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Abstract: This article presents developed techniques for numerical modelling of lightweight cast-in-place rein-
forced concrete bubble deck 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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AHHOTaIIl/Iﬂ: B HACTOSIIEH CcTaThe MpeACTaBJICHBI pa3pa60TaHHLIe aBTOpaMU METOAUKH YHUCJICHHOI'O MOACJIN-
POBaHUA 00JIErYEHHBIX MOHOJIUTHEIX KEJI€300€TOHHBIX HeperI)ITI/Iﬁ C Hy0TOT006paSOBaTeﬂHMI/I 1 CpaBHHUTECIIb-
HBIN aHaIIN3 Ppa3JIMYHBIX MOAXO0J0B K YUCJICHHOMY MOJACIMPOBAHUIO 3JJaHUN U COOpy)KeHHﬁ, CTpOsAIINXCA B ceil-
CMHYCCKHU aKTUBHBIX paﬁOHax U UMEIOIIUX B CBOEM COCTaBE HOZ[06HI)I€ 00JIer4YEHHBIE IJIUTHI HCperLITHﬁ.

KaroueBble ciioBa: METOA KOHCYHBIX 3JICMCHTOB, MOZ[aHLHBIﬁ aHaJus3, ceficMHUYecKoe BO3I[€I7[CTBPIC, MEXaHHUYC-
CKas 6630HaCHOCTB, HYCTOTOO6p330BaT€HI/I, 00JIerYeHHBIC MOHOJIUTHBIE JKEJIC300CTOHHBIC TICPCKPBITHUA.

1. INTRODUCTION

A reinforced concrete bubble deck floor slab
solution is widely used as a building design so-
lution in earthquake-prone regions. Utilization
of void formers is one of the ways to decrease
the dead weight of concrete structures, that
leads to reduced seismic loads and loads on ver-
tical load-bearing structures and foundation.

The finite element method is widely used to
solve structural mechanics problems, eigenvalue
problems, and to perform a response spectrum
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analysis. The best way to extract eigenmodes
and eigenfrequencies of a system with structural
elements having complex cross-sections, to de-
termine its stress-strain state is spatial discreti-
zation of such a system with solid elements.
However, such a technique is computationally
ineffective. Therefore, a common practice is to
use structural finite elements, shell and beam
ones, to spatially discretize a structural mechan-
ics problem.
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Figure 1. An example of void formers used in
reinforced concrete floor slabs, and their geo-
metrical parameters

The first part of the present research [1] has
considered a single floor cell of a reinforced
concrete frame building (see Fig. 2). The chosen
part of the floor slab has dimensions of 5.6x5.6
meters and comprises 16 void former cells in
each direction. The floor slab has the following
values of its geometrical parameters: the floor
slab thickness 4s = 250mm; the void former
height 4x = 140mm; the concrete cover at the
upper slab face cuomo = 20mm; the concrete
cover at the lower slab face cnomu = 20mm; the
distance between bubbles centers e = 350mm;
the void former diameter d = 315mm. A cross-
section of the single void former cell is shown
in Fig. 3.

Properties of the considered bubble deck floor
slab material are given in Table 1.

The verified ANSYS software [2] has been
used for all simulations (a static loading anal-
ysis and a modal analysis). A reference finite
element model of the simulated part of the
floor slab has been assembled using solid fi-
nite elements of the type SOLID185 for spa-
tial discretization of the problem. Correspond-
ing mesh within the void former cell is illus-
trated in Fig. 4. Because only elastic part of
the problem has been considered, utilization
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of the numerical solution obtained using the
FE model meshed with solid elements is ap-
propriate, since high accuracy of finite ele-
ment simulations within the theory of elastici-
ty has been verified multiple times (see, for
instance, [2]).
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Figure 2. The drawing of a bubble deck 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 bubble deck floor slab

Table 1. Bubble deck floor slab

material properties
Material Elastic Poisson’s | Density
Modulus ratio v p, kg/m?
E, GPa
Concrete B25 30 0.2 2500
131
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Figure 4. Mesh within the void former cell used
in the reference model of the considered cast-in-
place reinforced concrete bubble deck floor slab

According to the results of the first part of the pre-
sent research [ 1], within which the modal analysis
and static analysis have been performed for the
models of the considered bubble deck floor slab
meshed with either solid finite elements (the refer-
ence model) or structural finite elements, the clos-
est agreement to the results calculated with the
reference finite element model has been obtained
for the following two cases. In the first case, the
slab has been simulated as two horizontal layers of
shell finite elements of the type SHELL18I1, in
which the Reissner-Mindlin plate theory is im-
plemented, with effective density (increased by a
factor of k, = 1.1484 to match the mass of the
model to that of the reference model) connected
together with a honey-comb structure also meshed
with shell finite elements of the type SHELL181
with effective density (increased by the same fac-
tor of k, = 1.1484) and effective elastic modulus
(iteratively changed to match the results of the
modal analysis with the reference ones) (see Table
2). In the second case, the slab has been modeled
with one layer of shell finite elements of the type
SHELL181 with effective density (decreased by a
factor of k, = 1.4376) and effective elastic modu-
lus (see Table 3).

