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Abstract: The bubbled slab, a type of reinforced concrete (RC) slab with plastic voids, is an innovative
design that employs a biaxial distribution of voiding formers within the slab to reduce the slab’s
self-weight while preserving a load-carrying capacity that is approximately comparable to that of
solid slabs. This paper presents a new approach for figuring out the effective critical shear perimeter
of voided slabs using the reduced-volume concept of concrete. This approach aims to reduce the
coefficient of variation of the current design standards, namely the ACI 318-19 and Eurocode 2,
for assessing the slabs’ resistance to punching shear. Our experimental program investigated the
impact of voiding former patterns and the location of an opening near a column on the punching
shear resistance of biaxial hollow slabs. The factors under consideration included the opening’s size,
location, and distance from the loaded area, as well as the voiding formers” placement concerning
the critical shear boundaries. The results of experiments on 10 full-scale, 2000 x 2000 x 230 mm,
reinforced concrete biaxial voided slabs with an opening are presented in this study. Two design
expressions were used to estimate the biaxial hollow slabs’ shear strength. These expressions take into
account the reduced volume of concrete and the distribution of voiding formers up to the section 4d
from the periphery of the column. The proposed approach to determine the effective punching shear
perimeter has the lowest coefficient of variation among the methods suggested by these standards.
This indicates the validity of our proposed expressions. The coefficient of variation of the proposed
expressions does not exceed 0.057.

Keywords: punching shear; critical shear perimeter; bubbled slab; voiding formers; recycled plastic
spheres; slab’s opening

1. Introduction

Large areas for interior circulation are frequently required in the construction of
commercial and industrial structures. Thus, it is crucial to increase the spacing between
columns in the building layout to increase the gap between slab supports.

By minimizing the structure’s self-weight, void slabs aim to maximize the benefits
of concrete slab construction while reducing the disadvantages of solid slabs [1]. It is not
feasible to replace all of the internal concrete because the aggregate interlock plays a vital
role in shear resistance. The concrete in the top area of the slab forms the compression
block necessary for flexural resistance. Additionally, the concrete in the tension zone of the
slab needs to bond with reinforcement to enhance the effectiveness of the reinforcement for
flexural resistance [2—4]. The flanges at the top and bottom of the section are preserved, as
high stresses can be generated there.

Accordingly, plastic voiding formers are used to replace the ineffective concrete in
the middle of the slab cross-section, which has a limited effect on and contribution to the
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slab’s strength to resist an applied load, allowing for longer spans with the same load
capacity. Using inverted plastic injection-molded elements (Airdeck), elliptical and tour
hollow plastic elements (Cobiax), U-boot voiding elements, the Unidome system, Bee plate
system, or hollow plastic sphere (bubble) technologies, the voiding formers may become
spheres, ellipses, cubes, or other shapes [5-8].

The biaxial hollow deck module was first developed in Europe in the 1990s by Dan-
ish structural Engineer Jorgen Breuning [9]. It is based on a flat slab that extends in
two directions and is voided. The entire slab is then supported by various supporting
structures at different points, while a solid portion is retained to transfer the load from the
hollow slab to the supporting structures. This slab system can effectively function under
both positive and negative bending moments [10,11].

2. Literature Review on the Strength of Biaxial Voided Slabs
2.1. Punching Shear Strength of Biaxial Voided Slabs

To evaluate the punching shear capacity of reinforced concrete flat slabs, extensive
research has been conducted in the past and continues to be carried out. Many researchers
have investigated the performance of solid reinforced concrete flat slabs when a punch-
ing failure has occurred under their point loads [12-20]. Studies have indicated that a
cone-shaped perforation is created during punching shear failure, with the angle varying
from 26.6 to 45 degrees with regard to the base. The critical shear perimeter calculation
technique is largely dependent on how the failure cone is defined. This in turn influences
the punching shear strength calculation techniques, which can differ based on the cone’s
definition [12,14,21]. The possibility of a brittle failure at the column periphery can compro-
mise the structural integrity of reinforced concrete flat slabs, leading to gradual collapse.

The hollow formers” shape, which is included when generating the required cavities,
determines the punching shear behavior of such structural slabs [21,22]. Increasing the
level of hollowness of biaxial hollow slabs has impacts on their overall stiffness, affecting
their capability to withstand loads, deformability, and resistance to cracking [23].

One of the most significant and interesting features of biaxial hollow slabs is their
punching shear resistance. Zones subjected to concentrated loads, particularly the slab—
column connection area, are the most vulnerable and crucial areas of the biaxial hollow slab.
In comparison to solid slabs, experimental research on biaxial hollow slabs has shown that
the punching shear region’s perimeter drastically decreased during failure [15,21,24-27].

The building practice codes currently in use [28,29] contain empirical equations that
help in predicting the punching shear resistance of reinforced concrete flat slabs. The
statistical fitting of experimental data available at the time of the codes’ development serves
as their foundation. As a result, various formulas have been presented to estimate the
strength of solid slabs against punching shear.

The critical shear perimeter is defined at (0.5d) from the column face in the ACI 318-19
code [28]. The Eurocode 2 [29] has adopted almost the farthest critical perimeter, which is
advised to be (2d) from the column’s face, see Figure 1.

Calculations for the critical shear perimeter and, in turn, the punching shear resistance
of a solid cross-sectional slab cannot be used directly for voided reinforced concrete slabs.
A calculation approach to a biaxial hollow slab’s punching shear resistance needs to be
suggested and refined through theoretical and experimental investigations [13,16,30].

Numerous factors can impact a biaxial voided slab’s punching shear capacity, including the
void’s size, pattern, shape, and distance from the column face [1-3,5,6,9-11,15,21,23-27,31-34].
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Figure 1. Punching shear perimeters suggested by ACI 318-19 and European practice codes.

A study by Valivonis et al. [21,22] examined six biaxial reinforced concrete voided
slabs both theoretically and experimentally. Three sets of two void slab specimens were
constructed and tested until they failed. In the first group, the regions that were predicted
to be punching shear-prone were solid and void-free; nevertheless, in the second group,
these were equipped with voiding formers. Meanwhile, the third set of slabs was filled
with solid cross-shaped beams and voids. Based on the design codes for solid concrete
slabs (the ACI 318-19 and Eurocode 2), the theoretical punching shear strength of voided
slabs was determined. A thorough analysis was performed to compare the theoretical
and experimental findings. After modifications to account for the presence of voiding
formers in the punching shear zone, it was obvious that techniques for evaluating a solid
RC slab’s punching shear capacity might also be used for voided slabs. Using the TNO
Diana 2011 software, a numerical simulation using the finite element method was carried
out to investigate the slab’s stress condition. A computer model of the tested voided slab
was built to precisely represent the steel in the tension and compression zones as well as
the voiding formers. The bottom flange of the slab has a substantial impact on its punching
shear strength, as seen by the finite element method’s results. Consequently, Valivonis
et al. [21,22] proposed an approach for calculating the punching shear perimeter for biaxial
hollow slabs that assesses the impact of the concrete flanges that exist over voids inside the
punching zone. Upon comparing the experimental outcomes with the predicted punching
shear capacities, estimated using the Eurocode 2 and ACI 318-19 design code, it was evident
that the modifications made to the European design code accurately captured the punching
shear performance of biaxial hollow slabs. There was only an average 4.3% discrepancy
between the theory and the punching shear capacities recorded in the experiment.

