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2° to 41°. Figures 14 and 15 show the surfaces failure configura-
tion for slabs L1 to L4.
3.4 Comparison between experimental

and theoretical results

Rules for estimated loads allow the concrete strength, for the test
date, as equal to concrete strength characteristics (fck = fc). Because
it is a scan of experimental results, no safety factor was adopted.

The results estimated by some rules ended up being lower to those
experimentally found. It is worth noting that in this study, the slabs
were subjected only to the efforts of shear punching and moment
transfer, and the codes are committed to predict many other condi-
tions not included in the tests, and that may happen in a real situa-
tion, such as possible asymmetric loads concentrated near the col-
umn, horizontal forces, cracking of concrete at early ages, adding
arrows due to charges maintenance for a long period, unfavorable
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Punching shear in reinforced flat slabs with hole adjacent to the column and moment transfer

Figure 7 - Flexural reinforcement of slabs without opening (Model 1): L1 and L2 (measured in cm)
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Figura 8 - Flexural reinforcement of slabs with opening (Model 2): L3 to L7 (measured in cm)
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Punching shear in reinforced flat slabs with hole adjacent to the column and moment transfer

Figure 9 - Positive reinforcement of slabs without openings
(Model 1 - L1 and L2) and slabs with opening (model 2 - L3 fo L7 (cm))
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Lot Diameter f, f, E,
(mm) (MPa) (MPa) (mm/m) (GPa)
1 6.3 649 766 22 273
2 6.3 673 807 29 213
1 12.5 505 739 2.7 200
2 12.5 623 770 24 205
3 12.5 583 710 24 236
1 16.0 595 739 2.7 200

Table 6 - Mechanical properties of used steels

Use of bar

Lower flexural reinforcement and L4 slab column stirrups
Lower flexural reinforcement and
L1 to L3 and L5 to L7 slabs column stirrups
Top flexural reinforcement L4 slab
Top flexural reinforcement L1 to L3 slabs
Top flexural reinforcement L5 to L7 slabs
Longitudinal reinforcement of all slabs columns

load construction conditions due to re-shoring, heavy equipment,
among others. Figure 16 shows graphically the comparison be-
tween “experimental loading” / “estimated loading” (L1 slab) and
“experimental stress” / “estimated stress” (slabs L2 to L7) relations.
The “estimated load” and “estimated stress” were obtained with the
studied standards usage.

The CEB-FIP/MC1990 [7] does not provide specifications about
openings use in flat slabs. The failure load was calculated only for
the L1 and L2 slabs.

The NBR 6118:2007 [5], as well as other standards showed re-
sults against safety for L1 slab (reference slab), and the ACI-318:
2011 [1] was the closest one to the experimental result. For L2
slab, without openings, estimated standards were similar to those
experimentally obtained. The NBR 6118:2007 [5] had “experimen-
tal stress” / “estimated stress” relation equal to 0.97. The ACI-318:
2011 [1] was the most conservative standard: it showed “experi-
mental stress” higher than “estimated stress” in 25 %. For L3 and
L6 slabs, both with moment applied in the opposite direction to the
opening, all standards presented estimates for safety, highlight-
ing the ACI-318: 2011 [1] and EC2/2004 [12], which showed the
most conservative results, related to “experimental stress” / “es-
timated stress” ranging between 1.26 and 1.54. For NBR 6118:
2007 [5] this ratio ranged between 1.10 and 1.28. In slabs L4 and
L5, both with moment applied towards the opening, most of the
rules showed estimate against safety, including NBR 6118:2007
[5], with ratio “experimental stress” / “estimated stress “ ranging
from 0.66 and 0.68. The only exception was ACI-318: 2011 [1],
which showed results favoring safety for L4 slab. In slab L7, only
ACI-318: 2011 [1] showed results favoring safety (ratio “experi-
mental tension” / “estimated stress” equal to 1.17), although the
estimated EC2/2004 [12] was fairly close to the experimental result
(ratio “experimental stress” / “estimated stress” equal to 0.97). For
the same slab, the NBR 6118: 2007 [5] showed a correlation of
0.84 against the security.

