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Abstract

This study conducted a comprehensive experimental and numerical assessment to investigate the effect of plastic circular
balls placed in the middle of a section of a reinforced concrete slab on strength, ductility, thermal, and acoustic perfor-
mance. The ball diameter/slab thickness (D/H), grades of concrete, and longitudinal tensile reinforcement ratio (p) in the
slab were selected as the main variables. The variation in thermal and acoustic performance depending upon the ball’s
diameter was investigated as well. The results showed that the slab’s load-carrying capacity, ductility, and energy dissi-
pation capacity did not differ if the D/H ratio did not exceed 0.4; however, significant decreases in these values were
observed when the D/H ratio exceeded 0.4. Moreover, the increase in the concrete and reinforcement’s strength had a
negative effect on the slab with a D/H ratio of 0.8. The experimental results revealed that balled slabs are 3.15 times
superior with respect to thermal conductivity and provide 1.38 times more insulation to absorb sound compared to non-
balled slabs. In the numerical study of the slabs’ thermal performance, the mean surface temperature and heat flux on the
slab where the heat transfer takes place decreased as the ball diameter increased. As seen in acoustic models, the level at
which the slabs absorbed sound varied depending upon both the diameter of the balls and the sound frequency.
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1 Introduction
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mharslan @ktun.edu.tr For architectural reasons and ease of application, flat slabs

are preferred in many reinforced concrete (RC) buildings.
However, the slabs are quite thick, which is a significant
problem particularly in buildings with large slab spans.
This situation increases the amount of concrete material
used in the building, as well as the building’s weight, its
foundation’s dimensions, and the earthquake force that will
affect the structure.
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Apart from these concerns, in addition to a building’s
mechanical performance (such as sufficient strength,
rigidity, and ductility) during its service life, it is also
extremely important to provide comfort for its occupants.
For example, sufficient thermal and sound insulation in a
building are important indoor comfort conditions [4-6].
Reinforced concrete (RC) slabs, which are one of the RC
members with the highest thermal and sound transmission,
are very important in this respect. This situation has been
discussed in different disciplines in recent years, and dif-
ferent solutions have been developed to increase RC
members’ insulation capacity [7, 8].

Because of the issues aforementioned, the research on
innovative materials and technologies that both improve a
building’s performance under loads, lighten the structure,
and have more positive attributes with respect to thermal-
sound insulation is still continuing in the construction of
RC buildings. It has been found that one of the most
effective solutions to the problems above is to use plastic
balls (spacers) in an RC building’s slabs [9]. It is necessary
for these voids to be as circular or elliptical as possible to
prevent stress concentrations that will occur in the section
[10].

Although there have been many experimental studies
[11-13] on the bending and punching performances of
circular plastic voids on flat slabs, these studies focused on
very limited parameters. The numerical outcomes indicated
that the finite element analysis (FEA) results [14-25]
showed a good correlation for the slabs with experimental
results.

An experimental study was conducted first to observe
the effect of plastic circular void formers (balls) placed in
the middle of the section on the slab’s mechanical behav-
ior, and then the results obtained from the experimental
study were modeled with finite element using ABAQUS
and ANSYS software and the results were verified. As
there are no comprehensive parametric studies in the lit-
erature, the main parameters that can affect the slab’s
performance—different levels of void (ball) diameter/slab
thickness (D/H), concrete grades, and longitudinal tensile
reinforcement ratio (p) in the slab—were selected. A
comprehensive analysis was carried out on 24 finite ele-
ment models (FEM). In addition to the behavior under
vertical loads of slabs with and without balls, the variation
in thermal and acoustic performance depending upon the
balls’ diameter was investigated both experimentally and
numerically. The analysis results related to thermal and
acoustic performance were interpreted based upon balls of
different diameters, similar to the parametric study in
vertical loading.
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2 Theoretical Background

Concrete, which has been used as a building material since
the 1990s, is a man-made stone. A significant part of the
material in the concrete (between 70 and 80%) is aggregate
that is obtained from natural resources [1]. To reduce in
part the environmental damage attributable to concrete
production, different alternatives to using aggregate have
been studied [26—-30]. The most popular of these are the use
of recycled aggregates, solid waste, and plastic materials.
When these materials are used in the concrete in the
appropriate ratio, there is an improvement in the concrete’s
tensile strength, but the compressive strength is generally
not at the levels desired. Another important point in the use
of such materials is the material mixture’s homogeneity, as
the distribution of these materials in the concrete may not
be homogeneous. Therefore, RC elements may lose
strength where these materials are used, and thus, it is
extremely important that these materials that are used to
lighten the concrete are used as much as possible in the
region where they will not be required statically.

