvement in the mechanical
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Compressive strength
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properties of the paver made with only tire residue. In order to bet-
ter visualize these results, the graphs presented in Figures 15 and
16, where the results of 2% and 5% of sand replacement by Tire
are presented together with 5% and 25% CBC contents.
According to Figure 15 the pavers where the sand was replaced by
CBC and Tire achieved better compressive strength results than
where only the tire was used, with an increase of 11.10% in T5.
Another factor to be observed was that this trait presented a reduc-
tion of less than 5% in relation to TO. In this trait the total substitu-
tion content is 27% of the sand per residue, a high index when
compared to other residues when applied with the same purpose.
In the case of pavers made with 5% of tire residue, this behavior is
repeated for the CBC content of 25%. At 5% CBC, the results did
not show improvement, as can be seen in Figure 16.

One behavior that can be observed with respect to compressive
strength is that this apparently does not influence when the substi-
tution content is 5% substitution, as can be seen in the T2, T6 and
T8 traces, since these showed close resistance without CBC. One
way to better study this behavior may be to perform new traits with
intermediate levels between 5% and 25%.

According to Fioritti (2007) '], the compressive strength of 15 MPa
is satisfactory, since public walking requests are lower than this
value. The author also proposes that the values required in the
Brazilian standards should be reduced considering the application
of the material. In this context, all the traits presented a resistance

close to the one suggested by the author, and can be applied in
places with smaller requests than the public roads contemplated in
NBR 9781: 2013 (ABNT, 2013) '8, as for example, and bike paths
After the analysis of the results, the trait considered as the opti-
mal substitution content is the T5 trait, in which 27% of sand was
replaced by residues (25% by CBC and 2% by Tire). This trait
reached a resistance of 32.22 MPa, only 5% lower than the refer-
ence trace (T0), showing that it is feasible to replace the aggregate
with the proposed residues.

3.2.1.5 WATER ABSORPTION

The water absorption of the pavers was determined by the meth-
odology established in NBR 9781: 2013 (ABNT, 2013) [18] and
following the methodology described in Annex B, for the age of 28
days. The results obtained in the tests are shown in Table 13.

The results of the tests are represented graphically in Figure 17. In
all the traces made this index was below the maximum allowed by
NBR 9781: 2013 (ABNT, 2013) [18] which is 6%.

The water absorption for the traces made with BCC was lower than
that obtained in the reference trait. Furthermore, the absorption
index decreases with the increase in the kid content of CBC. This
fact can be explained by the low porosity that the pavers made
with this residue presented. As the CBC is extremely thin it fills the
voids between the other aggregates, reducing the porosity and,
consequently, the water absorption.

Table 13
Water absorption index

Water absorption

Trace (%)
TO - 5,54
T 25% CBC 3,60
T2 5% CBC 4,71
T3 5% tire 5,95
T4 2% tire 519
5 25 % CBC 2% tire 5,23
T6 5% CBC 2% tire 5,59
T7 25% CBC 5% tire 5,00
T8 5% CBC 5% tire 4,86
7
mTo
6 —
mT1- 25% CBC
g% mT2 - 5% CBC
o4 - ———  WT3-5%PNEU
.és i —  ET4-2%PNEU
gz ] ~ mT5-25%CBC 2% PNEU
= T6 - 5% CBC 2% PNEU
11 — mT7-25%CBC 5% PNEU
0 - TRACOS — T8 - 5%CBC 5% PNEU
Figure 17
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The same does not occur with pavers manufactured with waste
tires, which indicates that these parts have a higher porosity, al-
though it is within the parameters required by the standard. How-
ever, when CBC is added to the mix, these indices are reduced,
which shows that the CBC contributes to improve this characteris-
tic of the pavers as well.

3.2.1.6 ABRASION

The abrasion resistance test was performed only for the reference
trait and the trait that presented the best result in the mechanical
property, the T5 trait, and one specimen was used for each ftrait.
From each sample two samples were taken, the pavers made with
Trace TO presented a wear of 6.29mm and those fabricated with
the T5 trace 6.37mm.

The results obtained are relatively high when compared to the results
of other tests. This is due to the fact that the Cientec Method is con-
sidered as the most abrasive test because it uses the silicon carbide,
which wears all the mineral material that makes up the concrete.
However, the authors suggest that wear should be limited to 15
mm, which is the mean value reached by several authors (Hood,
2006) 24, In the case of NBR 9781: 2013 (ABNT, 2013) [ the
maximum permissible wear is 23mm for pavers subject to pedes-
trian traffic, light vehicles and commercial vehicles

The result obtained for the reference trait is compatible with the
results found by other researchers who used the Cientec Method
for the analysis of abrasion resistance. Amadei (2011) ['¥ analyzed
this feature in his research and obtained a wear of 6.40 mm in his
reference stroke and Hood (2006) reached 6.17 mm.

Regarding the paver fabricated with CBC and Tire the results pre-
sented do not demonstrate that the substitution influenced this
characteristic, once again showing the viability of the substitution.

4. Conclusions

EE

The feasibility of the use of the residues was analyzed according
to tests of resistance to compression, water absorption and resis-
tance to abrasion, thus evaluating the mechanical and durability
characteristics of the pieces.

As the proposal is the joint use of waste the analysis of the re-
sults was focused on the pieces made with CBC and waste tires,
however, we can not fail to comment the results obtained with the
use of the same. In the case of CBC there was a significant im-
provement of the properties analyzed, which was already expected
based on previous research. On the other hand, the residuals of
tires presented negative results for the manufacture of pavers.
Even when used in small quantities, the reduction of mechanical
resistance and the increase of water absorption can be observed.
However, when used together there is a kind of compensatory ef-
fect, which makes it possible to use them.

Based on the results of the tests carried out, Trace T05 was cho-
sen as the optimum content, that is, the one that presented the
least influence of the substitution of the aggregate by residues in
the analyzed characteristics, even using maximum possible sub-
stitution levels, 25% CBC and 2% of tire, totaling 27%. Trace T05
was the closest to the reference trait in terms of strength, water
absorption and abrasion resistance.

The improved characteristics of pavers made with CBC tire residue
can be explained by the filler effect of CBC in concretes, involving
better particles and reducing voids between pulp and aggregates.
In addition, although it does not have a significant reactivity that
classifies it as pozzolana, CBC even when burned at high temper-
atures contributes in a decisive way to the increase of mechanical
resistance. It should be noted that both the results presented and
the conclusions drawn from them are based on local materials,
equipment, techniques and conditions.

From the environmental point of view, the use of these wastes con-
tributes to the reduction of the extraction of natural resources and
also promotes their adequate disposal.
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Abstract
[

The research developed has the purpose of analyzing the potential utilization of sugarcane bagasse ash and tire residue in the construction of pav-
ers in replacement of the small aggregate, the natural sand. In order to achieve this objective, the methodology adopted includes steps such as:
characterization of the residues to be used, preparation of pavers with different contents of partial replacement of small aggregates, determination
of the main pavers characteristics (compressive strength, water absorption, abrasion resistance) . The results proved the viability of the substitu-
tion, and the optimum content for the manufacturing of the parts is 27%, being 25% of BCC and 2% of tires. The contribution of the research is
focused on reducing the consumption of natural resources and the correct disposal of the residues studied.

Keywords: cinza do bagaco da cana-de-agucar,pneus, pavers, reciclagem, durabilidade.

Resumo

A pesquisa desenvolvida tem como proposta analisar a potencialidade de utilizacao da cinza do bagago da cana-de-agucar e do residuo de pneus
na confecgado de blocos de concreto para pavimentagéo (pavers) em substituicdo do agregado miudo, a areia natural. Para atingir este objetivo
a metodologia adotada compreende etapas como: a caracterizagdo dos residuos a serem utilizados, confecgdo de pavers com diferentes teores
de substituicdo parcial de agregado miudo, determinagao das principais caracteristicas pavers (resisténcia a compressao, absor¢do de agua,
resisténcia a abraséo). Os resultados comprovaram a viabilidade da substituicdo, sendo que o teor étimo para a fabricagéo das pecas é de 27%,
sendo 25% de CBC e 2% de pneus. A contribuicdo da pesquisa esta voltada para redugéo do consumo dos recursos naturais e a correta dispo-
sicao dos residuos estudados.

Palavras-chave: sugarcane bagasse ash, tires, pavers, recycling, durability.
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Waste tires and the burning of sugarcane bagasse in the manufacture of concrete pavers (pavers)

1. Introducgao

EE

Os diversos segmentos industriais buscam a cada dia novas tecno-
logias e sistemas gerenciais que contribuam para o aumento da pro-
ducgao visando atender a um mercado com alto poder de consumo
e cada vez mais exigente. Porém, em contrapartida sao resultantes
desse comportamento produtivo: a necessidade de matéria-prima e
a geracgao, cada vez maior, de residuos, o que conduz a uma extra-
¢ao indiscriminada, porém ainda necessaria, dos recursos naturais
e a geracdo de residuos de certa forma ignorada.

A cobranga por solugdes que minimizem os impactos gerados por
este cenario impulsiona os responsaveis pela produgéo a avaliar
e analisar de forma diferente dois extremos da cadeia produtiva: a
extragao indiscriminada dos recursos naturais e as consequéncias
de uma produgao sem controle. Como resultado os setores produ-
tivos buscam a aplicagao de praticas e estratégias de gestdo am-
biental que demonstrem o seu comprometimento com esta nova
realidade, agregando, desta forma, mais valor aos seus produtos
frente a uma sociedade mais consciente da necessidade da busca
pela conservagéo do ambiente (ROSA, 2007)!".

Uma solugéo para esta questdo, apontada por varias linhas de
pesquisa, para minimizar os danos causados ao ambiente e simul-
taneamente garantir a continuidade da produgao é a utilizagdo de
materiais alternativos e a substituigao, total ou parcial, dos recur-
sos naturais, por meio da reciclagem de residuos. Segundo John
(2000)@ a primeira e mais visivel contribuicdo da reciclagem é a
preservagao dos residuos naturais. Uma vez que se estes forem
substituidos por residuos pode-se afirmar que ocorrera um pro-
longamento da vida util das reservas naturais e uma redugéo da
destruicdo da paisagem, flora e fauna.

O setor da construgao civil € um dos setores mais promissores para
a utilizagédo de residuos como fonte de matéria-prima. Sendo que
residuos das mais diferentes origens tém sido aplicados com su-
cesso na fabricagdo de argamassas, concretos, elementos de ve-
dacgao, entre outros. Essa utilizagéo de residuos na construgao civil
vem ao encontro da necessidade do setor de diminuir os impactos
ambientais por ele causados: atualmente se estima que a industria
da construgao civil, seja responsavel por 20 a 50% do consumo dos
recursos naturais extraidos do planeta (JOHN, 2000)?.,

No Brasil a abordagem a gestao de residuos nao foi tratada de
forma clara e direta na legislagdo ambiental brasileira, sendo im-
plicita e genérica até 2010 quando foi publicada a Lei n.° 12.305,
denominada de Politica Nacional de Residuos Sélidos (PNRS)?,
regulamentada pelo Decreto Federal n.° 7.404, de 23 de dezem-
bro de 2010.

A PNRS visa o monitoramento dos residuos gerados nos proces-
sos produtivos industriais e sua gestdo integrada, e entre seus
principios estdo a responsabilidade compartilhada pelo ciclo de
vida dos produtos e o reconhecimento do residuo sélido reutiliza-
vel e reciclavel como um bem econdmico e de valor social, gera-
dor de trabalho e renda e promotor de cidadania.

Desta forma, considera-se que as industrias ndo sdo apenas res-
ponsaveis pelos residuos gerados, mas também por seus produ-
tos até o descarte final, que devera ter destino ambientalmente
correto. O processo produtivo deve ser visto como um todo e inte-
grado a sociedade, de maneira tal que o reaproveitamento do re-
siduo ou sua reciclagem deve ser definido no inicio da produgao.

A proposta apresentada por este trabalho é o reaproveitamento de
dois residuos por meio da substituicdo parcial da areia empregada
na confecgdo de pavers, o que pode contribuir para diminui¢gdo da
extragao deste material, evitando, assim, a degradagéo do ecos-
sistema local, devido ao assoreamento causado durante o proces-
so. Para isto, a pesquisa visa estudar o reaproveitamento da cinza
do bagago da cana-de-agucar e do residuo de pneus inserviveis
na confecgéo de blocos de concreto para pavimentagao (pavers),
em substituigdo ao agregado miudo.

Tanto a cinza do bagago da cana-de-agucar quanto o residuo de
pneus inserviveis sao residuos gerados, anulamente, em grandes
quantidades, que tem tempo de decomposicao lenta, e que nor-
malmente ocupam grande volume em aterros, ou ainda, s&o lan-
¢ados inadequadamente e de forma indiscriminada no ambiente,
0 que provavelmente tem contaminado o solo, o ar e a agua, além
de trazer sérios riscos a saude da populagao.

Segundo a Associacédo Nacional das Industrias Pneumaticas (ANIP,
2016)“ a produgdo de pneus novos no ano de 2015 foi de 71,9 mi-
Ihdes de unidades, deste total 63,5 % teve como finalidade a reposi-
Gao, ou seja, cerca de 45 milhdes de pneus foram trocados somente
no ano de 2015 no pais. Ainda segundo a ANIP, desse montante,
46,8% sé&o pneus usados que podem retornar ao mercado para se-
rem ainda utilizados nos veiculos ou submetidos a algum tipo de
reforma, e 53,2% s&o pneus inserviveis, que ndo tém mais utiliza-
¢ao veicular. Desde 1999, quando comegou a coleta dos pneus in-
serviveis pelos fabricantes, até o final de 2014, mais de 3 milhdes
de toneladas de pneus inserviveis, equivalentes a 625 milhdes de
pneus de passeio, foram coletados e destinados adequadamente.
A forma mais comum de destinagdo dos pneus inserviveis € como
combustivel alternativo para a industria de cimento, seguida pela fa-
bricagdo de granulado e pé de borracha para utilizagdo em artefatos
de borracha ou asfalto borracha, solado de sapato, dutos fluviais.
Porém, o setor ainda afirma que existe a necessidade de novas
aplicagdes para este material, uma vez que o volume de residuos
gerados anualmente € alto e muitas unidades ainda ndo sao des-
tinados aos 824 pontos de coleta existentes no territdrio brasileiro.
No processo de beneficiamento da cana-de-aglucar o maior sub-
produto gerado é o bagaco da cana-de-agucar, utilizado em larga
escala como combustivel em caldeiras para geragéo de energia
que gera dois tipos de cinza: a cinza pesada e a cinza volante. Se
for levado em consideragdo a da safra 2016/2017 com um mon-
tante de 690,98 milhdes de toneladas de cana-de-agucar (CO-
NAB, 2016)®, e que todo o bagaco seria utilizado como fonte de
energia seriam, entéo, produzidas aproximadamente 4 milhdes de
toneladas de cinza por ano.

Anualmente séo utilizadas cerca de 378 milhées de toneladas de
agregados na fabricagdo de concretos. A substituicdo deste agre-
gado pelo residuo reciclado além de contribuir para a redugéo da
extragao dos recursos naturais em grandes quantidades, também,
pode colaborar para a redugéo de CO, durante o transporte do
mesmo até o local de utilizagao.

Para analise da potencialidade da utilizagéo dos residuos propos-
tos, foram confeccionados pavers com diferentes teores de subs-
tituicdo, que foram ensaiados de acordo com as normas vigentes,
analisando caracterisitcas como: resisténcia, absorgéo de agua e
abrasao, definindo, assim, o teor 6timo de substituicdo de agrega-
do miudo pelos residuos propostos.

024 T

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



S.P.S.ALTOE | A. SALES | C. H. MARTINS

Figura 1
Unidade Usacgucar Iguatemi
Fonte: Usagucar (2015)

A metodologia empregada, bem como, as defini¢gdes utilizadas nes-
te trabalho sdao baseadas na metodologia e resultados obtidos no
trabalho de Altoé (2013)®, onde foram analisadas combinagdes de
trago e realizados os primeiros estudos sobre a resisténcia mecani-
ca, absorgéo e abraséo de blocos de concreto para pavimentagéo.
Este trabalho tem como objetivo o estudo da utilizagéo da cinza
do bagago da cana-de-agucar (CBC) e do residuo de pneus in-
serviveis na substituicdo de agregado miudo para confeccédo de
blocos de concreto para pavimentagao (pavers) sujeitos a solici-
tagoes leves.

Para atingir o objetivo principal desta pesquisa foram definidos os
seguintes objetivos especificos: analisar as caracteristicas da cin-
za do bagago da cana-de-agucar e dos residuos de pneus inservi-
veis quanto a possibilidade de sua aplicagdo como agregado miu-

do; analisar a influéncia da substituicdo parcial do agregado mitdo
pelos residuos propostos na resisténcia a compressao, absor¢ao
de agua e resisténcia a abrasao dos pavers; determinar os me-
Ihores teores 6timos de substituicdo a partir da interpretagéo dos
dados obtidos nos diferentes ensaios realizados com os pavers.

2. Materiais e programa experimental
E—

2.1 Materiais

211 Aglomerante

O cimento utilizado nesta pesquisa foi o CP V ARI, uma vez que
mais utilizado pelos fabricantes de pavers. O CP V ARI é regu-
lamentado ABNT NBR 5733:1991, sendo recomendado para o
preparo de argamassas e concretos que conseguem elevadas
resisténcias com maior velocidade (ABCP, 2002) I"], e largamente
utilizado na industria de pré-moldados.

2.1.2 Agregado graudo

O agregado graudo natural empregado na confecgéo dos blocos
foi a brita zero, de origem basaltica, comercialmente conhecida
como Pedrisco, com diametro entre 4,8 e 9,5 mm. A caracteriza-
¢ao da areia utilizada na confecgdo dos pavers foi realizada de
acordo com as seguintes normas: determinagao da composigcao
granulométrica (NBR NM 248:2003)®; determinagdo da massa
unitaria (NBR NM 045:2006)"); determinagao da massa especifica
(NBR NM 53:2009)"01,

Figura 2
Aspecto visual da amostra de CBC: (A) CBC no estado bruto; (B) Material retirado da CBC:
(C) Cinza peneirada

Tabela 1
Caracteristicas do aditivo
Fabricante Nome Tipo Estado Cor Densidade Ph Consumo
. 0.2a.5%
) Plastificante ! ~
. . SikaPaver P 1,01 + 0,02 em relagcdo
Sika Brasil HC-10 para goncrefo Liquido Vermelho kg/! 7+1 o peso de
semi-seco cimento

Fonte: Fabricante, 2016
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Figura 3

Residuo de pneu
2.1.3 Agregado miudo

O agregado mitdo natural utilizado foi a areia média quartzosa. A ca-
racterizagao da areia utilizada na confecgdo dos pavers foi realizada de
acordo com as seguintes normas: determinagao da composicao granu-

lométrica (NBR NM 248:2003)®); determinagdo da massa unitaria (NBR
NM 045)°, determinagéo da massa especifica (NBR NM 52:2009)!"!1.

214 Aditivo

Em todos os tragos moldados foi utilizado o aditivo liquido para
baixo consumo de cimento em concretos semi-secos. As caracte-
risticas deste aditivo estdo apresentadas na Tabela 1.
21.5 Cinza do bagago da cana-de-agucar
A cinza do bagago de cana-de-acucar utilizada na pesquisa € pro-
veniente da usina termoelétrica da Usina Santa Terezinha (Usagu-
car), localizada no distrito de Iguatemi a aproximadamente 10 km
de Maringa-PR. A Usina opera com duas caldeiras para a queima
do bagago de cana-de-acucar, conforme ilustrado na Figura 1. As
amostras podem ser vistas na Figura 2 (A) CBC em estado bruto,
(B) Material retirado da CBC e (C) Cinza peneirada. A CBC foi ca-
racterizada de acordo com os ensaios descritos a seguir:
B Atividade pozolanica - A atividade pozolanica foi determinada
através do Método de Chapelle Modificado, seguindo a NBR

Tabela 2
Tracos
Teor de substituicdo (%)
Traco Pneu CBC

TO 0% 0% 0%
T 25% 0% 25%
T2 5% 0% 5%
T3 5% 5% 0%
T4 2% 2% 0%
5 27% 2% 25%
T6 7% 2% 5%
T7 30% 5% 25%
T8 10% 5% 5%

15895:2010 (Materiais pozolanicos — Determinagao do teor de
hidréxido de célcio fixado — Método Chapelle modificado)!',
pelo Laboratério de Materiais de Construgao do IPT-SP.

B Analise granulométrica - A determinacédo da analise granulomé-
trica da CBC foi feita por meio de sedimentagdo e do peneira-
mento, seguindo a NBR 7181:1984 (Solo - Analise granulomé-
trica)"®, obtendo-se assim a curva granulométrica do material.

B Massa especifica: A massa especifica da CBC, por ser um
material extremamente fino, deve ser determinada pela NBR
6508:1984(Graos de solos que passam na peneira de 4,8 mm)!™.,

B Ensaios de lixiviagdo e solubilizagéo - O procedimento utiliza-
do na obtengao do extrato lixiviado para a CBC seguiu a NBR
10005:2004 (ABNT:2004)", assim como o procedimento da
extracdo do solubilizado seguiu a 10006:2004 (ABNT:2004 )¢,
sendo que, as amostras de lixiviado e solubilizado foram sub-
metidas a determinagao dos teores de contaminantes listados
segundo os anexos F e G da NBR 10004:2004 (ABNT:2004)
7 por meio de Espectrometro de Absorgao Atdmica (EAA) 52
Varian - SPECTRAA-240FS e Cromatografo de ions, Metrohm
— 850 Professional IC.

2.1.6 Residuo de pneu inservivel

O residuo de pneus utilizado na pesquisa foi fornecido pela em-

presa Borrachas SS, localizada na cidade de Maringa, que re-

cebe residuos de empresas de recauchutagem de pneu de toda
regiao e é utilizado para fabricagao de correias transportadoras.

Este residuo passa por um processo de separagao, trituragao e

peneiramento, onde a borracha é separada dos demais compo-

nentes dos pneus. Apos passar por este processo, o residuo ja
na forma de pd, é aquecido e toma a forma do regenerado de
borracha, posteriormente aplicado na fabricagdo das correias.

Apods a coleta da amostra foi realizado um peneiramento com

a finalidade de retirar pedagos maiores de borracha que nao

ficaram retidos nas peneiras do equipamento da empresa. A Fi-

gura 3 mostra a amostra apds o peneiramento. Os residuos de
pneu foram caracterizados de acordo com os ensaios descritos

a seguir:

B Analise Granulométrica: Incialmente as amostras de residuo de
pneus foram secas em temperatura ambiente por um periodo
de 72 horas, garantindo assim que a amostra se encontrava
seca para a realizagao dos ensaios de caracterizagdo. A com-
posicao granulométrica foi determinada de acordo com a NBR
NM 248:2003 (ABNT:2003)#, garantindo, assim, que o residuo
corresponda as caracteristicas de agregado miudo, uma vez
que a proposta do estudo € a substituicao deste agregado.

B Massa Unitaria - O ensaio foi realizado de acordo com a NBR
NM 45:2006 (ABNT:2006)®, utilizada para agregados com di-
mensodes caracteristica inferiores a 37,5 mm.

B Massa Especifica - Por ser um residuo fino, assim como a
CBC, a massa especifica deve ser determinada pela NBR
6508:1984 - Graos de solos que passam na peneira de 4,8
mm - Determinacédo da massa especifica (ABNT, 1984)"4,

B Ensaios de lixiviagao e solubilizagdo - O procedimento utiliza-
do na obtengao do extrato lixiviado para a CBC seguiu a NBR
10005:2004 (ABNT:2004)1"%, assim como o procedimento da
extracdo do solubilizado seguiu a 10006:2004 (ABNT:2004)!"¢1,
Sendo que, as amostras de lixiviado e solubilizado foram sub-
metidas a determinagéo dos teores de contaminantes listados
segundo os anexos F e G da NBR 10004:2004 (ABNT:2004)
7 por meio de Espectrometro de Absorgdo Atdmica (EAA) 52
Varian - SPECTRAA-240FS e Cromatégrafo de ions, Metrohm
— 850 Professional IC.
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Figura 4
Producdo dos pavers

2.2 Dosagem, moldagem e ensaios dos blocos
de pavimentacdo

2.21 Dosagem e moldagem

Com o objetivo de atender os requisitos da NBR 9781:2013
(ABNT:2013)"8, a proporgéo entre aglomerante e agregado foi de-
finida como 1:4, sendo que 55% do agregado utilizado é agrega-
do miudo e 45% agregado graudo, conforme trago desenvolvido
por Amadei (2011)'"%, trago este validado pelo método proposto
por Fernandes (2012)?% e indicado pela ABCP. Esta metodologia
apresenta sistematicamente os procedimentos de dosagem, o que
permite a reprodutibilidade em laboratério, além de ser sugerida
por um 6rgéao de representatividade.

Apo6s definida a dosagem a ser utilizada na fabricagdo dos pavers,
foram definidos os tragos, baseados nos resultados obtidos na
pesquisa de Altoé (2013)€. Nesta pesquisa foram analisados tra-
¢os com diferentes teores de substituicdo, tanto de CBC quanto de
pneu, ajustados no presente trabalho, delimitando tragos com teo-
res maximos e minimos de substituicao de cada residuo utilizados
na pesquisa de 2013, buscando o maior uso possivel do residuo em
substituicdo ao agregado mitdo natural. A Tabela 2 traz os teores de
substituicdo de cada trago. Foi adotada uma relagao fixa de a/c de
0,42, conforme definido por Altoé (2013), ndo havendo necessida-
de de corregdes durante o processo de moldagem. A medi¢do dos
materiais para confecgao de todos os tragos foi feita em massa, de

GV
Figura 5

forma a garantir uma maior rigorosidade no controle da produgéo. A
Figura 4 mostra a sequéncia de produgéo das pegas.

Os pavers, ficaram no patio da fabrica durante 48 horas, sendo
molhados trés vezes ao dias, apds este periodo foram levados ao
Laboratério de Materiais de Construgdo da Universidade Estadual
de Maringa onde permaneceram na Camara Umida até a realizagdo
dos ensaios previstos no Programa Experimental foram realizados.

2.2.2 Inspecgao visual: dimensoes, peso e cor

Foram separadas 6 pegas de cada trago, na idade de 28 dias, para
realizagdo da inspegao visual, que consiste na medi¢ao, pesagem
e verificagdo de cor das mesmas. Os parametros de peso e cor
nao sao definidos em norma, porém foram adotados para verificar
qualquer alteragao entre as pegas moldadas com adigao de resi-
duos e as pecas referéncia. Quanto ao parametro dimensional,
a NBR 9781:2013 (ABNT:2013)"8l determina que as pegas sejam
medidas em suas trés dimensdes, espessura, largura e altura, ndo
podendo haver variagdo de 3mm em qualquer uma das trés. As
peas, aos 28 dias, foram separadas, medidas, pesadas e analisa-
das quanto a cor conforme mostra a Figura 5.

2.2.3Ensaio de resisténcia a compressao

O ensaio de resisténcia a compressao é tomado como parametro
pela maioria das normas nacionais e internacionais, por isso esta

®

Inspecdo e medi¢cdo das pecas: (A) Pesagem das pecas; (B) Medicdo das dimensdes das pegas

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3



Waste tires and the burning of sugarcane bagasse in the manufacture of concrete pavers (pavers)

Figura 6
Paver na prensa entre os discos

caracteristica € de extrema importancia na avaliagdo de desem-
penho dos pavers.

