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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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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-

664
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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
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—

N
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Figure 7
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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])
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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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d)

Comparison between experimental and predicted values for shear force strength according to

ABNT NBR 6118:2014 [11] @) without B, and with b_,,

and d) With B_. and with b_,,

,b) With B.. and b_,,, ¢) Without ... and with b_,,
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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
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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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b) ratio a /d, c) ratio of flexural reinforcement p, and d) effective depth of longitudinal reinforcement d
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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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a) Without B.. and b) With B,

B7()

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



A.M.D. SOUSA | M. K. EL DEBS

3.0
25 o
©
D-¢ 20 &
oy =]
- )
% 1:5 y
(W B
1.0 A B il & WB-com Bge
s N, PSES B B 0O WB-sem Bgc
0.5 1 § o®
ad
0.0 . . .
00 05 L. T 20 25 30
Tre,NBR(MPa)
a)
Figure 14

3.0 -
23 o O
¥ ] O
g 2.0
E O
- u]
F s
= a
1.0 A ﬁg AP-com B
OP-sem Bge
0.5
0.0 | . . |

0.0 0.5 1.0 1.5 2.0 2:5
Tre,NBR(MPa)

b)

3.0

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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