In addition to the environmentally sensitive new gen-
eration measures that can be taken during concrete pro-
duction, limiting the use of concrete in areas that are
unnecessary in the production of structural elements is also
very popular, as it reduced the cumulative use of concrete.
The use of concrete in RC slabs is limited with plastic
circular void formers, which have been applied widely,
particularly in Europe (Fig. 1). Many firms (U-BOOT
Beton, Cobiax, and The Bubble Deck) are still conducting
research on this subject [31-34] and are developing the
expertise needed to reduce the volume of concrete used,
particularly in slabs.

It is known that plastic voids reduce the moment car-
rying capacity less, particularly in bending elements such
as slabs, but cause a considerable decrease in strength
because of the loss of the cross-sectional area in shear
active elements [35, 36]. Accordingly, it is common to use
plastic void formers in the bending region. However, there
are limitations and reservations about punching damage
(which is brittle shear damage) around the column in flat
slabs. As a result of these studies, it has been predicted that
these materials (plastic void formers or balls) can reduce
the concrete used by approximately 30%, particularly in
large-span slabs, if the slabs’ heights approach 50 cm.
Figure 1 shows the schematic view of a slab with balls and
an example of this type of slab application in the USA.
Further, there are also a number of green attributes that
Suzan et al. [37] described, including lower energy con-
sumption and a reduction in CO, emissions, which make
balls more environmentally friendly than other concrete
construction techniques.
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Fig. 1 Structure of Balled Slab (https://www.cobiax.com/intl/en/)

In a section subjected to bending, which is one of the
simple strength states, there is no theoretical need for the
material in the neutral axis region where the stress is very
low. Therefore, the narrowing in the middle of the section
or the gaps created in most carrier system elements (such as
large-span beams) do not lead to any weakness in behavior.
On the contrary, because it reduces the carrier system’s
weight, it reduces the carrier elements’ load/capacity ratio.
Therefore, the concrete savings in these regions make an
important contribution.

In RC structures, the slab elements are generally under
the effect of bending, except for the regions where the slab
connects to the column. The shear force (V) on the slab is
often much less than the shear force (V) that only the
concrete will bear. The shear failure in RC flat slabs occurs
particularly when the tensile stress exceeds the limit value.
As these failures are sudden, their effects are destructive.
The high axial load that is transferred from the columns in
flats slabs can cause shear failure in the slabs. Many
methods can be applied to prevent this failure, such as
increasing slab thickness in the area adjacent to the col-
umn, increasing column thickness, which is contrary to the
architectural desire, increasing the concrete’s tensile
strength, providing a slab with shear reinforcement, etc.
However, unlike conventional slabs, the punching effect is
much more critical because of the structural placement of
balled slabs. The experimental results in the literature [14]
have shown as well that the shear resistance of a slab with
plastic balls is 60% of that of the traditional slab with the
same thickness. In addition, the test results in punching
estimation studies [38—40] have shown that the punching
shear estimates of the building codes are quite inconsistent
for balled slabs. Therefore, it is necessary to apply different
equations for punching in these slabs’ design. The most
effective way to avoid the punching problem is not to place
the balls around the column (which can be at least twice the
slab’s thickness) and additional vertical reinforcement in
the shear section can be provided to solve this problem.

When the RC building stock in Turkey (and similar
countries) is analyzed, flat slabs’ preferred thickness is
12-30 cm based upon the loads and span length; therefore,
the ball radius must be smaller than the radius that Euro-
pean construction firms use commonly. Compared to
European countries, there is a need for more multi-story
RC structures in countries such as Turkey because of the
rapid population increases attributable to immigration and
the younger population. As a result, tests must be per-
formed with balls of smaller diameters.

3 Slab Experiments: Loading Test

The experimental study, which investigated slabs’ load
carrying, ductility, and energy absorption capacities, was
carried out on two different RC slabs. One was produced as
a reference specimen without balls, while the other had
plastic spacers. In the experimental stage of the study, all of
the full geometric scale RC slabs were tested first under
vertical loading (four-point flexural test) in Konya Tech-
nical University Structure and Earthquake Laboratory, as
shown in Fig. 3. The slab thickness chosen was 150 cm
and those without balls were referred to as F; and those
with balls were referred to as F,.

The slab elements’ dimensions (length/width/height)
were 2100/1000/150 mm. TBC-500-2000 [41] maximum
deflection conditions were taken into account in the
selection of the slabs’ thickness. Steel reinforcements were
chosen at a rate of 0.6% (7 @ 12) to create under-balanced
behavior in slabs where the cover thickness was chosen as
30 mm. In the TBC-500-2000, the minimum bar ratio is
given as 0.002 for one-way slabs.