Neste trabalho o estudo desta propriedade € uma das caracteris-
ticas que define a viabilidade de substituigdo do agregado miudo
pelos residuos. Esta substituicdo interfere diretamente na resis-
téncia a compressao do concreto, seja pela sua diminuigdo no
caso do residuo de pneus seja pelo seu aumento no caso da CBC.
Além disto, a substituicio combinada também sera estudada.
Para o ensaio de resisténcia a compressao foram fabricados 18
pavers para cada um dos primeiros trago definidos, que foram en-
saiados com idade de 28 dias, conforme o definido pela norma
NBR 9781:2013 (ABNT,2013) "8l

G

Figura 7

O ensaio realizado seguiu o estabelecido naABNT NBR 9781:2103
(Pegas de concreto para pavimentagao — Especificagdo e méto-
dos de ensaio)!'®, que admite que todas as outras caracteristicas
dos pavers estéo ligadas diretamente a esta propriedade. Para a
realizagdo dos ensaios, os pavers foram retificados e imersos em
agua por 24 horas, como exige a norma, e ensaiados no equi-
pamento disponibilizado pelo laboratério, uma Maquina Universal
de Ensaios (MEU) da marca EMIC. A Figura 6 mostra um paver
sendo ensaiado a compressao

224 Ensaio de absorgao de agua

Segundo a NBR 9781:2013 (ABNT,2013) "8l a absor¢ao de agua,
expressa em porcentagem, representa o incremento de massa de
um corpo solido poroso devido a penetracédo de agua em seus
poros permeaveis, em relagdo a sua massa em estado seco.
Segundo Fioriti (2007)%?, a absorgdo de agua por imersdo esta re-
lacionada com a medigéo do volume de poros do concreto, e ndo a
facilidade com que o fluido penetra no mesmo. A absor¢cao de agua
esta intimamente ligada aos vazios (poros) existentes na matriz de
cimento. Quanto maior a porosidade das pegas, maior sua absorgdo
de agua. Esses espacgos nao preenchidos podem vir a ocasionar per-
da de durabilidade e de resisténcia mecanica das pegas, assim como
aumento da lixiviagdo de substancias quimicas contidas na mesma.
O ensaio realizado baseou-se na NBR 9781:2013 (ABNT,2013)
"8 Para o ensaio foram utilizados 3 pavers para cada trago na
idade de 28 dias, a Figura 7 mostra os pavers imersos em agua e
também secos na estufa.

225 Ensaio de resisténcia a abrasao

A abraséo esta diretamente ligada a resisténcia do pavimento ao

Ensaio de absor¢cdo: (A) Pavers imersos; (B) Pavers na estufa

B28  H——
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Tabela 3 Tabela 5
Caracteristicas do Cimento CPV ARl Caracterizacdo do agregado graddo
Item de Unidade Dados do NBR 5737/ Caracteristica Unidade Valores
controle fabricante NBR 5733 Massa especifica g/cm? 2900
Resisténcia MPa 27 > 14 Massa unitdria no estado solto g/cm? 1,516
24 horas o o .
Resistanci Didmetro méximo caracteristico mm 6,30
esistenci MPa 37 >24 Médulo de finura - 4,49
Resisténcia
X MPa 42 >34 . ~
7 dias 3. Resultados e discussoes
istenci EE
3.1 Caracterizagdao dos materiais
Blaine cm?/g 5330 > 3000
Inicio .
de pega Min 160 > 60 3.1.1 Aglomerante
Fi Mi 26 <600
Fol:e.ciiuz(z%i L ° O cimento utilizado foi o Cimento Portland de Alta Resisténcia Ini-
' ' cial (CP V ARI), que confere as pegas alta resisténcia inicial ja no
inicio do processo de cura. As caracteristicas do material foram
Tabela 4. ~ B obtidas junto ao fabricante e constam da Tabela 3 e atendem as
Caracterizagdo do agregado mitdo normas brasileiras com relagdo ao limite minimo de qualidade.
Caracteristica Unidade Valores 342 A do miud
Massa especifica g/cm?® 2,655 T gregado miudo
Massa unitdria no estado solto cm? 1,635 ) L .
o e . o/ Os resultados dos ensaios de caracterizagdo do agregado miudo:
Diémetro méximo caracteristico mm 1,2 s . e o
. ) determinagéo de massa especifica, massa unitéria no estado solto,
Modulo de finura - 1.68

desgaste, sendo tao importante quanto as outras propriedades
requeridas aos pavers. A NBR 9781:2013 (ABNT :2013) "8 pre-
vé e descreve o0 ensaio de abrasao, porém faz dele uma escolha
facultativa. Por ndo ser um ensaio obrigatério e por ndo ser muito
comum, tanto empresas fabricantes quanto pesquisadores ainda
adotam outros métodos para estudar este parametro. Dentre as
diversas possibilidades o método utilizado para a determinagao
da abrasdo dos pavers, foi o Método CIENTEC, disponibilizado
no Rio Grande do Sul. Foram ensaiados 1 paver para o trago tido
como teor 6timo de substituigdo quanto ao pardmetro de resistén-
cia a compressao, com idade de 28 dias, uma vez que este é um
ensaio dispendioso. A proposta é a realizagdo de uma compara-
¢ao entre o trago com teor 6timo e o tracgo referéncia.

didmetro maximo caracteristico e médulo de finura constam da Ta-
bela 4 e a Figura 8 mostra a curva de distribuicao granulométrica.
3.1.3 Agregado graudo

Os resultados dos ensaios de caracterizagéo do agregado graudo:
determinagéo de massa especifica, massa unitaria no estado solto,
didmetro maximo caracteristico e modulo de finura constam da Ta-
bela 5 e a Figura 9 mostra a curva de distribuigdo granulométrica.

3.1.4 Cinza do bagago da cana-de-agticar - CBC

3.1.4.1 ATIVIDADE POZOLANICA

O ensaio de atividade pozolanica foram realizados no IPT — Instituto de

AR
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Figura 10
Curva granulométrica - CBC

Pesquisas Tecnoldgicas de Sao Paulo seguindo o Método de Chapelle
Modificado conforme as diretrizes da NBR 15895:2010 (ABNT,2010)
2 e o procedimento IPT123-CT-OBRAS-LMCC-Q-PE-041 — Revisdo
129, A amostra analisada apresentou um indice de atividade pozolani-
ca de 137 mg Ca(OH)2/g de amostra, o que segundo a norma NBR
15894-1:2010 (ABNT, 2010)"? ndo ¢é indicativo de material pozolani-
€O, uma vez que para se caracterizar desta forma o material necessita
apresentar um indice maior ou igual a 750 mg Ca(OH)2/g.

3.1.4.2 ANALISE GRANULOMETRICA

A Anadlise Granulométrica foi realizada pela combinagéo entre

peneiramento e sedimentagao seguindo a NBR 7181:1984 (ABNT,
1984)"31,. A Figura 10 traz o resultado do ensaio realizado.
Conforme pode ser observado na curva de distribuicdo granu-
lométrica 79% da cinza ficou retida entre as peneiras 0,06 a ,2
mm, na classificagdo da NBR 6508:1995 (ABNT, 1995)1' elas
sdo semelhantes as areias finas. A amostra apresentou o valor
de uniformidade igual a 1,25 o que indica uma curva granulomé-
trica quase vertical, ou seja os didmetros variam em um intervalo
pequeno, indicando uma amostra com distribuicdo uniforme. A
graduacgao da amostra pode ser classificada com boa graduacao
com valor do coeficiente de distribuigdo granulométrica préximo
a1l

B3
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Tabela 6
Masssa especifica e teor de umidade da CBC

Massa especifica

ltemn Amostra
1 2
Capacidade do picnométro (ml) - 22/500 24/200
Amostra dmida (g) P1 60 60
Amostra seca (g) - 59,92 59,92
Picnométro + Solo + Agua (g) P2 654,34 648,04
Piconométro + Agua P3 616,56 610,22
Temperatura ensaio (°C) - 24,8 25,0
Massa especifica da dgua (g/cm?) - 0,9971 0,9971
Massa especifica dos grdos (g/cm?) Gs 2,70 2,70
Massa especifica dos grdos (médio) (g/cm?) Gs (médio) 2,70
Determinac¢do do teor de umidade
Cdapsula n® 20 50 78
Amostra dmida + cépsula (Q) 76,69 83,64 72,87
Amostra seca + cdpsula (g) 76,61 83,54 72,81
Massa cdpsula (g) 18,35 18,27 14,35
Umidade (%) 0,14 0,15 0,10
Média 0,13

3.1.4.3 MASSA ESPECIFICA E TEOR DE UMIDADE

Os resultados do ensaio para determinagdo de massa especifica,
realizado de acordo com a metodologia proposta na ABNT NBR
6508:1984 (ABNT, 1984) )4, contam da Tabela 6 . O teor de umi-
dade da amostra consta da Tabela 6.

O valor da massa especifica da cinza ficou muito préximo do valor
da areia utilizada neste trabalho, cujo valor da massa especifica
foi de 2,65 g/cm?.

3.1.4.4 ENSAIOS DE LIXIVIAGAO E SOLUBILIZAGAO

Os valores do ensaio do extrato lixiviado se mantiveram dentro
dos paréametros estabelecidos pelo Anexo F da NBR 10004:2004
(ABNT,2004) ', classificado assim a CBC como um residuo “NAO
PERIGOSO”. Alguns dos resultados para solubilizagdo, encontra-
ram-se acima do permitido pela NBR 10004:2004 (ABNT,2004)
7 em seu Anexo F, por isto, este residuo é enquadrado na classe
dos ndo-inertes. Dessa forma, de acordo com a NBR 10004:2004
(ABNT,2004)!", a amostra de CBC analisada podem ser classificada,

3
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Curva granulométrica - residuo de pneu
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Tabela 7
Caracteristicas granulométricas - residuo de pneu
Property Tire residue
Diémetro mdaximo 2,4mm
Modulo de finura 4,14

Classificagdo

(NBR 7211/2009) Areia grossa

pelos paradmetros ora apresentados, como “Residuo N&o perigoso —
Classe Il A — Néo inerte”. Os residuos com tal classificagdo podem
ter propriedades de biodegradabilidade, combustibilidade ou solubi-
lidade em agua.

Essa condigao da CBC, de ser um material ndo inerte, pode
fazer com que o mesmo langado diretamente no solo pos-
sa a vir causar algum tipo de contaminagdo a longo prazo,
lembrando que o langamento direto em lavouras € o método
usualmente empregado para a CBC. Esta informacao justifica
mais uma vez o emprego da CBC como agregado na fabrica-
cao de concretos e pavers, uma vez que o concreto pode levar
ao encapsulamento dos materiais contaminantes, mitigando
as possiveis contaminagdes. Para tanto foram realizados tam-
bém os ensaios de solubilizagéo e lixiviagdo nos pavers, bus-
cando confirmar a eficiéncia da neutralizagdo e estabilizagéo
dos contaminantes presentes nos residuos empregados na
fabricagdo das pecas.

3.1.5 Residuo de pneu inservivel

3.1.5.1 ANALISE GRANULOMETRICA

A Andlise Granulométrica foi realizada de acordo com o norma-
tizado pela NBR NM 248:2003 (ABNT, 2003)®,,. A Figura 11 e a
Tabela 7 apresentam, respectivamente, a curva granulométrica e
as caracteristicas granulométricas do residuo de pneu inservivel.
O residuo de pneu apresenta caracteristicas granulométricas de
materiais com granulometria uniforme, como pode ser observado
por sua curva granulométrica. A composi¢ao granulométrica tem
influéncia direta sobre a trabalhabilidade do concreto (NEVILLE,
1995)2" e no seu adensamento, o que leva a uma maior resistén-
cia, uma vez que quanto mais denso o concreto maior sua resis-
téncia (FIORITI, 2007)2,

3.1.5.2 MASSA UNITARIA

Para a determinagao da massa unitaria do residuo de pneu foi exe-
cutado o ensaio utilizado para agregados com dimensdes caracteris-
ticas inferiores a 37,5 mm, seguindo o procedimento descrito na NBR
NM 45:2006 (ABNT, 2006) ), sendo o resultado igual a 1,67 g/cm?.

3.1.5.3 MASSA ESPECIFICA
A Tabela 8 traz os resultados do ensaio para determinagéo de

massa especifica, realizado de acordo com a metodologia propos-
ta na NBR 6508:1984 (ABNT, 1984) 141,

FAIXA GRANULOMETRICA INDICADA PARA BLOCOS DE CONCRETO E PAVER
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Figura 12
Curva granulométrica da mistura
Tabela 8
Massa especifica - residuo de pneu
ltemn Amostra
1 2
Capacidade do picnométro (ml) - 22/500 24/500
Amostra dmida (g) P1 16,43 17.31
Amostra seca (Q) - 16,43 17,31
Picnométro + Solo + Agua (g) P2 589,03 582,00
Piconométro + Agua P3 610,98 604,57
Massa especifica dos grdos (g/cm?) Gs 0.43 0.43
Massa especifica dos gréos (médio) (g/cm®) Gs (médio) 0,43

B32
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Tabela 9
Dosagem dos pavers em massa
Cimento Areia Pneu CBC Pedrisco Aditivo
Trago (kg) (kg) (kg) (kg) (kg) Alc mi
T0 18 47,7 0 0 24,3 0,42 40
T 18 35,78 0 11,93 24,3 0,42 40
T2 18 45,32 0 2,39 24,3 0,42 40
T3 18 45,32 2,39 0 24,3 0,42 40
T4 18 46,98 0,72 0 24,3 0,42 40
5 18 35,06 0,72 11,93 24,3 0,42 40
T6 18 44,60 0,72 2,39 24,3 0,42 40
17 18 33,39 2,39 11,93 24,3 0,42 40
T8 18 42,93 2,39 2,39 24,3 0,42 40

O residuo de pneu apresenta massa especifica dos graos menor
que a massa especifica do agregado miudo utilizado na confec¢édo
dos pavers o que pode contribuir para um produto mais leve.

3.1.5.4 ENSAIOS DE LIXIVIAGAO E SOLUBILIZAGAO

Os valores do ensaio do extrato lixiviado se mantiveram den-
tro dos parametros estabelecidos pelo Anexo F da ABNT NBR
10004:2004) ', classificado assim o residuo de pneu como re-
siduos “NAO PERIGOSQ”. Alguns dos resultados para solubiliza-
¢ao, encontrarem-se acima do permitido pela NBR 10004:2004)
'em seu Anexo F, por isto, este residuo é enquadrado na classe
dos ndo-inertes. Dessa forma, de acordo com a NBR 10004)['7], to-
das as amostras do Residuo de Pneus Inserviveis analisadas po-
dem ser classificadas, pelos parametros ora apresentados, como
“Residuo N&o perigoso — Classe Il A — N&o inerte”. Os residuos
com tal classificagdo podem ter propriedades de biodegradabilida-
de, combustibilidade ou solubilidade em agua.

Assim como a CBC, o residuo de pneu também é um material nao-
-inerte, o0 que pode acarretar algum tipo de contaminagéo tanto do
solo quanto da agua caso seja descartado de forma inadequada
no meio ambiente. Para verificar se os contaminantes foram en-

V.

Figura 13
Pavers fabricados com incorporacdo de residuos

capsulados pelo concreto foram realizados também os ensaios de
solubilizagao e lixiviagdo nos pavers, buscando confirmar a efici-
éncia da aplicagao.

3.1.56.5 DOSAGEM DOS PAVERS

A dosagem adotada foi a estabelecida por Amadei (2011) )" e
também utilizada por Altoé (2013)®. O trago tem uma proporgéo
entre agregado e aglomerante 1:4. De posse das curvas granulo-
meétricas dos agregados a dosagem foi ajustada de acordo com a
metodologia proposta por Fernandes (2012)2°, A Figura 12 mostra
a Curva Granulométrica da Mistura definida de acordo com a me-
todologia proposta.

A proporgao determinada por Amadei (2011)!"® se mostrou adequa-
da a fabricagédo de pavers, de acordo com a curva granulométrica
da mistura, estando dentro dos limites da curva 6tima determinada
por Fernandes (2012)%%, Sendo assim, a proporgao definida foi de
55% de agregado miudo e 45% de agregado graudo.

Apos definida a dosagem foram estabelecidos os teores de subs-
tituicdo, com base nos resultados da pesquisa de Altoé (2013)9,
partindo-se do principio da maxima utilizagdo dos residuos pro-
postos. A Tabela 9 traz as dosagens em massa utilizadas para a
fabricagdo dos pavers. Apos definidos os tragos as pegas foram

Tabela 10
Massa média das pecas

Peso médio  Variagdo em
Traco das pecas  relacdo ao TO
(9) %
TO - 3.277,22 -
T 25% CBC 3.304,44 0.83
T2 5% CBC 3.312,78 1,08
T3 5% pneu 3.086,67 -5,81
T4 2% pneu 3.240,00 -1,14
25% CBC
T5 2% preu 3.250,00 -0,83
5% CBC
T6 2% pneu 3.275,56 -0,05
25% CBC
T7 5% pneu 3.235,56 -1.27
5% CBC
T8 5% pneu 3.242,22 -1,07
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Tabela 11

Variacdo dimensional das pecas em relacdo & toler@ncia dimensional

Comprimento Largura Espessura
Trago Medida Variagdo Medida Variagdo Medida Variagdo
(mm) (mm) (mm) (mm) (mm) (mm)
Forma 195 - 95 - 80 -
T0 196 1 95 0 79 -1
Tl 196 1 95 0 81 1
T2 195 0 95 0 80 0
T3 196 1 95 0 80 0
T4 196 0 96 1 80 0
T6 195 0 95 0 80 0
T7 195 0 95 0 80 0
8 195 0 95 0 80 0

moldadas na Fabrica de Artefatos de Concreto da Universidade
Estadual de Maringa.

3.2 Propriedades dos pavers

3.21 Inspegao visual

3.2.1.1 COR E ASPECTO VISUAL

O aspecto visual dos pavers é de extrema importancia, uma vez
que o material desenvolvido deve apresentar caracteristicas visu-
ais proximas aos pavers comercializados. Segundo o fabricante
Maski (2010)?%, o paver deve apresentar arestas bem definidas,
bom acabamento de superficie e ndo possuir rebarbas. Além dis-
to, a cor também é um fator estético importante no momento da
definicdo de qual material sera aplicado em uma calgada. Por esse
motivo foi realizada uma inspegéo com a finalidade de verificar a
conformidade das pecas e se ocorreu alguma variagdo de cor nas
pecas fabricadas com residuos.

A Figura 13 mostram alguns dos pavers fabricados com os resi-
duos propostos. Nao houve uma variagéao consideravel da cor das
pegas, uma vez que o residuo aplicado, apesar de apresentar uma
coloragdo mais escura do que o agregado natural, a quantidade
substituida n&o foi o suficiente para influenciar neste quesito.

3.2.1.2 MASSA DAS PEGAS
Tabela 12

Resisténcia & compressdo média
e caracteristica estimada

28 dias
Trago
fp (MPa) fpk,est (MPa)
TO - 35,32 33,83
T1 25% CBC 40,72 39,19
T2 5% CBC 35,08 33.11
T3 5% pneu 25,35 23,07
T4 2% pneu 30,77 29,00
25% CBC
5 2% pneu 35,16 32,22
5% CBC
T6 2% pneu 31,72 29,55
25% CBC
T7 5% pneu 28,30 26,17
5% CBC
T8 5% pneu 21,79 20,35

As pegas foram pesadas e os valores médios encontrados para
cada trago encontram-se na Tabela 10.

Os resultados encontrados demonstram que a substituicdo da
CBC resulta em um pequeno aumento da massa das pecas. Isto
pode ser explicado pela diferenga de massa entre os dois residuos
e o agregado natural. Ja as pegas fabricadas com residuos de
pneus tiveram sua massa reduzida conforme o esperado, mesmo
nas pegas fabricadas com tragos que continham também CBC.

3.2.1.3 DIMENSGES

A NBR 9781:2013 (ABNT, 2013)"8l define que a tolerancia dimen-
sional dos pavers deve ser de 3mm para largura, comprimento e
espessura. Esta exigéncia se da, pois a variagdo dimensional in-
terfere diretamente no alinhamento e no assentamento das pecas.
Para a analise deste parametro foram realizadas medigoes em 18
pavers confeccionados por traco, para entao ser calculada a média
das dimensdes. Os resultados constam da Tabela 11, sendo que
as dimensdes dos pavers fabricados devem ser de (195x95x8)
mm., ambos os tragos apresentaram dimensdes médias dentro
das tolerancias dimensionais.

3.2.1.4 RESISTENCIA A COMPRESSAO

Conforme previsto na NBR 9781:2013 (ABNT,2013)!"8! e seguindo
a metodologia descrita no Anexo A, da referida norma, os pavers
fabricados com diferentes teores de substituigdo foram ensaiados
a compressao, a fim de determinar a resisténcia estimada a com-
pressdo de cada trago. Os resultados dos ensaios constam na
Tabela 12.
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Resisténcia & compressdo pneu 5%

Para facilitar a analise de dados os resultados foram transferidos
para um grafico, apresentado na Figura 14. O tragco que obteve
melhor resultado atendendo aos parametros de resisténcia exigi-
dos pela NBR 9781:2013 (ABNT, 2013)1"8, foi o T1, fabricado com
25% de substituicdo de areia por CBC, com valor de 39,19 MPa,
alcangando um acréscimo de 15,89% em relagao ao trago referén-
cia. O trago T2 também confeccionado com CBC em substituicao
a areia apresentou resultado similar ao traco referéncia. Esses re-
sultados demonstram a viabilidade da utilizagéo deste residuo na
confecgao de pavers, sem que estes tenham comprometimento da
resisténcia a compressao.

Como ja foi apontado em diversas pesquisas ocorre uma diminui-
¢ao da resisténcia a compressao quando da substituicdo da areia
por residuo de pneu, para esta pesquisa foram estudados tragos
com 2% e 5% de substituicdo, e ambos apresentaram reducao em
relagcéo ao trago TO, com valores de 23,07 MPa e 29 MPa, para T3
e T4 respectivamente. A substituicdo de 2% (T4) a perda de resis-
téncia néo foi tdo expressiva quanto na de 5% (T3), ficando na or-
dem de 14%, as resisténcias a compressao obtidas sao inferiores
ao determinado pela NBR 9781:1987 (ABNT, 1987)"), porém atin-
giram valores, que segundo diversos pesquisadores, podem ser
indicados para a aplicagéo em locais sujeitos a solicitagdes leves,
uma vez que , segunda pesquisas, uma resisténcia de 15 MPa ja
seria o ideal para este tipo de solicitagdo (FIORITI, 2007)2..

Os tragos confeccionados com os dois residuos em conjunto mos-

tram que a mistura de CBC com pneu oferece uma melhora nas
propriedades mecanicas do paver confeccionado somente com
residuo de pneu. Buscando uma forma de visualizar melhor es-
tes resultados foram confeccionados os graficos apresentados
nas Figuras 15 e 16, onde constam os resultados de 2% e 5% de
substituicdo de areia por Pneu em conjunto com teores de CBC
de 5% e 25%.

De acordo com a Figura 15 os pavers onde a areia foi substituida
por CBC e Pneu alcangaram resultados de resisténcia a compres-
séo melhores do que onde foi utilizado somente pneu, com um
aumento de 11,10% no T5. Outro fator a ser observado foi que
este traco apresentou uma reducao de menos de 5% em relagéo a
TO. Neste trago o teor total de substituicdo é de 27% da areia por
residuo, um alto indice se comparado a outros residuos quando
aplicados com a mesma finalidade. No caso dos pavers fabrica-
dos com teores de 5% de residuo de pneu, esse comportamento
se repete para o teor de CBC de 25%. Ja com 5% de CBC os
resultados ndo apresentaram melhora, conforme pode ser visto
no Figura 16.

Um comportamento que pode ser observado no diz respeito a
resisténcia a compressao € que esta aparentemente nao sobre
influéncia quando o teor de substituicdo é de 5% de substituicao,
como pode ser visto nos tracos T2, T6 e T8, ja que estes apresen-
taram resisténcia proxima aos sem CBC. Uma maneira de estudar
melhor este comportamento pode ser a realizagao de novos tragos
com teores intermediarios entre 5% e 25%.

Tabela 13
Indice de absor¢cdo de dgua
Absorcdo
Tragco de agua
(%)
T0 - 5,54
T1 25% CBC 3,60
T2 5% CBC 4,71
T3 5% pneu 5,95
T4 2% pneu 519
5 25% CBC 2% pneu 5,23
T6 5% CBC 2% pneu 5,59
T7 25% CBC 5% pneu 5,00
T8 5% CBC 5% pneu 4,86
5
10
6 —
mT1- 25%CBC
g% W T2 - 5% CBC
o4 - ———  WT3-5%PNEU
'és i — mT4-2%PNEU
gz ] ~ mT5-25%CBC 2% PNEU
 T6 - 5% CBC 2% PNEU
17 — mT7-25%CBC 5% PNEU
0 - TRACOS ——— 1 T8-5%CBC 5% PNEU
Figura 17

Grdéfico absorcdo
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De acordo com Fioritti (2007)1""! a resisténcia a compresséo de 15
MPa é satisfatoria, pois as solicitagbes de passeios publicos sao
inferiores a este valor. O autor ainda propde que os valores exigi-
dos nas normas brasileiras deveriam ser reduzidos considerando
a aplicagao do material. Neste contexto, todos os tragos apresen-
taram uma resisténcia proxima ao sugerido pelo autor, podendo
ser aplicado em locais com solicitagdes menores que as vias publi-
cas contempladas na NBR 9781:2013 (ABNT, 2013)"®], como por
exemplo, em passeios, pragas e ciclovias.

Apds a analise dos resultados o trago considerado como teor o6ti-
mo de substituicdo € o trago T5, sendo que nele foram substuidos
27% de areia por residuos (25% por CBC e 2% por Pneu). Este
trago alcangou uma resisténcia de 32,22 MPa, somente 5% infe-
rior ao trago referéncia (T0), mostrando-se viavel a substituicdo do
agregado pelos residuos propostos.

3.2.1.5 ABSORGAO DE AGUA

A absorgao de agua dos pavers foi determinada pela metodolo-
gia estabelecida na NBR 9781:2013 (ABNT, 2013)'®l e seguindo
a metodologia descrita no Anexo B, para a idade de 28 dias. Os
resultados obtidos nos ensaios constam da Tabela 13.

Os resultados dos ensaios estéo representados graficamente na
Figura 17. Em todos os tragos confeccionados este indice ficou
abaixo do maximo permitido pela NBR 9781:2013 (ABNT, 2013)
('8l que é de 6%.

A absorcdo de agua para os tragos confeccionados com CBC foi
menor que o obtido no trago referéncia. Além do mais, o indice
de absorgao diminui com o aumento do teor de substituigdo do
agregado miudo por CBC. Este fato pode ser explicado pela baixa
porosidade que os pavers fabricados com este residuo apresenta-
ram. Como a CBC é extremente fina preenche os vazios entre os
outros agregados, diminuindo a porosidade e, consequentemente,
a absorgao de agua.

O mesmo ndo ocorre com os pavers fabricados com residuos de
pneus, o que indica que estas pegas possuem uma maior porosi-
dade, apesar de estar dentro dos parametros exigidos pela norma.
Porém, quando se adiciona CBC a mistura estes indices sao re-
duzidos, o que mostra que a CBC contribui para melhorar também
esta caracteristica dos pavers.

3.2.1.6 ABRASAO

O ensaio de resisténcia a abraséo foi realizado somente para o
trago referéncia e o trago que apresentou melhor resultado no
quesito de propriedade mecanico, o tragco T5, sendo utilizado um
exemplar para cada trago. De cada exemplar foram retiradas duas
amostras, os pavers fabricados com o Trago TO apresentou um
desgaste de 6,29mm e os fabricados com o trago T5 6,37mm.

Os resultados obtidos sao relativamente altos quando compara-
dos com resultados de outros ensaios, isto se deve ao fato de que
o Método Cientec é tido como o teste mais abrasivo, por utilizar o
carbeto de silicio, que desgasta todo material mineral que compde
o concreto.

Hood (2006)?¥ sugere que seja utilizado como parametro o valor
obtido no trago referéncia para Método Cientec, porém, o autor, su-
gere que o desgaste seja limitado a 15mm, valor médio atingido por

diversos autores. No caso da NBR 9781:2013 (ABNT, 2013)1"® o
desgaste maximo admitido é de 23mm para pavers sujeitos ao tra-
fego de pedestres, de veiculos leves e veiculos comerciais de linha.
O resultado obtido para o trago referéncia € compativel com os
resultados encontrados por outros pesquisadores que utilizaram
o Método Cientec para analise de resisténcia a abrasdo. Amadei
(2011)"! analisou esta caracteristica em sua pesquisa e obteve
um desgaste de 6,40 mm em seu traco referéncia e Hood (2006)
atingiu 6,17 mm.

Quanto ao paver fabricado com CBC e Pneu os resultados apre-
sentados ndo demonstram que a substituigdo tenha influencia-
do esta caracteristica, mostrando mais uma vez a viabilidade
da substituigéo.

4. Conclusoes
E—

A viabilidade da utilizagdo dos residuos foi analisada de acordo
com ensaios de resisténcia a compressao, absorgao de agua e re-
sisténcia a abraséo, avaliando assim as caracteristicas mecéanicas
e de durabilidade das pecas.

Como a proposta é a utilizagdo conjunta dos residuos a analise
dos resultados foi focada nas pegas confeccionadas com CBC e
residuos de pneus, porém, néo pode-se deixar de comentar os re-
sultados obtidos com a utilizagéo isolada dos mesmos. No caso da
CBC houve uma melhora significativa das propriedades analisa-
das, o que ja era esperado com base em pesquisas anteriores. Ja
os residuos de pneus apresentaram resultados negativos para a
fabricagdo de pavers, mesmo sendo utilizado em pequenas quan-
tidades pode ser observada a redugao da resisténcia mecanica e
0 aumento da absorgao de agua. Contudo, quando utilizados em
conjunto ocorre uma espécie de efeito compensatdrio, que viabili-
za a utilizagdo dos mesmos.