The impact of ball shapes (elliptical or spherical) and ball spacing (25 or 70 mm) on slab be-
havior and strength was investigated in a study by Ibrahim et al. [34]. Five 1850 x 460 x 110 mm
slabs were cast and tested using recycled plastic balls. The study’s findings proved that, in compar-
ison to solid slabs, voided slabs exhibited 90-96% of the maximum load of solid RC slabs, as well
as greater deflection (7.8-21%) at their ultimate load and a smaller first cracking load (6.7-16%).
Furthermore, even with the same volume of concrete reduction, slabs with spherical-shaped balls
demonstrated a higher bearing efficiency than slabs with elliptical-shaped voiding formers.

Oukaili and Hussein [35] conducted a detailed experimental and analytical investiga-
tion of the performance of self-compacting RC biaxial voided slabs exposed to concentric
or eccentric loads. Static testing was performed on 24 half-scale square specimens that
were constructed with a side length of 1500 mm and a thickness of 100 or 130 mm. The
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primary factors were the diameter of the plastic voiding formers, the concrete’s compres-
sive strength, the location of the applied load about the column stub’s longitudinal axis
(i.e., load with or without eccentricity), and the distribution pattern of the voiding formers
in relation to the adopted critical shear section (i.e., farther than d or 24 from the column
stub’s face). The punching shear resistance of the biaxial voided slabs in this investigation
was found to be lower than that of solid RC slabs. Nonetheless, this decrease was around
4-20% and 15-29% in voided slabs with voiding formers distributed farther than the section
2d from and the section d from the column stub’s border, respectively.

An analytical investigation was carried out by Bhagat and Parikh [15] to compare
solid flat slabs and reinforced concrete voided slabs. SAP2000-Version 15.0.1 integrated
software was utilized for both the structural analysis and design. Slabs with a square
configuration were investigated, which had an interior span ranging from 6 m to 14 m,
an overall thickness ranging from 280 mm to 600 mm, and voiding formers” diameters
ranging from 180 mm to 450 mm. The same procedure implemented for solid RC slabs
was applied to simulate and model the voided specimens. The test results showed that
the RC bubbled specimens were less stiff than the solid slabs. For specific bubbled slabs,
a reduction factor for stiffness and the solid region of the critical shear perimeter were
therefore calculated. It was observed that the stiffness of the voided slabs decreases with
increasing slab thickness. Additionally, the stiffness reduction factor was discovered to lie
between 0.8 and 0.9, indicating that the insertion of plastic spheres resulted in a stiffness
reduction of approximately 10-20%.

Gajewski et al. [36] successfully achieved the optimal design of bubbled deck slabs,
minimizing concrete usage while meeting Eurocode serviceability standards. The com-
bination of numerical homogenization and sequential quadratic programming proved
efficient, reducing concrete weight by 23%. The approach had demonstrated computational
advantages, providing accurate results in a few hours without the need for computationally
expensive finite element methods. This method preserves the complex structure of bubble
deck slabs without relying on less accurate shape simplifications.

2.2. Impact of Opening on Strength of Flat Slabs

It should be noted that, occasionally, slab openings are necessary to allow for the
installation of pipes and utility ducts. The formation of an opening near to a column re-
moves a portion of the effective concrete that resists shear forces, which further reduces the
column-slab connection’s punching shear capacity. Numerous investigations were carried
out to examine the performance of solid RC slabs with openings by Hognestad et al. [37],
Broms [12,38], El-Salakawy et al. [39], Teng et al. [40], Borges et al. [18], Hegger et al. [13],
and Oukaili and Al-Gasham [41]. The detrimental impact of forming these openings needs
to be counteracted. Openings reduce the overall (shear and flexural) stiffness as well as
the ductility of the slab by eliminating a portion of its concrete volume, which lowers
the shear strength of the slab—column connection. While substantial experimental studies
have been conducted on reinforced concrete flat slabs with openings that perforate close
to columns [18,40,42—44], there remains a lack of comprehensive research regarding their
punching strengths.

To account for the impact of openings close to supports, the ACI 318-19 [28] deducts
the lengths between lines that radiate from the support’s central point and tangent to the
openings’ extremities, reducing the control perimeters’ lengths. The method is the same in
the Eurocode 2 [29], except I, is substituted with (1/I]) if the opening’s dimension in the
transversal direction (l) is larger than its dimension (/1) in the radial direction. Despite
being extremely straightforward, this radial projection technique may not make much
sense [14]. It seems unlikely that an opening of a given size would occur on the long side of
a rectangular support, where the shear would be more detrimental since the shear stress is
anticipated to be concentrated close to the short sides. This technique also does not account
for any negative effects that can result from the uneven shear imposed by an asymmetrical
arrangement of openings. According to the findings of Borges et al. [18], the direct projec-



Buildings 2024, 14, 676

50f 26

tion of opening widths onto the control shear perimeters yielded more reliable strength
predictions for slabs without shear reinforcement than any other type of radial projection
when determining the reductions in the concrete’s contributions to resisting punching.
Nonetheless, it is likely essential to take into account the eccentricity effects between the
column (support) and the residual shear perimeter if utilizing a straight projection.

El-Shafiey et al.’s study [45] analyzed the influence of opening parameters on the
punching behavior of RC flat slabs. Ten two-way slabs of 1600 x 1600 x 120 mm were
subjected to static loads. The purpose of the study was to determine how shear performance
was affected by an opening’s size, shape, and position. The adjacent openings to the column
measured 200 x 200 mm, 300 x 300 mm, and 400 x 400 mm. Three different spacings
were considered for the opening border and column faces: 100 mm, 200 mm, and 300 mm.
Slabs with circular openings were tested to explore the impact of the opening shape. These
data were compared with the square openings’ areas. The diameters of the openings
were 250, 350, and 450 mm. According to the test data, when the size of the opening
increased, the slabs’ capacity and stiffness significantly reduced. However, by employing a
circular opening or extending the distance between the column and the opening, the scale
of this decrease can be lowered. Comparing the experimental shear capabilities of tested
specimens with openings to the results of the ACI318-19 [28] and Eurocode 2 [29] codes’
equations revealed that the Eurocode 2 has lower factors of safety than the ACI 318-19 code.

To inspect the critical opening location and the control shear perimeter, Al-Rousan
and Alnemrawi [46] investigated a variety of code rules about shear resistance in RC
two-way flat slabs without using shear reinforcement. The impact of various opening sizes
and locations on twenty-one simulated models was investigated using a nonlinear finite
element evaluation conducted using ABAQUS 2020 software. The analysis considered
opening positions at zero, 0.25d, 0.5d, 2d, 4h, 5.5d, and 64, in addition to opening sizes of 100,
200, and 300 mm. According to the findings, the critical punching perimeter’s suggested
value of 0.5d is the most reliable. Furthermore, the point at which the impact of an opening,
regardless of its size, can be ignored was found to be sufficiently determined by a value
of 4h, where h is the tested slab’s total thickness. The research findings indicate that the
accuracy of the punching shear capacity estimations by various codes is greatly influenced
by the column/opening ratio (C/O). When the C/O value was higher, the predictions
tended to be more accurate. When the C/O was doubled, the ultimate deflection increased
by, on average, 22%. The exceptions were cases where the C/O value was less than 0.5,
in which case the rise was as high as 13%. Additionally, the Eurocode 2 [29] tended to
underestimate, with accurate predictions at a 2d opening location from the face of the
column, but the ACI 318-19 [28] consistently overestimated in all cases. Notably, the ACI
318-19 displayed the best accuracy considering both the control shear perimeter (0.5d) and
the critical position of the opening (44).