The ratio of the lower and upper longitudinal rein-
forcement bars used in the slabs was the same. In the
experiments, the average 28-day 150/300 mm cylinder
compressive strength used in concrete production was
found to be 25.96 MPa, while a strength of 1.32 MPa was
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Table 1 Concrete Mix Proportion for Slabs (weight for 1 m® of
concrete)

Material F; and F,
Weight (N) Proportion (%)

Cement (grade 42.5) 4300 17.4
Aggregate-1 (0—4 mm) 10,400 42.1
Aggregate-2 (4—7 mm) 7950 322

Water 1935 7.8

Admixture (Sika HE-200) 86 0.3

Total 24,670 100

Fig. 2 The test set-up and schematic view of the specimen

obtained in the splitting tests. The average yield strength of
the longitudinal reinforcement used was approximately
525 MPa. The amounts of the concrete mixture are pre-
sented in Table 1. In each series of casting, the specified
compressive strength was measured by testing cylinders
with three dimensions.

The diameter selected for the plastic balls was 6 cm, and
the cross section of a typical section is shown in Fig. 2. The
balls replaced the neutral axis of the sections of the slab. As
shown in the figure, plastic spacers with a diameter of
60 mm were chosen. This selection was made to be 40% of
the section’s total height. As depicted in Fig. 2, with the
help of steel wires, the balls were connected to the area
where the tension was theoretically absent and their

Table 2 Plastic ball characteristics

100

(o - - BN)
(= = =)

Load (kN)
W
(=]

0 20 40 60 80 100
Displacement (mm)

Fig. 3 Load—displacement capacity curves of the slabs

positions remained constant when the concrete was poured.
The greatest problem in this type of production is keeping
the axes of the balls and the neutral axis regions as close as
possible. Therefore, the wires connected to the mold ends
were passed through the balls and the balls were sus-
pended. The number of balls per square meter was
approximately 54. The plastic ball’s characteristics are
given in Table 2.

Slabs were tested in a four-point bending test set-up
under a one-way increasing vertical load in a loading set-up
with a capacity of approximately 500 kN. A spreader beam
was placed on the specimens symmetrically with a support
gap of 650 mm, and the load was applied to the center of
the beam. The distance between the spreader beam’ support
and the closest beam support was 650 mm. Measurements
were recorded electronically with high-precision data
measuring devices and transferred to the computer. The
load was applied until yielding with an increasing loading
of 10 kN. Linear displacement gages (LVDT) were placed
in the lower part of the beam to measure displacement. The
test apparatus and a schematic view of the specimens are
shown in Fig. 2.

Figure 3 shows vertical load and vertical displacement
graphs of the samples. After the load was controlled (in 10
kN increments) to the yielding moment (the yielding in the
longitudinal reinforcement was observed during the test
after the load capacity was reached), loading with a dis-
placement increment (10 mm) was applied. As the curves
show, the load-carrying capacities of the slabs with and

Diameter Thickness Unit weight of plastic (g/ Distance between ball axes The number of balls in ~ Volumetric ratio Vy/
(cm) (cm) ClTlS) (cm) slabs Vistab (full)
6.00 0.14 1.2 110 114 0.327
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Specimen Name Initial

Yielding Loading Failure

F

Fig. 4 Initial, yielding and ultimate conditions of the test samples

Table 3 The critical points (yielding, maximum loading, failure) of the tests

Sample Stage Ductility Energy dissipated (kN-
mm
Yielding Maximum load Failure )
Load Displacement Load Displacement Load Displacement
(kN) (mm) (kN) (mm) (kN) (mm)
P y 6y P max 5max P u 5u
Fy 63.94 11.03 86.24 76.27 85.11 78.05 7.07 5612
F, 62.75 10.94 81.13 81.13 83.25 82.13 7.41 5915

without balls were equivalent, and using balls did not
change the capacity. The cracks observed in typical
bending elements occurred under the neutral axis of the
section, and after the reinforcement yielded, the crack
expanded, the neutral axis was directed upwards, and
damage occurred in the compression region near the end of
the test. A similar crack profile occurred in both samples.
The test sample conditions in different stages, such as
initial, yielding, and failure, are given in Fig. 4. The values
of the tests obtained at the critical points (yielding, maxi-
mum loading, and failure) are given in Table 3. As can be
seen in the table, there was a 2% change in the load-car-
rying capacity at the time of yield, and this value reached

6% at the time of ultimate failure. This can also be
explained by the faster displacement of the neutral axis
after yielding. The fact that the ductility value increased by
4.8% in the balled slab can be explained as the facilitation
of the voids’ plastic hinge formation. Similarly, the
increase in energy consumption capacity was 5.3%.

4 Numerical Study of Slab Loading

The numerical part of this study was designed to conduct a
comprehensive parametric assessment. In the previous
experimental part of the study, two specimens were
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Fig. 5 Mesh configuration

exposed to vertical loading. One had no balls and one had
60 mm (D/H = 0.4) balls. The parametric study was per-
formed to examine the effects of ball diameter, concrete
class, and reinforcement ratio. Pursuant to this goal, 24
numerical models were created using finite element tools in
ABAQUS.