Com base nos resultados dos ensaios realizados o Trago T05 foi
escolhido como o teor 6timo, ou seja, 0 que apresentou menor in-
fluéncia da substituicdo do agregado por residuos nas caracteristi-
cas analisadas, mesmo utilizando teores maximos de substituicao
possiveis, 25% de CBC e 2% de pneu, totalizando 27%. O Trago
TO5 se mostrou o mais proximo do trago referéncia em termos de
resisténcia, absorgéo de agua e resisténcia a abrasao.

A melhora das caracteristicas dos pavers fabricados com residuo
de pneu e CBC pode ser explicada, pelo efeito filler da CBC nos
concretos, envolvendo melhor as particulas e reduzindo os vazios
entre a pasta e os agregados. Além disto, apesar de n&o possuir
uma reatividade significativa que a classifique como pozolana, a
CBC mesmo quando queimada em altas temperaturas contribui
de forma determinante para o aumento da resisténcia mecanica.
Cabe ressaltar que, tanto os resultados expostos como as con-
clusdes tiradas a partir destes, tém como referéncia os materiais,
equipamentos, técnicas e condi¢des disponiveis locais.

Do ponto de ambiental a utilizagéo destes residuos contribui para
a reducado da extragdo de recursos naturais e também promove
uma destinagdo adequada dos mesmos.
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Abstract
[

The research developed has the purpose of analyzing the potential utilization of sugarcane bagasse ash and tire residue in the construction of pav-
ers in replacement of the small aggregate, the natural sand. In order to achieve this objective, the methodology adopted includes steps such as:
characterization of the residues to be used, preparation of pavers with different contents of partial replacement of small aggregates, determination
of the main pavers characteristics (compressive strength, water absorption, abrasion resistance) . The results proved the viability of the substitu-
tion, and the optimum content for the manufacturing of the parts is 27%, being 25% of BCC and 2% of tires. The contribution of the research is
focused on reducing the consumption of natural resources and the correct disposal of the residues studied.

Keywords: blocos de concreto, alvenaria estrutural, elevadas temperaturas, isolamento térmico, analise numérica.

Resumo
E——

The purpose of the current study is to verify the thermal insulation capacity of concrete block masonry in a fire situation through the thermal simu-
lation of prisms. Initially, a prism with mortar coating on the face exposed to fire was numerically simulated and compared to experimental results
provided by a company in order to validate the block thermal properties. To represent air in the block cavities, fluid-structure interaction was used in
ABAQUS software. The uncoated and mortar-coated prisms on both sides were analyzed in a fire situation. The thermal insulation of the uncoated
prism was maintained for more than 60 minutes and with the application of coating on both faces there was an increase of 59% of this time. The
thermal fields were generated, thus leading to future thermomechanical analysis.

Palavras-chave: concrete blocks, structural masonry, high temperatures, thermal insulation, numerical analysis.
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1. Introduction
EE
Structural masonry is a very old constructive system that has been
used on a large scale in Brazil. According to the ABCP [1], the
time saved on work execution, a reduction in the volume of waste
generated, technological advances and competitive pricing have
made concrete block structural masonry one of the most used con-
struction systems in the country. However, little is known about its
behaviour under the effect of high temperatures.
A fire that broke out at dawn on 1st May, 2018 in a building in
Sao Paulo, followed by its collapse, reinforces the need for studies
on the behaviour of construction systems submitted to this excep-
tional action.
Brazil does not yet have standardised methods for designing struc-
tural masonry in fire situations. According to Leite et. al [2], there
are variations in the mineralogical compositions of rocks that are
used as aggregates and, therefore, each country has thickness,
geometry and resistance specifications to be followed by the block
industries. These factors restrict use and require a great deal of
effort to adapt to international standards.

Fire resistance of a structure is related to the time when it is able to

withstand the actions for which it was designed when exposed to

a fire. The three main fire resistance criterion defined by Eurocode

6 Part 1-2:2005 [3] are:

B Thermal insulation (1), which is considered to be met when at
any point on the surface not exposed to fire, the temperature
variation does not exceed 180 °C and the average temperature
variation on the same surface does not exceed 140 °C;

B Mechanical resistance (R), which is satisfied when the load-
bearing function is maintained in the exposure to fire for a cer-
tain period of time;

B Integrity (E), when cracks or openings do not occur through
which flames and gases can pass through the element.

Nahhas et al. [4] evaluated the fire resistance of a wall with di-
mensions of 2.80 x 2.82 (m) and 19.7 cm thick comprising cellular
concrete blocks experimentally and through thermal modelling. At
the upper end of the wall a vertical load of 357 kN (13 ton./m) was
applied distributed by a beam, and a wall face was exposed to fire,
with a temperature rise according to the ISO 834-1:1999 curve [5].
The authors assessed the temperature rise, as well as vertical and
lateral displacement at different points. The test lasted about six
hours, however, Nahhas et al. [4] did not specify the resistance
criteria used or if wall failure occurred. In the heat transfer theoreti-
cal model, the conduction, convection, and radiation were consid-
ered. The authors concluded that this model generated reasonable
results, compared to experimentally measured temperature rises.

Ayala [6] experimentally evaluated the behaviour of wallettes with

dimensions of 67.0 x 68.5 (cm) and 10 cm thick, consisting of three

rows of blocks and half-blocks of lightweight concrete at high tem-

peratures. The samples were heated to temperatures of 200, 400,

600, 700 and 800 °C, with a temperature rise rate of 10 °C/min,

and were then subjected to compression in increments of force un-

til rupture was achieved. The authors concluded that temperatures
of 400, 600, 700 and 800 °C caused a reduction of 9, 19, 60 and

83%, respectively, in the compressive strength of the wallettes.

Some research was carried out in Brazil on masonry consisting

of ceramic blocks in a fire situation. Rosemann [7] experimentally
and numerically analysed the behaviour of unloaded walls in a fire
situation, subject to the temperature rise proposed by the ISO 834-
1:1999 curve [5], regarding the thermal insulation criterion. Four
situations were observed, varied with and without applying mortar
coating and with and without filling the main cavities of the ceramic
blocks with sand. The author concluded that the coating and filler
increased the thermal insulation capacity of the masonry by 280%,
which was initially 106 minutes.

Rigéo [8] experimentally evaluated the behaviour of structural
masonry wallettes with dimensions of 89 x 100 (cm) and 14 cm
thick, comprising ceramic blocks, loaded and in a fire situation.
Residual strengths of mortar and prisms were initially observed.
The author found that after being submitted to a temperature of
900 °C, the mortar did not present any resistance and the prisms
had approximately 50% of their initial resistances. In the wallettes,
load increases occurred due to the vertical restraint and dilation of
the materials. They remained sealed after the fire, however, as the
temperature rise did not follow the standard curve, it was not pos-
sible to compare the results with fire safety standards

Various tests have already been carried out concerning concrete
block masonry. In the Bloco Brasil manual [9], the final results of
two concrete block masonry fire resistance tests with the same
nominal dimensions are presented. One is non-loaded with class
C blocks and the other is loaded with class B blocks. The thermal
insulation criterion failed at similar times for the two walls. Accord-
ing to ABNT NBR 6136:2016 [10], the average thickness of the
class C block walls is slightly lower than those belonging to classes
A and B. According to Bloco Brasil [9], this difference in the wall
thickness of the blocks did not significantly influence the thermal
insulation criterion.

By using prisms, thermal fields developed in walls can be simu-
lated, as the thermal flow occurs transversally to the elements. In
addition, by carrying out thermo-mechanical simulations, the loss
of material resistance can be represented due to thermal deterio-
ration. The advantage of using prisms is their representativeness,
because they consist of blocks and mortar joints, as well as small
dimensions which favour the numerical simulation which, especial-
ly in the case of thermal analysis, requires considerable discretiza-
tion of the model using high computational effort.

Thus, this paper aims to analyse the thermal insulation capacity
of concrete block masonry using thermal simulations of prisms in
ABAQUS/CAE software (version 6.14). The thermal fields devel-
oped in the prisms were simulated so as to later verify their me-
chanical resistance by means of thermomechanical simulations,
in another study.

The thermal properties of the blocks and mortar were validated by
comparing the average temperature increase on the face exposed
to the environment obtained numerically, considering the result of
a masonry experiment with mortar coating on the face exposed
to the fire. The uncoated and mortar coated prism cases on both
sides were also verified.

2. Thermal simulation characteristics
|

The fire resistance wall test provided by the company, available in
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Figure 1
Mesh used on one face coated prism

Oliveira and Berto [11], was constructed with cast concrete blocks,
characterized by resistance class C and nominal dimensions of 14
x 19 x 39 cm. The blocks were manufactured using granite stone,
granite dust and CP V-ARI cement. Mortar coating was applied on
only one face, which was 1.5 cm thick, and horizontal and verti-
cal joints, which were 1 cm thick. The mortar used was industrial-
ized, from Votomassa. The wall was in a closed environment for 30
days, protected from wind and rain.

Afterwards, with the intention of validating the thermal proper-
ties used in the block, the two- block prism with total mortar was
modelled under the same conditions used in the experiment. The
dimensions of the block walls were estimated so that the mean up-
per and lower area was the closest to the net area value of 297.95

Radiation - Emissivity 0.7

Environment
Convection - Coefficient4 W/(m?2.K)
17°C

Radiation - Emissivity 0.7
Convection - Coefficient 25 W/ (m2.K)

Figure 2
Schematic of the thermal modelling on one face
of the coated prism

cm? measured by Oliveira [12]. In each concrete block, 6080 solid
elements were used in the 320 mortar joint and in the 3042 coat-
ing, all belonging to the DC3D8 “heat transfer” family and sides
with dimensions of approximately 1 cm. The mesh used in the
simulation is shown in Figure 1.

During the test, the ambient temperature was 17 °C. This tempera-
ture was applied to the prism following an initial step. Heat transfer
mechanisms were considered between the flames and the prism,
and from the prism to the environment, convection and radiation.
On the face exposed to the fire, the kiln temperature rise was ap-
plied, presented in the experiment report, which was very close to
the 1ISO 834-1:1999 curve [5].

The convection coefficients used in the modelling were those indi-
cated in Eurocode 1 Part 1-2:2002 [13] for the face exposed to the
environment and for face exposed to the standard fire curve. The
emissivity used on both sides was the one indicated for concrete in
Eurocode 2 Part 1-2:2004 [14]. We decided to use the same emis-
sivity value for exposed and non-exposed faces, as Rosemann [7]
and Nguyen et. al [15] did in their simulations. To represent air in
the block cavities, the fluid-structure interaction was used, in which
heat transfer occurs through conduction and convection. Figure 2
shows the thermal simulation schemematic.

The moisture content of the material influences the specific heat val-
ues. According to Oliveira and Berto [11], the moisture content of the
wall was verified by means of a representative prism obtaining the
result of 2% by mass. Thus, an interpolation was performed with the
specific heat values of Figure 3 obtaining 1664 J/(kg.K) for the 2% hu-
midity peak. For the specific mass of the concrete block, the value of
2187 kg/m?® calculated with data contained in Oliveira [12] was used.
According to Andrade [16], granite aggregate in concrete has a
thermal conductivity of 3.10 W /(m.K) for the average temperature
of 40 °C. According to Chichierchio [17], the thermal conductivity
of a Class A block at ambient temperature with the same nominal
dimensions and specific mass of 2150 kg m?® is 1.69 W/(m ° C).
Eurocode 2 Part 1-2:2004 [14] presents the upper and lower limits
of variation of the thermal conductivity according to the tempera-
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Figure 3

Specific heat variation of the concrete according
fo the moisture content

Source: Eurocode 2 Part 1-2:2004 [14]
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Thermal conductivity variation of the concrete
according fo the temperature rise
Source: adapted from Eurocode 2 Part 1-2:2004 [14]

ture increase for the concrete. The average of these values was
calculated, obtaining the initial conductivity of 1.68 W/(m.K), which
was very close to the value proposed in Chichierchio [17]. Thus,
we decided to use the thermal conductivity mean curve presented
in Figure 4 in the thermal simulation.

The specific mass of the mortar was calculated from the mass pro-
portion available in Oliveira [12], obtaining a value of 2180 kg/m?3.
The thermal properties of the mortar required for the modelling,
such as specific heat and thermal conductivity, were adopted as
available in Rodovalho, Simdes and Corréa [18].

In the air mass, internal to the cavities, an initial temperature of
17 °C was also applied and a total of 9360 solid elements of the
FC3D8 “fluid” family, with dimensions of approximately 1 cm were
used. Figure 5 shows the mesh used in the air mass.

In Donoso [19], the thermal conductivity of air is presented varying
between approximately 0.014 and 0.024 W/(m.K), depending on the
temperature. Concerning the fluid-structure interaction, the radiation
in the cavities was not represented. To compensate for this fact, at-

Figure 5
Mesh used in air mass

Table 1
Thermal properties of air used in the simulation

Thermal -
Tempeorqture conductivity Specific heat
T(°C) W/(m.K) J/(kg.K)
17 0.100 1012
60 0.130 1017
80 0.160 1019
100 0.200 1022
200 0.250 1035
300 0.275 1047
400 0.290 1059
500 0.300 1076
1000 0.300 1139
1500 0.300 1139

Source: adapted from Abbott and Van Ness [20]

tempts were made to raise the thermal conductivity values of the air
mass in order to obtain a suitable adjustment between the numeri-
cal and experimental temperature rises. The specific heat variation
of air used in the modelling was indicated by Abbott and Van Ness
[20], adopting values of 1.22 kg/m?® of density and viscosity of 1.82 x
10®° kg/(m.s). Table 1 shows the thermal conductivity values, already
adjusted, and specific heat used for air in the present simulation.

2.1 Uncoated mortar prism

After considering the material properties used in the coated prism,
which will be shown in item 3.1, the thermal behaviour of the un-
coated prism with properties equal to the former was simulated by
applying the temperature rise ISO 834-1: 1999 curve [5] for the fire
and ambient temperature of 20 °C. This process was carried out
during five hours of fire.

In order to reduce the processing time, the symmetry plane com-
mon to the compression and fire analyses was used because for
the thermo-mechanical simulation, the thermal fields obtained from
the fire simulation need to be inserted. The properties and mesh
used were maintained from the previous simulation except for
the coating, and by using symmetry the number of elements was
halved. The symmetry plane is shown in Figure 6.

2.2 Mortar-coated prism on both faces

In structural masonry, it is common to have a coating on both sides

Figure 6
Symmetry plane
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& L]

Figure 7
Schematic of the mortarcoated prism on both faces

of the wall. Thus, we chose to include this simulation. The coating
was made 1.5 cm thick and the thermal properties of the block,
mortar and air mass were maintained the same as the previous
simulations. Symmetry was also considered for this case.

As was previously done, the ambient temperature of 20 °C and
temperature rise according to the ISO 834-1: 1999 [5] fire curve
were considered. The thermal modelling schematic of the mortar-
coated prism on both faces is shown in Figure 7.

3. Results and discussion
E——

3.1 Validation of the coated prism thermal
simulation on the face exposed to fire

The thermal modelling validation was done comparing the aver-
age temperature rise on the face not exposed to the experimental

1100

Temperature (°C)

fire considering the results of the average numerical temperature
rise of the same face. In the fire resistance test, no temperature
readings were taken in the inner wall region. Thermocouples were
placed at 11 different points of the non-exposed face and the mean
temperature rise was calculated considering 5 points.

During the test, the coating did not come loose. The mean temper-
ature rise threshold of the thermal insulation criterion was reached
in 104 minutes, and then had a 90-minute fire rating (CF90), as the
test specimen remained sealed and stable for 120 minutes and the
fire rating is defined in intervals of 30 minutes, for values between
60 and 120 minutes, according to ABNT NBR 10636:1989 [21].
The numerical mean temperature rise of the non-exposed face
was calculated with measured values in the block and the mortar,
projected in the centre and in the prism cavity. The mean and ex-
perimental temperature rises are shown in Figure 8.

It can be observed that initially, in the experimental temperature
rise on the face not exposed to fire, there is a plateau that was not
noticed in the numerical result, even with the specific heat peak
for the temperature of 100 °C according to the moisture content of
2 %, which should represent the latent heat of vaporization, and
adjustments in the thermal conductivity of air. However, after ap-
proximately 35 minutes of fire, the results began to converge. The
mean temperature variation of the thermal insulation criterion was
reached by means of the numerical simulation in 106 minutes, dif-
fering in only 2% of the experimental result.

Temperature measurements were made at various points of the
prism in the thermal simulation, and they were positioned in the
block and the mortar joint, in the projection of the cavity and cen-
tre and at different thicknesses. The points were named after the
approximate dimensions of the side of the block in centimetres,
where DO is the face closest to the fire and D14 is the face exposed
to the environment. The temperature variation of these different

200
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Figure 8
Numerical and experimental temperature rises
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points is presented in Figure 9. The average temperature variation =~ The thermal fields developed on the coated prism on one
for the verification of the thermal insulation criterion was calculated  face and in the air mass are shown in Figure 10, at 30-minute
through the last four points. intervals.

1100

—t— Coating
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Figure 9
Temperature variation at various points of the coated prism on one face
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Figure 10
Thermal fields developed in the coated prism on one face and in air mass
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3.2 Uncoated mortar prism

In the present case, the mean temperature variation of the thermal insu-
lation criterion was reached numerically at 86 minutes for the uncoated
prism. According to Technical Instruction n® 08:2011 [22], an uncoated
wall constructed with blocks with the same nominal dimensions has
90 minute thermal insulation, differing in only 4% of the result obtained
from the thermal simulation. However, the thermal insulation capacity of
86 minutes is equivalent to the CF60 fire rating, disregarding the other
criteria. According to Chichierchio [17], a wall with a supporting func-
tion, in the same conditions of the prism and constituted by blocks from
the company Tecprem, has the same fire rating. Figure 11 shows the
temperature rise in various points of the uncoated prism, named in the
same way as the coated prism on only one face.

I'emperature ("C)

Figure 12 shows the thermal fields developed in the uncoated
prism and the air mass.

3.3 Mortar-coated prism on both faces

By using mortar coating on both sides, the mean tempera-
ture rise of the thermal insulation criterion was reached in
137 minutes on the face exposed to the environment. This
time is equivalent to the CF120 fire rating, disregarding the
other criteria. The temperature rise in various points of the
prism, named according to that done previously, are shown in
Figure 13.

The thermal fields developed in the coated prism on both faces
and air mass are shown in Figure 14.
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4. Conclusion
E——

By using thermal simulations, we were able to adequately repre-
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Figure 13

sent the temperature evolution of the faces not exposed to fire,
even without specific experimental data of the thermal property
variations of Brazilian concrete blocks, using the properties
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indicated for the concrete available in Eurocode 2 Part
1-2:2004 [14].

The modeling was validated using an experiment provided by a com-
pany, with a wall made up of class C blocks available in Oliveira and
Berto [11] and with a fire rating result of presented in Chichierchio [17]
for the masonry comprising class A. It is expected that the thermal
fields developed in blocks from both classes and with the same nomi-
nal dimensions are similar considering that the same properties and
dimensions were used for both simulations.The theoretical thermal
insulation of the uncoated prism was maintained for more than 60
minutes. Thus, the concrete block with the characteristics specified in
the present study resisted reasonably well to this criterion.

It was observed that there was a significant beneficial effect of the
thermal insulation when the mortar coating was 1.5 cm thick. Ap-
plying the coating only on the face exposed to the fire, as in the
case of the experiment, a numerical increase of approximately
23% in the thermal insulation time was obtained in relation to the
uncoated prism. In the case of coating on both sides, the predicted
theoretical increase was 59%.

The highest required fire resistance time required by ABNT NBR
14432:2001 [23] is 120 minutes. As long as the mortar coating does
not come loose on the face exposed to fire, as it did not occur in
the case proposed by Oliveira and Berto [11], the coated prism on
both sides would theoretically meet the thermal insulation criterion.
However, according to Technical Instruction n® 08:2011 [22], the
highest required fire resistance time is 180 minutes for buildings
that are more than 120 m high depending on their type of occu-
pation. According to this reference, a wall consisting of concrete
blocks with the same nominal dimensions and mortar coating on
both sides, which are 1.5 cm thick, has thermal insulation of two
hours, confirming the adequate adjustment of the simulation.
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Abstract
[

The research developed has the purpose of analyzing the potential utilization of sugarcane bagasse ash and tire residue in the construction of pav-
ers in replacement of the small aggregate, the natural sand. In order to achieve this objective, the methodology adopted includes steps such as:
characterization of the residues to be used, preparation of pavers with different contents of partial replacement of small aggregates, determination
of the main pavers characteristics (compressive strength, water absorption, abrasion resistance) . The results proved the viability of the substitu-
tion, and the optimum content for the manufacturing of the parts is 27%, being 25% of BCC and 2% of tires. The contribution of the research is
focused on reducing the consumption of natural resources and the correct disposal of the residues studied.

Keywords: blocos de concreto, alvenaria estrutural, elevadas temperaturas, isolamento térmico, analise numérica.

Resumo
E——

The purpose of the current study is to verify the thermal insulation capacity of concrete block masonry in a fire situation through the thermal simu-
lation of prisms. Initially, a prism with mortar coating on the face exposed to fire was numerically simulated and compared to experimental results
provided by a company in order to validate the block thermal properties. To represent air in the block cavities, fluid-structure interaction was used in
ABAQUS software. The uncoated and mortar-coated prisms on both sides were analyzed in a fire situation. The thermal insulation of the uncoated
prism was maintained for more than 60 minutes and with the application of coating on both faces there was an increase of 59% of this time. The
thermal fields were generated, thus leading to future thermomechanical analysis.

Palavras-chave: concrete blocks, structural masonry, high temperatures, thermal insulation, numerical analysis.
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1. Introducgao

EE

A alvenaria estrutural € um sistema construtivo muito antigo que

vem sendo utilizado em larga escala no Brasil. Segundo a ABCP

[1] a economia de tempo na execugéo da obra, redugao no volume

de residuos gerados, avancos tecnoldgicos e custo competitivo tém

feito da alvenaria estrutural com blocos de concreto um dos siste-
mas construtivos mais utilizados no pais. Entretanto, pouco se sabe
sobre seu comportamento sob efeito de elevadas temperaturas.

O incéndio ocorrido neste ano de 2018 na madrugada de 1° de

maio em um edificio em S&o Paulo, seguido do seu desabamento,

reforga a necessidade de estudos sobre o comportamento dos sis-
temas construtivos submetidos a essa agao excepcional.

O Brasil ainda ndo possui métodos normatizados de dimensiona-

mento de alvenaria estrutural em situagao de incéndio. Conforme

Leite et. al [2] existem variagbes nas composigdes mineraldgicas

das rochas que s&o utilizadas como agregados e, por isso, cada

pais possui especificagdes de espessura, geometria e resisténcia

a serem seguidas pelas industrias de blocos. Esses fatores res-

tringem o uso e exigem um enorme esfor¢o para a adapatagao de

normas internacionais.

A resisténcia ao fogo de uma estrutura esta relacionada ao tempo

em que ela é capaz de suportar as agdes para as quais foi projeta-

da, quando exposta ao incéndio. Os trés principais critérios de re-

sisténcia ao fogo definidos pelo Eurocode 6 Parte 1-2:2005 [3] s&o:

B Isolamento térmico (l), o qual é considerado atendido quando
em qualquer ponto da superficie ndo exposta ao fogo, a varia-
¢ao de temperatura ndo exceda 180 °C e a variagdo de tempe-
ratura média nesta mesma superficie ndo exceda 140 °C;

B Resisténcia mecanica (R), o qual é satisfeito quando a fungao
de suporte de carga é mantida na exposi¢ao ao fogo durante
um determinado intervalo de tempo;

B Estanqueidade (E), quando nao ocorrem rachaduras ou aber-
turas que permitam a passagem de chamas e gases através
do elemento.

Nahhas et. al [4] avaliaram experimentalmente e através de mo-

delagem térmica a resisténcia ao fogo de uma parede com dimen-

sbes de 2,80 x 2,82 (m) e espessura de 19,7 cm constituida por
blocos celulares de concreto. Na extremidade superior da parede
foi aplicada uma carga vertical de 357 kN (13 ton./m) distribuida
por uma viga e uma face da parede foi exposta ao fogo, com ele-
vagao de temperatura conforme a curva ISO 834-1:1999 [5]. Os
autores aferiram a elevacao de temperatura, o deslocamento ver-
tical e lateral em diferentes pontos. O ensaio durou cerca de seis
horas, entretanto, Nahhas et. al [4] ndo especificaram os critérios
de resisténcia utilizados ou se ocorreu a ruina da parede. No mo-

delo tedrico para a transferéncia de calor foram consideradas a

conducgéo, a convecgao, e a radiacdo. Os autores concluiram que

esse modelo gerou resultados razoaveis, comparadas as eleva-
¢oes de temperatura medidas experimentalmente.

Ayala [6] avaliou experimentalmente o comportamento de peque-

nas paredes com dimensodes de 67,0 x 68,5 (cm) e espessura de

10 cm, constituidas por trés fiadas de blocos e meio-blocos maci-

¢os de concreto leve em elevadas temperaturas. As amostras foram

aquecidas até as temperaturas de 200, 400, 600, 700 e 800 °C, com
taxa de elevagéo de temperatura de 10 °C/min, e entdo submetidas

a compressao com incrementos de forga até que fosse alcangada
a ruptura. O autor concluiu que as temperaturas de 400, 600, 700 e
800 °C provocaram redugao de 9, 19, 60 e 83% respectivamente,
da resisténcia a compressao das pequenas paredes.

Algumas pesquisas nacionais foram realizadas sobre a alvenaria
constituida por blocos ceramicos em situagao de incéndio. Rosemann
[7] analisou experimental e numericamente o comportamento de pa-
redes nao carregadas em situacéo de incéndio, sujeitas a elevagao
de temperatura proposta pela curva ISO 834-1:1999 [5], quanto ao
critério de isolamento térmico. Foram verificadas quatro situagoes,
variadas com e sem a aplicagéo de revestimento em argamassa e
com e sem o emprego de preenchimento das principais cavidades
do bloco ceramico com areia. O autor concluiu que o emprego de
revestimento e preenchimento elevou em 280% a capacidade de iso-
lamento térmico da alvenaria, que inicialmente era de 106 minutos.
Rigéo [8] avaliou experimentalmente o comportamento de peque-
nas paredes de alvenaria estrutural com dimensdes de 89 x 100
(cm) e espessura de 14 cm, constituidas por blocos ceramicos,
carregadas e em situagao de incéndio. Foram inicialmente veri-
ficadas as resisténcias residuais da argamassa e de prismas. O
autor constatou que apds serem submetidos a temperatura de
900 °C a argamassa ndo apresentava nenhuma resisténcia e os
prismas possuiam aproximadamente 50% de suas resisténcias
iniciais. Nas pequenas paredes ocorreram incrementos de carga
devidos a restricao vertical e dilatagdo dos materiais. Elas se man-
tiveram estanques apos o incéndio, entretanto, como a elevagao
de temperatura ndo seguiu a curva padréo, nao foi possivel com-
parar os resultados com normas de seguranga contra incéndio.
Sobre a alvenaria constituida por blocos de concreto ja foram fei-
tos alguns ensaios. Em Bloco Brasil [9] sdo apresentados resul-
tados finais de dois ensaios de resisténcia ao fogo de alvenarias
constituidas por blocos de concreto com mesmas dimensdes no-
minais, sendo uma sem carregamento com blocos de classe C e
outra carregada constituida por blocos de classe B. O critério de
isolamento térmico falhou em tempos similares para as duas pa-
redes. Conforme a ABNT NBR 6136:2016 [10] a espessura média
das paredes de blocos de classe C € um pouco inferior aqueles
pertencentes as classes A e B. Segundo Bloco Brasil [9], tal dife-
renca de espessuras das paredes dos blocos ndo exerceu grande
influéncia no critério de isolamento térmico.

Através de prismas é possivel simular os campos térmicos desenvolvi-
dos em paredes, uma vez que o fluxo térmico ocorre transversalmente
aos elementos. Além disso, por meio de simulagdes termomecanicas
& possivel representar a perda de resisténcia dos materiais ocorrida
devido a deterioragéo térmica. A vantagem da utilizagdo de prismas
€ a sua representatividade, por ser constituido por blocos e junta de
argamassa, e pequenas dimensdes o que favorece a simulagéo numé-
rica que, especialmente no caso de analise térmica, exige uma intensa
discretizagdo do modelo com elevado esforgo computacional.