3.5 Comparison between experimental results
and SOUZA’s results [24]

3.5.1 Vertical displacement

The slabs vertical displacements behavior pattern in this study was
similar to SOUZA'’s Slabs [24], verifying: 1) openings that led to an
increase of vertical displacements around them; 2) in the direction
that the moment was applied, there was a spin and the most load-
ed side displaced towards the load application, while the opposite
edge displaced opposite the stressed load direction; 3) the direc-

tion to which the moment was not applied, displacements showed
by all slabs were similar to those obtained in the reference slab L1,
without openings and without moment; 4) in slabs with openings
and with parallel moment applied to the longest side of the column,
openings did not result in large differences of displacements on
the side with opening, in relation to the slab without opening with
moment applied in the same direction; 5) slab with opening and
parallel moment applied to the column shortest side is the one that
shows greater displacements at the most loaded edge. The prob-
able cause would be slab-column connection inertia, being this
parallel one lower than the column shortest side.

3.5.2 Failure load

In this study slab L6 (Vu = 305 kN, Mu = 65.8 kN.m, fc = 45.6
MPa, d = 124 mm, p = 1.19 %), with a 400 mm x 400 mm opening
adjacent to the smallest column side and situated on the stressed
edge, with parallel moment applied toward to the longest side of
the column, had a failure load very close to SOUZA’s L12 slab [24]
(Vu =319 kN, Mu = 74.4 kN.m, fc = 37.8 MPa, d = 123 mm, p =
1.48 %), with a 200 mm x 200 mm opening adjacent to the lowest
side of the column, placed on the stressed edge, with a moment
applied towards the longest parallel direction column side. This
means that a 200 mm x 200 mm opening adjacent to the smallest

Table 7 - Composition of concrete
perm’

Material Weight (kg)

Cement (CPII F32) 405

Natural sand (maximum dimension: 410
4.8 mm)

Artificial sand (maximum dimension: 270
4.8 mm)

Gravel 0 (maximum dimension: 510
12.5 mm)

Gravel 1T (maximum dimension: 510
19.0 mm)

Water 200

Super plasticizer additive - 2.43 liters
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side of the column and compressed by the applied moment can be
as damaging to the failure load as a 400 mm x 400 mm opening
adjacent to the lowest column side and tensioned by the moment
applied to the variables used in this study. It is noteworthy that all

SOUZA’s slabs [24] have identical geometric characteristics to the
slabs of this study, varying their dimension (200 mm x 200 mm,
200 mm x 300 mm or 400 mm x 400 mm) and openings location
(parallel to the longest or shortest column side).

Figure 10 - Photographs of reinforcement placed in metallic
formwork (L7 Slab) and moulded-shaped slabs L1 and L2
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For slabs with failure parallel moment applied to the shortest col-
umn side, the use of two 300 mm x 200 mm openings adjacent to
the longest side of the column is less damaging to the failure load
than a 400 mm x 400 mm opening adjacent the lowest column
side. In this study, it was observed a 20% load loss in slab L7 (Vu
=260 kN, Mu = 44.5 kN.m, fc = 46.8 MPa, d = 121 mm, p = 1.24
%) in relation to SOUZA’s L18 slab [24] (Vu = 322 kN, Mu = 53.1
kN.m, fc = 37.3 MPa, d = 126 mm, p = 1.05 %), with two 300 mm x
200 mm openings adjacent to the column longest side.

For slabs with failure moment applied parallel to the longest col-
umn side, the partial slab-column connection loss in the region on
the corners caused by two openings of 200 mm x 200 mm adjacent
to the smallest side of the column, is less damaging to the failure
load than a single 400 mm x 400 mm opening adjacent to the col-
umn lowest side and located in the compressed edge. Regarding
SOUZA’s L10 slabs [24] (Vu = 189 kN, Mu = 83.0 kN.m, fc = 34.2
MPa, d =123 mm, p = 1.24 %), with two openings of 200 mm x 200
mm adjacent to the lowest side of the column, the L4 slab in this

study (Vu =137 kN, Mu = 59.0 kN.m, fc = 44.6 MPa, d = 123 mm, p
=1.20 %), with 400 mm x 400 mm opening adjacent to the smallest
side of the column and located in the compressed edge, showed
a 28 % lower failure load. Table 11 presents the characteristics of
mentioned slabs.

