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Abstract: This article presents developed techniques for numerical modelling of lightweight cast-in-place rein-
forced concrete bubbledeck floor slabs and a comparative analysis of different approaches to numerical model-
ling of buildings and structures with such lightweight floors, that are constructed in earthquake-prone regions.
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1. INTRODUCTION

Nowadays, a significant part of building con-
structions is made of cast-in-place reinforced
concrete. Concrete high density and, hence,
large dead weight of structural components
made of it is a significant disadvantage. It leads
to higher loads, in particular seismic ones, on
vertical structural elements and foundations, in-
creased construction costs and time. Therefore,
different ways to decrease dead weight are em-
ployed when designing buildings and structures,
particularly in earthquake-prone regions.
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Utilization of void formers (see Fig. 1) is one of
the ways to decrease the dead weight of con-
crete structures. The void formers to use in rein-
forced concrete floor slabs may be extractable
and unextractable, may be made of different
materials and have various shapes, as it is stated
in [1]. For some types of void formers, there are
proprietary standards [12] [13] and recommen-
dations for calculation of a stress-strain state of
voided floor slabs exposed to special combina-
tions of loads [14].

There exists a large amount of researches on a
bubbledeck floor slabs response to various exci-
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tations (see [2-11]). According to these studies,
usage of bubbledeck floor slabs has a small im-
pact onto structural strength, but at the same
time reduces structural stiffness, that, evidently,
affects an eigenfrequency spectrum of the con-
sidered building or structure.

When designing a building or a structure con-
structed in an earthquake-prone region, a re-
sponse spectrum analysis is commonly per-
formed with a large number of eigenmodes tak-
en into account. Hence, utilization of a bubble-
deck floor slab solution should be explicitly tak-
en into account during the design procedure, in
particular when calculating the design stress-
strain state.
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Figure 1. An example of void formers used in
reinforced concrete floor slabs, and their geo-
metrical parameters
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The finite element method (FEM) is widely
used to perform such an analysis. The most ac-
curate way to compute eigenfrequencies,
eigenmodes and a stress-strain state of structural
elements with a complex shape of the cross-
section (for instance, a hollow core structure) is
to use solid finite elements for spatial discretiza-
tion of the problem. Yet, such a technique is
computationally ineffective and, thus, used in
practice very rarely. A common practice is to
use structural finite elements, shell and beam
ones, to spatially discretize a structural mechan-
ics problem.

In the present paper considered are different
approaches to numerical modelling of light-
weight cast-in-place reinforced concrete bub-
bledeck floor slabs with an aim to correctly
simulate floor slab stress-strain state, elastic
stiffness and eigenfrequency spectrum, that
allows one to utilize such an approach in de-
sign practice.

2. PROBLEM FORMULATION

To evaluate an accuracy of different ap-
proaches to numerical modelling of light-
weight cast-in-place reinforced concrete bub-
bledeck floor slabs, a single floor cell of a re-
inforced concrete frame building has been
considered (see Fig. 2).

The chosen part of the floor slab has dimen-
sions of 5.6x5.6 meters and comprises 16 void
former cells in each direction. The floor slab
has the following values of its geometrical pa-
rameters: the floor slab thickness 47 = 250mm;
the void former height 4, = 140mm; the con-
crete cover at the upper slab face cuomo =
20mm; the concrete cover at the lower slab
face crnomu = 20mm; the distance between bub-
bles centers e = 350mm; the void former di-
ameter d = 315mm. A cross-section of the
single void former cell is shown in Fig. 3.
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Figure 2. The drawing of a bubbledeck floor
slab in the reinforced concrete frame building
(a part of the slab chosen for a comparative
analysis of various numerical modelling tech-
niques is outlined in red)
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Figure 3. The cross-section of a void former cell
used in the considered bubbledeck floor slab
Properties of the considered bubbledeck floor

slab material are given in Table 1.

Table 1. Bubbledeck floor slab material

properties
Material Elastic Poisson’s | Density
Modulus ratio v p, kg/m?
E, GPa
Concrete B25 30 0.2 2500

The following engineering approaches to nu-
merical modelling of such lightweight structural
elements have been considered and compared
with the reference and between each other: 1)
the void former cell has been considered as a
honeycomb structure with top and bottom cover
plates which have been all discretized through
shell finite elements with effective thickness,
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density and stiffness; 2) the void former cell has
been considered as a homogeneous plate with
effective properties, which has been discretized
through shell finite elements.