Assim, o objetivo deste trabalho consiste em analisar a capa-
cidade de isolamento térmico de alvenarias constituidas por
blocos de concreto por meio da simulagao térmica de prismas
no software ABAQUS/CAE na verséo 6.14. Foram simulados os
campos térmicos desenvolvidos nos prismas, para posteriormen-
te verificar suas resisténcias mecanicas por meio de simulagdes
termomecénicas, em outro trabalho.
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Figura 1
Malha utilizada no prisma com revestimento em
uma face

As propriedades térmicas do bloco e da argamassa foram validadas
comparando-se a elevagao de temperatura média na face exposta ao
ambiente obtida numericamente, com o resultado de um experimento
de alvenaria com revestimento em argamassa na face exposta ao
incéndio. Foram verificados também os casos de prisma sem revesti-
mento e com revestimento em argamassa nas duas faces.

2. Caracteristicas das
simulagoes térmicas

EE

A parede do ensaio de resisténcia ao fogo fornecido pela empre-
sa, disponivel em Oliveira e Berto [11] foi construida com blocos
vazados de concreto, caracterizados com classe de resisténcia
C e dimensdes nominais de 14 x 19 x 39 (cm). Os blocos foram
fabricados utilizando pd de pedra e pedrisco do tipo granito e ci-
mento CP V-ARI. Foi aplicado revestimento em argamassa em
apenas uma face com espessura de 1,5 cm e juntas horizontais
e verticais com espessuras de 1 cm. A argamassa utilizada foi do

. Radiacao — Emissividade 0,7
Ambiente : ) e e
Conveccio - Coeficiente 4 W/ (m*.K)
170
'I\r _
L L | | L | L | [ ] | & L ] | | | L L |
Incéndio Radiacao — Emussividade 0.7
Convecciao — Coeficiente 25 W/ (m2K)
Figura 2

Esquema da modelagem térmica do prisma com
revestimento em uma face

tipo industrializada, ensacada da marca Votomassa. A parede fi-
cou em ambiente fechado durante o periodo de 30 dias, protegida
de ventos e chuva.

Entéo, com o intuito de validar as propriedades térmicas utilizadas no
bloco, modelou-se o prisma de dois blocos com argamassamento total,
com as mesmas condi¢des empregadas no experimento. As dimen-
sOes das paredes do bloco foram estimadas de modo que a média de
area superior e inferior resultasse o mais proximo do valor de area liqui-
da de 297,95 cm? medida por Oliveira [12]. Em cada bloco de concreto
foram utilizados 6080 elementos solidos, na junta de argamassa 320
e no revestimento 3042, todos pertencentes a familia “transferéncia de
calor” do tipo DC3D8 e lados de dimensdes aproximadas de 1 cm. A
malha utilizada na simulagéo esta ilustrada na Figura 1.

A temperatura ambiente no instante de execucdo do ensaio era de
17 °C. Essa temperatura foi aplicada ao prisma por meio de um
passo inicial. Considerou-se como mecanismos de transferéncia de
calor entre as chamas e o prisma, e do prisma para o ambiente, a
convecgao e a radiagao. Na face exposta ao incéndio, foi aplicada
a elevagéo de temperatura do forno, apresentada no relatério do
experimento, a qual ficou bem proxima da curva ISO 834-1:1999 [5].
Os coeficientes de convecgao utilizados nas modelagens foram os
indicados no Eurocode 1 Parte 1-2:2002 [13] para a face exposta
ao ambiente e para face exposta a curva padrdo de incéndio. A
emissividade utilizada em ambas as faces foi a indicada para o
concreto no Eurocode 2 Parte 1-2:2004 [14]. Optou-se por utili-
zar o mesmo valor de emissividade para as faces exposta e nao
exposta ao fogo, assim como fizeram Rosemann [7] e Nguyen et.
al [15] em suas simulagdes. Para representar o ar presente nas
cavidades utilizou-se da interagéo fluido-estrutura, em que a trans-
feréncia de calor ocorre por meio da condugdo e da convecgéo.
Na Figura 2 esta representado o esquema da simulagao térmica.
O teor de umidade do material exerce influéncia nos valores de
calor especifico. Conforme Oliveira e Berto [11] o teor de umida-
de da parede foi verificado por meio de um prisma representati-
vo obtendo-se o resultado de 2% em massa. Assim, realizou-se
uma interpolagdo com os valores de calor especifico da Figura 3
obtendo-se 1664 J/(kg.K) para o pico referente a umidade de 2%.
Utilizou-se para a massa especifica do bloco de concreto o valor
de 2187 kg/m?® calculada com dados contidos em Oliveira [12].
Segundo Andrade [16] o concreto contendo agregado do tipo granito
possui condutividade térmica de 3,10 W/(m.K) para a temperatura
média de 40 °C. Conforme Chichierchio [17] a condutividade térmica
de um bloco de classe A, em temperatura ambiente com mesmas

2100
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=
=
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Calor especifico |/ (kg K)
=
s

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperatura (°C)

Figura 3

Variagdo do calor especifico do concreto
conforme o teor de umidade

Fonte: Eurocode 2 Parte 1-2:2004 [14]
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Figure 4

Variacdo da condutividade térmica do concreto
conforme a elevagdo de temperatura

Fonte: adaptado de Eurocode 2 Parte 1-2:2004 [14]

dimensdes nominais e massa especifica de 2150 kg/m?* é de 1,69
W/(m.°C). O Eurocode 2 Parte 1-2:2004 [14] apresenta os limites
superior e inferior de variagdo da condutividade térmica de acordo
com a elevagao de temperatura para o concreto. Calculou-se a média
desses valores, obtendo-se a condutividade inicial de 1,68 W/(m.K),
bem préximo do valor proposto em Chichierchio [17]. Assim, optou-
-se por utilizar a curva média de condutividade térmica apresentada
na Figura 4 na simulagéo térmica.

A massa especifica da argamassa foi calculada a partir do trago em
massa disponivel em Oliveira [12], obtendo-se o valor de 2180 kg/
m?. As propriedades térmicas da argamassa necessarias a mode-
lagem, como calor especifico e condutividade térmica, foram ado-
tadas conforme disponivel em Rodovalho, Simdes e Corréa [18].
Na massa de ar, interna as cavidades, também foi aplicada a tem-
peratura inicial de 17 °C e utilizou-se o total de 9360 elementos
solidos da familia “fluido” do tipo FC3D8, com lados de dimensdes
aproximadas de 1 cm. Na Figura 5 é apresentada a malha utiliza-
da na massa de ar.

Em Donoso [19] é apresentada a condutividade térmica do ar va-
riando entre aproximadamente 0,014 e 0,024 W/(m.K), conforme a
temperatura. Com a interagao fluido-estrutura, néo foi representada
aradiagao nas cavidades. Entao, para compensar tal fato, foram fei-
tas tentativas elevando-se os valores de condutividade térmica da

Figura 5
Malha utilizada na massa de ar

Tabela 1
Propriedades térmicas do ar utilizadas na simulacdo
Temperatura Condutividade . especifico
T(°C) J(f,’m"’“ 3/ (kg.K)
(m.K)
17 0,100 1012
60 0,130 1017
80 0,160 1019
100 0,200 1022
200 0,250 1035
300 0,275 1047
400 0,290 1059
500 0,300 1076
1000 0,300 1139
1500 0.300 1139

Fonte: adaptado de Abbott e Van Ness [20]

massa de ar com o intuito de se obter um ajuste adequado entre as
elevagdes de temperatura numérica e experimental. A variacdo de
calor especifico do ar utilizada na modelagem foi a indicada em Ab-
bott e Van Ness [20], adotando-se os valores de 1,22 kg/m* de mas-
sa especifica e viscosidade de 1,82 x 10-°°kg/(m.s). Na Tabela 1 sdo
apresentados os valores de condutividade térmica, ja ajustados, e
calor especifico empregados para o ar na presente simulagao.

2.1 Prisma sem revestimento em argamassa

Apo6s se considerarem validadas as propriedades dos materiais
utilizados no prisma revestido, que sera mostrado no item 3.1,
simulou-se o comportamento térmico do prisma sem revestimen-
to com propriedades iguais ao primeiro, aplicando-se a curva de
elevagado de temperatura 1ISO 834-1:1999 [5] para o incéndio e
temperatura ambiente de 20 °C. O processamento foi feito durante
cinco horas de incéndio.

Com o intuito de reduzir o tempo de processamento, utilizou-se o
plano de simetria comum as analises de compressao e incéndio,
uma vez que para a simulagéo termomecanica é necessaria a in-
sergdo dos campos térmicos obtidos na simulagdo de incéndio.
Mantiveram-se as propriedades e a malha empregada na simula-
¢ao anterior com excegéo do revestimento, e com a utilizagéo da
simetria reduziu-se pela metade o nimero de elementos. O plano
de simetria esta ilustrado na Figura 6.

2.2 Prisma com revestimento em argamassa
nas duas faces

Na alvenaria estrutural € comum que se tenha revestimento em am-
bas as faces da parede. Assim, optou-se por incluir tal simulagao.
O revestimento foi feito com espessura de 1,5 cm e as proprieda-
des térmicas do bloco, argamassa e massa de ar foram mantidas

Figura 6
Plano de simetria
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Figura 7
Esquema do prisma com revestimento
nas duas faces

as mesmas das simulagdes anteriores. Para este caso também foi
considerada a simetria.

Conforme feito anteriormente, considerou-se a temperatura am-
biente de 20 °C e elevagdo de temperatura conforme a curva ISO
834-1:1999 [5] para o incéndio. O esquema da modelagem tér-
mica do prisma com revestimento em argamassa nas duas faces
esta presente na Figura 7.

3. Resultados e discussoes
E———

3.1 Validagao da simulagéao térmica do prisma
com revestimento na face exposta ao fogo

A validacdo da modelagem térmica foi feita comparando-se a
elevagéo média de temperatura na face ndo exposta ao incéndio

1100
1000

900

Temperatura ("C)

experimental com os resultados de elevagao média de temperatu-
ra numérica da mesma face. No ensaio de resisténcia ao fogo nao
foram feitas leituras de temperatura na regiéo interna da parede.
Foram acoplados termopares em 11 pontos diferentes da face nao
exposta ao fogo e calculou-se a elevagdo de temperatura média
com 5 pontos.

Durante o ensaio, nao ocorreu o desprendimento do revestimento
em argamassa. A elevagao de temperatura média limite do critério
de isolamento térmico foi atingida em 104 minutos, possuindo entéo
grau corta-fogo de 90 minutos (CF90), uma vez que o corpo de
prova se manteve estanque e estavel durante 120 minutos e que o
grau corta-fogo é definido em intervalos de 30 minutos, para valores
entre 60 e 120 minutos, conforme a ABNT NBR 10636:1989 [21].
A elevagéo de temperatura média numérica da face nao exposta ao
fogo foi calculada com valores medidos no bloco e na argamassa, pro-
jetados no centro e na cavidade do prisma. As elevagbes de tempe-
ratura média numeérica e experimental sdo apresentadas na Figura 8.
Nota-se que inicialmente, na elevagéo de temperatura experimental
na face ndo exposta ao fogo, existe um patamar que néo pdde ser
observado no resultado numérico, mesmo com o pico de calor es-
pecifico para a temperatura de 100 °C conforme o teor de umidade
de 2%, o qual deve representar o calor latente de vaporizagéo, e
ajustes na condutividade térmica do ar. Entretanto, apds aproxima-
damente 35 minutos de incéndio, os resultados comegam a conver-
gir. A variagéo de temperatura média limite do critério de isolamento
térmico foi atingida por meio da simulagdo numérica em 106 minu-
tos, diferindo em apenas 2% do resultado experimental.

Foram feitas afericdes de temperatura em diversos pontos
do prisma na simulagdo térmica, sendo esses posicionados
no bloco e na junta de argamassa, na projegdo da cavida-
de e centro e diferentes espessuras. A nomeagdo dos pon-
tos segue as dimensbes aproximadas da lateral do bloco em

"
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Figura 8
Elevacdes de temperatura numérica e experimental
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centimetros, sendo DO a face mais proxima do incéndio e isolamento térmico foi calculada através dos quatro Ultimos pontos.
D14 a face exposta ao ambiente. A variagdo de temperatura  Os campos térmicos desenvolvidos no prisma com revestimento
desses diferentes pontos é apresentada na Figura 9. A varia- em uma face e na massa de ar estdo presentes na Figura 10, em
cao de temperatura média para a verificagdo do critério de intervalos de 30 minutos.
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Figura 9
Variagcdo de temperatura em diversos pontos do prisma com revestimento em uma face
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Figura 10
Campos térmicos desenvolvidos no prisma com revestimento em uma face e na massa de ar
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3.2 Prisma sem revestimento em argamassa

No presente caso, a variagao média de temperatura limite do
critério de isolamento térmico foi atingida numericamente em
86 minutos para o prisma sem revestimento. Conforme a Ins-
trugdo Técnica n° 08:2011 [22] uma parede sem revestimen-
to construida com blocos com mesmas dimensdes nominais
possui isolagdo térmica de 90 minutos, diferindo em apenas
4% do resultado obtido na simulacédo térmica. Entretanto, a
capacidade de isolamento térmico de 86 minutos equivale
ao grau corta-fogo CF60, desconsiderando-se os outros cri-
térios. Conforme Chichierchio [17] uma parede com fungao
portante, nas mesmas condi¢cdes do prisma e constituida por
blocos da empresa Tecprem, possui 0 mesmo grau corta-
-fogo. Na Figura 11 esta disposta a elevacéo de temperatura

em diversos pontos do prisma sem revestimento, nomeados
da mesma forma que no prisma com revestimento em apenas
uma face.

Na Figura 12 sdo apresentados os campos térmicos desenvolvi-
dos no prisma sem revestimento e na massa de ar.

3.3 Prisma com revestimento em argamassa
nas duas faces

Com o emprego de revestimento em argamassa nas duas
faces, a elevagdo média de temperatura limite do critério de
isolamento térmico foi atingida em 137 minutos na face ex-
posta ao ambiente. Esse tempo equivale ao grau corta-fogo
CF120, desconsiderando-se os outros critérios. A elevagao
de temperatura em diversos pontos do prisma nomeados
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conforme feito anteriormente estdo presentes na Figura 13. 4. Conclusoes
Os campos térmicos desenvolvidos no prisma com revesti- I

mento nas duas faces e na massa de ar estdo ilustrados na  por meio das simulagdes térmicas, foi possivel representar ade-

Figura 14. quadamente a evolugdo de temperatura das faces ndo expostas
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Figura 13
Variacdo de temperatura em diversos pontos do prisma com revestimento nas duas faces
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Figura 14
Campos térmicos desenvolvidos no prisma com revestimento nas duas faces e na massa de ar
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ao fogo, mesmo sem dados experimentais especificos da variagdo
das propriedades térmicas do bloco de concreto brasileiro, utili-
zando-se as propriedades indicadas para o concreto disponiveis
no Eurocode 2 Parte 1-2:2004 [14].

As modelagens foram validadas com um experimento fornecido
por uma empresa, com uma parede constituida por blocos de clas-
se C disponivel em Oliveira e Berto [11] e com um resultado de
grau corta-fogo apresentado em Chichierchio [17] para a alvenaria
constituida por blocos de classe A. Espera-se que os campos tér-
micos desenvolvidos em blocos de ambas as classes e com mes-
mas dimensdes nominais sejam similares, pois foram utilizadas as
mesmas propriedades e dimensdes para ambas as simulagdes.
O isolamento térmico tedrico do prisma sem revestimento foi man-
tido por mais de 60 minutos. Assim, o bloco de concreto com as
caracteristicas especificadas no presente trabalho resistiu razoa-
velmente bem a esse critério.

Observou-se o grande efeito favoravel ao isolamento térmico
quando se tem a aplicagéo de revestimento em argamassa com
espessura de 1,5 cm. Com a aplicagao de revestimento apenas na
face exposta ao incéndio, como no caso do experimento, obteve-
-se numericamente um aumento de aproximadamente 23% no
tempo de isolamento térmico em relagéo ao prisma sem revesti-
mento. No caso de revestimento nas duas faces o aumento teérico
previsto foi de 59%.

O maior tempo requerido de resisténcia ao fogo exigido pela ABNT
NBR 14432:2001 [23] é de 120 minutos. Contanto que n&o ocorra
o desprendimento do revestimento em argamassa na face expos-
ta ao fogo, como n&o ocorreu no ensaio disponivel em Oliveira e
Berto [11], o prisma com revestimento nas duas faces teoricamen-
te atenderia a esse tempo com o critério de isolamento térmico.
Entretanto, segundo a Instru¢éo Técnica n® 08:2011 [22] o maior
tempo requerido de resisténcia ao fogo € de 180 minutos para edi-
ficagbes com altura superior a 120 m dependendo de seus tipos
de ocupacdo. Conforme essa referéncia, uma parede constituida
por blocos de concreto com as mesmas dimensdes nominais e
revestimento em argamassa em ambas as faces com 1,5 cm de
espessura possui isolagédo térmica de duas horas, confirmando o
adequado ajuste da simulagao.
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Abstract

Concentrated loads in slabs without transverse reinforcement, usual in highway bridges, result in the horizontal spreading of the shear force
towards the supports, situation in which not all the slab width contributes in the shear strength. Based on this, the analytical models of shear
strength and punching capacity in slabs may not be suitable to deal with this loading. Since this topic is not widely discussed in the national
technical literature, the paper aims to present contributions to these analyses with a focus on the accuracy level of the shear strength analyti-
cal models recommended by ABNT NBR 6118:2014. Therefore, the models available in the Brazilian code were applied to an experimental
database with 118 test results and the results obtained by the Brazilian and European codes were compared. The results demonstrated that,
as presented in the Brazilian code, shear strength model in one-way slabs can lead to unsafe resistance predictions while the punching capac-
ity model can lead to very conservative predictions. From the analysis, it is concluded that considering the reduction of the shear force, in the
case of loads distributed in small areas close to the support in slabs, and the use of more suitable procedures to define the effective width, it
is possible to improve the level of accuracy of relations between experimental and theoretical values, but this still leads to high percentages of
unsafe predictions of resistance (> 40%).

Keywords: shear strength, slabs without transverse reinforcement, concentrated load, load close to support.

Resumo
E——

A solicitagdo por cargas parcialmente distribuidas em lajes sem armadura transversal, frequente em tabuleiros de pontes, resulta na propaga-
¢ao horizontal da forga cortante em diregcao aos apoios, situacdo na qual nem toda a largura da laje € mobilizada. Por esta razdo, os modelos
de resisténcia a forga cortante de vigas e de resisténcia a pungdo em lajes podem ndo se adequar ao tratamento do problema. Uma vez que
este ainda € um tema pouco discutido na literatura nacional, o artigo tem por objetivo apresentar contribuicbes a analise deste tipo de problema
com enfoque no nivel de precisdo dos modelos de célculo de resisténcia a forga cortante preconizados pela ABNT NBR 6118:2014. Para isto
aplicaram-se os modelos disponiveis na norma brasileira a uma base de dados experimentais com 118 resultados de ensaios e compararam-se
os resultados obtidos pelo codigo brasileiro e europeu. Os resultados demonstraram que, na forma como disposta, as formulacdes brasileiras
de resisténcia a forga cortante em lajes unidirecionais podem conduzir a previsdes inseguras de resisténcia e que a formulagéo de resisténcia a
puncéo pode conduzir a previsdes excessivamente conservadoras. Das analises realizadas conclui-se que com a consideragao de redugéo da
forca cortante solicitante, no caso de cargas distribuidas em pequenas areas préximas do apoio em lajes, e utilizacdo de procedimentos mais
apropriados de definicdo da largura colaborante é possivel melhorar a correlagdo entre valores experimentais e tedricos, mas ainda resulta em
percentuais elevados de previsdes inseguras de resisténcia (>40%).

Palavras-chave: resisténcia a forga cortante, lajes sem armadura transversal, carga parcialmente distribuida, carga préxima do apoio.
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1. Introduction

The shear strength in reinforced concrete elements without trans-
verse reinforcement is usually analyzed under two approaches:
(i) one-way shear (beam shear) and (ii) two-way shear (punching
capacity) (Figure 1a). However, in the case of partially distributed
loads on small areas (concentrated loads) close to supports, not

the entire width of the slab is mobilized. In this type of load, the load
spreads horizontally towards the support, which explains why the
failure mode due to this type of load usually occurs with inclined
cracks in relation to the main axis of the slabs (Figure 1b). For this
reason, this problem has been associated to a transition zone be-
tween one-way shear force models (cracks parallel to the support)
and two-way shear models (tangential and radial cracks) [1].

b)

Figure 1

a) Failure mode by one-way shear in beams or slabs strips and two way shear by punching on slabs;
b) failure mode as wide beam and ¢) Usual shear fransfer mechanisms
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The shear strength analysis, in slabs without transverse reinforce-
ment, has been widely studied in the last decades. Among the rea-
sons for this can be mentioned the complexity of the mechanisms
involved and the challenge to formalize a largely recognized model
in the scientific community to quantify the influence of these mech-
anisms, such as (i) capacity of the concrete in the compression
zone V, (i) residual tension at crack V__, (iii) aggregate interlock
between cracked surfaces Vag, (iv) dowel action of the longitudinal
reinforcement V, and (v) arching action V__[2,3](Figure 1c).
However, in the last decade the analyses involving shear strength
in slabs under partially distributed loads have acquired more at-
tention. This has occurred mainly due to the updating of design
codes and manuals for bridges, which, due to advances in cal-
culation procedures and increase in traffic on highways, have
resulted in increased design loads and calculation models more
conservatives, respectively. [4]. The two aspects cited have re-
sulted, for example, in non-approval in the evaluations of shear
strength in about 600 bridges in the Netherlands, which led to the
re-evaluation of the calculation procedures used in the country
[5]. Since in most of the mentioned structures no risk of collapse
was identified, it was concluded that additional mechanisms of
shear strength were being mobilized, such as the arching effect
already known in the case of beams and that the Dutch model of
effective width needed to be reviewed.

Different experimental studies have been performed around the
world in an attempt to better understand the shear strength in the
case of the partially distributed load near the supports. Among
the investigated parameters are the influence of longitudinal re-
inforcement types (smooth or ribbed bars), type of support (elas-
tomeric or rigid) [6] and the effect of axial stresses on the shear
strength of the slabs Other studies have investigated the influ-
ence, on the shear strength and the distribution of reactions along
the support, of parameters such as the location of the load, pres-
ence of ducts and repeated actions (fatigue) in cantilever slabs
[1,8]. Other studies have investigated the influence, on the shear
strength and the distribution of reactions along the support, of pa-
rameters such as the location of the load, presence of ducts and
repeated actions (fatigue) in cantilever slabs [1,8], besides the
degree of clamping in the supports and the static system of slabs
[9,10]. In all these investigations, European or American codes/
manuals evaluations were performed on the level of prediction of
these analytical models. However, this type of loading (partially
distributed load close to the support) is still a little studied issue
in Brazil, and as a result no research was found about the preci-
sion level of the calculation procedures prescribed in ABNT NBR
6118: 2014 [11].

The development of refined numerical models, incorporating
physical and geometric nonlinearities of materials, allowed a
more detailed analysis of the shear strength [12] but they still
have limited application to professional practice in engineering
due to more complexity. For this reason, the development of ana-
lytical models that attempt to provide more accurate predictions of
shear strength, by means of a consistent theoretical background
and accessible application in the design practice, still stand out.
In this way, the paper aims to present an evaluation of the Bra-
zilian standard with regard to possible approaches for this type
of request, in reinforced concrete slabs without transversal re-

inforcement, and to discuss aspects related to other codes that
can be implemented in the Brazilian code in order to make it
more consistent for this type of problem. For this purpose, an
experimental database with 118 test results was used, already
evaluated accordingly to the European code [13]. Thus the cal-
culation models provided for the ABNT NBR 6118:2014 [11] were
assessed on two approaches: (i) one-way shear strength and (ii)
punching capacity.

2. Approaches to shear strength

according to ABNT NBR 6118:2014
——

Most design codes present one-way shear strength models
based on slender, lightly reinforced and four-point loaded,
whereas punching capacity formulations are based on test of
axi-symmetric loaded slabs in the center. [3]. In this way, it is
observed that the experiments from which the theories of shear
strength in slabs were formulated are not suited to solve par-
ticular case loads, such as that of the partially distributed load
close to the support.

The ABNT NBR 6118:2014 [11] deals with shear strength un-
der two approaches: (i) verification of resistance in slabs or lin-
ear elements by a one-way shear model and (ii) verification of
punching capacity at critical perimeter. In this item are present-
ed the equations and recommendations for verification of shear
strength according to the Brazilian standard and discussed
some aspects for application of the calculation models to the
case of request studied.

2.1 One-way model to slabs without
transverse reinforcement

The shear force strength V. ..., in strips of reinforced con-
crete slabs without transverse reinforcement is determined ac-
cording to item 19.4.1 of ABNT NBR 6118: 2014 [11] through
the equations:

VRd.6118 = [tRd k(1,2 +40 - p))+0,15-0cp| by, - d @n
TRd = O'ZS'fctd (22)
fetd = fetk,inf / Ve (23)
fetk,inf = 0,7 fetm (24)

3/ 2 . .
fetm= 0,3- |fck valid for concretes until class C50 (f¢, em MPa) 25)
2,12 In(l +0,11 - fck) for concretes on the range C55-C90

P =As)/ (by - d) (26)

ocp = Ngg / Ac 2.7

With k being a coefficient that depends on the ratio of longitudi-
nal reinforcement that reaches the supports (for elements where
50% of the bottom reinforcement on single supported slabs does

660 m————
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not reach the support: k=|1|, and for the other cases: k=|1,6-d|>1,
with d in meters). 1., is the design shear strength of concrete, A
is the area of longitudinal reinforcement which extends to not less
than d+f,  (defined in the item 9.4.2.5 of the Brazilian code) and
illustrated in Figure 2, b is the effective width of the cross sec-
tion along the effective depth d, N, is the longitudinal force in the
section due to the prestressing or thermal action (compression is
considered positive).

For the comparison between the values predicted by the analyti-
cal models and the experimental values of shear strength, the fol-
lowing considerations were assumed: (i) the measured properties
of the materials were used, (ii) all partial factors were considered
equal to 1 and iii) the effective width was defined according to Fig-
ure 3. Figure 3a represents the Dutch practice of defining the ef-
fective width [14] by horizontal spreading of the load from its center
of application towards the support at 45° angle. In Figure 3b it is

presented the French practice to define the effective width [15] with
horizontal spreading of the load from the farthest face from the
support and taking into account the width of the application area
of the load. Figure 3c presents the model proposed in the Model
Code 2010 [16].

In the current version of ABNT NBR 6118:2014 [11] guidelines
for the definition of the effective width in shear strength are
not available in the case of partially distributed loads in small
areas close to supports. In the Brazilian design practice, es-
pecially in the case of bridge decks, the definition of a slab
strip has been diffused from the vertical propagation of the
shear force up to the mean plane of the slab at 45 °, as recom-
mended in ABNT NBR 6118: 1980 [17]. In this approach, the
effective width in the shear strength is dependent on the rela-
tionship between the dimensions of the load application and
the slab area [17] (Figure 4).
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Figure 3

Definition of the effective width in models of one-way shear force strength according to:

a) Dutch method (b_,,) [14]. French method (b

eﬁ2)

[15] and ¢) Model Code 2010 [16]
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211 Aggregate interlock effect

The aggregate interlock is directly influenced by the aggre-
gate type and the compressive strength of concrete. In light-
weight and high strength concretes, the cracks develop pref-
erentially through the aggregate particles, which tends to
produce cracked surfaces with less roughness. The effect of
aggregate fracture is explicitly addressed in the Model Code
2010 [16] by means of the factor kdg in the definition of k to
level Il approximation. In this code the aggregate fracture ef-
fect is taken into account assuming dg=0 for concrete with a
compressive strength exceeding 70 MPa. Figure 5a provides
the shear strength as a function of compressive strength of
concrete according to ABNT NBR 6118: 2014 [11], Eurocode 2
[18], Model Code 2010 [16] and the Simplified approach from
ACI 318-14 [19] (adapted example from Yang et al. [20] with
d =460mm, p,=1,75% and ¢ =0,00125).