Hammood et al. [47] examined the influence of openings on the hollow slab—column
connections’ structural responses. A total of seven slabs were fabricated with dimensions
of 1100 x 1100 x 100 mm and voids across their surface area. Six slabs had circular
openings added after construction and one slab served as a control specimen. One opening
measuring 100 mm by 150 mm in diameter was present in two specimens. Two openings
with a diameter of 100 were present in the other four, but they were positioned parallel,
perpendicular, on a diagonal on the slab and the same side of the column, respectively.
Until failure, the slabs were exposed to point loads. In comparison to the control slab,
the outcomes of the study demonstrated that all column-slab connections were damaged
because of punching failure, and that, as the opening diameter increased to 150 mm, the
strength reduction also increased until it reached a critical threshold of 35%. Moreover,
openings reduced the specimens’ stiffness by 33.5% and their energy absorption capacity
by about 48.1-74%. Additionally, specimens with openings lost between 34.4% and 51.4%
of their ductility. By positioning two openings on the slab diagonal, the optimal opening
configuration was found; this resulted in a strength drop of just 4.7%, which was less than
when one opening was positioned in front of the column.
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To determine the punching resistance of RC bubbled slabs, Oukaili and Merie [48]
developed a straightforward equation for assessing the effective shear perimeter. This
equation should be used in conjunction with the procedures that major codes recommend
for predicting the impact of creating an opening adjacent to a column. In contrast to
their experimental results, the suggested strategy for calculating the effective critical shear
perimeter demonstrated an acceptable range of punching shear resistance compatibility,
which was determined utilizing the methods applied by the ACI 318-19 [28] and the
Eurocode 2 [29]. The average ratio of the test results, with a standard deviation ranging
from 0.039 to 0.186 and a coefficient of variation from 0.038 to 0.131, was found to be
between 1.007 and 1.417 in relation to the estimated punching shear resistance determined
according to the approach that was suggested.

2.3. Investigated Parameters and Objectives of the Present Work

The behavior of RC biaxial voided slabs with openings is currently poorly investigated
in the international literature due to a lack of research in this field of study. It appears that
there have been very few studies carried out to investigate the shear strength of biaxial
voided slabs with openings [47,48]. With a few minor adjustments to their punching shear
perimeter calculations, the shear resistance of these slabs with openings may be predicted
using the same techniques as for solid slabs with openings, as the biaxial voided slab
system is a kind of flat slab.

The purpose of this study is to close the information gaps regarding the approach
to predicting the shear resistance of biaxial voided slabs. The focus is on destructive
experimental inquiry to determine the behavior of RC voided slabs, both with and without
openings. The principal objectives of this work are to study punching shear capacity,
verify conformity with existing international design requirements, and identify necessary
changes. The size, location, and the distance of a square opening from a column stub’s
face, as well as the position of the voiding formers concerning the shear perimeter, are the
parameters that will be evaluated. The two proposed and validated expressions for the
punching shear perimeter calculation, which is utilized to determine the shear capacity of
two-way RC bubbled slabs, constitute the novelty of this study. The suggested expressions,
which are based on the concept of a reduced volume of concrete, take into consideration
the distribution pattern of voiding formers up to the section that is 44 away from the
column face.

3. Experimental Program and Test Matrix
3.1. Description of Tested Specimens, Test Setup, and Instrumentation

Nine reinforced concrete voided slabs measuring 2000 x 2000 mm and with an average
thickness of 230 mm, as well as one solid slab with the same overall dimensions, were
tested in an experimental program. During testing, each experimental voided slab was
supported at all four edges and exposed to a single, short-term, concentrated static load
in the middle of the slab, achieving a shear slenderness value (shear span/effective depth
ratio) of 4.9. By permitting angular displacement at one end and horizontal and angular
displacement of the test specimen at the other, the supports imitated a simply supported
layout in both main directions. The test was conducted using a 1000 kN actuator in a closed
loop under a load control regime. The test configuration facilitated a clear observation
of the punching failure and cracking progress. In this program, the solid slab (S0) was
adopted as the control specimen for comparison purposes. The other specimen was the
voided slab without an opening (B0). In this slab, the entire region was filled with hollow
plastic spheres with a diameter of 180 mm, except for the zone right beneath the column. In
this region, the spheres were spaced with a minimum web width of 20 mm. High-density
polyethylene (HDPE), a recycled plastic that does not react chemically with steel or concrete,
was used to produce the hollow plastic spheres. Voided slabs with openings comprised the
remaining specimens. They were divided into two groups according to how the voiding
formers were arranged. The hollow plastic spheres were placed throughout the specimen
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in the first group, excluding the space underneath the column, and beyond the critical
shear perimeter in the second group. Each group comprises four specimens (Figure 2). The
cross-sectional configuration, reinforcement details, and fabrication of the tested voided
slabs are shown in Figure 3. The concrete slab webs lacked any shear reinforcement. In the
design and categorization of the experimental voided slabs, it was assumed that the control
shear perimeter was located (24) away from the column stub’s face. This choice aligns with
the guidelines of the Eurocode 2 [29], which is considered a more suitable code of practice
for these slab systems. Table 1 shows the specimens’ designation and details.

Table 1. Details of bubbles’ distribution and opening locations in experimental specimens.

Specimen Distribution Pattern Edge Length of Pos.l tion of O pening . Column’s
Designation of Bubbles Square Opening (mm) in Relation to Distance from the
8 1 P 8 the Column Opening (mm)
SO - - - -
Group
BO across all regions - - -
B10CI 300 at corner 0
B10FI 300 in front 0
I across all regions
B12FI 300 in front 200
B20FI 450 in front
B10CO 300 at corner
B10FO outside the 300 in front 0
II - .
B12FO critical section 300 in front 200
B20FO 450 in front 0

Following the order in which they appear in the designation of the experimental
specimens, the primary factors under consideration in this investigation are indicated by
the following symbols in parenthesis:

The type of slab specimen [biaxial voided (B) or solid (S)];

The dimensions of the opening that was created [300 x 300 mm (1) or 450 x 450 mm (2)];
The opening-to-column-stub-face distance [0 mm (0) or 200 mm (2)];

The placement of the opening with respect to the column stub [in front of (F) or in the
column’s corner (C)]; and

e  The arrangement of voiding formers in relation to the control shear perimeter [voiding
formers across all regions (I) or only outside the critical section (O)].

During the testing, the middle of the slab and the quarters of the span were the three
locations where the vertical displacement was measured. To accomplish this, three dial
gauges with a sensitivity of 0.01 mm were employed. Additionally, six strain gauges
with a base length of 60 mm were used to record the strain of the extreme compression
concrete fibers at each loading step. These gauges were positioned in radial and orthogonal
directions, at a distance of (d) and (2d) from the column stub’s circumference. Furthermore,
four strain gauges with a base length of 6 mm were used to measure the strain of the
steel layer, serving as the bottom’s tensile reinforcement. These gauges were placed at the
previously designated locations in both orthogonal directions. Additional information on
the test’s setup and instrumentation may be found in [48,49].
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3.2. Concrete and Reinforcement Materials

Throughout this experimental program, experimental specimens were fabricated
with ordinary Portland cement type (I), graded crushed gravel with a maximum size
of 10 mm, and fine river sand. With a water-to-cement ratio of 0.42, the weight mixing
fractions for the aggregate, sand, and cement were 1:0.888:0.371. In accordance with ASTM
(C39/C39M21 [50], three standard concrete cylinders measuring 150 x 300 mm were tested
to identify the compressive strength of the concrete (f!) for each tested specimen. The
average of three tests was recorded as (f!). The range of the concrete compressive strengths
(f!) was 25.7 to 29.5 MPa [49]. The tested slabs were reinforced with mild steel bars of
varying sizes. The bottom reinforcement layer, in all experimental specimens, utilized bars
of @12 mm at 100 mm c/c in both directions with a yield strength of f, = 568.12 MPa, while
the top layer used J6 mm steel bars spaced 100 mm c/c in both major directions with a
yield strength (fy) of 466.42 MPa.
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There was no shear reinforcement in any of the tested slabs. The nominal effective
depths of the bottom tensile steel layer were 200 and 188 mm, respectively, in two different
directions (i.e., the nominal mean effective depth was 194 mm).