Three-dimensional elements were used for all members.
The concrete 8-node linear brick elements with reduced
integration (C3D8R) were selected, while 2-node truss
elements (T3D2) were used for the reinforcements. Fig-
ure 5 illustrates the mesh configuration selected for this
study. The height of the slab was divided into six elements
to capture the failures accurately.

Frictional interactions were defined between the sup-
ports and slab. A friction coefficient of 0.7 was selected
based upon the recommendation of [42, 43]. Fixed
boundary conditions were defined at the bottom of the
supports, and the loads were applied to the surfaces where
the loading beam contacts the slabs.

The concrete’s material properties were defined using
the concrete plastic damage model (CPDM), which was
implemented already in the ABAQUS library. Two types
of primary failure modes were defined in CDPM, tensile
cracking and compressive crushing. The parameters used in
the CDPM analyses are given in Table 4.

in which y is the dilation angle, ¢ is the flow potential
eccentricity, ono/0co is the ratio of the initial equi-bi-axial
compressive yield stress to initial uniaxial compressive
yield stress, K is the ratio that determines the yield sur-
face’s shape, and p is the viscosity parameter.

To obtain the tensile and compressive stress—strain
curves of concrete and the elasticity modulus as well, the
constitutive model of concrete Dere [44] proposed was
adopted in this study. This model’s accuracy was proven in

Table 4 Concrete damage plasticity parameters
v €
31 0.1 1.16

b0/ 0c0 K u

0.667 0.0005

VA
x[} @ Springer

the authors’ previous studies [45—-48]. The relation between
compressive strain and compressive stress is given in
Eq. 1:

e
Oc _ n(%n)
f__ 2\ (1)
C — <
-1+ (5)
in which o, is compressive stress, & 1is compressive

strain,f; is uniaxial compressive strength, and &, is uniaxial
compressive strain. n is obtained following Eq. 2:

n =0.058f, + 1.0. (2)

Tensile behavior can be divided into two types. The first
is elastic linear behavior, which corresponds to the ultimate
tensile strength, and the behavior in the second stage is
plastic. The tensile stress and strain relation is defined by
Egs. 3 and 4 as follows:

P 04
o f(> . 3)

in which

fi
o = - (4)
in which E. is the slope of the initial tangent of the com-
pressive stress and strain curve. Poisson’s ratio of concrete
is taken as 0.2, and the concrete’s density was ignored. The
damage in CDPM is characterized by the two main vari-
ables, d. and d,. The concrete compression damage
parameter (d.) and concrete tension damage parameter (d,)
were obtained with Eqgs. 5 and 6:
Compression damage parameter:
o E]!

do=1-— . (5)
& (1/be — 1) + o E;!

Tension damage parameter:

E71
d=1-—— T . (6)

The numerical results were verified using the experi-
mental findings. Figure 6 compares the experimental and
numerical findings with respect to load—displacement
curves. Numerical models are able to mimic the speci-
mens’ ductile behavior accurately. Moreover, the initial
and post stiffness of the experimental results was captured
successfully. An approximately 1% difference in maximum
load was detected between the numerical and experimental
results. Thus, it can be concluded that the numerical
models simulated the behavior of the specimens with and
without balls accurately. After this stage, a set of para-
metric studies on vertical loading slabs was conducted.
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Fig. 6 Comparison of the numerical and experimental results
4.1 The Effects of Ball Diameter (D/H)

Four numerical models were developed to investigate the
ball diameters’ effects on the slabs’ behavior. Ball diam-
eters of 30 (D/H = 0.2), 60 (D/H = 0.4), 90 (D/H = 0.6),
and 120 mm (D/H = 0.8) were selected. The slabs are
depicted in Fig. 7, respectively. For this case, the concrete
class remained C25 and the longitudinal reinforcement
ratio remained 0.06, the same as in the experimented
specimens. Figure 8 compares these numerical models’
load—displacement curves. It can be seen that the models
with ball diameters of 30 and 60 mm showed ductile
behavior. On the other hand, the ductility decreased sig-
nificantly when the ball diameter increased from 60 to
90 mm. Further, the decrease in ductility was more pro-
nounced in the models with a ball diameter of 120 mm.
The failure modes that occurred in the numerical models
with different ball diameters are shown in Fig. 9.

DAMAGET (df) was used to represent damage that
occurred in the slabs. DAMAGET = 1 indicates that the
damaged fully under

concrete  is tension, while

Fig. 7 The Slabs Having Different Sizes of Plastic Balls ((D/
H =0.2), (D/H =0.4), (D/H = 0.6) mm (D/H = 0.8))

Load (kN)

= -+ D/H=0.2
o D/H=0.4
=D/H=0.6

0 20 40 60 80 100 120
Displacement (mm)

Fig. 8 The effects of ball diameter

DAMAGET = 0 indicates that no tension damage occur-
red. It can be seen that bending cracks were more pro-
nounced as the D/H ratio decreased. Moreover, the damage
progressed toward the supports as the D/H ratio increased.