3.5.3 Concrete and flexural reinforcement deformations

It can be observed that such slabs in this study as in SOUZA’s
slabs [24] that the reinforcement flow was reached on several
points, mainly in the columns region, as expected. The discontinu-
ous flexural reinforcement bars (which ended in the opening) were
little solicited, indicating that these reinforcements are not effective
against bending and therefore punching. Concerning the concrete,
the largest deformation (compression) in L1 reference slab, with
no opening and with no applied moment, were observed near the
column center, perpendicularly directed to its longest side. For
slabs with applied flexural moment, the instrumented points on the

Figure 11 - Vertical displacements measured by D1 to D12 dial gauges in slab L1
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load side, parallel to the moment direction, had the highest defor-
mations. Some strain gauges situated in the least loaded sides
showed that there was tension, and the most loaded sides showed
compression, indicating these slabs rotation.

4. Conclusions

EE

Regarding the failure load, it was confirmed through bibliography,
which refers to shear punching resistance reduction, against the mo-
ment transfer from the slab to the column (L2 slab without opening,
with applied moment, showed failure load 38% lower than L1 refer-
ence slab, without opening and without applied moment). In slabs with
openings, the moment transfer to the column led to a decrease in
resistance between 28% and 68%, relative to the L1 slab reference.
However, the worst situations regarding opening slabs resistance
loss, in slabs adjacent the column, and with moment transfer, occur
when the moment is towards the opening region, which is more fragile
and has the same volume of concrete to resist compressions in the
bottom layer of the slab. When the moment is not applied towards the
opening region, the failure load is very close, or even higher than a
slab without opening (with moment transfer), as comparison between
the slab L2 (V, = 266 kN, M, = 116.8 kN.m) with L3 slabs (V, = 250
kN, M, = 113.7 kN.m), with opening and moment applied in opposite
direction to the opening region, and L6 (V, = 305 kN, M, =65.8 kN.m),

identical to the previous slab. However, the moment was applied with
less intensity. Thus, based on test samples, flexural moment transfer
from the slab to the column is more damaging to the shear strength,
than opening adjacent to the column.

As for design rules, they must be safe and even conservative, es-
pecially about failure to slabs punching, fragile and no warning rup-
tures, comparison of experimental results in this study with rules
estimates showed that the rules requirements are not meeting
the desired security. The results were not satisfactory, some even
against the security, especially when the moment is applied to
the parallel direction of the column largest dimension towards the
opening region. As shown in Table 9, ACI-318: 2011 [1] showed
that the standard was more conservative, with arithmetic average
of relations tu / tr1 equal to 1.21, and EC2/2004 [12] was the clos-
est to experimental results, with arithmetic average of relations vu
/ vR,c equal to 1.06, for slabs with applied moment. Regarding
L1 reference slab, with no opening and no applied moment, all
rules mentioned showed estimates against the safety, according
to Table 10. The code that showed closest experimental result was
the ACI-318: 2011 [1] with respect V / V, equal to 0.92.
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Figure 13 - Cracking in slabs L1 and L4 to L7
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Figure 14 - Failure surfaces configuration in slabs L1 and L2
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Figure 15 - Failure surfaces configuration in slabs L1 and L2
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c
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\ 1
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' 300x200
1
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L10* 34.2 2 123
: 200x200

* SOUZA's slabs study (24);
f. : resistance fo stressed concrete; d: slab effective height; r: reinforcement ratio; V. last load of failure; M, last moment of
failure; e, load eccentricity (ratio M, /V,). P: general load used to compare stressed load intensity on each sample corner.
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1.48

124

1.05

120

1.48
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