A column stub measuring 300 x 300 mm was added to every test specimen to replicate
an actual punching scenario and reinforced longitudinally with six steel bars, including
four of 16 mm diameter with f, = 569.67 MPa and two of 12 mm with f, = 568.12 MPa.
The transverse reinforcement of the column stub was performed using closed stirrups of
@10 mm at 150 mm bars with f, = 623.96 MPa. The mechanical properties of the steel bars
that were used in this experimental program were evaluated in compliance with ASTM
A615 [51]. Additional information on the mechanical properties of the concrete and steel
may be found in [48,49].

4. Theoretical Evaluation of the Critical Shear Perimeter in Biaxial Voided Slabs
4.1. General

Braestrup et al. [52] suggested a curve connected by a straight line as the failure surface
of solid concrete. Salim and Sebastian [53] recommended replacing this with a straight-line
failure surface, causing a larger disparity between predicted results and experimental data.
Biaxial voided slabs have a similar punching failure to flat slabs, but their shear resistance is
reduced due to the loss of a significant part of their failure surface. International structural
concrete codes like the ACI 318-19 [28] and Eurocode 2 [29] use a control failure surface
approach to design solid RC flat slabs against punching shear failure.

The design standards for evaluating the punching shear resistance at the critical shear
perimeter of a biaxial hollow slab recommend considering the web area alone and disregard-
ing the influence of the compression zone’s concrete flange (Figure 4). Nonetheless, studies
indicate that a punching shear failure in solid flat slabs happens when severe tangential
squeezing, caused by global flexural curvature, distresses the compression concrete fibers
close to the column region [12,38,54,55]. Incorporating the flange’s impact into compression
improves accuracy and reduces the disparities between experimental and numerical re-
sults [11,19,21,24,49,56]. Valivonis et al. [21] conducted experimental work using the TNO
Diana 2011 Finite Element Software to study the stress distribution in a biaxial hollow slab
during loading. They suggested an expression to predict the effective shear perimeter in the
punching zone, based on the Eurocode 2’s equation for solid slabs [29], with adjustments
for voids that overlap the critical section.

bf

< fu

Figure 4. Cross-section in biaxial voided slabs with hollow spherical and elliptical balls [5].

4.2. Modification of the Critical Shear Perimeter to Consider Cavities

Consider a solid RC flat slab with a rectangular-in-form punching shear zone of
dimensions (a4 x b), in which
b=wxa (1)

where w is the ratio of the dimensions of the shortest () to the longest (a) edge of the
critical shear perimeter, w < 1.
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Based on the approaches adopted by the previously stated international codes of
practice for determining the punching shear resistance at the control shear section of a solid
slab, the perimeter of the critical section can be determined by the following;:

b =2(a+b)=2a(1+w) ()

up =20 (1+w)—4d(4—mn)=2a(1+w)—343d 3)

Indices: b,—the square or rectangular critical shear perimeter for solid flat slabs at a
distance of (0.5d) from the column’s face, which is recommended by the ACI 318-19 [28];
u1—the square or rectangular basic control shear perimeter with rounded corners for solid
flat slabs, which is situated (2d) away from the face of the column, as adopted by the
Eurocode 2 [29]; and d—the slab’s effective depth.

For biaxial hollow slabs, these codes advise against taking into account the influence
of the flange in the cross-sectional compression zone and instead focus exclusively on the
area of the individual webs (Figure 4), so Equations (2) and (3) take the following forms:

bo =} bu(a) + 1 bu) @

Uy = wa(a) + wa(h) ()
where b;,,)—the smallest width between voiding formers along the critical shear perime-
ter’s longest edges; b,,(;)—the smallest width between voiding formers along the shear
perimeter’s shortest edges.

Determining the resistance to punching shear of biaxial voided slabs requires accu-
rately defining the critical shear perimeter. It is thought that the solid portion of the shear
zone determines the slab’s resistance to punching shear. In the case of these slabs, the
volume of the solid part is determined by the area that is lost, which establishes the volume
subjected to shear forces. This volume is smaller than that of flat solid slabs. The effective
(i.e., solid) volume of the concrete inside the square or rectangular basic control shear
perimeter (b,) with square corners (Vscp) and the volume of concrete inside the perimeter
(u1), but with rounded corners (Vycp), can be determined as follows:

Vscp - CU'QZ'd (6)
Viep = w-a*-d — 343 d&° 7)
Rearranging Equations (6) and (7) will lead to

[ Vsep
=\ od ®)

~ [Viep 34342
a= w-d+ w 9)

Accordingly, Equations (2) and (3) for determining the effective control perimeter of
the punching shear region can be reformed in the following shapes:

Vscp
d

bo=2a (1+w) = (2 +2\/5) (10)

Vo

u1—2a(1+w)3.43d—(\/a+2\/5)\/ L3432 —3.434 (11)

It is essential to precisely measure the volume of concrete inside the critical shear
boundary to ensure the structural integrity of the voided slab. This can be achieved by
deducting the void volume from the concrete volume, taking into account the location of
the voids in relation to the critical section. By using Equations (10) and (11), it is possible




Buildings 2024, 14, 676 12 of 26

to estimate the effective control perimeter of the punching shear region in biaxial voided
slabs using the following expressions:

2 m Vhfi n .y Wi
= ——— +2v ) phfj
b, ( — +2 w) w-a i:E1 7 = F (12)
2 2 Vigio & Vg
S g2 — _y
U = (\/> + 2\/w) w-a i:§1 7 = 7 343d (13)

where m—the number of voiding formers found inside the control shear perimeter bound-
aries; n—the number of voiding formers that the critical shear perimeter intersects; Vj, s;—the
total extracted volume of the ith voiding former; V), sj—the portion of the jth voiding for-
mer’s volume extracted from the concrete when the critical shear perimeter intersects the
voiding element.

4.3. Design Recommendations

According to an experimental test carried out at the University of Calgary, Birkle and
Dilger [17] suggest that the maximum ductility of RC flat slabs can be attained by providing
shear reinforcement up to the section that is (4d) away from the column’s face. They justified
their proposal by pointing out that while increasing the shear strength would result in the
reinforcement being two times as far away from the column’s face as its effective depth
(2d), it would not change the brittle mode of failure because the failure surface would still
be outside the (24d) section.

The authors recommend that buildings located in areas prone to earthquakes, where
ductility and post-failure strength are crucial, should reinforce the punching shear zone
of their slabs up to the section that is four times the effective depth, (4d), away from the
column’s face. This reinforcement helps ensure that any punching failure occurs inside the
column’s perimeter (i.e., 4d from the column’s face).

According to the Eurocode 2 [29], a maximum distance of (2d) from the column’s face
should be considered when determining the shear capacity of a reinforced concrete flat
slab. If reinforcement against shear is required, it recommends placing a perimeter where
the resistance is sufficient without the need for shear reinforcement. Figure 5 illustrates the
crack pattern and the punching zone at the bottom surface of the tested slabs (the tension
surface). The crack pattern during failure indicates the extension of the voiding formers’
impact on the punching shear perimeter. All tested specimens failed similarly.