Problem spatial discretization through solid fi-
nite elements and the simulation results ob-
tained using such an approach have been taken
as a reference. Since only elastic part of the
problem has been considered, utilization of the
numerical solution as a reference is appropriate,
since high accuracy of finite element simula-
tions within the theory of elasticity has been
verified multiple times (see, for instance, [1]).

3. FINITE ELEMENT MODELS

The verified ANSYS software [1] has been used
for all simulations (a static loading analysis and
a modal analysis). In the model assembled for
the reference simulations, hexahedral eight node
finite elements of the type SOLID185 have been
used. In the models, which have been intended
to evaluate two different engineering approach-
es to numerical modelling of bubbledeck floor
slabs, quadrilateral four node finite elements of
the type SHELLI181, in which the Reissner-
Mindlin plate theory is implemented, have been
utilized.

The whole FE model utilized for the reference
simulations and the mesh within the void former
cell are illustrated in Fig. 4. The whole model
comprises 1039 247 nodes (three degrees of
freedom (DOF) per each node) and 1 056 768
finite elements.

The FE model used to evaluate the first engi-
neering approach to numerical modelling of the
bubbledeck floor slab consists of two horizontal
layers of plane finite elements connected to-
gether through the honeycomb structure also
meshed with plane finite elements. A compari-
son of the void former cell and its approxima-
tion through plane structural elements is given
in Fig. 5. The whole model and the mesh within
the void former cell are illustrated in Fig. 6. The
FE model comprises 3 011 nodes (six DOF per
each node) and 4 224 finite elements.
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The FE model used to evaluate the second engi-
neering approach to numerical modelling of the
bubbledeck floor slab is shown in Fig. 7. The
model comprises 289 nodes (six DOF per each
node) and 256 finite elements. All DOFs (Ux,
Uy, Uz, Rotx, Roty, Rotz) of the nodes located
at the slab boundaries are restrained. The exist-
ence of voids in the floor slab have been simu-
lated through setting effective values of the ma-
terial density and elastic modulus.

3

b) !» —

Figure 5. Interrelation between the actual ge-
ometry of the bubbledeck floor slab (a) and its
approximation through plane structural ele-
ments (b) (In the bottom figure different colours
correspond to parts with different thicknesses)

z_x  Boundary conditions: Ux, Uy, Uz

£ x
Boundary conditions: Ux, Uy, Uz, Rotx, Roty, Rotz

a)
b)- -

b)
Figure 4. The model of the considered cast-in- _FE thickness FE thickness
place reinforced concrete bubbledeck floor slab is not displayed is displayed

meshed with hexahedral finite elements: (a) top
view with boundary conditions; (b) mesh within
the void former cell

Figure 6. The FE model used to evaluate the
first engineering approach to numerical model-
ling of the bubbledeck floor slab: (a) top view
with boundary conditions; (b) mesh within the
void former cell

190 International Journal for Computational Civil and Structural Engineering



Numerical Modeling of Cast-in-Place Reinforced Concrete Bubble Deck Floor Slabs Utilized
in Earthquake-Prone Regions

Figure 7. The FE model used to evaluate the
second engineering approach to numerical
modelling of the bubbledeck floor slab with fi-
nite element thickness and boundary conditions
displayed

4. MESH SENSITIVITY ANALYSIS

Before conducting simulations with shell finite
elements, a mesh sensitivity analysis for the

model discretized with solid finite elements had

been performed. Three different element sizes

had been used to calculate eigenfrequencies and
eigenmodes of the considered slab (see Fig. 8).

Results of the conducted modal analysis are (,:) ) )
given in Table 2. As it is seen from Table 2, MMeshes c.onszdered during the mesh
there is negligible difference between the results sensitivity analysis: (a) reference mesh; (b)

obtained using different mesh sizes. coarse mesh (twice as large); (c) fine mesh (1.5
times smaller)

Table 2. Eigenfrequencies and eigenmodes
calculated using the reference FE model with
different mesh sizes

Reference | Coarse Fine
# Eigenmode mesh mesh mesh | A %

Eigenfrequency, Hz

50.04 50.05 50.03 0.0

98.25 98.42 98.2 0.2

98.25 98.42 98.2 0.2
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4 140.22 140.61 140.05 | 03
5 167.67 168.25 167.53 | 0.3
6 169.03 169.60 | 168.89 | 0.3
7 204.93 205.80 | 204.61 | 04
8 204.93 205.80 | 204.61 | 04
9 254.44 255.78 | 254.08 | 0.5
10 254.44 255.78 | 254.09 | 0.5
-

5. PARAMETRIC ANALYSIS OF THE
ENGINEERING APPROACHES

A parametric analysis of the FE models used to
evaluate two engineering approaches to numeri-
cal modelling of bubbledeck floor slabs has
been performed to determine, which parameters
of the problem have a significant influence onto
the static and dynamic response of the consid-
ered slab and what effective values they should
be set to have the static and dynamic response
equivalent to that of the reference FE model
discretized through solid finite elements.