Depending upon the load—displacement values obtained
from the slabs, each sample’s ductility value was also
obtained. In the load-displacement curve, the yield (dy)
and ultimate (J,) displacement values corresponding to
85% P,,x were determined as considered in the literature
[49-51]. Then, the ductility coefficient (1) was calculated
according to the ratio 6,/d,. The ductility values obtained
are given in Table 5.

4.2 The Effects of Concrete Grades

A total of 12 numerical models are compared in Fig. 10 to
examine the concrete grades’ effects. Concrete grades of
C20, C25, and C30 [characteristic cylinder compressive
strength of concrete (f,) were 20, 25 and 30 MPa,
respectively], which are preferred frequently in current
practice, were selected. The concrete grades were the main
variable, while the D/H ratios of 0.2, 0.4, 0.6, and 0.8 were
selected as a secondary variable. The results revealed that
the models with C20 and C25 exhibited similar perfor-
mance in load-displacement. On the other hand, the
models with C30 exhibited slightly better performance than
the other two. The initial stiffness increased as the concrete
compressive strength increased. Depending upon the load—
displacement values obtained from the slabs, each sample’s
ductility value was also obtained, and the values calculated
are given in Table 6. These values show the change in
ductility depending upon the concrete’s strength, in which
higher ductility values were obtained for concrete types
with higher-than-average strength.

4.3 The Effects of Longitudinal Reinforcement
Ratios

A total of 12 numerical models were used to investigate the
longitudinal reinforcements’ effects. The longitudinal

2
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Fig. 9 Failure modes
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Table 5 Ductility values obtained from FEM

D/ Concrete Longitudinal dy Ductility

H ratio grades reinforcement (mm) (mm) ratio (d,/
(MPa) ratio dy)

0.2 25 0.006 16.9 6.21

0.4 25 0.006 16.9 5.59

0.6 25 0.006 16.9 2.79

0.8 25 0.006 16.9 2.44

Load (kN)

20

60
Displacement (mm)

Load (kN)

Load (kN)

Fig. 10 The effects of the concrete grades

% @ Springer

reinforcement ratios of p = 0.006, 0.008, and 0.01 were
selected as the main variable, while D/H of 0.2, 0.4, 0.6,
and 0.8 were selected as a secondary variable. Figure 11
compares the numerical values of different longitudinal
reinforcement ratios. A general trend was observed, in that
as the longitudinal reinforcement ratio increased, the slab’s
capacity increased regardless of ball diameter. However,
increasing the longitudinal reinforcement ratio decreased
the ductility of the numerical models with D/H = 0.8 sig-
nificantly. It is obvious that increasing the reinforcement

0 20 40 60 80 100 120
Displacement (mm)
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Table 6 Ductility values obtained from FEM section’s ductility significantly. Although the increase in
D/ Concrete  Longitudinal 4, 5, (mm) Ductility Fhe remfgrcement ratio is a factor that. reduces the duct{llty
H ratio grades reinforcement  (mm) ratio (8,/ in a section under the effect of bending, an almost brittle

(MPa) ratio dy) behavior was observed in the section with D/H = 0.8

because of the decrease in the concrete section.

8i Zg 8382 1;(1) 2;123 2;1 Figure 12 shows fur.ther the beha\.fior.of the models with
0.6 -0 0.006 71 493 . a P/H of 0.8 and different longlFudu.lal remforcement
08 0 0.006 184 563 306 raqos..lt can be seen that asithe longltuc.hnal reu.lforcement
ratio increased, the cracking and failure shifted from

Average  4.04 bending to shear. For the model with p = 0.01, the shear
0.2 25 0.006 169 105.1 6.21 cracks were expressed more than the bending cracks. This
04 25 0.006 169 945 3:39 is observed from the fact that the damage begins to spread
0.6 25 0.006 169 47.2 2.79 in the support area along with the span and its angle
0.8 25 0.006 169 413 2.44 changes from 90° to 45°.