Yang et al. [20] point out, however, that the formulation pro-
vided by the Model Code 2010 [16] inserts a discontinuity in
the relationship between compressive strength of concrete and
the shear strength (Figure 5a), which causes an abrupt reduc-
tion of shear strength (> 40%) when the compressive strength
of concretes reaches 70 MPa. The effect of aggregate interlock
is not explicitly addressed in other formulations such as Euro-
code 2 [18], ACI 318-14 [19] and ABNT NBR 6118:2014 [11].
Therefore, the shear strength calculated on these models in-
creases continuously with the concrete compressive strength,
which is not consistent with experimental observations on ele-
ments with compressive strengths of concrete greater than 65
MPa. As shown in Figure 5a, in addition to not considering
the reduction of shear strength in the case of high strength
concrete (resulting from the aggregate interlock reduction), the

ABNT model NBR 6118:2014 [11] considers a ratio increase of
shear resistance greater than other codes and manuals.

2.1.2 Longitudinal reinforcement ratio effect

Figure 5b outlines the effect of the longitudinal reinforcement ra-
tio on shear strength by different models. Since in this analysis
the cross sectional stress state of the element was not evalu-
ated, the Brazilian code was compared to the simplified calcula-
tion models of ACI 318: 2014 [19] (ACI-S) and Model Code 2010
[16] on level | approximation (MC(l)). It can also be noted that,
while the Brazilian and European codes consider the progres-
sive increase of shear strength with the increase in the longitu-
dinal reinforcement rate, the ACI 318-S and MC (l), in a more
conservative manner, does not consider possible resistance
gains by improvement on dowel effect.

2.1.3 Size effect

Figure 5¢c and Figure 5d present the thickness effect (scale) of
the elements in the prediction of shear strength of a slabs strip
(f,=30MPa, p=1,75% and b=1 m) by different models. It is ob-
served that the simplified model of ACI 318: 2014 [19], by not
incorporating parameters for the scale effect, leads to over-
estimated shear strength values in elements of high thick-
nesses. However, as in slabs the thicknesses are generally
much lower than those of beams, the American model is still
widely used. In the ABNT NBR 6118:2014 [11] and Eurocode
2 [18] models the scale effect is considered in the formula-
tion by parameter "k", while in the Model Code 2010 (Level Il
approximation) [16] the scale effect is taken into account by

the use of k.

662 I
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It can be noted that, in the ABNT NBR 6118:2014 [11] code, the scale
effect that reduces the design shear strength of concrete is no longer
considered for thicknesses greater than 60 cm, with a constant level
from this value. In the case of Eurocode 2 [18] it can be observed that
the scale effect is considered only for thicknesses greater than 20 cm.

2.1.4 Shear span to depth ratio effect — (a/d)

The ratio a/d, where “a” is the distance face to face between load
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and support and “d” is the effective depth of longitudinal rein-
forcement, takes effect in the main mechanisms of shear transfer
V., Vag, Ve @nd V) and in the arch effect [21,22]. Mut-
toni and Fernandez Ruiz [23] explain that four regimes gov-
ern shear failures according with the shear slenderness
al/d (Figure 6): (i) for relations a/d <1 the strength of the ele-
ment is governed by yielding of flexural reinforcement, since
the shear/bending cracks do not intercept the compres-
sion struts, (ii) for relations of approximately 1 < a/d < 2,5~3
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Effect on shear force strength (according to the one-way approach to slabs) of parameters such as:
a) Concrete compressive strength, b) ratio of flexural reinforcement and ¢) and d) effective depth of the

elements (scale effect)
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Figure 6

Influence of the shear span to depth ratio a/d in the shear force strength

(adapted from Muttoni and Fernandez Ruiz [23])

the arching action is dominant, since the shear cracking
can intercept or not the compression strut, (iii) for relations
2,5~3,0 < a/d < 8~13 the governing failure mode is aggregate
interlock and (iv) for very slender elements a/d > 8~13 the
governing failure mode is again the yielding of flexural rein-
forcement. In Figure 6, V. is the shear strength and Vplast is the
plastic strength.

The item 17.4.1.2.1 from ABNT NBR 6118:2014 [11] considers
the possibility of shear force reduction in the case of concen-
trated loads close to supports in beams, reflecting the knowl-
edge about the direct transfer of part of the load through mech-
anisms of compression struts and arching effect until relations
al/d < 2,5, being “a” the distance between axes of load and sup-
port and “d” the effective depth. In the Brazilian code [11] the
shear force reduction is allowed for loads placed in distances a
< 2d from the theoretical axis of the support by multiplying the
design shear force by the relation a/2d. However, the Brazilian
code does not present provisions in the case of slabs, which
are already accepted in the European code [18] and in the
Model Code 2010 [16]. In the European code [18] the shear
force reduction is allowed for loads applied at distances 0,5 <
a < 2d from the edge of a support (or centre of bearings where
flexible bearings are used), being a, the distance between
edge of loads and supports, through multiplication of V_, by:

BEC =ay / 2d, (0,25 < BEC < 1) (2.8)
In the case of the Model Code 2010 the same procedure is
allowed, but with 0,5 < B, . < 1. In the posterior developments,
the effect of the consideration of the European coefficient .
was evaluated in the level of precision of the Brazilian code.

2.2 Punching capacity model

The punching capacity model for slabs is presented in item

19.5.1 of ABNT NBR 6118: 2014 [11] and deals with the veri-
fication of shear strength on two or more critical surfaces de-
fined around concentrated or distributed loads in small areas
(like wheel loads). In the first critical surface (contour C of Fig-
ure 7a) the shear stress 1., should be evaluated indirectly by
checking the diagonal compression strength of the concrete
Tqe- ON the second critical surface (contour C' of Figure 7a),
distant 2d from the edges of the column or partially distrib-
uted load, the punching capacity is checked by diagonal ten-
sile strength of concrete t.,,. This verification may be done by
calculating a shear stress in the contour C'.

Tgg<TRd2=0,27-0y-fq (perimeter C) 29

ay=(1-f¢}/250) , with fgy in MPa (210

T5gSTRg1=0,18/y - (1+,/20/d) -(100-p-fck)1/3+0,10-0cp (perimeter C) (2.11)

p=./pPIPt) 212)

d= (d|+dt) (213)
Where d is the effective depth of the slab along the critical
perimeter considered (in centimeters), p is the average ratio
of bonded reinforcement (unbonded reinforcement should not
be considered according to ABNT NBR 6118:2014 [11]), p, and
p, are the flexural reinforcement ratio at longitudinal and trans-
verse direction. In the case of Figure 7b it is pointed out that
it is required to reduce the perimeter considered due to the
load placed near the edge. Similar procedure should be used
in situations where the load is not on the edge, but is close to
the edge.

The definition of the shear stress on critical perimeter depends
mainly on the position of the loaded area in relation to the slab
and the moment effect of the load in the slab. On this, it is pos-
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sible to deal in a similar way with the case of partially distributed

loads close to supports and the case of internal columns with

moment effect provided in ABNT NBR 6118: 2014 [11]. Thus, the

shear stress due to loading in the critical perimeter is:
_fsd, KMsd

A% hd T Wpd

@14)

Where Mg, = F, - e, with e_ being a term that can be approximately
determined by the eccentricity between the center of the loaded area
and the center of gravity of the internal area of the critical perimeter.
For a more accurate estimate of e. a non-linear analysis should be
performed [13]. The equation (2.14) can then be rewritten as:

Fsg K-eg-u
=20 (14—~
tsd u-d < Wp

Where the term 1+K-e_-u/W_is equal to parameter B__ . ...,
fined on item 6.4.3 of Eurocode 2 [18] (associated with the mo-
menteffectoftheloadinrelationtothe critical perimeterandnotto
a, /2d). In both formulations K is a coefficient dependent on the
ratio of the dimensions C, and C, of column or load, its value
being the function of the unbalanced moment transmitted by
irregular shear stress and by moment and torsion (Figure 8a).
In this formulation Wp corresponds to modulus of plastic resis-
tance at the critical perimeter and is a function of the shear
distribution as shown in Figure 8b.

For a partially distributed load in a rectangular area the modu-
lus of plastic resistance W is determined by:

2

i
Wp=?

@.15)

+C1-Co+4-Co-d+16-d%+2md-Cq (216)
However, in the case of partially distributed loads near sup-
ports, the original distance 2d is replaced by the reduced dis-
tance a, [13], which represents the distance between faces of
the load and the support, resulting in the relation:

1

ct

WS 217)

+C1-C2+2-aV~C2+4-a5+r[~aV~C1
It can be observed that the only difference between the punch-
ing models of the Brazilian and European standards is the
consideration of minimum shear strength in the latter, with the
Brazilian approach being more conservative in this sense. The
comparison between the results measured experimentally and
calculated by the punching capacity model of ABNT NBR 6118:
2014 [11] considers the following simplifications: (i) the proper-
ties of the measured materials are used, (ii) all partial safety
factors are equal to 1, (iii) the minimum perimeter length was
used and (iv) the self-weight was not taken into account.

3. Database
E—

The database used was presented by Lantsoght et al. [13],
which include the works of Reissen and Hegger [9,10], Regan
[24], Sherwood et al. [25], Vaz Rodrigues et al. [26], Jaguer
[27], Jaguer [28,29], Graf [30], Richard and Kluge [31], Diaz de
Cossio et al. [32], Rajagopalan and Fergusson [33], Aster and
Koch [34], Heger and McGrath [35], Cullington et al. [36], Coin
and Thonier [37], Olonisakin and Alexander [38] and Rombach
and Latte [39,40].

This database brings together a total of 215 experiment results
from literature. However, as pointed out by Lantsoght et al. [13],
only 22 experiments on slabs with loads close to the support
(b,,>b.q and a/d<2,5 — case of major interest in bridge slabs)
are available in this database, most of which were performed
in experiments of reduced thickness (h<150 mm). Lantsoght
et al. [13] explains that bridge decks on integral bridges usu-
ally have thickness h=300 mm, so that most of the results
available in the literature are influenced by the scale effect of
the experiments. The scale effect refers to the experimental

free edges of slab

‘ / contour C' ‘

—

N
contour C ‘

_

C i ) 1.5d
| minor
J I 0.5C

‘ load / edge or
L support clearance

Figure 7

//! jl:zd //!

T— reduced critical

.. : perimeter #*
critical perimeter u

b)

a) Definition of critical perimeter in regions distant from free edges and b) regions close to free edges

(adapted from ABNT NBR 6118: 2014 [11])

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 3

IS (665



Shear strength analysis of slabs without transverse reinforcement under concentrated loads according

to ABNT NBR 6118:2014

observation of lower resistant shear stresses in thicker ele-
ments [41].

Lantsoght et al. [13] also comments that many of the ex-
periments reported in the literature present a combination of
failure modes involving one-way shear and/or punching with
flexure. In order to eliminate the experiments that may have
failed in flexure these were evaluated through the simplified
rectangular stress diagram for the active bending moment [13].
In this analysis, the lever arm z was assumed as 0,9-d, and
the height of the rectangular stress diagram was adopted as
0,2-d, . Based on these analyses the database was reduced
to a total of 118 experiments, of which 87 were reported to
fail as wide beams (WB) and 21 experiments reported failing

by punching (P). As the experiments of Graf [30] presented
loads very close to the support, which resulted in distances
a,< 0 these results were discarded in later analyses.

4. Results and discussions
E——

4.1 One-way shear model

4.1.1 Effect of the effective width model and coefficient p_.
Figure 9 presents the graphical results of the application of the
prediction model of shear strength in slabs and linear elements
with b 25d recommended by ABNT NBR 6118:2014 [11] to the

2,00

4
-+~

b)

Figure 8

2,00

—
L

PAREPET
SUPPORT

©)

a) Distribution of shear force due to unbalanced moment in a slab-column connection
(adapted from Eurocode 2 [18]), b) cross section of a cantilever slab bridge and c) example of
eccentricity determination between the loaded area and the punching perimeter (top view)
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database used in this paper. In Figure 9a and Figure 9b the Dutch
method was used to define the effective width (b_,,). In Figure 9¢c
and Figure 9d the French method was considered to define the
effective width (b_,,). Figure 9 also present the results consider-
ing the factor pB_. (Figure 9b and Figure 9d) or not (Figure 9a
and Figure 9c) for the reduction of the design shear force in the
case of loads distributed in small areas close to supports. Table
1 present the scatter measurements between the experimental
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and calculated values of shear strength (V, /V . or V Vo).
From Figure 9 it is observed that the consideration of the B.im-
proved the correlation coefficient R? of the linear regression be-
tween the experimental and calculated values from 0,499 to 0,628
with the Dutch approach and from 0,666 to 0,770 with the French
approach to defining the effective width. Among the different ap-
proaches to defining the effective width, it was observed that

the French approach b__ provided better correlations between

eff2
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Table 1
Comparison of results using ABNT NBR 6118 [11]
VeprVNBR,beﬂ‘] Vexp,redIVNBR,befﬂ VeprVNBR,beffz Vexp,redIVNBR,beﬂz
v 2,00 1,37 1,34 1,02
c 2,50 0,79 1,06 0.30
v 124,5% 57.7% 78,9% 29.7%

u = average value; o = standard deviation; v = coefficient of variation

experimental and calculated values (R? = 0,77) compared to the
Dutch approach b, (R? = 0,63). However, although the level of
correlation has improved when considering b_, and the coefficient
Becr the percentage of model failures (Vexp.red< V\gr) With these pro-

cedures resulted quite high (58% in Figure 9d), illustrated by the
greater number of points to the right of the line at 45° in Figure 9b

2.3
g 2.0 - .
';- =
2 15 TR Bl
S
=]
2
=
)
=
OO I Ll I I L] 1
0 10 20 30 40 50 60 70
f. (MPa)
a)
2.5
&
& 2.0 A [ .
7 a
2
-
S
o
5
o,
&
ot
00 ) T T
0.0 0.5 1.0 1.5 2.0
pe (%)
c)
Figure 10
Vexp/vcal

and Figure 9d and also by the angular coefficient of the linear re-
gression equation farthest from the unitary in these cases. There-
fore, it can be stated that the lack of consideration of the coefficient
B and the use of the Dutch approach (b,,,) to define the effective
width tends to be more conservative, although it has also resulted
in a high percentage of unsafe predictions (43%).
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From Table 1 it can be observed numerically that the mean value
() of ratio Vexp/VNBR using the Dutch approach to defining the effec-
tive width (b_,,) improved from 2,00 to 1,37 considering the reduc-
tion of the design shear force (B), in the case of loads distributed
in small areas near the support, with a significant reduction in the
coefficient of variation (v), that reduced from 124,5% to 57,7%.
This very high scatter of values was significantly reduced with the
French approach to defining the effective width (b_,,), with the aver-
age value of the relation V____/V, assuming an average value

exp,red NBR,beff2
of 1,02 and with the coefficient of variation of approximately 30%.

4.1.2 Effect of specific parameters

Due to the complexity involved in the shear strength and the shear
transfer mechanisms mobilized in reinforced concrete elements,
it is common to analyze the accuracy of the calculation models
according to specific parameters. Since the best level of accuracy
obtained with ABNT NBR 6118: 2014 [11] was obtained with the ef-
fective width defined according to the French method (b_,,) and us-
ing the coefficient of reduction of the design shear force .., these
considerations were used in the subsequent analyses presented
in Figure 10.

In Figure 10a it is observed that the procedure of the Brazilian
code tends to be more conservative for the smaller ranges of con-
crete resistances, with the results V, | _ /V, o assuming u=1,11 and
v=28% in the range f <40MPa and =0,89 and v=26% in the range
f>40MPa. Figure 10b shows a slight tendency towards greater
conservatism of the Brazilian code for lower relations a /d, and un-
safe predictions to shear span to depth ratios a /d>3, indicating
that perhaps the punching models fit better in the case of loads fur-
ther away from the support. In Figure 10c it is observed that a high-
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Figure 11

er level of scatter is reached for lower ratios of flexure reinforce-
ment, with the ratio V,_ _ /V\ ¢ ., @SSUMING p=1,04 and v=30% to
p, < 1,4% and u=0,91 and v=17,5% to p, > 1,4%. In Figure 10d it is
observed that the highest level of scatter of the results is associ-
ated with elements with a lower effective height, indicating a strong
influence of scale effect on the results.

41.3 Failure mode

In these analyses the experiments that presented intermediate
failure mode between punching (P) and wide beam (WB) were ex-
cluded, as well as experiments without failure mode described in the
references. The Figure 11a shows that the application of the one-
way slab model with the definition of an effective width fits well in
the case of punching failures near the supports, but this result may
have been influenced by the reduced number of experiments failing
by punching. In the analysis of the elements that failed by punching
theratio V. /V\ g e, @SSUMed mean value p=1,42 and coefficient
of variation v=26,57%. In Figure 11b, with the one-way approach ap-
plied to experiments failing as wide beams (WB), a large number of
experiments with unsafe predictions were observed. In this case the
ratio V N resulted in 1p=0,92 and v=20,29%.

exp,red " NBR,beff2

4.1.4 Load position

Figure 12 presents the level of precision of the results according to
the model of definition of the effective width combined with the load
position: load close to continuous support (CS) and influenced by
the negative moment at support, load close to simple support (SS)
and, loads close to support of cantilever slabs (CT), which present
great influence of the flexural cracks in the shear strength.
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Evaluation of the one-way model of shear force strength by ABNT NBR 6118:2014 according to the failure
mode of experiments: a) Punching (P), b) Wide Beam (WB)
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Figure 12a illustrates the high scatter of results not considering the
coefficient B to reduce the design shear force (for loads close to
the support) and using the Dutch model of definition of the effective
width (b,,,), with very conservative predictions of shear strengths
in some cases. The Figure 12b shows a lower scatter predictions
compared to Figure 12a, allowing a clearer identification of the in-
fluence of the load position on the accuracy level of the model. In
Figure 12a and Figure 12b it was observed that the formulation
present a lower scatter in the case of cantilever slabs (CT), with
the ratio V IV assuming u=0,92 and v=32,04%, but with a

exp,red * NBR,beff2
high number of unsafe predictions in the model. A large number of
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unsafe predictions was also observed in the case of loads close to
simple support (u=1,02 and v=27,44%). In the case of loads near
continuous supports (CS) unsafe predictions were not observed,
although the level of precision of the results, which presented ratio
N with p=1,62 and v=23,82%, is questionable.

exp,red NBR,beff2

4.2 Two-way approach (punching capacity model)

4.21 Force reduction close to the support by .

Figure 13 presents the effect of to take into account the coefficient
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Evaluation of the punching model of ABNT NBR 6118: 2014 according to failure mode in the experiment

(y.= 1): a) Wide Beams, b) Punching

Becr to reduce the shear stress in the critical perimeter, in the case
of partially distributed loads close to supports (a, < 2d) due to the
direct load transfer towards the support by strut action or arch-
ing effect. Although this is a common practice in analyzes of
one-way shear strength of beams, just a few studies deal with
this practice in the case of punching capacity analysis.

In Figure 13 it is observed that the coefficient B_. significantly
improved the level of approximation of the punching approach
according to the database analyzed, with the ratio t_, /1. . be-
ing improved from p=1,34 to p=1,04 and followed by a reduction
of the coefficient of variation from v=79,08% to v=37,10%. How-
ever, as the number of unsafe predictions (calculated punching
capacity greater than the experimental one) was high, perhaps
the analysis of punching capacity is not the most suitable in the
case of slabs subject to loads partially distributed close to the
support. As this result may have been influenced by the small
number of experiments that presented a punching failure mode
(18/118), a more detailed analysis according to the failure mode
of the experimental models is essential.

4.2.2 Failure mode

Figure 14 illustrates the level of approximation of the punch-
ing approach recommended by the ABNT NBR 6118:2014 ap-
plied to elements that failed by punching (P) and as wide beams
(WB). From Figure 14a it was observed that the predictions of
punching capacity in the elements that presented a punching
failure were more conservative (t,,, ./Tgyer With u=1,30 and
v=31,42%) compared to the elements that failed as wide beams
(Texprod/ Trner With 1=0,99 and v=38,81%). Furthermore, from
Figure 14a it was observed that, considering or not the coef-
ficient B.., the application of the punching capacity model to
the elements that failed as wide beams was quite critical, with
a percentage of unsafe predictions (r,, <t s:) ranging from

42% to 47%. In other words, although the ratio t_ /1. ss had
an average value close to unity (n = 0.99), the coefficient of

variation of 38.81 % decreased the safety of the approach. As in

the case of partially distributed loads close to support the most
frequent failure mode is the one of wide beams, the applica-
tion of the punching model in these cases can be considered
unsafe. In Figure 14b it was observed that the elements that
failed by punching presented a t_ /1. ratio closer to the unit
when considering the coefficient B, with the mean value of the
ratio between experimental and theoretical results p=2,50 being
reduced to n=1,30. In addition, the coefficient of variation, which
measures the dispersion between experimental and theoretical
results, also reduced from v = 63.26% to v = 31.42%. However,
the dispersion remained can be considered still high.

4.2.3 Effect of specific parameters

Figure 15 presents the level of approximation of the ratio
Texprea ! Treaicnpre tAKING into account the reducing load factor B,
to loads near of supports, according to the compressive strength
of concrete f_(Figure 15a), ratio of flexural reinforcement p, (Fig-
ure 15b), ratio a /d, (Figure 15c) and effective depth to longitudi-
nal reinforcement d, (Figure 15d).

As in the case of the approach with the one-way slabs model or
slab strips, some difficulty was observed in identifying trends of
results according to the parameters evaluated due to the great
scatter of the results. In the case of Figure 15 this was even more
difficult, probably due to the dependence of the slab characteristic
in both directions. In analyses using the mean value d=(d,+d)/2
and P =,/P|" P, some difficulty was also identified. From Figure
15, only a tendency of less dispersion of the results was observed
with the increase of the compressive strength of the concrete
(Figure 15a) as with increasing of the ratio of flexural reinforce-
ment (Figure 15d), but which may have been influenced by the
reduction in the number of experimental results in these ranges.
Figure 15 shows that the scatter of predictions of resistance
with the punching approach was more pronounced for the same
parameters evaluated with the one-way model. Thus, it was not
possible to state behavior trends in the punching model without
further experiments.
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4.2.4 Load Position

Figure 16 shows the level of accuracy of the ratio T _/T¢ .o ner
according to the experimental shear stress at the critical perime-
ter and the load position on the slabs. Figure 16a shows that the
punching model provides more conservative results for the high-
er loadings, but for critical perimeter with shear stresses less
than 0.7 MPa the model presents critical results. In addition,

the results obtained showed that for loads close to the support
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in regions of slab continuity the ratio t_ /T acnesr WES MOTe
conservative (u=1,47 and v=13,65%) than in the cases of loads
close to the support of cantilever slabs (1=0,92 and v=37,80%)
and simply supported slabs (u=1,05 and v=37,64%). The same
behavior among different load positions was observed in Figure
16b, which illustrates the higher scatter of the results for loads
close to simple supports (SS) and the lower scatter obtained
continuous slabs (CS), but this time according to the thickness
of the slabs.
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4.3 Summary of results

The Table 2 summarizes the results obtained according to the ap-
proaches of shear strength in one-way slabs and punching capac-
ity verification available in ABNT NBR 6118: 2014 [11] and Euro-
code 2 [18]. Among the main results, Table 2 pointed out that the
French approach (b_,,) and the consideration of the reduction of
shear force with B, for loads distributed in small areas near the
support, increase significantly the level of prediction of the one-
way model of calculation of shear strength, both in the European
and Brazilian codes, reducing the coefficient of variation of the ratio

the ratio V_ /V,.. being reduced from 2,00 to 1,02. However, the
precision and accuracy gain in the model is controversial since,
due to the large coefficient of variation, the model resulted in a high
number of unsafe predictions of the shear strength (58%), that is,
with V_ IV wer<1- In the European code, comparatively, although
the average value of V.. /Vy . Was 1,35, the percentage of
unsafe predictions of shear strength was lower (19%).

From Table 2 it can still be distinguished that there is a difference
of results according to the shear strength model depending on the
experimental failure mode of the elements. For example, by apply-
ing the Brazilian model of shear strength in one-way slabs to the

V,o/Vyer from 124,5% to 29,76% and with the average value of elements that failed by punching, the results of VexpvredNNBvaeffz were
Table 2
Results obtained with the one-way and two-way approaches to shear resistance of slabs according
to ABNT NBR 6118: 2014 [11] and Eurocode 2 [18]
Vexp Vexp,red Vexp.red Vexp Vexp,red Vexp.red Texp texp.red ‘Cexp Texp.red
Vierbett Vec.betn Vierbet Vierbet2 Vec.beti2 Verbeti2 Tcale,NBR Tcale,NBR Teale,EC Teale,EC
Punc¢do (P)
0 513 3,32 2,54 2,64 1,82 1,42 2.50 1.30 1.75 1.06
c 3,65 1,19 0.76 1,44 0,51 0,38 1.58 0.41 0.71 0.48
\Y 71,09% 35,74% 30,01% 54,61% 28.21% 26,57% 63.26% 31.42% 40.92% 45.13%
Viga larga (wide beam - WB)
w 1.31 1,38 1,04 1,07 1,23 0.92 1.12 0.99 1.12 1.04
c 1,64 0,56 0,40 0,76 0,27 0,19 0.79 0.38 0.47 0.44
Y 125,8% 40,08% 38,25% 71,11% 22,09% 20,29% 69.91% 38.81% 41.87% 42.57%
Todos
n 2,00 1,79 1,37 1,34 1,34 1,02 1.34 1.04 1.23 1.07
2,50 1,05 0,79 1,06 0,40 0,30 1.06 0.39 0.56 0.45
v 124,5% 58,70% 57.72% 78,86% 29,76% 29,73% 79.08% 37.10% 45.20% 41.87%
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more conservative (u=1,42 and v=26,57%) and with lower failure
percentage than the ones obtained by applying the method to ele-
ments that presented failure in a one-way mode as wide beams or
slab strips (u = 0.92 and v = 20.29%).

Regarding the models of punching capacity, it was observed that
the relation t_, /7. .. \er ShOWed pronounced differences of result
with the consideration or not of the coefficient p.., especially in
those elements that presented a punching failure model. In these
cases, the average value of the t_ /1o . g Varied from 2.50 to
1.30 and the coefficient of variation decreased from 63.26% to
31.42%. Comparatively, the European standard also improved the
accuracy with consideration of the B factor, but the coefficient of
variation increased from 40.92% to 45.13% with B_.. In the case of
elements that failed as wide beams, although the ratio was close to
1 with both the Brazilian and European standard models, the high
coefficient of variation and the excess of capacity predictions con-
trary to the safety indicated that this verification approach would

not be the most adequate.

5. Conclusions
EE
The text presents a study with focus on the evaluation of the level
of precision of the Brazilian standard regarding the approaches of
shear strength in the case of concentrated loads in small areas
near the support, comparing in the end the results with those pro-
vided by the corresponding European code. From the results, it
can be concluded that:

B The model of shear strength in the Brazilian standard to linear el-
ements, as currently provided, presented unsatisfactory results
of precision in the case of loads distributed in small areas near
the support with the one-way approach (V, /Vgq ee With u=2,00
and v=124,5% and V, _/V, ¢ o, With u=1,34 and v=78,68%);

B Consideration of the reduction of the shear force in the case
of loads distributed in small areas close to the support by the
factor B, as well as the use of the French definition of the ef-
fective width, result in a better level of accuracy with regard to
Vool Vigr (1 =1,02 and v =29,73%). Meantime, due to the large
number of unsafe predictions of resistance with this procedure
(58% of V,, /V,, <1), its incorporation into the formulation pro-
vided by the Brazilian code is still questionable;

B Regarding the Brazilian model of punching capacity, it was ob-
served that taking into account the reduction of shear force in
the case of loads close to the support significantly improved
the accuracy and precision of the ratio t,, /. e, regardless
of the failure mode of the experiments. However, due to the
still high coefficient of variation (>35%) and a large number
of unsafe resistance predictions, the verification of punching
capacity in the case of partially distributed loads close to the
support proved not to be the most adequate, especially in the
possibility of failure as a large beam.
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Abstract

Concentrated loads in slabs without transverse reinforcement, usual in highway bridges, result in the horizontal spreading of the shear force
towards the supports, situation in which not all the slab width contributes in the shear strength. Based on this, the analytical models of shear
strength and punching capacity in slabs may not be suitable to deal with this loading. Since this topic is not widely discussed in the national
technical literature, the paper aims to present contributions to these analyses with a focus on the accuracy level of the shear strength analyti-
cal models recommended by ABNT NBR 6118:2014. Therefore, the models available in the Brazilian code were applied to an experimental
database with 118 test results and the results obtained by the Brazilian and European codes were compared. The results demonstrated that,
as presented in the Brazilian code, shear strength model in one-way slabs can lead to unsafe resistance predictions while the punching capac-
ity model can lead to very conservative predictions. From the analysis, it is concluded that considering the reduction of the shear force, in the
case of loads distributed in small areas close to the support in slabs, and the use of more suitable procedures to define the effective width, it
is possible to improve the level of accuracy of relations between experimental and theoretical values, but this still leads to high percentages of
unsafe predictions of resistance (> 40%).