It was observed that, in slab specimens without any openings, marked as (S0) and
(B0), the perimeter configuration of the failure region was semi-circular. However, in all
other voided slabs with an opening, the perimeter of the failure region was asymmetrical.
This was influenced by the dimensions, location, and position of the opening relative to the
adjacent column.

To compare the specimens, various perimeters were drawn on the tension surfaces of
each one. These perimeters were defined by solid, colored lines that were similar in shape
to the boundary of the column. They were drawn at distances of (0.54) and (2d) from the
column’s edges, following the same configuration as the critical perimeters recommended
by the ACI 318-19 [28] and Eurocode 2 [29], respectively. Additionally, another perimeter,
similar in topology to the column area, was depicted on the soffit of the slabs (on the tension
surface) at the sections located (1.5d), (3d), and (4d) from the faces of the column.
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Periphery of column stub

Critical section at 0.5d
Critical section at 1.5d
Critical section at 2d
Critical section at 3d
Critical section at 4d -

Figure 5. Crack pattern at failure of experimental specimens.

According to the results shown in Figure 5, all tested slabs experienced cracks that
extended beyond the section that was (2d) from the borders of the column during the
failure stage. This indicates that the critical shear perimeter’s assigned location could be
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altered depending on the location of the voiding formers. Furthermore, the intensity of
the cracks dramatically decreased in the regions that exist beyond the section at (3d). It is
clear from the experimental data that only a few cracks extended further, to the section
(3d) from the column faces. Additionally, it was rare for the section (4d) away from the
column boundaries to experience the propagation of cracks. This experimental evidence
highlights the need for an accurate revision of the space of the effect of voiding formers on
the punching shear resistance of biaxial voided slabs.

A numerical investigation was carried out to support this concept theoretically. The
finite element program ANSYS was utilized to simulate the experimental slabs and generate
the stress distribution in all regions of the tested biaxial voided slabs during the loading
process until they failed [49]. A dense mesh was created using the SOLID-65 element
for concrete and LINK-180 element for steel bars to perform numerical modeling. The
experimental physical and mechanical properties of the steel bars and concrete, as well
as the topology and dimensions of the experimental slabs and their reinforcement ratio,
were utilized for the modeling. More information about the finite element modeling and
outcomes for the tested slabs may be found in [49].

The findings of the finite element analysis showed that the stress distribution in the
voided slab’s cross-sections gradually decreased from its maximum value in the section
next to the column’s perimeter to a negligible value in the section four times the effective
depth from the column face, as illustrated in Figure 6. It has been shown that approaches
that just take into account the voiding formers crossing the control shear perimeter might
not provide reliable estimations. Such approaches were shown to be particularly erroneous,
especially for the punching strength of biaxial voided slabs, as the voiding formers were
positioned beyond the control shear perimeter [25]. Based on the arguments mentioned
above, it is advised to include a section situated at a distance of (4d) from the column’s
perimeter in the zone of impact that voiding formers are thought to have on the shear
resistance of biaxial voided slabs.

AN AN

— I | — I I
Q G 1z 18 2e a 5.92868 11.8534 17.78 23_7067
] E} 15 21 27 2.56334 8.85001 148167 20.7434 25.67

Figure 6. Stress distribution in biaxial hollow slabs at their failure stage, according to ANSYS—Version
(14.0) software.

In the punching zone, there are voiding elements that create hollows within the critical
shear perimeter. This results in a significant reduction in the volume of concrete within
these boundaries. In this study, it is assumed that the voiding elements used up to section
(4d) from the column face are relatively effective in reducing the concrete volume inside
the critical shear perimeter. Their effectiveness varies depending on their location.

Consequently, the following expressions will be used to reform Equations (10) and (11):

2 2 Vg & Vg & Vi
bo = (+2\/5> wat-y Ly P — (14)
T \WVw ; d ]; d gl; d
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m n

v Y,
ulz(\/zam\@) w-a Z hfi Z Vonsi gl;%ﬂfsxmd (15)

where nn—the number of voiding formers found beyond the critical shear perimeter up
to (4d) from the borders of the column; V},;;—the total volume of the lth voiding former
found beyond the adopted control shear perimeter up to a (4d) distance from the column’s
face; and {—the volume-based reduction coefficient that is applied to void formers outside
of the designated control shear perimeter but up to a (4d) distance from the column’s edges.

It is important to note that using hollow plastic spheres, or bubbles, as voiding
formers reduces the structure’s self-weight, extends its span, and yields a number of other
advantages. These bubbles are created from waste plastic material. Among the numerous
types of biaxial hollow slabs, this technology gained popularity because of these benefits.
Equations (14) and (15) can be rearranged to determine the effective control shear perimeter
of the punching region for bubbled slabs:

d? h2
bo = (& +2v@) {\/waz 2 Loy g h”””(””’ur f)

16
mm 1 a3 h 42 K2 3 ( )

— kgl {67tcslk — 7 vgrk ( véwk + vgrk) } g E 75

3 n h 2 2
uy = (% +2\/w) {\/w az — ) 17'(% - 12171 e < KL ”””)
1= ]=

mm a3 W 42 h% nn 43 (17)

_\/kzl{%n;(_n vgvk( vézrk+ zgrk)} czén <1}

—3.43d

where m—the number of voided plastic spheres found inside the control shear perimeter’s
boundaries; n—the number of voided plastic spheres at the intersection of the control shear
perimeter, the spherical segments of the spheres with less than half their total volume
inside the critical section are emptied of concrete (i.e., fiyar < 75), see Figure 7a for a visual
representation; mm—the number of voided plastic spheres at the control shear perimeter’s
intersection, the spherical cavities inside the critical section that are more than half of the
sphere’s volume are emptied of concrete (i.e., hyar < 75), see Figure 7b; nn—the number
of hollow plastic spheres outside the control shear perimeter up to a distance (4d) from
the column’s face; ds—the diameter of the voided plastic spheres; rs—the radius of the
voided plastic spheres; hy;,—the height of the spherical segment of one base; dy,,—the
diameter of the spherical segment of one base for the voiding formers overlapping the
adopted critical section.

Examining the experimental data that are currently available and has been gathered
from multiple sources, it has been noted that the punching shear capacity of biaxial hollow
RC slabs has not received enough attention, particularly when the voiding formers are
positioned farther from the column’s border than the section (2d). The test results obtained
from this investigation were statistically fitted, and some experimental data, from Held
and Pfefer [11] and Valivonis et al. [21], on biaxial hollow slabs were also considered.
Accordingly, the volume-based reduction factor that should be applied to hollow formers
beyond the critical shear perimeter at up to a (4d) distance from the column’s face might be
determined using the following empirical equation:

5_%>o1 (18)

where D s—the distance separating the adopted control punching shear section and the
column’s border (i.e., = 0.5d or 2d as per the ACI 318-19 or Eurocode 2, respectively).
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————— Critical Section

Column

(a) (b)

Figure 7. Intersection of the control shear perimeter and hollow plastic spheres. (a) Less than half of
the volume of the spheres is inside the critical section. (b) More than half of the volume of the spheres
is inside the critical section.

Noteworthy is the fact that the proposed equation for the volume reduction factor (&)
requires more experimental data to back up the statistical analysis, which will definitively
validate and confirm our suggested equation.

5. American and European Standards for the Punching Shear Resistance of
Concrete Slabs

As previously stated, the international building codes adopted in this study are
different in their determination of the concept and the shape of the punching shear region
and the failure angle of slabs. Additionally, a code’s treatment of a column’s rectangularity,
opening, and punching shear section placement may differ from another code’s [40].