Average  4.25 Depending upon the load—displacement values obtained
0.2 30 0.006 154 432 6.92 from the slabs, each sample’s ductility value was also
0.4 30 0.006 7.1 792 4.63 obtained, and the values are given in Table 7.
0.6 30 0.006 16.8 61.3 3.64
0.8 30 0.006 169 51.2 3.03

Average 4.55 5 Thermal and Acoustic Tests

In addition to the behavior of slabs with and without balls
under vertical loads, the variation in thermal and acoustic
ratio increases the strength. However, the evaluations of  performance depending upon ball diameters was investi-
ductility showed that the increase in the longitudinal  gated with experimental and comprehensive FEM models.
reinforcement in the samples with D/H = 0.8 reduced the  In this section, the experimental and FEM analysis results
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Fig. 11 The effects of the longitudinal reinforcement ratio
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Fig. 12 The failure modes of the models with D/H of 0.8

Table 7 Ductility values obtained from FEM

D/H Concrete Longitudinal dy Oy Ductility
ratio  grades reinforcement (mm) (mm) ratio (6,/
(MPa) ratio dy)
02 25 0.006 16.9 105.1 6.21
04 25 0.006 16.9 945 5.59
06 25 0.006 16.9 472 279
0.8 25 0.006 16.9 413 244
02 25 0.008 17.3 854 4093
04 25 0.008 17.1 632 3.69
06 25 0.008 17.2 91.3 531
08 25 0.008 18.4 37.6 2.04
02 25 0.010 179 112.1 6.26
04 25 0.010 17.4 97.8 5.62
06 25 0.010 17.6 96.5 5.48
08 25 0.010 18.5 21.0 1.14

related to thermal and acoustic performance are interpreted
based upon balls of different diameters, similar to the
parametric study on vertical loading.

Before the analyses, a sensitivity analysis has been
performed and it is concluded that the geometry of the wall
should be divided into 2.8 million to 3 million depending
on the ball size. After the mesh generation, the quality of
the elements has been checked and it is seen that approx-
imately 93% of the elements have aspect ratio between 1
and 2, while the aspect ratios of the rest of the elements
vary between 2 and 3. It is concluded that these aspect
ratios are sufficient for a reliable analysis.

5.1 Experimental Study of Slabs’ Thermal
Performance

This part of the experimental study was designed to
determine the circular spacers’ effects on thermal

2
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permeability. As in vertical loading, elements (M, and M)
with a concrete compressive strength of approximately
26 MPa, 150 mm thickness, and 1200/1200 mm size were
produced.

The experiments were carried out with the test apparatus
stipulated in TS EN ISO 8990 [52] or the ASTM C-1363
[53] standards. The hot box method is one that includes the
determination of thermal conductivity and heat perme-
ability resistance in homogeneous test samples prepared in
the form of masonry with a test device that consists of an
insulated box divided into two parts, a hot room and cold
room. The literature [54] has shown that thermal conduc-
tivity (k) (W/mK) is the most important parameter in
thermal performance. All factors the affect the compressive
strength and void ratio in concrete influence thermal con-
ductivity as well. The comparative graph of the heat
transfer in the samples is shown in Fig. 13. In this figure,
Ty, and T, represent the temperatures of the hot and cold
sides of the wall, while 7, and T, represent the tempera-
tures measured through the wall.

Table 8 shows the thermal parameters (thermal con-
ductivity (k) W/mK, thermal conductance (C) W/m?K,
thermal transmittance (U) W/m?K, and rate of heat (power)
(Q) W), respectively. As the table indicates, mass per

~
o

Temperature {C)
Y

Th T T2 Tc

Fig. 13 Thermal transmittance of samples



International Journal of Civil Engineering (2023) 21:789-804

799

Table 8 Heat transmission coefficients of specimens

Parameter M, M, M,/M,
Thermal conductivity (k), W/mK 1.974 0.626 3.153
Thermal conductance (C), W/m?K 13.715 2.607 5.261
Thermal transmittance (U), W/m’K 9.822 1.817 5.406
Rate of heat (power) (Q), W 14.047 3.071 4.574
Mass per volume, kg/m3 2257 1024 221

volume (kg/m?) is an important parameter that affects the
heat transmission coefficients. In the codes [55, 56], ther-
mal conductivity (k) is given between 2.5 W/mK and
1.1 W/mK according to mass per volume of concrete.

5.2 Numerical Study of Slabs’ Thermal
Performance

The heat conduction of the RC material that contained balls
of various sizes was modeled with the finite element
method using ANSYS software. As in the experimental
studies, both sides of the slab were exposed to constant
temperatures of 45 °C and 22 °C, respectively, in the the-
oretical study. The area in which the plastic balls were
located was modeled with an equivalent diameter and
amount of air in them. Thermal models were created for
both steady-state and transient heat transfer.