Keywords: shear strength, slabs without transverse reinforcement, concentrated load, load close to support.

Resumo
E——

A solicitagdo por cargas parcialmente distribuidas em lajes sem armadura transversal, frequente em tabuleiros de pontes, resulta na propaga-
¢ao horizontal da forga cortante em diregcao aos apoios, situacdo na qual nem toda a largura da laje € mobilizada. Por esta razdo, os modelos
de resisténcia a forga cortante de vigas e de resisténcia a pungdo em lajes podem ndo se adequar ao tratamento do problema. Uma vez que
este ainda € um tema pouco discutido na literatura nacional, o artigo tem por objetivo apresentar contribuicbes a analise deste tipo de problema
com enfoque no nivel de precisdo dos modelos de célculo de resisténcia a forga cortante preconizados pela ABNT NBR 6118:2014. Para isto
aplicaram-se os modelos disponiveis na norma brasileira a uma base de dados experimentais com 118 resultados de ensaios e compararam-se
os resultados obtidos pelo codigo brasileiro e europeu. Os resultados demonstraram que, na forma como disposta, as formulacdes brasileiras
de resisténcia a forga cortante em lajes unidirecionais podem conduzir a previsdes inseguras de resisténcia e que a formulagéo de resisténcia a
puncéo pode conduzir a previsdes excessivamente conservadoras. Das analises realizadas conclui-se que com a consideragao de redugéo da
forca cortante solicitante, no caso de cargas distribuidas em pequenas areas préximas do apoio em lajes, e utilizacdo de procedimentos mais
apropriados de definicdo da largura colaborante é possivel melhorar a correlagdo entre valores experimentais e tedricos, mas ainda resulta em
percentuais elevados de previsdes inseguras de resisténcia (>40%).

Palavras-chave: resisténcia a forga cortante, lajes sem armadura transversal, carga parcialmente distribuida, carga préxima do apoio.
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1. Introducgao

A resisténcia a forga cortante em elementos de concreto arma-
do sem armadura transversal geralmente € analisada sob duas
oticas: (i) cisalhamento unidirecional ou de vigas e (ii) cisalha-
mento bidirecional ou pungédo (Figura 1a). Entretanto, no caso
de cargas parcialmente distribuidas em pequenas areas na pro-

ximidade dos apoios nem toda a largura da laje é mobilizada.
Neste tipo de solicitacdo a carga se propaga horizontalmente
em direcdo ao apoio, motivo pelo qual a ruptura assoaciada a
este tipo de solicitagdo geralmente ocorre com fissuras inclina-
das em relagdo ao eixo principal das lajes (Figura 1b). Por esta
razao tém-se associado este problema a uma zona de transigéao
entre os modelos de resisténcia a forga cortante unidirecionais

b)

Figura 1

a) Modo de falha de lajes por cisalhamento como vigas e por pun¢do, b) Modo de falha como viga
larga e ¢) Mecanismos usuais de resisténcia d forca cortante
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(fissuras paralelas ao apoio) e os modelos de resisténcia a pun-
gao (fissuras radiais) [1].

A analise de resisténcia a forga cortante em lajes sem arma-
dura transversal tem sido largamente estudada nas ultimas
décadas dada a complexidade dos mecanismos envolvidos e
a dificuldade de formalizar um modelo universalmente aceito
no meio cientifico para quantificar a influéncia destes mecanis-
mos, como a (i) resisténcia do concreto no banzo comprimido
V., (ii) resisténcia a tragdo residual na regido de menor abertura
das fissuras V,_, (iii) engrenamento dos agregados na super-
ficie fissurada V,, (iv) efeito de pino da armadura longitudinal
Vowe € (V) efeito de arco na transferéncia da forga cortante para
o apoio V, [2,3] (Figura 1c).

Entretanto, na ultima década as analises envolvendo a resis-
téncia a forga cortante em lajes sob cargas parcialmente dis-
tribuidas recebeu novo impeto. Isto deve-se, principalmente, a
atualizacao dos codigos e mauais de projeto relativos as pontes
que, devido aos avangos dos procedimento de calculo e au-
mento do trafego nas rodovias tém resultado em aumento das
cargas de projeto e aumento no conservadorismo de alguns mo-
delos de célculo, respectivamente [4]. Os dois aspectos citados
resultaram, por exemplo, em néo atendimento nas avaliagbes
de resisténcia a forga cortante em cerca de 600 pontes na Ho-
landa, o que levou a reavaliagdo dos procedimentos de calculo
empregados no pais [5]. Uma vez que na maioria das estruturas
citadas nao foi identificado risco de colapso, concluiu-se que
mecanismos adicionais de resisténcia a forga cortante estavam
sendo mobilizados, como o efeito de arco ja conhecido no caso
de vigas, e que o modelo holandés de definicdo da largura co-
laborante precisava ser revisto.

Diversas pesquisas tém sido conduzidas ao redor do mundo na
busca pela melhor compreenséao da resisténcia a forga cortan-
te para o caso da carga parcialmente distribuida proxima dos
apoios. Dentre os parametros investigados estdo a influéncia
dos tipos de armadura longitudinal (barras lisas ou nervuradas)
e tipo de apoio (elastoméricos ou rigidos) [6] e a relagdo de
tensdes axiais com a resisténcia a forga cortante das lajes [7].
Em outros estudos tém sido investigada a influéncia na resis-
téncia a forga cortante e na distribuicdo de reagdes ao longo
do apoio de parametros como a localizagao da carga, presenca
de dutos e agdes repetidas (fadiga) nas lajes em balango [1,8],
além do grau de restrigdo ao giro nos apoios e sistema estatico
[9,10]. Em todas estas pesquisas foram conduzidas avaliagdes
do cadigo europeu ou americano a respeito do nivel de previsao
dos resultados. Entretanto, este tipo de solicitacao, por cargas
parcialmente distribuidas proximas do apoio em lajes, ainda é
um tema pouco estudado no Brasil, motivo pelo qual ndo se
encontraram pesquisas a respeito do nivel de precisao dos pro-
cedimentos de calculo previstos na ABNT NBR 6118:2014 [11].
O desenvolvimento de modelos numéricos refinados, incorporan-
do as nao-linearidades fisicas e geométricas dos materiais, possi-
bilitou a investigagédo mais aprofundada de problemas envolvendo
a resisténcia a forga cortante [12], mas devido a sua complexi-
dade ainda possuem aplicacao limitada a pratica profissional em
escritérios de engenharia. Por esta razado, ainda se destacam os
desenvolvimentos de modelos analiticos que tentam fornecer pre-
visbes mais precisas da resisténcia a forga cortante por meio de

uma fundamentagéo tedrica consistente e de aplicagédo acessivel
na pratica de projeto.

Desta forma, o texto tem por objetivo apresentar uma avaliagdo
da norma brasileira no que diz respeito as possiveis abordagens
para este tipo de solicitacao, em lajes de concreto armado sem
armadura transversal, e discutir aspectos relativos aos outros c6-
digos que possam ser implementados no codigo brasileiro com o
intuito de torna-lo mais consistente na abordagem deste tipo de
problema. Com esta finalidade foi utilizada uma base de dados
experimentais com 118 resultados de ensaios, ja avaliada a luz
do codigo europeu [13], e aplicados os modelos de calculo pre-
vistos na ABNT NBR 6118:2014 [11], tanto em termos de verifica-
¢ao da resisténcia em lajes unidirecionais ou elementos lineares,
quanto em termos da verificagao da resisténcia a pungao.

2. Abordagens de resisténcia
a forga cortante segundo a

ABNT NBR 6118:2014
_——

Os cadigos de projeto, em sua maioria, apresentam formulagdes
de resisténcia a forga cortante unidirecional baseadas em ensaios
de vigas esbeltas, levemente armadas e carregadas em quatro
pontos, enquanto que as formulagdes de resisténcia a pungéo sdo
baseadas em ensaios de modelos axi-simétricos carregados no
centro [3]. Desta forma, observa-se que os experimentos a partir
dos quais foram formuladas as teorias de resisténcia a forga cor-
tante em lajes ndo sdo devidamente adequadas ao tratamento de
solicitagdes particulares, como o da carga parcialmente distribuida
proxima do apoio.

A ABNT NBR 6118:2014 [11] trata da resisténcia a forga cortante
sob duas odticas: (i) verificagdo da resisténcia em lajes ou elemen-
tos lineares e (ii) verificagéo da resisténcia em perimetro critico na
puncao. Neste item sdo apresentadas as equagbes e recomen-
dagdes para verificagéo da resisténcia a forga cortante segundo
a norma brasileira e discutidas adequagdes para aplicagao dos
modelos de calculo ao caso de solicitagao estudado.

2.1 Modelo unidirecional de lajes
Aresisténcia a forca cortante V..., em faixas de lajes de concreto

armado sem armadura transversal é determinada segundo o item
19.4.1 da ABNT NBR 6118:2014 [11] através da formulagao:

VRd.6118 = [TRd k- (1,2 +40 - p))+0,15-0¢p| by, - d 21

TRd = 0,25fctg (2.2)

fetd = fetk,inf / Yc (2.3)

fetk,inf = 0.7 fetm .4)
32 .

fetm= 0,3 J; p/ concretos até a classe C50 (f, em MPa) 25)

2,12 In(l +0,11- fck) p/ concretos na faixa de classes C55-C90
p|=Ag /(b - d) (26)

Ocp = Ngg / Ac 2.7)
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Comprimento de ancoragem necessario (Fonte: ABNT NBR 6118:2014 [11])

Onde k é um coeficiente que depende da taxa de armadura longitu-
dinal que chega aos apoios (para elementos onde 50% da armadura
inferior ndo chega até o apoio: k=|1|; e para os demais casos: k=|1,6-
-d|21, com d em metros); ., € a tens&o de cisalhamento resistente
de calculo do concreto; A, € a area da armadura de tragéo que se
estende até ndo menos que d+|, _ definido no item 9.4.2.5 do referi-
do codigo e na Figura 2; b é a Iérgura minima da seg&o ao longo da
altura util d; N, € a forga longitudinal na se¢éo devido a protens&o ou
acao térmica (a compressao é considerada com sinal positivo).

Para comparagao entre os valores previstos pelos modelos analiticos
e os resultados experimentais de resisténcia a forga cortante as se-
guintes consideracdes foram assumidas: (i) sdo usadas as proprieda-
des medidas dos materiais, (ii) todos os coeficientes de ponderagéo

foram considerados iguais a 1 e (iii) a largura colaborante foi definida
segundo a Figura 3. A Figura 3a representa a pratica holandesa de
definigdo da largura colaborante [14] através da propagagao horizon-
tal da carga a partir de seu centro de aplicagao em diregéo ao apoio
em angulo de 45°. Na Figura 3b apresenta-se a pratica francesa de
propagacao horizontal da forga cortante [15] através do espraiamento
horizontal da carga a partir da face mais afastada do apoio e levando
em consideragao a largura da area de aplicagao da carga. Na Figura
3c apresenta-se 0 modelo proposto no Model Code 2010 [16].

Na versao atual da ABNT NBR 6118 [11] nao se dispde de orien-
tagdes para a definigdo da largura colaborante na resisténcia a
forca cortante, no caso de cargas parcialmente distribuidas em
pequenas areas. Na pratica de projetos, principalmente no caso
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Figura 3

Definicdo da largura colaborante/efetiva na resisténcia & forca cortante segundo:

a) Método holandés (b_,,) [14]; b) Método francés (b

[15] e c) Model Code 2010 [16]
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Definicdo da largura efetiva segundo a ABNT NBR 6118:1980 [17]: a) Vista superior e b) Vista em corte

de tabuleiros de pontes, tem sido difundida a definicdo de uma
faixa de viga a partir da propagacao vertical da forga cortante até
o plano médio da laje em angulo de 45°, conforme preconizado
na ABNT NBR 6118:1980 [17], com a definicdo da largura efetiva
na resisténcia a forga cortante de acordo com relagdes entre as
dimensodes da area de aplicagcao da carga e da area da laje [17]
(Figura 4).

211 Efeito do engrenamento dos agregados

De forma geral, o engrenamento dos agregados é diretamente
influenciado pelo tipo de agregado e pela resisténcia do concre-
to. Em agregados leves e concretos de alta resisténcia as fis-
suras se desenvolvem preferencialmente através das particulas
de agregado, o que tende a produzir superficies fissuradas de
menor rugosidade. O efeito da fratura dos agregados é tratado
explicitamente na formulagdo do Model Code 2010 [16] através
do fator ky, Presente na definicio do k, para o nivel Il de apro-
ximacao. No referido cédigo o efeito da fratura do agregado é
levado em consideragao assumindo dg=0 para concretos de re-
sisténcia superior a 70 MPa. A Figura 5a apresenta a resistén-
cia a forga cortante como funcao da resisténcia do concreto de
acordo com a ABNT NBR 6118:2014 (11), Eurocode 2 [18], Mo-
del Code 2010 [16] e formulagao simplificada do ACI 318-14 [19]
(exemplo adaptado de Yang et al. [20] com d=460mm, p=1,75%
e £.=0,00125).

Yang et al. [20] alertam, porém, que a forma utilizada pelo Mo-
del Code 2010 [16] insere uma descontinuidade na relagao en-
tre a resisténcia a compressao do concreto e a resisténcia ao
cisalhamento (Figura 5a), que provoca uma redugdo abrupta
da resisténcia a forga cortante (> 40%) quando a resisténcia do
concreto atinge 70 MPa. O efeito do engrenamento dos agrega-

dos néo é tratado explicitamente nas demais formulagdes como
o Eurocode 2 [18], ACI 318-14 [19] e ABNT NBR 6118:2014 [11].
Consequentemente, a resisténcia a forga cortante calculada
nestes modelos aumenta continuamente com a resisténcia do
concreto, o que ndo acontece com as observagdes experimen-
tais em concretos de resisténcia superiores a 65 MPa. Como
observa-se na Figura 5a, além de nao considerar a redugao
da resisténcia a forga cortante no caso de concretos de alta
resisténcia decorrente da redugdo do engrenamento dos agre-
gados, o modelo da ABNT NBR 6118:2014 [11] considera uma
taxa de crescimento da resisténcia a forga cortante maior que
os demais codigos.

2.1.2 Efeito da taxa de armadura longitudinal

A Figura 5b apresenta o efeito da taxa de armadura longitudi-
nal na resisténcia a forga cortante por diferentes modelos. Como
nesta analise ndo foi avaliado o estado de solicitagdes do ele-
mento, comparou-se o cédigo brasileiro aos modelos simplifi-
cados de calculo do ACI 318:2014 [19] (ACI-S) e Model Code
2010 [16] no nivel | de aproximagao (MC(l)). Observa-se que,
enquanto os codigos brasileiro e europeu consideram o aumento
progressivo da resisténcia a forga cortante com o aumento da
taxa de armadura longitudinal, o ACI 318-S e MC(l), de forma
conservadora, desconsideram eventuais ganhos de resisténcia
por melhoria no efeito de pino.

2.1.3 Efeito de escala

As Figura 5c e Figura 5d apresentam o efeito da espessura
(escala)dos elementos naprevisdodaresisténciaaforga cortante
de uma faixa de laje (f =30MPa, p=1,75% e b=1m) por diferentes
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modelos. Observa-se que o modelo simplificado doAC1318:2014
[19], por ndo incorporar parametros para o efeito de escala,
conduz a valores superestimados de resisténcia a forga cortan-
te em elementos de espessuras elevadas. Entretanto, como em
lajes as espessuras sdo geralmente bem inferiores as de vigas,
o modelo americano ainda é largamente utilizado. No modelo
da ABNT NBR 6118:2014 [11] e do Eurocode 2 [18] o efeito
de escala é tratado na formulagao pelo parametro k, enquanto
que no Model Code 2010 (Nivel Il de aproximagéo) [16] o efeito

2.5
. .
- 2.0 _.____l---"".---'—
= e
ot -5_\__ &
k. ;"
- = NBR
Oo— ACI-S
< B2
— MC(TT)
[_)_[_] T T
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—— \IC(IT)
8] T
.30 (.45

200

.60

dy (m)
9
Figura 5

de escala é levado em consideragéo pelo uso do fator k, do
respectivo modelo.

Observa-se que no modelo da ABNT NBR 6118:2014 [11] o
efeito de escala que reduz a tensao de cisalhamento resistente
do concreto deixa de ser considerado para espessuras maio-
res que 60 cm, com um patamar horizontal a partir deste valor.
No caso do Eurocode 2 [18] observa-se que o efeito de escala
passa a ser considerado apenas a partir de espessuras maiores
que 20 cm.
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Efeito na resisténcia & forca cortante (segundo a abordagem de lajes unidirecionais) de pardmetros
como: a) Resisténcia & compressdo do concreto, b) Taxa de armadura longitudinal e ¢) e d) Espessura

dos elementos
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Influéncia da relagdo a/d na resisténcia a forca cortante

(Fonte: Adaptado de Muttoni e Fernandez Ruiz [23])

214 Efeito darelagido vao de cisalhamento — altura util (a/d)
A relagdo a/d, onde “a” é distancia centro a centro entre carga
e apoio e “d” é a altura util do elemento, influi diretamente nos
principais mecanismos de resisténcia a for¢a cortante mobilizados
(v, Vag, Viower € Vo) € NO efeito de arco [21,22]. Muttoni e Fernan-
dez Ruiz [23] explicam que existem basicamente 4 regimes de
falha por forga cortante envolvendo a relagdo a/d (Figura 6): (i)
para relagdes a/d < 1 a resisténcia a forgca cortante é governada
pelo escoamento da armadura, uma vez que as fissuras de ci-
salhamento/flexdo n&o interceptam as bielas de compressao; (ii)
para relagdes de aproximadamente 1< a/d < 2,5~3 o efeito de arco
é dominante, pois as fissuras de cisalhamento comegam a inter-
ceptar a biela de compressao; (iii) para elementos com relagdes
2,5~3,0 < a/d < 8~13 a falha é governada pelo engrenamento do
agregado e (iv) para relagdes muito esbeltas ou a/d > 8~13 a falha
volta a ser governada pelo escoamento da armadura. Na Figura 6,
V, é a resisténcia a forga cortante e V€ a resisténcia da segéo
pelos mecanismos de flexao.

No item 17.4.1.2.1 da ABNT NBR 6118:2014 [11] é considerada
a possibilidade de redugéo da forga cortante solicitante no caso
de cargas concentradas proximas do apoio em vigas, refletindo o
conhecimento sobre a transferéncia direta de parte da carga atra-
vés de mecanismos de bielas de compressao e efeito de arco até
relagdes a/d < 2,5, sendo “a” a distancia entre eixos da carga e do
apoio e “d” a altura 0til da viga. No coédigo brasileiro [11] permite-se
a redugao da forga cortante solicitante para cargas situadas a dis-
tancias a < 2d do eixo tedrico do apoio através da multiplicagao da
forga cortante solicitante pela relagdo a/2d. Entretanto, o cédigo
brasileiro ndo apresenta disposigdes acerca do mesmo efeito para
o caso de lajes, sendo este procedimento ja admitido no cédigo
europeu [18] e no Model Code 2010 [16]. No codigo europeu [18]
permite-se a redugdo da forga cortante solicitante para membros
com cargas aplicadas a uma distancia 0,5 < a, < 2d da borda do
apoio (ou centro de rolamentos quando rétulas sdo utilizadas),

sendo a, a distancia entre faces de apoio e carga, pela multiplica-
¢&o da forga cortante solicitante V, pelo coeficiente:

BEC =ay / Zd, (0,25 < BEC < 1) (2.8)

No caso do Model Code 2010 admite-se o mesmo procedimento,
mas com 0,5 < B, . <1. Nos desenvolvimentos posteriores sera
avaliado o efeito da consideragéo do coeficiente B.. europeu no
nivel de precisdo do codigo brasileiro.

2.2 Modelo de pungéao

O modelo de dimensionamento de lajes a pungao é apresentado
no item 19.5.1 da ABNT NBR 6118:2014 [11] e trata da verificagdo
da resisténcia ao cisalhamento em duas ou mais superficies cri-
ticas definidas no entorno de forgas concentradas ou distribuidas
em pequenas areas. Na primeira superficie critica (contorno C da
Figura 7a), do pilar ou da carga parcialmente distribuida, deve ser
avaliada a tens&o de cisalhamento 1, indiretamente por meio da
verificagéo da resisténcia a compressé&o diagonal do concreto 1.
Na segunda superficie critica (contorno C’ da Figura 7a), afastada
2d do pilar ou da carga parcialmente distribuida, deve ser verifi-
cada a capacidade da ligagdo a pungéo, associada a resisténcia
a tragéo diagonal t,,. Essa verificacio pode ser feita através do
calculo de uma tenséo de cisalhamento no contorno C'.

Tgg<TRd2=0,27-ay-fq (contorno C) 29)

ay=(1-f¢}/250) ; com f.) em MPa (2.10)
T54<tRd1=0,18/7, (1+/20/d) (100p7)Y 340,100¢p (contorno )~ (2.11)

o= Jore)

d = (d+dt)

@212)

@13)

Onde d é a altura util da laje ao longo do contorno critico
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considerado em centimetros; p é a taxa geométrica de armadura
de flexdo aderente (armadura ndo aderente deve ser despreza-
da segunda a ABNT NBR 6118:2014 [11]; p, e p, sdo as taxas
de armadura nas duas diregdes da laje. No caso da Figura 7b
destaca-se a necessidade de redugao do perimetro considerado
devido a carga posicionada junto a borda. Procedimento analogo
deve ser utilizado em situagbes onde a carga nao margeia a bor-
da, mas se situa proxima desta.
A definicdo da tensao solicitante nas superficies criticas depende,
principalmente, da posigao da area carregada em relagéo a laje e
do efeito de momento da laje em relagéo a area carregada. Sobre
isto pode-se aproximar o caso de cargas parcialmente distribuidas
na proximidade dos apoios ao caso de pilares internos com efeito
de momento previsto na ABNT NBR 6118:2014 [11]. Desta forma,
a tenséo solicitante no perimetro critico resulta:
F K-M
tsd = u% ¥ wp-sg

@14)

Onde M, =F e, sendo e. um termo que pode ser determinado
aproximadamente pela excentricidade entre o centro da regido
carregada e o centro de gravidade da area interna ao perimetro
critico. Para estimativa mais precisa de e, deveria ser realizada
uma analise nao linear [13]. Desta forma pode-se reescrever a
equagéo (2.14) como:

Fsg K-eg-u
rsq- - (1557 (219)
Onde o termo 1+K-e.-u/W_ equivale ao parametro B, .., definido

no item 6.4.3 do Eurocode 2 [18] (associado a excentricidade da
carga em relag&o ao perimetro critico e ndo a relagéo a/2d). Em
ambas as formulagdes K é um coeficiente dependente da razao
entre as dimensées C, e C, da coluna ou da carga, sendo o seu
valor fungéo da propor¢gdo de momento desbalanceado transmi-
tido por cisalhamento desigual/irregular e por momento e torgéo

1

(Figura 8a). Nesta formulagéo W, corresponde ao modulo de re-
sisténcia plastica no perimetro critico e € fungao da distribuigao de
forga cortante como ilustrado na Figura 8b.

Para uma carga parcialmente distribuida em area retangular o mo-
dulo de resisténcia plastica W_ & determinado pela relagao:

2
C
Wp = 71+C1-C2+4-C2-d+16-d2+2-rt-d-C1 216)
Entretanto, no caso de cargas parcialmente distribuidas préximas
do apoio, a distancia original 2d é substituida pela distancia redu-
zida a, [13] , que representa a distancia entre faces da carga e do
apoio, resultando na relagao:

ct

WS 217)

+C1-C2+2-aV~C2+4-a5+r[~aV~C1
A Unica diferencga significativa entre os modelos de pungéo da norma
brasileira e europeia € a consideragéo de uma resisténcia ao cisalha-
mento minima nesta Ultima, sendo a abordagem brasileira mais con-
servadora neste sentido. A comparagao entre os resultados medidos
experimentalmente e calculados pelo modelo de puncdo da ABNT
NBR 6118:2014 [11] considera as seguintes simplificacdes: (i) séo usa-
das as propriedades dos materiais medidos; (i) todos os fatores se
seguranga parciais so iguais a 1; (i) 0 minimo comprimento do peri-
metro foi utilizado e (iv) peso proprio n&o foi levado em consideragao.

3. Base de dados

EE

A base de dados utilizada foi a apresentada por Lantsoght et al.
[13], que contempla os trabalhos de Reissen e Hegger [9,10], Re-
gan [24], Sherwood et al. [25], Vaz Rodrigues et al. [26], Jaguer
[27], Jaguer [28,29], Graf [30], Richard e Kluge [31], Diaz de Cos-
sio et al. [32], Rajagopalan e Fergusson [33], Aster e Koch [34],
Heger e McGrath [35], Cullington et al. [36], Coin e Thonier [37],
Olonisakin e Alexander [38], Rombach e Latte [39,40].
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a) Definigdo do perimetro critico em regides distantes de bordas livres e b) Regides proximas de

bordas livres (Fonte: ABNT NBR 6118:2014 [11])
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A base de dados apresentada por Lantsoght et al. [13] reune
um total de 215 experimentos da literatura. Entretanto, somente
22 experimentos em lajes com cargas proximas do apoio
(blaje>befr2 e a/d<2,5 — caso de maior interesse nas lajes de pontes)
estdo disponiveis nesta base de dados, a maioria dos quais foi
executada em experimentos de espessura reduzida (h<150 mm).
Lantsoght et al. [13] explica que pontes integrais de lajes sélidas
geralmente tem espessura do tabuleiro h=300 mm, de modo que
os resultados disponiveis na literatura sdo influenciados pelo
efeito de escala dos experimentos. O efeito de escala refere-se
a observagao experimental de menores tensdes de cisalhamento
resistentes em elementos de maior espessura [41].

Lantsoght et al. [13] comenta ainda que muitos dos experimen-

tos reportados na literatura apresentam uma combinagédo de mo-
dos de falha envolvendo o cisalhamento unidirecional e/ou pungéo
com flexdo. No intuito de eliminar os experimentos que podem
ter falhado em flexdo estes foram avaliados através do diagra-
ma de tensdes retangular simplificado para o momento fletor atu-
ante. Nesta analise, o brago de alavanca z foi assumido como
0,9-d, e a altura do diagrama retangular de tensdes foi adotado como
0,2-d. Com base nessas analises a base de dados foi reduzida a um
total de 118 experimentos, dos quais 87 foram reportados falharem
como vigas largas (wide beam — WB) e 21 experimentos reporta-
dos falhando por pungéo (P) [13]. Procedimento analogo foi aplicado
aos demais resultados experimentais incorporados ao estudo. Como
os experimentos de Graf [30] apresentaram cargas muito préximas

| bsup

b)

Figura 8

BORDA LIVRE

APOIO

GUARDA RODA

©)

a) Distribuicdo de for¢ca cortante devido ao momento desbalanceado em uma ligagdo laje-pilar
(adaptado do Eurocode 2 [18]), b) Secdo transversal de uma ponte carregada e ¢) Exemplo de
determinacdo da excentricidade entre a drea carregada e o perimetro critico na pun¢do
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do apoio, que resultaram em distancias a <0 em algumas situagoes,
estes foram descartados nas analises posteriores.