Three different sets of parameters to variate
(denoted as 1A, 1B, and 1C, respectively) have
been considered for the first engineering FE
model, and one set of parameters to variate (de-
noted as 2A) has been considered for the second
engineering FE model.
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The parameters set 14 (see Table 3). The refer-
ence density value (see Table 1) of both the hori-
zontal plates and vertical ribs of the first engineer-
ing FE model has been increased by a factor of 4,
= 1.1484 (up to 2871.1 kg/m’) to equalize the
mass of the whole model to that of the reference
FE model (which equals 13 634 kg). Then, the
elastic modulus of plane vertical elements, which
model vertical ribs of the bubbledeck floor slab,
have been iteratively changed to the final value of
87 GPa to match the results of the modal analysis
obtained with the reference FE model.

Table 3. The parameters set 14

# Element
1 Horizontal
plate of the
floor slab
2 | Vertical rib of
the floor slab

Note: parameters different from the reference
ones are colored in blue

The parameters set IB (see Table 4). To equalize
the mass of the whole engineering model to that of
the reference one, the thickness 7 of the vertical
ribs has been increased by a factor of ks = 1.5421
(up to 54 mm) with the values of all other parame-
ters being kept equal to the reference ones.

Table 4. The parameters set IB

# Element E,GPa | v | p,kg/m® | £, mm
1 Horizontal
plate of the 30 0.2 2500 55
floor slab
2 | Vertical rib of
the floor slab 30 0.2 2500 -

Note: parameters different from the reference
ones are colored in blue

The parameters set 1C (see Table 5). To equal-
ize the mass of the whole engineering model to
that of the reference one, the thickness ¢ of both
the horizontal plates and vertical ribs has been
increased by a factor of &+ = 1.1483 (up to 63.2
and 40.2 mm, respectively) with the values of
all other parameters being kept equal to the ref-
erence ones.
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Table 5. The parameters set 1C

# Element E,GPa | v | p,kg/m® | ¢, mm
1 Horizontal
plate of the 30 0.2 2500
floor slab
2 | Vertical rib of
the floor slab 30 0.2 2500

Note: parameters different from the reference
ones are colored in blue

The parameters set 2A (see Table 6). The refer-
ence density value (see Table 1) of the second
engineering FE model has been decreased by a
factor of k, = 1.4376 (down to 1739.1 kg/m?) to
equalize the mass of the whole model to that of
the reference FE model (which equals 13 634
kg). Then, the elastic modulus of the slab has
been iteratively changed to the final value of 24
GPa to match the results of the modal analysis
obtained with the reference FE model.

Table 6. The parameters set 2A

# Element

1 Floor slab
Note: parameters different from the reference
ones are colored in blue

6. SIMULATION RESULTS AND THEIR
COMPARISON

Below in Tables 7-9 and Fig. 9, the simulations
results obtained using different FE models are
presented and compared with each other.

The results of the modal analysis presented in
Table 7 reveal that the best agreement with the
reference FE model, in which the spatial dis-
cretization of the voided floor slab has been car-
ried out through solid finite elements, has been
obtained for the model created within the (first)
engineering approach, in which the void former
cell has been considered as a honeycomb struc-
ture with top and bottom cover plates which
have been all discretized through shell finite el-
ements with the values of their parameters given
in Table 3.

The results of the static loading of the slab by its
dead weight given in Tables 8, 9 and Fig. 9 also
show that the FE model created within the first
engineering approach with the values of the pa-
rameters given in Table 3 yields the closest
agreement (both for normal stress and dis-
placements) with the results obtained for the
reference FE model constructed using solid fi-
nite elements.