Figure 14 shows the variation in average slab tempera-
ture and heat flux across the slab with respect to ball
diameter under the steady-state condition. As the figure il-
lustrates, the average surface temperature and heat flux on
the slab where the heat transfer takes place decreased as the
ball diameters increased (ball diameters of 30 (D/H = 0.2),
60 (D/H=04), 90 (D/H=0.6), and 115 mm (D/
H = 0.8)). However, it is clear that the model created is
insufficient for balls with a diameter of 115 mm and shows
serious deviations. Figure 15 depicts the numerical results
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31 1 L 315
30 A =
-31 g
o) 29 - £
-~
‘é‘ 28 - - 3.05 2
=1 x
= v
g 27 A 3 g
Qo
£ 26 1 - 295 5
|2 ™
25 s
- 29 %
24 1 e=g==Average Temperature
23 - - 285
e=fll==Average Heat Flux
22 T T T T 2.8
20 40 60 80 100 120

Ball Diameter (mm)

Fig. 14 Variation of average slab temperature and heat flux across the
slab with respect to ball diameter under steady-state condition

(a) Temperature distribution

- BaCTTN
(b) Heat flux across the slab

Fig. 15 Numerical results obtained ANSYS software for ball
diameter of 90 mm

Table 9 Heat conduction coefficients (W/m C)

Ball diameter (mm) Heat conduction coefficients (W/m C)

30 1.352
60 1.317
90 1.235
115 1.383

obtained with ANSYS for a ball diameter of 90 mm. As
shown in the figure, the temperature and heat flux values in
the region where the balls were located differed signifi-
cantly compared to the neighboring regions. Table 9 shows
the equivalent heat conduction coefficients, while Fig. 16
shows the variation in the average slab temperature for
different ball diameters under transient conditions. As seen
in the figure, in the case of a ball diameter of 30 mm, the
equilibrium temperature is higher than in other cases, but
the time required for the system to stabilize is longer. This
can be explained by the fact that the transient heat transfer
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Fig. 16 Variation of average wall temperature for different ball
diameters under transient condition

depends not only upon the heat conduction coefficient, but
also on the material density and specific heat. Because the
balls are included in the geometry, the system’s equivalent
density and specific heat will change.

5.3 Experimental Study of Slabs’ Acoustic
Performance

To perform the acoustic test, the test samples (M and M)
were produced with and without balls. The RC slab
thickness used was 150 mm, the balls were 60 mm in
diameter (D/H = 0.4), and the concrete elements’ com-
pressive strength was 26 MPa. In the experiments, the
intensity of the sound at a certain frequency given from one
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Fig. 17 Measured sound levels for different frequencies in M; and M,
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side of the RC member was measured when it reached the
other side of the member. The frequency range used was
100 to 3150 Hz, as in the literature [57]. The M, and M,
samples’ sound absorption properties are illustrated in
Fig. 17. As can be seen, M,’s sound absorption values were
found to be 34—43% higher at varying levels compared to
those of M. According to the acoustic tests, the specimens’
average values were 52.75 and 73.25 dB, respectively.
Sound transmission properties must be known, particularly
in buildings that need to provide acoustic comfort. To do
so, classifications based upon transmission levels have
been included in various codes, such as [58]. Sound
transmission levels vary depending upon the type and
thickness of the material used. In this context, M, performs
better.

5.4 Numerical Study of Slabs’ Acoustic
Performance

Acoustic analyses were performed with ANSYS finite
element software. A mass source of 2.107 kg/mm” s was
applied from one surface of the modeled wall and the
sound level on the other side of the wall was measured in
dBA. The RC wall’s acoustic properties were modeled
using the Miki model [59]. The concrete wall’s fluid
resistivity value and the speed of sound in air were chosen
as 8000 kg/m’s and 346.25 m/s, respectively. Figure 18
show the acoustic performance of slabs with plastic balls of
different diameters. As seen in these figures, the sound
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Fig. 18 Sound pressure levels of concrete slab with balls (sound
frequency 1000 Hz, ball diameter 90 mm), a sound incoming
direction, b sound outgoing direction
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Fig. 19 Variation of sound pressure level for different ball diameters

level the slabs absorbed varied depending upon both the
diameter of the balls used and the frequency. In Fig. 19, it
is seen that sound was dampened in the range of 0.5—40
dBA depending upon the frequency. In this situation, it is
understood that walls with balls of different diameters can

be selected according to sound sources with a certain
frequency.

6 Results and Discussion

In this study, the effect of plastic balls placed within RC
slabs to create spaces was investigated with respect to
different engineering problems. Most importantly, the
study determined whether the placement of balls changed
the behavior of slabs under vertical loading. To do so, an
experimental study was conducted, and then the experi-
mental results were verified with advanced FEM software.
Further, a parametric study was carried out after the results
obtained from the FEM converged with the experimental
results at a high estimation capacity. In addition to the
behavior of slabs with and without balls under vertical
loads, the variation in thermal and acoustic performance
depending upon ball diameters was investigated experi-
mentally and with comprehensive FEM models. The find-
ings obtained from the study are as follows:

1) According to the results of the experimental study,
when a 60 mm ball is used in slabs 150 cm thick (D/
H = 0.4), the slabs’ vertical load-carrying capacity
decreased by 1.8% when the longitudinal reinforce-
ment of the slab yielded. In the ultimate state in
which the load-carrying capacity is reached, this
decrease was 6.02%.