The American code ACI 318-19 [28], mentioned in Section 22.6.5.2, determines the
two-way shear resistance of solid RC flat slabs without shear reinforcement (V;) by check-
ing the shear stress in the basic control shear section, which is situated (0.5d) away from
the column’s perimeter (see Figure 1), where the smallest of the three Equations (19)-(21)
must be selected, and that determines the (V).

Ve=033-As -A-+/fl-b,-d (19)

VC:O.083-<2+%>-AS A Afl b, d (20)

VC:0.083-<2+"‘Sb—'d>-AS-A-\/ﬁ-bo-d 1)
0

As = 2 <10 (22)
d
1+ &

where V,—the concrete’s nominal shear resistance, N; A;—the size effect modification factor;
A—the modification factor (=1.0 for normal-weight concrete), which reflects the decreased
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mechanical properties of light-weight concrete; f—the concrete’s specified compressive
strength, MPa; pB—the rectangularity factor, which can be expressed as the reaction area,
concentrated load, or the column’s ratio of the long to short side; and as—a constant that is
equal to 40 for inner columns, 30 for edge columns, and 20 for corner columns, depending
on where the column is located.

The European code Eurocode 2 [29], mentioned in Section 6.4, calculates the solid
RC flat slabs’ resistance to punching shear without shear reinforcement along the control
section (Vg4 ) at (2d) from the column’s face using the following expressions (see Figure 1):

0.18
VRd,e = k- /100 - o - foprur-d > Vigin (23)

Yo
Viin = 0.035 - VI3 - \/fur - 7 +d (24)
k=1+ ? <20 (d in mm) (25)

pr= /Py Pz < 0.02 (26)

where Vi, .—the design punching shear resistance, considering a slab with no punching
shear reinforcement throughout the control section, N;y.—the partial factor of safety
for the concrete (=1.5); f—the concrete’s characteristic 28-day compressive cylinder
strength, MPa; k—the size effect coefficient; p;—the longitudinal reinforcement ratio; and
p1y, p1z—the critical section’s effective flexural reinforcement ratio in the (y) and (z) direc-
tions, respectively.

It is important to note that the ACI 318-19 [28] does not consider how flexural rein-
forcement affects the slab’s resistance to punching shear. Although the impact of flexural
reinforcement is considered by the Eurocode 2 [29] using the value (p;), unlike the ACI
318-19, the Eurocode 2 disregards the impact of column rectangularity (8) on two-way
shear resistance.

6. Adopted Treatments for Critical Openings in Concrete Slabs

Both international codes of practice share a similar approach when it comes to consid-
ering the impact of an opening in a RC flat slab near a column or loaded area on its shear
resistance. The opening’s distance from the loaded area’s boundary is the main distinction
between these codes.

According to Section 22.6.4.3 of the ACI 318-19 [28], if the distance between an opening
and a reaction area or concentrated load is less than four times the slab’s thickness, the
control shear perimeter (b,) may need to be reduced. This may be accomplished by
disregarding the portion of the perimeter that is bounded by the projection lines that come
from the reaction area, concentrated load, or column’s centroid, and are tangent to the
opening’s borders, as shown in Figure 8.

If the column is close to an opening and the gap between the column’s boundary
and the opening’s perimeter is not greater than six times the slab’s effective depth, then
Section 6.4.2 of the Eurocode 2 [29] suggests certain rules for considering the influence
of the opening on the punching shear resistance of the RC flat slab. It is advised to take
into account the ineffectiveness of a portion of the control perimeter, which is delimited by
two lines drawn from the loaded area’s center and its tangent to the opening’s outline. This
part should be deducted from the basic control shear perimeter (11), as depicted in Figure 8.

The Eurocode 2 provides more detailed guidelines for rectangular openings, partic-
ularly when the opening’s dimension in the radial direction (/) exceeds its dimension in
the transversal direction (/). In such cases, the Eurocode 2 specifies that the dimension (/5)
should be replaced with the new dimension (+//1-I3), unlike the ACI 318-19.
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Figure 8. Effective critical perimeter, as defined by two international codes, for slabs with openings.

7. Outcomes of This Study
7.1. Experimental Results and Discussion

During loading, the cracks’ initiation and propagation were carefully investigated on
the freshly painted surfaces of the tested slabs. At every successive load stage, routine
visual inspections were used to closely monitor the development of cracks on the surface
of the concrete. Typically, the column stub or opening’s edges were usually where the first
crack appeared. The cracking progress on the extreme bottom surface (tension), and then
the top surface (compression), was reported when the bubbled slab was loaded. After the
slab collapsed, the perimeter and area of the punched zone, as well as the punching angle,
were recorded. The load imposed, steel strains, concrete strains, and deflection readings
were taken immediately after each new loading level. Additional information on each of
these measurements may be found in [48,49].

Table 2 displays our findings for the initial cracking and failure loads of the tested
slabs. It is evident from the table that the use of plastic spheres that are hollow and the
formation of an opening close to the loaded column stub had a major influence on the
initial cracking load. In comparison to a solid slab (S0), the biaxial voided slab without any
opening (B0) showed a reduction of 20% in its first cracking load. It has been observed
that creating an opening close to the column in biaxial hollow slabs has a more significant
influence on reducing its cracking load, compared to introducing hollow plastic spheres
into specific regions. In the first group of specimens, bubbles were found all over the area
except for the zone beneath the column stub. Depending on the dimensions, position,
and separation of the opening from the column stub edge, the degree of the first cracking
load reduction varied from 40% to 70%. For the same reasons, the first cracking load in
specimens from the second group—where the bubbles were placed outside the section
situated (2d) from the stub of the column—was reduced by 10 to 50%.

Compared to the solid control slab (S0), the punching shear resistance of the bubbled
slab without openings (B0) was 37% less due to the loss of a significant portion of its failure
surface, as the cracks reach the section with voids and/or openings. In the meantime,
the punching shear strength decreased, ranging from 37 to 53% for slabs from the second
group and from 53 to 66% for specimens from the first group due to the negative impact
of the created openings combined with the presence of hollow plastic spheres in various
slab regions.
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Table 2. Cracking load and punching shear strength of experimental slabs.

Specimen

Compressive Strength f'c Cracking Load P, Per /Pyiso) Per /P yio) Punching Shear Strength Ve, Vew /Vey, s0)

(MPa)

(kN) (%) (%) (kN) (%)

S0

26.6

200 100 - 760 100

BO

25.5

160 80 100 480 63

B10CI

26.3

100 50 62.5 340 45

B10FI

26.3

80 40 50.0 300 39

B12FI

257

120 60 75.0 360 47

B20FI

27.4

60 30 37.5 260 34

B10CO

28.7

140 70 87.5 460 61

B10FO

28.2

120 60 75.0 410 54

B12FO

29.5

180 90 112.5 480 63

B20FO

27.2

100 50 62.5 360 47

After eliminating the areas of the bubbles that intersected with the corresponding
control perimeter and the area of that portion of the perimeter which was enclosed by
the projection planes that ran from the center of the column stub and the tangent to the
boundaries of the opening, the area of the critical shear section, as defined by the ACI
318-19 and Eurocode 2, at sections situated (0.54) and (2d), respectively, from the column’s
stub perimeter, was determined.