4. Resultados e discussoes
E—

4.1 Modelo de cisalhamento unidirecional

411  Efeito do modelo de largura colaborante e coeficiente p_.
AFigura 9 apresenta os resultados graficos da aplicagdo do mode-
lo de previsao de resisténcia a forga cortante em lajes e elementos
lineares com b 25d preconizado pela ABNT NBR 6118:2014 [11]
a base de dados da pesquisa. Nas Figura 9a e Figura 9b conside-
rou-se o método holandés para definicdo da largura colaborante
(b,,)- Nas Figura 9c e Figura 9d considerou-se o método francés

para definicéo da largura efetiva (b_,,). A Figura 9 apresenta ainda
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os resultados considerando o fator B (Figura 9b e Figura 9d) ou
nao considerando este fator (Figura 9a e Figura 9c) para a redu-
¢ao da forga cortante solicitante no caso de cargas distribuidas
em pequenas areas proximas do apoio. A Tabela 1 apresenta as
medidas de dispersao entre os valores experimentais e calculados
de resisténcia a forga cortante (V,, V5. ou V,  /V ge)-

Da Figura 9 observa-se que a considerag&o do fator ., melhorou
o coeficiente de correlagdo R? da regressao linear entre os valores
experimentais e calculados de 0,499 para 0,628 com a abordagem
holandesa e de 0,666 para 0,770 com a abordagem francesa de
definicdo da largura colaborante. Entre as diferentes abordagens
de definigao da largura colaborante observou-se que a francesa b,
proporcionou melhores correlagdes entre valores experimentais
e calculados (R? = 0,77) comparada & abordagem holandesa b,
(R? = 0,63). Entretanto, embora o nivel de correlagdo tenha me-
Ihorado ao se considerar b ., e o coeficiente ., o percentual de
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Resultados experimentais de acordo com a ABNT NBR 6118:2014 [11] a) Sem B.. e com b_,;
b) Comp..eb_ . c)Semp,.eb_,ed) Comp.,.eb,
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Tabela 1

Comparacdo de resultados utilizando a ABNT NBR 6118 [11]

Vexp/VNBR,befﬂ Vexp,red/VNBR,befﬂ Vexp/VNBR,beﬁZ Vexp,red/VNBR,beflz
v 2,00 1,37 1,34 1.02
c 2,50 0.79 1,06 0,30
\ 124,5% 57,7% 78,9% 29,7%

J = valor médio; o = desvio padrdo; v = coeficiente de variagdo.

falhas do modelo (V,,, ,<V,g) COM estes procedimentos resultou
bastante elevado (58% na Figura 9d), ilustrado pelo maior nimero
de pontos a direita da linha a 45° nas Figura 9b e Figura 9d e tam-
bém pelo coeficiente angular da equagao de regressao linear mais
distante do unitario nestes casos. Portanto, pode-se afirmar que a

nao considerag&o do coeficiente B e utilizagéo da abordagem ho-
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Relacdo Vexp/VCO‘

landesa para definigdo da largura colaborante tende a ser mais con-
servadora, embora também tenha resultado em elevado percentual
de previsbes inseguras (43%).

Da Tabela 1 observa-se numericamente que o valor médio (1) da
relacao Vexp<VNBR utilizando a abordagem holandesa de defini-

¢&o da largura colaborante (b_,) passou de 2,00 para 1,37 ao se
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obtido com a ABNT NBR 6118:2014 de acordo com: a) Resisténcia & compressdo

do concreto f; b) Relagdo a /d, ; ) Taxa de armadura longitudinal p, e d) Altura Gtil d,
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considerar a redugéo da forga cortante solicitante (B_.) no caso de
cargas distribuidas em pequenas areas proximas do apoio, com
redugdo também significativa do coeficiente de variagéo (v), que
passou de 124,5% para 57,7%. Estes valores de disperséo, bas-
tante elevados, foram reduzidos significativamente com a abor-
dagem francesa de definigado da largura colaborante (b ), com o
valor médio da relagéo V IV assumindo valor médio de

exp,red NBR,beff2
1,02 e com o coeficiente de variacado de aproximadamente 30%.

4.1.2 Efeito de parametros especificos

Devido a complexidade envolvida na resisténcia a forga cortante
pelos diversos mecanismos de resisténcia mobilizados em ele-
mentos de concreto armado € comum analisar o nivel de precisao
dos modelos de célculo de acordo com parametros especificos.
Uma vez que o melhor nivel de precisao obtido com a ABNT NBR
6118:2014 [11] foi considerando a largura efetiva definida segundo
0 método francés (b,,,) e usando o coeficiente de redugao da car-
ga solicitante B, estas consideragbes foram utilizadas nas anali-
ses posteriores apresentadas na Figura 10.

Da Figura 10a observa-se que o procedimento da norma tende a ser
mais conservador para as menores faixas de resisténcias de con-
creto, com a relagéo V,  /V, g @ssumindo p=1,11 e v=28% para
f <40MPa e p=0,89 e v=26% para f >40MPa. Na Figura 10b observa-
-se uma leve tendéncia de maior conservadorismo do cédigo brasileiro
para menores relagbes a /d, e previstes inseguras para relagbes a /
d>3, indicando que talvez os modelos de pungéo se adequem me-
lhor no caso de cargas mais afastadas do apoio. Na Figura 10c ob-
serva-se que maior nivel de dispersao € atingido para menores taxas
geométricas de armadura, com a relagdo V,  _/Vgq . @SSumindo

u=1,04 e v=30% para p, < 1,4% e n=0,91 e v=17,5% para p, > 1,4%.
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Figura 11

Na Figura 10d observa-se que o maior nivel de disperséo dos resul-
tados esta associado aos elementos com menor altura (til, indicando
uma forte influéncia do efeito de escala nos resultados.

4.1.3 Modo de falha

Nestas analises optou-se por excluir os experimentos que apresen-
taram modo de falha intermediario entre a pungéo (P) e vigas largas
(wide beam-WB) ou experimentos sem modo de falha descritos nas
referéncias. A Figura 11a mostra que a aplicagdo do modelo de lajes
unidirecionais com a definicdo de uma largura colaborante se adequa
bem ao caso de rupturas por pungéo na proximidade dos apoios, mas
este resultado pode ter sido influenciado pelo nimero reduzido de ex-
perimentos falhando por punc¢éo. Na analise dos elementos que falha-
ram por pungéo a relaggo V, Voo o, @SSUMIU p=1,42 & v=26,57%.
Na Figura 11b, modelo de lajes unidirecionais aplicados a experimen-
tos falhando como vigas largas (WWB), observou-se um grande nimero
de experimentos com resultados contrarios a seguranca. Neste caso a
relaggoV__ /N resultou em u=0,92 e v=20,29%.

expred ~ NBRbeff2

4.1.4 Posicao da carga

A Figura 12 apresenta o nivel de precisao dos resultados de acor-
do com o modelo de definigdo da largura colaborante combinado
a tipologia da solicitacdo: cargas préximas de apoio com continui-
dade (AC), ou seja, influenciados pelo momento negativo; cargas
proximas de apoio simples (AS) e cargas préximas do apoio de
lajes em balango (B), com tendéncia a grande influéncia da fissura
de flexdo na resisténcia a forga cortante neste ultimo caso.

A Figura 12a ilustra o elevado nivel de dispersao dos resulta-
dos n&o considerando o coeficiente B (para a reducdo da forga
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Avaliacdo do modelo de acordo com o modo de falha no experimento: a) Puncdo (P);

b) Viga larga (WB)
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Efeito da tipologia da solicitagdo nos casos de: a) Ndo consideragdo do fator .. e b,

e b) Com o fator B.. e b,

cortante solicitante) e usando o modelo holandés de definicdo da
largura colaborante (b,,,) com previsdes muito conservadoras da
resisténcia a forga cortante em alguns casos. Na Figura 12b ob-
serva-se um menor nivel de dispersdo comparado a Figura 12a,
permitindo identificar com maior clareza a influéncia da posicao
da carga no nivel de precisdo do modelo. Na Figura 12a e Fi-
gura 12b observou-se que a formulagdo apresenta menor nivel
de dispersao para o caso de regides em balango, com a relagéo
Vewored Vapreer @Presentando p=0,92 e v=32,04%, mas com um
numero elevado de falhas no modelo. Um grande nimero de falha
do modelo também foi observado no caso de cargas préximas de
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Figura 13

apoio simples (u=1,02 e v=27,44%). No caso de cargas proximas
de apoios com continuidade observou-se a auséncia de falhas do
modelo, sendo apenas discutivel o nivel de precisdo dos resulta-
dos, que apresentou relagao Vexp'redNNBvaeffz com p=1,62 e 23,82%.
4.2 Modelo de cisalhamento bi-direcional (pungao)
4.21 Reducdo da forga cortante préxima do apoio (B..)

A Figura 13 apresenta o efeito da consideragdo do coeficien-
te B... para redugdo da tensdo de cisalhamento solicitante no
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Avaliacdo do modelo de resisténcia & puncdo de acordo com a formulacdo da ABNT NBR 6118:2014
(y,=1) a) Sem o coeficiente .. e b) Com o coeficiente B_.
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experimentais (y,=1): a) Viga Larga (Wide beam-WB); b) Pun¢do (P)

perimetro critico de pungao, no caso de cargas parcialmente dis-
tribuidas na proximidade do apoio (a,<2d) devido a transferéncia
direta de parcela da carga em diregao ao apoio por mecanismos
de biela ou efeito de arco. Embora esta seja uma pratica comum
nas analises de resisténcia a forga cortante unidirecional, poucos
s&o os estudos associados a esta pratica no caso de verificagdo
da resisténcia a pungéo.
Na Figura 13 observa-se que o coeficiente .. melhorou signifi-
cativamente o nivel de acuracia e precisdo do modelo de pungéo
segundo a base de dados analisada, com a relagéo t,, /1y s Pas-
sando de um valor médio u=1,34 para u=1,04 e acompanhado de
reducao do coeficiente de variagdo de v=79,08% para v=37,10%.
Entretanto, como o numero de previsdes de resisténcia maiores
que a experimental foi elevada, talvez a andlise de resisténcia a
pungéo nao seja a mais adequada no caso de lajes sujeitas as
cargas parcialmente distribuidas proximas do apoio. Como este
resultado pode ter sido influenciado pelo pequeno nimero de ex-
perimentos que falharam efetivamente por pungado (18/118), no
proximo item foi apresentada analise mais detalhada de acordo
com o modo de falha dos modelos experimentais.
4.2.2 Modo de falha
A Figura 14 ilustra o nivel de aproximagéo do modelo de pungéo
preconizado pela ABNT NBR 6118:2014 aplicado aos elementos
que falharam por pungéo (punching — P) e como vigas largas (wide
beams — WB). Da Figura 14a observou-se que as previsdes de
resisténcia nos elementos que de fato falharam por pungdo fo-
ram mais conservadoras (t, ./Ts\sr COM p=1,30 e v=31,42%)
comparadas aos elementos que falharam como vigas largas
(Terprea! Trgr €OM 1=0,99 e v=38,81%). Da Figura 14a observou-se
ainda que, considerando ou n&o o coeficiente B, a aplicagio do
modelo de resisténcia a pungéo aos elementos que falharam como
vigas largas foi bastante critica, com um percentual de previsdes
inseguras (t,, /1 \5r) Variando entre 42% e 47%. Ou seja, embora
tenha apresentando valor médio préximo do

arelagdo T, /T \er
unitario (n=0,99), o coeficiente de variacao de 38,81% prejudicou

bastante a seguranga da abordagem. Como no caso de cargas
parcialmente distribuidas préximas do apoio o modo de falha mais
frequente é o de vigas largas, a aplicagao do modelo de pungéo
nestes casos pode-se ser considerada insegura. Na Figura 14b
mostrou-se que os elementos que falharam por pungéo apresen-
taram relagéo t,, /1., Mais proxima da unidade com a conside-
ragéo do coeficiente B.;, com o valor medio da relagéo reduzindo
de p=2,50 para u=1,30. Além disso o coeficiente de variagéo, que
mede a dispersao entre resultados experimentais e tedricos, tam-
bém reduziu significativamente de v=63,26% para v=31,42%. En-
tretanto, vale lembrar que a ordem de grandeza desta dispersao é
ainda é bastante elevada.

4.2.3 Efeito de parametros especificos

A Figura 15 apresenta a dispersao dos resultados da relagéo
Tepret! Treacnsr 1€VANAO €M consideracao o fator B, redutor da for-
¢a solicitante na proximidade do apoio de acordo com a resistén-
cia a compressé&o do concreto f_ (Figura 15a), taxa de armadura
longitudinal p, (Figura 15b), relagéo a /d, (Figura 15c) e altura dtil
da laje d, (Figura 15d).

Assim como no caso da abordagem com o modelo de lajes uni-
direcionais ou faixas de lajes, observou-se dificuldade na identi-
ficagcdo de tendéncias de resultados de acordo com os parame-
tros avaliados. No caso da Figura 15 isto foi ainda mais dificil,
provavelmente pela dependéncia das caracteristicas da laje nas
duas diregbes. Em analises utilizando o valor medio d=(d+d,)/2
e p =P p: também foi identificada dificuldade de andlise. Da
Figura 15 observou-se, assim, apenas uma tendéncia de menor
dispersao dos resultados com o aumento da resisténcia a com-
pressao do concreto (Figura 15a) e aumento da taxa de armadura
longitudinal (Figura 15d), mas que podem ter sido influenciados
pela redugcéo do ndmero de resultados experimentais nestas fai-
xas de valores.

Na Figura 15 observa-se que o nivel de dispersao das previsdes
de resisténcias com o modelo de pungdo para os mesmos para-
metros avaliados com o modelo unidirecional foi mais pronunciado.
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Desta forma, nao foi possivel identificar com seguranca tendéncias
de comportamento no modelo de pungdo sem um maior refinamen-
to dos dados.

4.2.4 Posicao dacarga

AFigura 16 apresenta o nivel de precis&o da relagéo 1., ./Tx cacner

de acordo com a tenséo de cisalhamento estimada no perimetro
critico e com a posi¢ao da carga nas lajes. A Figura 16a mostra que
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longitudinal p, ; ¢) Relagdo a /d, e d) Altura dtil d,

o modelo de puncgdo fornece resultados mais conservadores para
as solicitagbes mais elevadas, mas para tensdes de cisalhamento
no perimetro critico menores que 0,7 MPa o modelo apresenta pre-
visdes contrarias a segurancga.

Os resultados obtidos demonstraram que para cargas proxi-
mas do apoio em regides de continuidade da laje a relagao
Toxpred TReaionsr 101 MAIS conservadora (p=1,47 e v=13,65%) do que
nos casos de cargas proximas do apoio de lajes em balango (1=0,92
e v=37,80%) e de lajes simplesmente apoiadas (u=1,05 e v=37,64%).
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O mesmo comportamento entre tipologias de solicitagéo foi observa-
do na Figura 16b, a qual ilustra o maior nivel de disperséo dos resul-
tados para cargas préximas de apoio simples (AS) e o menor nivel
de dispersao obtido nas lajes com continuidade no apoio (AC), mas
desta vez de acordo com a espessura das lajes.

4.3 Resumo dos resultados

ATabela 2 compara os resultados obtidos segundo as abordagens de
resisténcia a forga cortante em lajes unidirecionais e de verificagdo da
resisténcia a pungao disponiveis na ABNT NBR 6118:2014 [11] e Eu-
rocode 2 [18]. Dentre os principais resultados, da Tabela 2 observa-se
que a abordagem francesa (b,,) € a consideragéo da reducéo da
forga cortante com B, para cargas distribuidas em pequenas areas
préximas do apoio, aumenta significativamente o nivel de preciséo
do modelo unidirecional de calculo de resisténcia a forga cortante,
tanto no cédigo europeu quanto no brasileiro, reduzindo o coeficiente
de variaggo dos resultados de V_ V. de 124,5% para 29,76% e

Tabela 2

com o valor médio da relagéo V, /V, .. passando de 2,00 para 1,02.
Entretanto, é discutivel o ganho de precisdo do modelo uma vez que,
devido a grande variabilidade em termos do coeficiente de variagao,
0 modelo resultou em um elevado numero de previsbes inseguras
da resisténcia (58%), ou seja, com relagdes V, V. o.<1. No codi-
go Europeu, comparativamente, embora o valor médio da relagéo
Vopreaee! Vronero t€Nha sido 1,35, o percentual de falhas do mo-
delo com previsdes inseguras da resisténcia a forga cortante foi
menor (19%).

Da Tabela 2 observa-se ainda a diferenca de resultados de acor-
do com o modelo de resisténcia a forga cortante dependendo
do modo de ruptura experimental dos elementos. Por exemplo,
aplicando-se o modelo brasileiro de resisténcia a forga cortante
unidirecional aos elementos que falharam por puncéo obteve-se
relagéo V, ../Vigrper, Mais conservadora (u=1,42 e v=26,57%)
e com menor percentual de falhas do que aplicando-se este aos
elementos que falharam como vigas largas ou lajes unidirecionais

(u=0.92 e v = 20.29%).

Resultados obtidos com as abordagens de lajes unidirecionais e bidirecionais segundo

a ABNT NBR 6118:2014 [11] e Eurocode 2 [18]

Vv V, Vv Vv

exp exp.red exp.red exp Vexpred Vexpored Texp Texp.red Texp Texp,red
Vier et Vec pein Vier.betr Vier.betr2 Vecpeii2 Vier.betiz Teale,NBR Tcale,NBR Tealc,EC Tealc.EC
Punc¢do (P)
n 513 3.32 2,54 2,64 1,82 1,42 2,50 1,30 1,75 1,06
c 3.65 1,19 0.76 1,44 0,51 0.38 1,58 0.41 0.71 0,48
\Y 71,09% 35.74% 30,01% 54,61% 28,21% 26,57% 63,26% 31.42% 40,92% 45,13%
Viga larga (wide beam - WB)
w 1,31 1,38 1,04 1,07 1,23 0.92 1.12 0.99 1.12 1,04
c 1,64 0.56 0,40 0.76 0,27 0,19 0.79 0,38 0,47 0.44
Y 125,8% 40,08% 38,25% 71,11% 22,09% 20,29% 69,91% 38.81% 41,87% 42,57%
Todos
n 2,00 1,79 1,37 1,34 1,34 1,02 1,34 1.04 1,23 1,07
2,50 1,05 0.79 1,06 0,40 0,30 1,06 0,39 0.56 0,45
v 124,5% 58,70% 57,72% 78.86% 29,76% 29,73% 79.08% 37,10% 45,20% 41,87%
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Em relagdo aos modelos de resisténcia a pungao, observou-se
Em relagédo aos modelos de resisténcia a pungéo, observou-se
que a relagéo t_ /1. . \er @Presentou diferengas significativas de
resultados com a consideragdo ou n&do do coeficiente B, sobre-
tudo nos elementos que falharam efetivamente por puncgao. Nes-
tes casos, o valor médio da relagao t,, /1. .. g Variou de 2,50 a
1,30 e o coeficiente de variagdo reduziu de 63,26% para 31,42%.
Comparativamente, o modelo da norma europeia também melho-
rou a acuracia com a consideragéo do fator B, mas o coeficiente
de variagéo aumentou de 40.92% para 45,13% com B_.. No caso
dos elementos que falharam como vigas largas, embora a relagéo
Tow! TReaoner t€NNA resultado proxima de 1 tanto com o modelo da
norma brasileira quanto com o modelo europeu, o elevado coefi-
ciente de variagdo e excesso de previsoes de resisténcia contra-
rias a seguranga indicaram que esta abordagem de verificagdo
pode nao ser a mais adequada.

5. Conclusoes
EE
O texto apresenta um estudo com enfoque na avaliagédo do ni-
vel de precisao da norma brasileira em relagédo as abordagens
de resisténcia a forga cortante no caso de cargas distribuidas em
pequenas areas proximas do apoio, comparando ao final os resul-
tados com os fornecidos pela norma europeia correspondente. Do
exposto pode-se concluir que:

B A norma brasileira, na forma como disposta atualmente, apre-
senta niveis insatisfatérios de precisdo em relagdo a previsdo de
resisténciaaforgacortante paraocasode cargasdistribuidasem
pequenas areas proximas do apoio com a abordagem de lajes
ou elementos lineares (V, /V,gq o €OM 1=2,00 € v=124,5% e
Vool Vigr et COM 1=1,34 € v=78,68%);

B A consideragdo da redugao da forga cortante no caso de
solicitacbes por cargas distribuidas em pequenas areas
proximas do apoio pelo fator B_., preconizado pelo cddigo
europeu e presente de forma semelhante no procedimento
brasileiro para o caso de vigas, assim como a utilizagao do
procedimento francés de definicdo da largura colaborante,
resultam em melhor nivel de precisdo em termos da re-
lagéo VIV ge (1 =1,02 e v =29,73%). Entretanto, devido
ao grande numero de previsdes inseguras de resisténcia
(58% de VIV, <1) com este procedimento ainda é ques-
tionavel sua incorporagédo na formulagéo preconizada pelo
codigo brasileiro;

B Em relagdo ao modelo brasileiro de resisténcia a pungao, ob-
servou-se que a consideragdo de redugdo da forga cortante no
caso de cargas proximas do apoio melhorou significativamen-
te a acuracia e disperséo da relagéo 1, /1., independente
do modo de falha dos experimentos. Entretanto, em virtude
do coeficiente de variagdo ainda elevado (>35%) e do grande
numero de previsdes inseguras de resisténcia, a verificagao
da resisténcia a pungao no caso de cargas parcialmente distri-
buidas proximas do apoio pode nédo ser a mais adequada na
possibilidade de falha como viga larga.
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Abstract
E———

The admixture of recycled concrete aggregates (RCA) in new concretes is an interesting alternative in the efforts to mitigate environmental
impacts. RCA may increase porosity and change properties of concretes. Rice husk ash (RHA) is employed as supplementary cementitious
material may improve concrete properties. The present study investigated the shrinkage of concrete prepared with RCA and RHA, proposing a
mathematical model to explain the phenomenon. Concretes were produced with 25% and 50% of coarse recycled aggregate as replacement of
natural aggregate, 0%, 10%, and 20% of RHA as replacement of cement, and a water-to-binder ratio of 0.64. Water absorption and capillary and
total porosities were analyzed on day 28. Shrinkage tests were conducted on days 1, 4, 7, 14, 28, 63, 91, and 112. The results point to a significant
interaction between RHA and RCA.

Keywords: recycled concrete aggregate, rice husk ash, shrinkage, porosity.

Resumo
E———

O emprego de agregado reciclado de concreto (ARC) para a produgdo de novos concretos € uma alternativa interessante para mitigar impactos
ambientais. O ARC pode aumentar a porosidade e impactar negativamente as propriedades do concreto. A cinza de casca de arroz (CCA), em-
pregada como material cimenticio suplementar, pode mitigar estes efeitos. Este estudo investiga a retragdo em concretos produzidos com ARC
e CCA, propondo um modelo matematico para explicar os comportamentos observados. Foram elaborados concretos com 25 e 50% de ARC
graudo, e 10 e 20% de CCA em substituicdo ao cimento, com uma unica relagdo agua-aglomerante (0,64). A absorgao e agua capilar e total, bem
como a porosidade, foram avaliadas aos 28 dias. A retracéo foi medida em 1, 4, 7, 14, 28, 63, 91 e 112 dias. Os resultados indicam um efeito
significativo da interagédo entre ARC e CCA.

Palavras-chave: agregado reciclado de concreto, cinza de casca de arroz, retragéo, porosidade.
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1. Introduction

EE

The construction industry uses a wide array of cementitious and
ceramic products that may be feasibly reused or recycled. By
indirectly protecting the environment and promoting the devel-
opment of new raw materials, construction waste recycling is
an environmentally interesting, economically attractive alterna-
tive when compared with the use of non-renewable natural re-
sources [1].

Besides affordable prices, excellent resistance to compression
and strain explains why the concrete made with Portland ce-
ment is perhaps the most widely used construction material. In
addition to buildings in general, it is employed in heavy con-
structions such as roads, dams, and bridges, and estimates
place global annual consumption of concrete made with Port-
land concrete at staggering 33 billion metric tons [2]. However,
the clear benefits brought about by such remarkable structural
characteristics are offset by the growing environmental con-
cerns surrounding cement production, in that the extraction of
non-renewable raw materials and conversion thereof in cement
are intrinsically associated with considerable greenhouse gas
emissions. Such environmental impacts are partly due to the
methods employed to make Portland cement, which are based
on heating a mixture of limestone, clay, and other similar materi-
als. The partial sintering of these ingredients produces clinker
lumps that are ground and subsequently have a small percent-
age of calcium sulfate added.

But other ingredients of concrete also raise environmental con-
cerns, like aggregates. Most materials used as aggregates are
extracted from natural sites and then subjected to some degree
of processing, like crushing and sifting, for instance. However,
the use of alternative aggregates such as those from the con-
struction and demolition waste (CDW) has been recently pro-
posed in the effort to address these environmental problems.
The main difficulties in using CDW as aggregate in concrete prod-
ucts are associated with crushing, screening, and dust emissions
control, in addition to the segregation of undesired constituents.
Despite that, CDW may become a viable option in light of the
scarcity of quality natural aggregates and the high costs asso-
ciated with final waste disposal. Previous research shows that
recycled concrete aggregate (RCA) obtained from crushing struc-
tural concrete waste does not affect quality of concretes, as long
as prior recycling is carried out appropriately [2].

However, it is known that the introduction of porous aggregates
in Portland cement concrete will increase the amount of water
needed to maintain slump. As a result, the mixture will demand
more binder in order to preserve the water-to-binder ratio. In this
scenario, rice husk ash (RHA) may be employed as supplemen-
tary cementitious materials (SCM), reducing cement consump-
tion and improving properties of the new concrete. Considered
waste by the rice industry and therefore easily obtained in rice
producing regions, RHA has high amorphous silica content and
considerable specific surface, which characterizes it as a su-
per pozzolan. Previous studies have discussed the advantages
of adding RHA as pozzolanic material to concrete mixtures,
among which improved resistance and durability of the final

product, besides the significant environmental benefits associ-
ated with the possibility to eliminate waste and reduce carbon
dioxide emissions [3,4,5].

This leads to the conclusion that mitigating the environmental
impacts associated with concrete includes using mineral admix-
tures and replacing natural aggregates, indirectly reducing the
extraction of non-renewable raw materials. Such efforts in the
development of eco-efficient concretes entail using materials
so far considered byproducts in another industry that otherwise
might end up being disposed of improperly. The well-engineered,
controlled application of such replacement materials affords to
obtain new final products whose characteristics should be simi-
lar to those of conventional concrete.

So, with a view to improving the current knowledge about the
use of alternative materials in concrete mixtures and prevent-
ing any pathology in concretes made with RCA and RHA, the
present study analyzed concrete prepared with these materials
based on concrete properties such as water absorption, capil-
lary porosity, total porosity, and shrinkage.

2. Materials and experimental program
—
2.1 Experimental design

The experimental procedure adopted in this study was based on
an nk factorial design, with n being the levels and k the number
of factors considered. Study levels, control factors, and response
variables are presented below.

In this design, just one water-to-binder ratio (w:b) was used, 0.64,
since large water volumes make more porous concretes, which are
also more prone to significant shrinkage. Table 1 shows the levels
chosen and respective values of RCA and RHA.

Here, k =2 and n = 3, which means a factorial design of 32 experi-
ments with 9 concrete mixtures. Three prism and three cylindrical
samples were prepared for each combination of control factors.
The response variables analyzed on day 28 were absorption rate,
capillary porosity, total porosity. Shrinkage was measured on days
1,4,7,14, 28, 63, 91, and 112 and compressive strength on days
7,28, 63,91 and 112.

2.2 Materials

221 Cement

The cement used (type CP-lI-F-32) is composed of limestone filler,
an inert mineral admixture [6]. This cement type is usually em-
ployed in concrete plants and it was choiced because it does not

Table 1

Factorial design used in this study. Factors and
control levels (shrinkage, absorption rate, capillary
porosity, total porosity)

Control factors Study levels
RHA content (%) 0 10 20
RCA content (%) 25 50

o
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Table 2

Chemical, physical, and mechanical characterization of the cement used

Parameter April 2012 batch May 2012 batch
ALO, (%) 412 4.12
SiO, (%) 19.42 19.39
Fe,O, (%) 2.60 2.59
CaO (%) 60.76 60.78
MgO (%) 4.85 4.93
SO, (%) 3.03 3.08
Loss on ignition (%) 6.04 6.08
Free CaO (%) 2.89 2.24
Insoluble fraction (%) 2 2
Alkaline equivalent (%) 0.63 0.62
Hot expansion (mm) 0.50 1.00
Initial setting time (h:min) 03:20 3:30
Final setting time (h:min) 04:30 4:30
Normal amount of water (%) 26.20 26.30
Blaine (cm?/g) 3.850 3.720
#200 (%) 34 4.2
#325 (%) 16.3 15.5
Comp. strength day 1 (MPa) 16.3 16.9
Comp. strength day 3 (MPa) 29.0 29.3
Comp. strength day 7 (MPa) 36.9 36.6
Comp. strength day 28 (MPa) 41.9 41.9
Specific weight (g/cm?) 3.11 3.11

have pozzolanic materials. Table 2 shows the physical, chemical,
and mechanical characterization of the cement used. Due to is-
sues around availability of material, cement of two different batch-
es were used. However, the characterization of the cements of the
two batches showed that they did not differ significantly.

2.2.2 Rice husk ash (RHA)

The RHA used is a pozzolan obtained from the combustion of bio-
mass in a fluidized bed reactor to generate energy. The energy
company is located in the city of Alegrete, state of Rio Grande do

Table 3
Chemical characterization of the rice husk ash used

Parameter Content (%)
SiO, 94.99
K,O 1.01
SO, 0.57

Cl 0.43
CaO 0.33
MnO 0.20
ALO, 0.18
P,O, 0.10
Fe,O, 0.06

TiO, 0.01
MgO 0.01
ZnO 0.00

PF 2.12

Sul, Brazil, and sells RHA to construction companies under the
name of ‘rice husk silica’.