2) The slabs’ ductility increased by 4.8% when balls
were used. In RC members, the slabs’ curvature and
ductility value reached 7.41, as the slabs are exposed
to the effect of bending to a large extent and the
reinforcement chosen was under-balanced. The
energy absorption capacity increased by 5.4% in
proportion to the slabs’ ductility ratio.

3) According to the FEM model, when the D/H ratio
was 0.2 and 0.4, the results were very similar.
However, if the D/H ratio chosen was 0.6 and 0.8, the
load-carrying capacities at the time the reinforcement
yielded longitudinally did not change, but because
the concrete area in the compression zone decreased,
the specimens could not deform too much and
showed ductile behavior after yielding. The results
also showed that bending cracks were more pro-
nounced as the D/H ratio decreased. Moreover, the
damage progressed toward the supports as the D/
H ratio increases.

4)  While the variation that depended upon diameter was
limited in the C20 and C25 grade concretes, the
increase in load-carrying capacity was more evident
in C30 class concretes, in which the initial stiffness

2

@ xk @ Springer



802

International Journal of Civil Engineering (2023) 21:789-804

increased as the concrete’s compressive strength
increased.

5) A general trend was observed in the FEM results, in
that as the longitudinal reinforcement ratio increased,
the slab’s capacity increased regardless of ball
diameter. However, increasing the longitudinal rein-
forcement ratio decreased the ductility of the numer-
ical models with D/H = 0.8 significantly.

6) The heat and sound coefficients obtained and calcu-
lated from the heat and sound experiments performed
varied considerably. While the sound absorption
value increased by 37% when plastic balls were
used, the thermal conductivity coefficient decreased
by 68%.

7) In the numerical study of the slabs’ thermal perfor-
mance, the average surface temperature and heat flux
on the slab where the heat transfer takes place
decreased as the ball diameters increased. However,
it is understood that the model generated was
insufficient for D/H = 0.8 and showed serious
deviations.

8) As the acoustic models show, the sound level the
slabs absorbed varied depending upon both the
diameter of the balls used and the frequency. It
caused sound damping in the range of 0.5-40 dBA
depending upon the frequency. In this situation, it is
understood that walls with balls of different diame-
ters can be selected to dampen sound sources with a
certain frequency.

9) In future studies, it will be very valuable to carry out
experimental and analytical studies on balled slabs’
vibrational behavior. As this study demonstrated, the
greatest advantage of this slab system is its lightness.
However, vibration problems must be controlled
even in long-term human use, particularly if the
support is a simple support. In this respect, dynamic
analysis and modeling will be beneficial for these
slabs.

7 Conclusion

In this study, the differences that occur in load-carrying,
heat, and acoustic insulation when circular cross-sectional
plastic balls are used in RC slabs are described. It is useful
to discuss the applicability of the study to RC buildings in
the long term and the advantages it will bring.

RC is the most preferred building system in the world.
Because of the increasing population and limited residen-
tial areas, multi-story RC buildings have become a
mandatory choice for people. It is obvious that there will be
limits in the production of concrete, which is the raw

@ i!; @ Springer

material of RC buildings’ carrier systems, in the near
future. The European Green Deal’s [60, 61] objective is to
reduce carbon emissions between 2030 and 2050 with
certain innovations in the use of concrete (hence the use of
cement and aggregate). In RC buildings, slab elements
constitute a significant part of a building’s RC mass. If
circular voids can be created within the slabs and selected
and placed properly, concrete use can be reduced sub-
stantially without significant loss of load-bearing capacity.
Based upon the D/H ratios tested in this study, if a ratio of
0.4 (with no significant reduction in load-carrying capacity)
is selected, it will result in a 32% reduction in the amount
of concrete used. In addition to the decrease in the dead
loads on the building’s structural system, there will be a
slight decrease in the inertia force that will protect the
structure during an earthquake. Similarly, a partial reduc-
tion in foundation dimensions can be expected.

However, the most important lessons learned from past
earthquakes is that because the horizontal rigidity is
insufficient in buildings with flat slabs (without beams), too
much displacement arises during earthquakes. In this case,
non-ductile columns cause brittle damage. It would be
appropriate to use balled slabs, particularly in areas where
gravity-loads are active. However, if void or hollow slabs
are to be used in structures built in earthquake-prone
regions, they must have additional shear walls that increase
the load-bearing system’s global lateral rigidity.

Consideration should be given to the fact that the balls
used are produced by recycling plastic material that is
found as waste in nature. This will be both an environ-
mentally responsible approach and will allow the building
to be constructed more economically when the unit price of
concrete and plastic materials is considered. Further, by
choosing the diameters of the circular spaces appropriately,
the heat and acoustic insulation properties between floors
will be improved and will reduce the energy use indirectly.
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