Let us assess the net area factor () for sections situated (0.5d) and (2d) from the
column face. This factor indicates the ratio of the critical section’s decreased area to
the original shear perimeter’s area, as per the ACI 318-19 and Eurocode 2, respectively.
Table 3 demonstrates that the variation of the net area factor (€2) did not correspond to the
punching shear resistance of the various experimental voided slabs. Unfortunately, even
after subtracting the cross-sectional area of the voiding formers that overlapped the critical
shear perimeters (i.e., decreasing the section punching area), the results calculated using
these two design codes continued to be inaccurate. This was especially true for the bubbled
slabs in the second group, where the voiding formers were outside of and did not overlap
the critical sections that these codes specified. Accordingly, the overestimation obtained in
calculating their shear capacity may be as high as 53%. This argument indicates that the
adopted methodology for predicting the punching shear resistance based on the areas of the
critical sections calculated according to the aforementioned international codes may lead to
erroneous results that do not guarantee the accurate shear resistance of voided slabs.

Table 3. Experimental variations in punching shear resistance and the reduced area of the critical
sections according to the adopted international standards.

Specimen

Ratio of Net Reduced Area to Original Area of

Shear Strength Vexp Vexp Vexp (groupll) Critical Sections, (@]

chp (S0) Vexp (groupl) (0/0)

(kN) (%) (%)
ACI 318-19 Eurocode 2

Group

S0

760 100 - 100 100

BO

480 63 - 65 69

B10CI

340 45 - 58 61

B10FI

300 39 - 53 58

B12FI

360 47 - 60 64

B20FI

260 34 - 50 53

II

B10CO

460 61 135.3 100 100

B10FO

410 54 136.7 100 100
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Table 3. Cont.

Specimen

Ratio of Net Reduced Area to Original Area of

Shear Strength V., Vexp Ve (grouplD) Critical Sections, Q)

Vex Vex ot %
(kN) (tf/;;m 'E(()%) . (%)
ACI 318-19 Eurocode 2

B12FO

480 63 133.3 100 100

B20FO

360 47 138.5 100 100

7.2. Analytical Results and Discussion

In this section, a verification of the predicted shear capacity for all tested specimens was
conducted, using in its calculations the experimental data for the slab dimensions, voiding
formers’ dimensions, reinforcement ratio, and the concrete compressive strength. All
computations were performed using real material properties and mathematical expressions
for unfactored strengths. The concrete’s partial safety factor (7y.) was set equal to 1.0. Also,
all experimental slabs in this study were cast using normal-weight concrete, i.e., (A) is unity.

The ACI 318-19- and Eurocode 2-suggested methods are used to evaluate the experi-
mental and estimated punching shear resistance, as shown in Tables 4 and 5. The shear
perimeters of a solid slab with the same depth to its cross-section and the bubbled slabs
were the same, based on the first approach (i.e., voids are ignored). In contrast, the sec-
ond approach considers the area of the web in addition to the influence of the concrete
flange in the compression zone of the cross-section (i.e., voids are taken into consideration).
Additionally, using the reduced-volume concept as a basis, the slabs’ punching shear capa-
bilities were calculated using the suggested expressions for the effective shear perimeter:
Equations (16) and (17).

Table 4. Punching shear capacity as calculated by the ACI 318-19, using the reduced-volume concept
(Equation (16)).

Specimens

Vexp (kN)

Perimeter Used According to ACI 318-19 Perimeter Used According to the

Reduced-Volume Concept,

Voids Are Not Considered Voids Are Considered Equation (16)

bo mm) Ve (kN) - Fpote (%) b (mm) Ve (N) Tt ) bo (mm) Ve (N)  Yepte (o)

Vexp Ve xp

S0

760

2000

681 10 2000 681 +10 2000 681 +10

BO

480

2000

667 -39 704 235 +51 1327 442 +8

B10CI

340

1660

562 —65 528 179 +47 1025 347 -2

B10FI

300

1500

508 —69 528 179 +40 869 294 +2

B12FI

360

1770

592 —64 666 222 +38 1148 384 -7

B20FI

260

1400

484 —86 508 176 +32 775 268 -3

B10CO

460

1660

587 —28 1660 587 —28 1283 454 +1

B10FO

410

1500

526 —28 1500 526 —28 1123 393 +4

B12FO

480

1770

634 -32 1770 634 -32 1400 502 -5

B20FO

360

1400

482 —34 1400 482 —34 985 339 +6

It is important to note that the experimental punching shear resistance was exceeded
by 28 to 86% and 23 to 75%, respectively, by the predicted punching shear capacity for
tested bubbled slabs when voids were not taken into account, as per the ACI 318-19 and
Eurocode 2.

As can be seen from Tables 4 and 5, when the strength was calculated using these
codes and taking into account the hollow plastic spheres distributed over all regions of
the slab (i.e., specimens of the first group), the previously stated codes underestimated
the punching shear resistance by 32 to 51% and 16 to 38%, respectively. However, when
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the strength was assessed using the same codes and when the area beyond the critical
section (2d) from the column stub’s perimeter is where the voiding formers were embedded
(i.e., specimens of the second group), the adopted procedures overestimated the punching
shear strength by 28 to 34% and 23 to 27%, respectively.

Table 5. Punching shear capacity as calculated by Eurocode 2, using the reduced-volume concept
(Equation (17)).

Perimeter Used According to Eurocode 2 Perimeter Used According to the
Reduced-Volume Concept,
Specimens V., (kN) Voids Are Not Considered Voids Are Considered Equation (17)
11 (mm) X(RKI; V”%XVPR’“ (%) uq (mm) Xflfﬁ Ve"%}:"‘“ (%) u1 (mm) XSG; V‘”‘%}:ﬁ“ (%)

S0 760 3712 680 +11 3712 680 +11 3712 680 +11

BO 480 3712 671 —40 1648 297 +38 2367 428 +11
B10CI 340 3012 550 —62 1542 282 +17 1806 330 +3
B10FI 300 2784 508 —69 1236 226 +25 1544 282 +6
B12FI 360 3212 582 —62 1290 234 +35 1985 360 0
B20FI 260 2462 456 -75 1182 219 +16 1387 257 +1
B10CO 460 3012 566 -23 3012 566 —23 2519 474 -3
B10FO 410 2784 520 —27 2784 520 —27 2291 428 —4
B12FO 480 3212 609 —27 3212 609 —27 2728 518 -8
B20FO 360 2462 455 —26 2462 455 —26 1997 369 -3

It is important to notice from these data that, as the plastic bubbles approach the
punching shear zone, the discrepancy between the experimental and predicted punching
shear resistances becomes increasingly substantial. Additionally, it has been shown that
the trend character—that is, the underestimation or overestimation character—of the differ-
ence between the estimated values and the data experimentally collected is significantly
influenced by the position of the voiding formers. As a result, the computed data lacked a
specific trend character and the shear resistance, as a function of the critical shear perimeter
of the biaxial hollow slabs, was not consistently determined. Unfortunately, even when
the voids were taken into account (i.e., subtracted), the estimated values provided by the
ACI 318-19 and Eurocode 2 practice standards may not provide a precise punching shear
resistance of the biaxial hollow slabs.

Since the punching shear resistance of the RC biaxial voided slabs is not taken into
account by the present codes, it is unclear how the provisions pertaining to reinforced
concrete solid flat slabs should be applied to biaxial hollow slabs when the voiding formers
are situated inside or overlap with the control shear perimeter. Furthermore, in the case of
biaxial hollow slabs, these clauses might not apply if the voiding formers extend beyond
the critical area. Consequently, the effective shear perimeter was proposed to be applied
using the derived Equation (16), to the ACI 318-19, and Equation (17), to the Eurocode 2
design approach, to determine the shear capability of punching.