The chemical characterization of the pozzolan was carried out
in the Laboratory of Characterization and Recovery of Materials
(LCVM), UNISINOS, using energy-dispersive X-ray fluorescence
(ED-XRF) (EDX-720, Shimadzu) and a secondary standard. The
results of the ED-XRD analysis are shown in Table 3.

2.2.3 Natural fine aggregate

The natural fine aggregate used was a quartz sand from the Jacui
River, RS, and was characterized in the Laboratory of Construc-
tion Materials (LMC), UNISINOS. Grain size distribution, specific
weight, and unit weight were evaluated following the procedures
described in official Brazilian standards [6-8]. The data obtained
are shown in Tables 4 and 5.

2.2.4 Natural coarse aggregate

The natural coarse aggregate (NCA) used was a triturated basal-
tic rock mined in Linha Sao Jorge, municipality of Garibaldi, RS.

Table 4
Unit weight and specific weight of the natural fine
aggregate used

Test/standard Value (g/cm?)
Unit weight/ NBR NM 45 - 2006 1.52
Specific weight/ NBR NM 52 - 2009 2.55

696 M
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Table 5

Grain size distribution of the natural fine aggregate used

Mesh Retained fraction (%) Accumulated retained fraction (%)
6.3mm 1 1
4.8mm 2 &)
2.4mm 5 8
1.2mm 6 14
0.6mm 11 25
0.3mm 38 63
0.175mm 35 98

<0.15mm 2 100
Maximum characteristic size (mm) 4.8 mm
Fineness modulus 212

Table 6
Unit and specific weight of the natural coarse
aggregate used

Test/standard
Unit weight/ NM 45 - 2006
Specific weight/ NM 53 - 2009

Value (g/cm?3)
1.40
2.67

The aggregate was characterized in LMC, UNISINOS. Analyses
included grain size distribution, specific weight, and unit weight,
according to the official Brazilian standards [6-8]. The character-
ization data of the coarse aggregate are shown in Tables 6 and 7.
2.2.5 Recycled concrete aggregate

The RCA used was the waste generated in the production of alveo-
lar slabs with conventional setting. Compressive strength (fck) of
the material was 35 MPa. The concrete waste was triturated in a
jaw crusher with a 20-mm pass gradation. After crushing, RCA was
sieved and the fraction between 19 and 4.8 mm was used. Grain

Table 7

size distribution of RCA is shown in Table 8. The maximum size of
the RCA aggregate was below NCA.

Even though using just the fraction remaining between the sieves
19 and 4.8 mm, the RCA grain size distribuction was altered in
relation to NCA, and as well it presented a maximum size grain of
25 mm that is greater than NCA. It is understood that in order to
isolate the size grain distribution it is recommended put both ag-
gregate type in same size distribution curve. This adjust was not
done, due to the aim of this work was to employ the RCA in the
closer conditions of it is processed.

In order to establish the amount of water to be used in order to
compensate the higher RCA water absorption in the concrete mix-
tures prepared with RCA, the amount of water absorbed by RCA
was evaluated according to a two-stage procedure described in a
previous study [10].

The water absorption curve of RCA is shown in Figure 1. Water
absorption was 6.29% after 10 min and 10.34% after 24 h. Data
regression indicated that absorption after 10 min is approximately
6%, and the value was adopted as water compensation rate. Satu-
ration state was observed after 31.6 min, indicating absorption of

Grain size characterization of the natural coarse aggregate used

Mesh % retained fraction % retained fraction (accumulated)
25 mm 0 0
19 mm 0 0
12.5 mm 39 39
9.5 mm 39 78
6.3 mm 22 100
<6.3 mm 0 100
Maximum diameter (mm) 19
Fineness modulus 6.78

Table 8

Grain size distribution of the recycled concrete aggregate used

Mesh % retained fraction % retained fraction (accumulated)
25 0 0
19 36 36

12.5 43 79

9.5 10 89

6.3 10 99

<6.3 1 100.0

Maximum diameter (mm) 25
Fineness modulus 7.25
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Figure 1

Water absorption curve of the recycled
concrete aggregate

8.96%. The unit weight of RCA is 1.13 g/cm?, and specific weight
is 2.21 g/lcm?.

Previous studies [11,12] indicated that the amount of water to com-
pensate the higher water absorption of RCA is calculated using
50% of the RCA water absorption at 10 min.

Water absorption at 10 min was 6%, obtained from the adjusted
curve for the RCA water absorption characterization. The amount
of compensation water in each one of the batches with RCA was
determined using de Equation 1.

My,o = 0.50 X ABS1gmin X Mpca m

Where,

M,,,, = amount of water used as compensation
ABS, .., = absorption at 10 min
M., = amount of RCA

2.2.7 Additive

A polycarboxylate-based additive was used as water-reducing ad-
ditive with high-range (superplasticizer admixture). The maximum
amount used in some concrete mixtures was 0.28%, according to
the range recommended by the manufacturer (0.2% to 1%). Table
9 shows the characteristics of the additive used.

2.3 Production of concrete

Mixtures were prepared based on a mortar content of 55% and
consistency of 100 + 20 mm measured using the slump test using
the only level of the water-to-binder ratio that remained constant in
the mixtures with the RHA and RCA admixtures. The consistency
of each mixture was adjusted using the superplasticizer admixture.
These conditions were previously tested in a pilot study.

The replacement of cement by RHA and of natural aggregate by
RCA was done on a volume basis. The amount of each material
used in each mixture was measured in mass. The mass of RHA
and RCA was calculated using volume-compensated weight, be-
cause of the significant difference in specific weight of these mate-

rials. This affords to maintain constant the volume of binder and the
ratio of mortar volume to coarse aggregate volume.

The order of materials was chosen based on previous studies [11-
13], and it is listed below:

1. Natural coarse aggregate and RCA, according to the mixture;
50% water;

Cement and RHA, when required;

Natural fine aggregate;

50% water.

The mixtures containing RCA were prepared mixing it to the natu-
ral aggregate and the amount of water required to compensate
the higher water absorption of RCA. Next, the mixer was stopped
and covered for 10 min so as to prevent the evaporation of water,
before proceeding to the other stages listed above.

Consistency was evaluated using the slump test 8 min after the
incorporation of cement to the mixture. Additive was included when
necessary, mixing proceeded for another 2 min, and the slump test
was repeated [14].

arwn

2.4 Capillary water absorption test method

The capillary water absorption for concretes was conducted ac-
cording to the procedure defined in RILEM TC 116 PCD [15] with
modifications [16] for samples with a water-to-binder ratio of 0.64
on day 28.

This test generates the water absorption profile of the material over
time. Based on this profile it is possible to calculate the capillary
water absorption rate (water sorptivity), total water absorption.
The data obtained were used to calculate the absorption rate and
total and capillary porosities. Suction and saturation curves were
plotted for all concrete mixtures.

Absorption rate was calculated dividing the capillary suction curve
slope by the volume of the sample [17]. Total porosity was calcu-
lated based on the differences in mass and volume of the sample.
Capillary porosity was obtained dividing sample weight after 72 h
by its volume.

2.5 Evaluation of shrinkage due to setting

The shrinkage assay was carried out according to the standards
ASTM C157:2011 and ASTM C490:2012

Three samples were cast for each concrete mixture. Samples were
covered with a glass lid to prevent evaporation and protect the
material in a controlled environment (21 + 2°C and 60 + 10% rela-
tive humidity).

Twenty-four hours later, blocks were demolded and were left to set

Table 9
Characteristics of the admixture used
Characteristic Value
Density 1.07(g/cmd)

Percent amount used
(considering cement amount)

Chlorides
Alkalis
Source: Product datasheet (MC-Bauchemie, 2013)

0.210 5.0 (%)

<0.1 (%)
<1.0 (%)

698 M
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Figure 2
Equipament to measure length variation

for another 7 days in wet curing. After this period, samples were
placed again in the controlled environment room (21 + 2°C and 60
* 10% relative humidity).

Length was measured on days 1, 4, 7, 14, 28, 63, 91, and 112
into the setting process as described below. Figure 2 illustrates the
equipment used to read shrinkage values.

It should be stressed that the setting, demolding, wet curing, and final
setting were carried out in the controlled environment room. The tests
were conducted using a calibrated device to measure dimensional
variation concrete in the same room. Three readings were made for
each of the three specimens of a concrete mixture. Samples were
always placed on the same position for all tests. The equipment was
calibrated for each sample using a specific standard bar.

2.6 Compressive strength

The compressive strength was carried out according ABNT NBR

Table 10
Absorption rate

Absorption rate (mm/h'/2)

RCA (%) RHA (%)

0 10 20

1.32 0.86 0.61

0 1.26 0.87 0.66
113 0.76 0.61

1.10 0.49 0.65

25 1.18 1.00 0.53
1.31 0.88 0.51

1.28 0.87 0.53

50 1.03 0.80 0.53
0.95 0.82 0.57

5738:2003 e ABNT NBR 5739:2003. Three samples were cast for
each concrete mixture and age of test. The tests were done on
days 28, 63 and 112.

2.7 Statistical analysis

The data obtained were analyzed by non-linear multiple regression
and analysis of variance (ANOVA).

3. Results and discussions
E———

3.1 Water absorption rate

The data of water absorption over time were treated and the capil-
lary water absorption rate was calculated. The water absorption
rate for mixtures on day 28 are shown in Table 10 and Figure 3.
In general, concretes mixtures without RHA had the higher water ab-
sorption rates. Moreover, the use of 25% RCA reduces absorption
rate by 3,2%, while 50% RCA decreases the values of the param-
eter by 13%, when compared to the concretes made only with regular
coarse aggregate. This effect can be attributed to any reduction in the
paste’s porosity due to the absorption of the mixing water by RCA,
even though an additional quantity of water was used in the mixture
for compensate the absorption of water by the RCA. As well, in gen-
eral the RHA reduces the rate of capillary water absorption, in order of
30% using a content of 10% and 50% using a content of 20%.
Moreover, in this work when both RCA and RHA were employed
together, the rate of capillary water absorption quite decrease, in
averange of 55% if it is compared the mixtures with both content
of RCA and 20% RHA with the plain concrete. This effect can be
attributed a synergic effect between pozzolanic reaction of RHA
and reducing effective w/b ratio due to water absorption from the
mixture by the RCA. These combined effects lead to an modifica-
tion in the pore structure, with reduction of size and enhance of
tortuosity [24].

3.2 Capillary porosity

Capillary porosity (Table 11) represented between 70% and 90%

1.50
a8 WRCA 0%
~'°E— 1.20 ERCA 25%
E 105 W RCA 50%
§ ao WRCA 0%
o

H 075 EIRCA 25%
€ 060

g CIRCA 50%
2 0a4s

= W RCA 0%
S 030

] ERCA 25%
® 0.15

S [CIRCA 50%

0.00
0% RHA | 10% RHA | 20% RHA

Figure 3
Absorption rate on day 28
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Table 11
Capillary porosity

Table 12
Total porosity

Capillary porosity (%)

Total porosity (%)

RCA (%) RHA (%) RCA (%) RHA (%)
0 10 20 0 10 20

0 13.1 0.86 0.61 0 13.6 122 7.8
128 1.8 0.66 13.1 114 7.4

128 5.7 0.61 135 13,1 6.3

25 129 109 0.66 25 13.6 1.3 6.2
124 6.8 45 13.2 103 6.4

%0 1.4 6.9 45 %0 125 101 6.3

of total porosity, depending on the amount of RHA and RCA and
on the water-to-binder ratio.

Figure 4 illustrates the averages for concretes capillary porosity after
on day 28. In this study, capillary porosity in general tended to dimin-
ish with the admixture of RCA and RHA, despite the high porosity of
RCA concrete. The concrete mixtures prepared with 0% RHA and 0%
and 25% RCA remained essentially stable, though those made with
50% RCA presented an 8% decrease in capillarity, compared with the
mixture with 0% RCA and RHA.

The mixtures prepared with 10% RCA had lower capillary porosity,
compared with those made with 0% RCA. Also, when the 0% RHA
and 0% RCA mixture is compared with the 10% RCA and 0% RHA
mixture, the drop is of approximately 12%. The adding RCA reduced
porosity, namely by 12% and 40% in mixtures with 25% and 50%
RCA, respectively. This behavior can be attributed to the grain size
of RCA and its porosity. The grain size distribution of RCA, with a
larger maximum grain size than NCA, led an improvement in particle
packing of the concretes. Further, as greater is the maximum size
of recycled aggregate greater is the probability to increase the water
absorption of the mixture by the RCA, even using an additional water,
as related. The increase of water absorption by the RCA can reduce
the water/binder from the cement paste that effectively will promote

the development of pore structure, leading to reduce the porosity. [2].
The mixtures made using 20% RHA exhibited even lower capillary
porosity values. Compared with the 0% RCA and RHA mixture, capil-
lary porosity of the 20% RHA and 0% RCA was almost 57% lower.
Adding RCA intensified this decrease, of approximately 21% when
comparing the 20% RHA and 0% RCA mixture with the 20% RCA
and 25% or 50% RCA.

The decrease in the capillary porosity may probably be a result of the
absorption of water of mixing due to RCA porosity.

3.3 Total porosity

The results of total porosity (Table 12) were analyzed according
to the same inclusion criteria used for absorption rate and
capillary porosity.

Total porosity followed the trend exhibited by porosity values, for
all combinations. The results of the ANOVA analysis of isolated
effects of each of the variables studied and respective interactions
are shown in Table 13.

The p-value of the ANOVA of total porosity data was less than 0.05
for the control factors CCA and RCA, which indicates that these fac-
tors have a significant effect on the properties studied, in a confidence

14 16
ot B RCA 0% B RCA 0%
B RCA 25% B RCA 25%
g 0 BRCASO% = BRCA 50%
Z § B RCA 0% z B RCA 0%
g B RCA 25% g B RCA 25%
g 6 O RCA 50% 2 O RCA 50%
L HRCA 0% = B RCA 0%
g 4 ORCA25% 2 ORCA 25%
LA ORCA 50% ORCA 50%
0
0% RHA | 10% RHA | 20% RHA 0% RHA | 10% RHA | 20% RHA
Figure 4 Figure 5
Capillary porosity on day 28 Total porosity on day 28
Table 13
ANOVA - total porosity
Source df SS SM F test Significance - p
RHA 2 135.11096 67.555479 253.32696 0.000000
RCA 2 3.8944163 1.9472082 7.301855 0.013052
RHA*RCA 4 2.9600472 0.7400118 2.7749775 0.093741
Error 9 2.4000577 0.2666731 - -

df = degrees of freedom; SS = square sum; SM = square mean; RHA = rice husk ash; RCA = recycled cement aggregate.
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level of 95%. On the other hand, the interaction between RCA and
RHA does not have any significant effect, since the p-value was
0.093741. Figure 5 shows the mean values for total porosity.

The effect of using RHA alone reduced total porosity of the concrete
mixtures, depending on the amount used. The higher the RHA level,
the lower the total porosity. For the 10% RHA concrete, the drop in total
porosity was of approximately 14%. When 20% RHA was used, this
decrease reached 49%, compared with the mixtures using 0% RHA.
Similarly to Bezerra et al. [19], the concretes with the lowest po-
rosity values were those prepared with high percentages of RHA.
Also, concretes prepared with pozzolans had reduced porosity val-
ues with time [20].

3.4 Shrinkage

The data of shrinkage caused by drying were analyzed using non-

linear multiple regression, testing all factors and levels. The mean
values of three readings for each sample are shown in Table 14.
When examining Table 14, it should be remembered that the re-
sults obtained until day 7 are not associated with shrinkage due to
drying, since the samples were immersed during this time. A con-
crete that is transferred from a dry environment to container with
water experiences the opposite of shrinkage, that is, expansion.
This effect is overcome by shrinkage during drying [21].

The model proposed to determine shrinkage in concretes prepared with
RCA in place of fine natural aggregate and RHA for Portland cement is
represented by a non-linear multiple regression equation (Equation 2).

(RCA+1)
S = bo + b RHA + bzRCA + b3AGE + b12 m

(AGE +1) by3RCA - RHA @
bis (RCA+0.1) + D23

Table 14
Shrinkage values for concrete mixtures of all ages
Mixtures w:b Mean
ratio Day 4 Day 7 Day 14 Day 28 Day 63 Day 91 Day 112
RHA (%)  RCA (%) (um) (um) (um) (um) (um) (um) (um)
- -35.33 -51.67 -25.00 -16.00 14.00 31.00 21.33
0 0 0.64 -23.33 -60.33 23.67 -12.67 20.33 24.33 38.33
- -68.00 -25.00 -12.33 20.67 50.00 56.33 80.67
- -12.00 -51.67 -10.67 31.00 58.67 66.67 81.67
10 0 0.64 -31.00 -53.33 -14.00 20.00 50.33 63.33 51.00
- -10.00 -45.00 44,00 42.67 74.33 93.67 86.00
- -10.00 -21.00 21.00 63.67 74.00 89.67 122.33
20 0 0.64 -5.67 -11.67 26.33 63.00 108.67 101.33 122.33
- 45.00 38.33 23.67 98.00 113.00 124.33 136.33
- -54.00 47.33 -65.67 -32.67 -13.67 14.00 28.33
0 25 0.64 -69.33 -64.33 -24.00 -3.00 23.00 33.00 42.00
- -61.67 -48.67 5.33 15.67 37.33 56.00 67.67
- -54.00 47.33 -65.67 -32.67 -13.67 14.00 28.33
0 25 0.64 -69.33 -64.33 -24.00 -3.00 23.00 33.00 42.00
- -61.67 -48.67 5.33 15.67 37.33 56.00 67.67
- -25.33 -16.67 -1.67 13.33 30.17 59.33 47.67
0 50 0.64 -18.67 -12.33 -13.33 1.00 28.67 57.33 61.33
- -8.67 -12.00 -8.00 31.00 57.33 61.67 93.00
- 48.67 2.67 47.00 79.67 104.67 117.00 119.67
10 25 0.64 -0.67 -3.00 22.67 34.67 95.00 73.67 83.33
- -15.00 -38.67 22.33 33.33 88.00 74.33 64.33
- 31.33 -50.00 38.00 65.33 105.00 114.67 120.00
10 50 0.64 40.00 2.33 39.33 74.00 113.67 125.00 131.00
- -33.67 -79.00 -32.00 69.67 109.33 119.83 125.50
- -15.33 22.67 25.67 27.33 68.67 105.33 78.67
20 25 0.64 -6.33 -13.67 23.00 45.00 73.33 85.67 76.67
- -12.67 -28.00 0.67 15.67 74.67 80.67 59.33
- -47.67 -19.00 3.00 11.67 47.33 73.33 44,00
20 50 0.64 -32.67 -57.33 -15.33 4.00 54.33 63.00 63.00
- -2.00 -26.33 48.00 44.33 67.00 101.00 112.33
Table 15
ANOVA of the shrinkage results obtained
Source Df SS SM F test Significance - p
Model 7 5.50E-01 7.86E-02 1.15E+02 0
Residual 182 1.24E-01 0.0006824 - -
Total 189 6.74E-01 - - -
Adjusted total 188 5.01E-01 - - -

df = degrees of freedom; SS = square sum; SM = square mean.
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Table 16
Significant parameters for the factors analyzed considering shrinkage
Factor Parameter Estimate Standard error T Test p
Constant bo 7.1793 1.36472 5.2606469 0.000000
RHA b1 -0.0043 0.00132094 3.2596711 0.000000
RCA b2 7.2241 1.36559 5.2900871 0.000000
AGE b3 0.00103 5.72213E-05 18.038388 0.000000
RHA*RCA b12 -7223.6 1365.63 5.2896026 0.000000
CCA*AGE b13 -0.00002 9.52372E-06 1.9893382 0.023572
RCA*AGE b23 -0.0071 0.0013389 5.3323923 0.000000

RHA = rice husk ash; RCA= recycled concrefe aggregate; AGE: age in days.

Where:

S = shrinkage (um)

RHA = amount of RHA used (0%, 10%, 20%)

RHA = amount of RCA used (0%, 25%, 50%)

AGE = age of samples (4, 7, 14, 28, 63, 91, 112 days)

Tables 15 and 16 show the regression results.

The statistical model resulted in an ANOVA with a correlation coef-
ficient (r?) of 0.752, indicating that it is the best-fit model for 75.2%
of the values obtained in the shrinkage test. A p-value below 0.05
shows that the variables represented in the model correlate with a
confidence level of 95%.

The model used to explain shrinkage is presented in Equation 3.

§ =7.18—0.0043RHA + 7.22RCA + 0.001AGE —

72236 (RCA+1) 0.00002 (GE+ 1) 0.0071RCA-RHA O
P [(RHA+ 1000)| (RCA+O0.D|

Where:

RHA = amount of RHA used (0%, 10%, 20%)

RHA = amount of RCA used (0%, 25%, 50%)

AGE = age of samples (4, 7, 14, 28, 63, 91, 112 days)
Considering the wide variability of RCA and RHA, the interactions
between them (which are not completely understood), and the cor-
relation coefficients reported in previous studies about shrinkage,
recycled aggregates, and sensitivity of this assay, the model pro-
posed was validated.

The effect of RHA content on the shrinkage along time are pre-
sented in Figures 6, 7, and 8.

Figure 6 shows the values obtained for concretes prepared without RCA.

RCA0%'

28 days
=3 days
—01 days
—112days

0 28days
@ 63 days
® 91 days
® 112days

£ (um)

'Lines show colculated data,

0 5 10 15 20 25 pots show observed values

RHA content (%)
Figure 6

Shrinkage fest, replacement with RHA with 0% RCA
for mixtures of different ages

The mixtures prepared with RHA and without RCA presented
similar shrinkage, independently of age. When mixtures of all
ages are compared, shrinkage of the 10% RHA mixture is ap-
proximately 40 ym larger than that of the control mixture. For the
20% RHA mixture, shrinkage is roughly 70 ym larger than that of
the control mixture.

In other words, shrinkage increases with the levels of RHA in
mixtures. This may be associated with the smaller internal pore
structure due to the presence of the mineral admixture, as de-
scribed in previous studies [22, 23]. Mineral admixtures tend
to reduce pore diameter at the same time that pore numbers

150 RCA 25%*
28 days
— 63 days
— ] days
— 112 days
€ 28 days
€ 63 days
+ 91 days
+ 112days

£ (um)

50 - ; ; ; : . 'Lines show calculated dato;
0 5 10 15 20 25 Dots show observed values.

RHA content (%)

Figure 7
Shrinkage test, replacement with RHA with 25% RCA
for mixtures of different ages

150 7 RCA 50%"

28 days

63 days
— 91 days
=—112days
O 28 days
D 63 days
B 91days
B 112days

£ (pm)

50 4 ) : z ) . 'Lines show calculated data;
0 5 10 15 20 75 Dots show observed values.

RHA content(%)

Figure 8
Shrinkage test, replacement with RHA with 50% RCA
for mixtures of different ages
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increase. The presence of small pores increases shrinkage values.
Figure 6 shows the parallel curves that simulate shrinkage with
time in mixtures containing 0% RCA and different RHA levels.
Figure 7 illustrates the effects of RHA when added to a concrete
mixture containing 25% RCA

In general, the concretes with 25% RCA showed the same shrink-
age behavior as the concretes made just with natural aggregate.
Shrinkage increased continuously along time for the concretes
with 10% RHA; the lowest shrinkage value was observed for the
concretes without RHA [23].

One of the interesting results of the present work is the behavior of
mixtures containing larger RHA amounts, which had lower shrink-
age values, as observed in a previous study [18].

Mean shrinkage of mixtures containing 25% RCA and 10% RHA,
at all ages, was approximately 46 um higher than that of the 25%
RCA and 0% RHA mixture. For the mixtures containing 25% RCA
and 20% RHA, mean retraction was roughly 42 ym higher than that
of the control mixture with 25% RCA, meaning an 8% reduction in
shrinkage, compared with the mixtures containing 10% RHA.
Figure 8 presents the shrinkage curves and observed results for
concretes with 50% RCA. The same behavior observed in Figure 7
is shown in Figure 8, but more intensely, with parallel curves for mix-
tures of all ages, and sharp decreases when 20% RHA was added.
One hypothesis to explain this behavior may lie in the reduction in
total volume of voids in mixtures with 25% and 50% RCA and 20%
RHA due to the lower percent amount of RHA added as admix-
ture, when cement becomes more active [18]. RHA is an efficient
pozzolan, and may reduce total porosity of concrete, changing the
structure of pores and significantly reducing shrinkage.

Mean shrinkage of mixtures containing 50% RCA and 10% RHA,
of all ages, was approximately 48 um higher than that exhibited by
the 50% RCA and 0% RHA mixture. The mixtures containing 50%
RCA and 20% RHA exhibited shrinkage almost 18 ym higher than
the value recorded for the control mixture, with 50% RCA. This
means a reduction of 37.5% against the values observed for the
mixtures with 10% RHA and 50% RCA.

The interaction between RHA and RCA became apparent, especial-
ly in terms of shrinkage of the 20% RHA and RCA mixture. However,
more studies have to be conducted to better evaluate the interac-
tions between RCA and RHA in mixtures at loner setting times and
larger RHA contents, in order to confirm the hypotheses formulated.

Table 17
Compressive strength
Mixtures Day 28 Day 63 Day 112
RCA (%) RHA (%) (MPa) (MPa) (MPa)

0 0 24.4 26.3 27.0
0 10 26.6 31.4 314
0 20 29.1 29.3 31.5
25 0 20.4 19.4 22.6
25 10 22.9 28.8 34.3
25 20 23.3 32.7 36.9
50 0 25.0 30.6 30.2
50 10 27.1 31.4 30.1
50 20 30.5 32.4 35.5

3.5 Compressive strength

The average of the results of compressive strength are presented
in Table 17. Figure 9 presents the graphic of the effect of the inter-
action between the factors RHA, RCA and W/B on the compres-
sive strength, considering the average of all testing ages.

Teh compressive strength results corroborate in general the be-
havior showed in the capillary water absorption. The mixtures
containing 10% RHA showed an increase in compressive strength
in order of 5% comparing to concretes without RHA, and the use of
20% of RHA leads an increment around 9%. These results confirm
the behavior of RHA as a pozzolanic material with good reactivity
[2]. The observed increment in the compressive strength as the
content of RHA is increased has been reported in several works
[24], and it is attributed to a refinement of the pore structure. As
in the literature the porosity analysed in the present work also can
explain the compressive strength observed behavior.

4. Conclusions

EE

The absorption rate of concrete mixtures, as a rule, diminishes
with the addition of RHA and the same effect is observed for the
concretes with RCA. In this work, when RCA and RHA were as-
sociated, absorption decrease considerably. In this sense, the in-
teraction between RCA and RHA have a favorable effect, probably
caused by the higher maximum size grain of RCA compared to the
NCA and the fact that these larger grains contain more attached
mortar with more porosity and higher water absorption. This high
absorption leads the RCA to improving the transition zone and to
decrease the available mixing water that promote the cement paste
porosity. In the other hand, the RHA pozzolanic reaction reduces
the porosity. The same effects were registered in the compressive
strength behavior for the studied concretes.

Considering capillary porosity, the combined use of RCA and RHA
had positive effect. Both admixtures reduced pores in mixtures,
especially when these substances are used together.

The influence of RHA and RCA on total porosity was signifi-
cant in all mixtures. The isolated effect of RHA was favorable,
expressively reducing total porosity of mixtures. This reduction
reached 50%, when compared with mixtures containing 20%
RHA and 0% RCA.
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Shrinkage and porosity in concretes produced with recycled concrete aggregate and rice husk ash

Considering the influence of RCA and RHA in shrinkage in mix-
tures on days 1, 4, 7, 14, 28, 63, 91, and 112, the association of
the two admixtures was significant, with an important change in
behavior with increasing levels of RHA and RCA.

Initially, when 10% RHA was added to mixtures with 25% and 50%
RCA, shrinkage values increased. Considering the hypothesis that
RHA reduces pore size in mixtures without reducing total volume,
it is possible to conclude that a larger the amount of small pores
increases shrinkage.

Also, when 20% RHA is added to mixtures with RCA, shrinkage was
observed to diminish. This may due to the fact that increasing RCA
amounts improve the interaction between the pozzolan and the other
components of the mixture, inducing a decrease in total volume of pores
and therefore diminishing shrinkage when larger amounts are used.

In fact, the results show that the considerable interaction between
RCA and RHA became apparent when 20% RHA is added to the
concrete mixture with RCA.

More studies have to be carried out to measure these interactions
and confirm the hypotheses.
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