Table 7. Results of the modal analysis (In brackets given are the discrepancy, in percent, from the
results obtained with the reference finite element model)

Finite element model for the 1% engineering approach

B

Finite element
model for the 2"

Parameters set 1B

47.9 Hz (-4.4 %)

engineering ap-

Parameters set 1C proach

49.2Hz (-1.8%) | 49.4Hz (-1.3 %)

#
Reference finite
element model | Parameters set 1A
1
50.0 Hz 50.2 Hz (+0.4 %)
2
98.3 Hz 98.3 Hz (+0.1 %)

92.0 Hz (-6.3 %)

92.9 Hz (-5.5 %) | 100.7 Hz (+2.5 %)

Volume 21, Issue 2, 2025
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D s

Finite element
model for the 2"
engineering ap-

I+

Finite element model for the 1% engineering approach

Reference finite

element model | Parameters set 1A | Parameters set 1B | Parameters set 1C proach
3 m
98.3 Hz 92.9 Hz (-5.5 %)
4 .
129.2 Hz (-7.9 %) | 129.2 Hz (-7.8 %)
5
153.7Hz (-8.3 %) | 152.5 Hz (-9.1 %)
6
7
8
9 m
254.4 Hz 254.4 Hz (0.0 %)
== =
F -
¥ |8
10 : 2 i §
& =
254.4 Hz 254.4 Hz (0.0 %) | 228.9 Hz (-10.1 %) | 223.8 Hz (-12.0 %) | 293.7 Hz (+15.4 %)
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Top face of the slab

Table 8. Comparison of the vertical .

displacements due to the slab dead weight

Table 9. Comparison of the normal stress along
X-axis at the top face of the slab in the central
cross-section due to the slab dead weight

Volume 21, Issue 2, 2025

€ oa
Reference UZinax = .
finite ele- -0.164 -o.;] 0 035 07 TON4 175 21 245 28 315 35 385 aggss 49 525 56
ment model mm i
- =g, reference FE model Lisnctim
=—=cx, FE model for the 1st engi ing approach (p rs set 1A)
——ox, FE model for the 2nd engineering approach
Finite ele- Figure 9. Normal stress along X-axis at the top
ment model Upo face of the slab in the central cross-section due
for the 1° 0163 to the slab dead weight
engineering n'lm
approach 0 o
(parameters (-0.6%)
set 1A) CONCLUSION
The following conclusions can be made based
on the analysis results and their comparison:
Finite ele- Ugor — 1. As expected, mesh sensitivity of the results
ment modgl 0172 obtained for the model meshed with solid fi-
for the 2 mm nite elements is negligible within the prob-
egﬁgﬁ:éﬁg (+4.9%) lems of the theory of elasticity, in particular
for the modal analysis.
2. The engineering approach to numerical mod-

elling of reinforced concrete bubbledeck
floor slabs, within which the void former cell
of the slab is modelled as a honeycomb struc-
ture with top and bottom cover plates, which

FE Min oy Pa | A% | Max o, Pa | A, % are all discretized through shell finite ele-
model ments with effective density (which has been
Reference increased by a factor of 1.1484 relative to the
finite ele- -325163 - 904902.1 - reference one) and stiffness (which has been
ment model increased by a factor of 2.9 relative to the
Finite ele- reference one for the vertical ribs of the slab),
mfent }Ilnold?l has revealed the best agreement with the re-
or the 1° sults obtained for the slab model meshed
engineering | -306776 | -5.7 | 702694.7 ) -22.3 with solid finite elements, both for the modal
approach . . . .
(parameters analysis and the static loading analysis. For
set 1A) the first 10 eigenmodes the largest difference
Finite ele- in eigenfrequency has been obtained to be
ment model 1.1%. The difference in static deflection due
for the 2" | -275379 | -15.3 | 509014.4 | -43.7 to the slab dead weight has been obtained to
engineering be 0.6%. The difference in normal stresses at
approach the top face of the slab in the central cross-

section has been obtained to be less than
23%.
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The engineering approach to numerical mod-
elling of reinforced concrete bubbledeck
floor slabs, within which the void former cell
of the slab is modelled as a homogeneous
plate with effective properties, has yielded
larger discrepancy with the reference results.
For the first 10 eigenmodes the largest differ-
ence in eigenfrequency has been obtained to
be 15.4%. The difference in static deflection
due to the slab dead weight has been ob-
tained to be 4.9%. The difference in normal
stresses at the top face of the slab in the cen-
tral cross-section has been obtained to be less
than 44%.

Further research on the subject should be devot-
ed to numerical modelling of bubbledeck floor
slabs together with vertical load-bearing struc-
tural elements.
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