Accordingly, the punching shear strength, which was estimated based on the suggested
reduced-volume concept, was compared to the experimental results. Tables 4 and 5 clearly
show that there was a good correlation between the experimental findings of all biaxial
hollow slabs and their theoretical punching shear capacities, which were calculated using
the suggested effective shear perimeters (Equations (16) and (17)). The greatest discrepancy
was found to be less than 11%. Based on the ACI 318-19 and Eurocode 2 practice codes,
respectively, their punching shear capabilities were found to differ by as little as 4.2 and
4.3% on average between the theoretical and actual values.

According to the methods of the two international codes and the methodology pro-
posed in this work, Table 6 displays the average values of the estimated (V,st), in relation to
the experimental (Vexp), punching shear strengths together with their standard deviations
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(o) and coefficients of variation (CV). It is noteworthy that the two approaches suggested by
the ACI 318-19 and Eurocode 2 did not produce satisfactory correlations or consistency for
the estimated findings for these tested slabs, whether the continuous section slab concept or
the voided section slab concept was taken into consideration. As can be shown in Table 6,
the tested slabs’ coefficients of variation for the equations suggested in this study do not
exceed 0.057. In contrast to alternative approaches, the suggested approach provided the
smallest coefficient of variation of all the other approaches that these codes have previously
suggested. This fact demonstrates the validity of the proposed equations. To verify the
reduced volume approach to predicting the punching shear strength of different types of
biaxial voided slabs and to investigate the effectiveness of the suggested Equations (14) and
(15) in calculating the effective shear perimeter, comparisons were carried out between the
theoretical results, calculated according to the approach proposed in this paper; the theo-
retical results of the approaches proposed by Held and Pfefer [11] and Valivonis et al. [21];
and the test outputs from the experimental work carried out by those authors.

Table 6. Statistical evaluation of the theoretical punching shear strength of tested biaxial hollow slabs
according to different methods.

Coefficient of

Standard Treatment Concept Average of (V,st/Veyy)  Standard of Deviation (o) Variation (CV)
Continuous section concept 1.496 0.218 0.146
ACI 318-19 Voided section concept 0.903 0.385 0.427
Proposed reduced-volume concept 0.995 0.05 0.05
Continuous section concept 1.457 0.212 0.145
Eurocode 2 Voided section concept 0.969 0.283 0.292
Proposed reduced-volume concept 0.997 0.057 0.057
Table 7 shows that the estimated punching shear capacities, calculated based on the
methodology suggested by Held and Pfefer [11] for tested biaxial hollow slabs with plastic
balls measuring 180 or 360 mm in diameter, were higher than the experimental punching
resistances by 52 to 72%. Meanwhile, the results of the theoretical analysis using the
aforementioned codes along with the approach proposed in this paper for the effective
shear perimeter showed an appropriate range of correlation with the experimental data on
the punching shear strength, where the range of discrepancy varied between 1 and 12%
and 5 and 22% based on the practice codes for the ACI 318-19 and Eurocode 2, respectively.
Table 7. Experimental and theoretical punching shear capacities, determined based on the perimeters
calculated according to the reduced-volume concept for biaxial hollow slabs tested by Held and
Pfefer [11].
5 3 Perimeter According to Reduced-Volume Concept,
Perimeter According to Held E . .
quation (16) or Equation (17)
and Pfefer Methodology
Slab Vep (kN) ACI 318-19 Eurocode 2
Vest WN) %) Ve (RN) T (%) Ve GN) T (%)
D1-24 520 840 —62 534 -3 431 +17
D2-24 580 945 —63 571 +2 450 +22
D3-24 525 893 -70 547 -4 438 +17
D4-45 935 1503 —61 888 +5 1009 -8
D5-45 990 1701 —72 1005 -1 1095 —11
D6-45 1180 1795 -52 1039 12 1120 +5
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Table 7. Cont.

Perimeter According to Reduced-Volume Concept,

Perimeter According to Held Equation (16) or Equation (17)

and Pfefer Methodology
Slab Vep (kN) ACI 318-19 Eurocode 2
Vest RN) S50 (0) Ve (RN) T ) Ve GN) T (%)
Average of (Vest / Vexp) 1.632 0.983 0.929
Standard of deviation () 0.071 0.060 0.139
Coefficient of variation (CV) 0.044 0.061 0.150
Table 8 demonstrates that the difference between the experimental and estimated shear
capacity, based on the effective shear perimeter equation proposed by Valivonis et al. [21],
ranged between 2 and 8% using, respectively, the ACI 318-19 and Eurocode 2 calcula-
tion methods for tested biaxial voided slabs with plastic units of (350 x 350 x 180) mm
dimensions. The effective shear perimeter equations provided in this study yielded a
punching resistance that differed by 21 and 29%, respectively, between our experimental
and theoretical findings.
Table 8. Experimental and analytical punching shear capabilities, determined based on the perimeters cal-
culated according to the reduced-volume concept for biaxial voided slabs tested by Valivonis et al. [21].
. . Perimeter According to Reduced-Volume Concept,
Perimeter According to E . -
. X quation (16) or Equation (17)
Vi (KN) Valivonis et al. Methodology
Slab exp ACI 31819 Eurocode 2
Vest GN) T %) Ve RN) T (%) Ve (N) T (%)
BP1-1 773 838 78 810 75 770 O
BP1-2 801 835 —4 801 0 762 +5
BP2-1 443 417 +6 491 —11 351 +21
BP2-2 451 436 +3 580 -29 453 0
BP3-1 630 617 +2 697 —11 638 -1
BP3-2 658 626 +5 717 -9 657 0
Average of (Vest / Vexp) 0.994 1.106 0.959
Standard of deviation () 0.057 0.097 0.085
Coefficient of variation (CV) 0.057 0.088 0.088

It should be noted that the analysis and estimations were performed using a small
sample of investigated specimens. The punching shear capacity of biaxial bubbled slabs
has not been extensively studied, based on an analysis of the existing literature. More
testing on more specimens is required to definitively confirm the suggested methodology
for determining the effective punching shear perimeter.

8. Conclusions

The influence of inserting hollow plastic spheres and making openings adjacent to
loaded column stubs on the punching shear resistance of biaxial bubbled slabs is the main
subject of this study.

1. This article presents novel equations, which demonstrate substantial agreement with
experimental findings, for computing the effective punching shear perimeter based
on a reduced-volume concept.
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2.  This article draws attention to the fact that, when voids are taken into account, the
traditional approaches of the ACI 318-19 and Eurocode 2 design codes may over-
estimate or underestimate the punching shear capabilities of biaxial voided slabs.
When the hollow plastic spheres were arranged throughout the entire specimen, with
the exception of the area beneath the column, the estimated punching shear strength
according to the ACI 318-19 was 32% to 51% less than what the tested value was; when
the spheres were arranged outside the critical shear perimeter of (2d), the calculated
punching shear resistance was 28% to 34% higher than the test value. According to
the Eurocode 2, these values were found to be 16% to 38% lower than the test values
for the first group and 23% to 27% higher than the test values for the second group.

3. Our suggested approach provides increased precision and consistency for estimating
the shear capacity of biaxial voided slabs. It was found that the biggest differences
observed between the test results and the calculated shear strength were below 8%
and 11%, respectively, as per the ACI 318-19 and Eurocode 2 methodologies.

4. Itis important to accurately account for the presence and location of voiding formers
in these analysis calculations to ensure the accurate prediction of punching shear
resistance. Given that the coefficient of variation of the proposed expressions for the
slabs investigated in the current study is not greater than 0.057, our recommended
treatment of the influence of voiding formers in biaxial hollow slabs on the slabs’
shear capacity was found to be quite reasonable.

5. The suggested approach had the lowest coefficient of variation when compared to
other approaches that had previously been advised by the aforementioned practice
codes. This fact demonstrates that our proposed approach is trustworthy.
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