In the present paper, various approaches to numer-
ical simulation of structural assembly comprised
reinforced concrete bubble deck floor slab and
reinforced concrete vertical load-bearing structural
elements, in particular a column and wall with an
embedded column, are considered.
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Table 2. Parameters of the double-layer engi-
neering finite element model

# 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

Table 3. Parameters of the single-layer engi-
neering finite element model

# Element E, GPa y p, kg/m® | ¢, mm
1 Floor slab 250

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

2. PROBLEM ONE. INTERACTION OF
THE BUBBLE DECK PART AND THE
SOLID PART OF THE FLOOR SLAB

The reinforced concrete bubble deck floor slab,
as illustrated in Fig. 5, has two distinct areas.
The central part of the slab contains void for-
mers, while the perimeter of the slab is solid to
provide mechanical safety of the structural ele-
ment.
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Figure 5. The simulated part of the bubble deck
floor slab (the part of the slab with void formers
is outlined in red, the solid area of the slab is
colored in blue)
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Boundary conditions: Ux, Uy, Uz

550 350x16-5600 1550

b)
Figure 6. The numerical model meshed with sol-
id finite elements. a) geometrical parameters
and boundary conditions, b) cross-section view

To simulate various structural assemblies in-
cluding bubble deck floor slab, it is necessary to
accurately model transition between the part of
the slab with void formers and the solid one.

A finite element model of the whole floor slab
utilized for reference simulations is shown in
Fig. 6. All DOFs (Ux, Uy, Uz) of the nodes lo-
cated at the slab boundaries are restrained.

Two different techniques to simulate the bubble
deck floor slab, including its solid part, using
structural finite elements are considered.

Within the first technique, the void former cell
of the slab is modelled as a honeycomb struc-
ture with top and bottom cover plates, which are
all discretized through shell finite elements,
while the solid part of the slab is discretized via

Volume 21, Issue 4, 2025

a single layer of shell finite elements located at
the middle surface (see Fig. 7).

d)

Figure 7. Finite element model for the first sim-

ulation technique: a) cross-section of the actual

structure; b) computational model of the struc-
ture; c¢) computational model of the structure

with displayed element thickness, d) orthogonal
view (red — solid floor slab; light blue — cover

plates of the bubble deck part of the floor slab;

purple — vertical ribs of the bubble deck part of

the floor slab)

With the first engineering technique (Model 1),
two different sets of material properties have
been adopted (see Tables 4, 5).

In the first parameter set, 1A, vertical ribs be-
tween the solid and the bubble deck parts of the
floor slab have effective properties (density,
elastic modulus) similar to those of other verti-
cal ribs for parameter set 1A.
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Table 4. The parameters set 14

Table 6. The parameters set 2A

# Element E,GPa | v | p,kg/m® |, mm

1| Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

2| Vertical rib of

the bubble deck

part of the floor 87 02
slab

2871.1 35

3| Solid part of the 30 02

floor slab 2500 250

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

The parameter set 1B is based onto the parame-
ter set 1A. In the parameter set 1B, the elastic
modulus of the vertical ribs between the solid
part and the bubble deck parts of the floor slab
elastic modulus has been significantly increased
for the simulation results to match eigenfre-
quencies, eigenmodes, and static response of the
reference model.

Table 5. The parameters set 1B

# Element E,GPa | v | p,kg/m’ | {,mm

1| Horizontal plate
of the bubble
deck part of the 30 02
floor slab

2871.1 55

2| Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

3| Solid part of the 30 02

floor slab 2500 250

4| Vertical rib at

the perimeter of

the bubble deck

part of the floor
slab

400 0.2 2871.1 35

Note: parameters different from the parameters
set 14 are colored in yellow

Within the second engineering technique (Mod-
el 2), both the solid part and the bubble deck
part of the floor slab are discretized through one
layer of shell finite elements. To match mass,
stiffness, and dynamic response characteristics
of the actual structure, effective values of mate-
rial properties — a parameters set 2A — have
been used (see Table 6).
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# Element E,GPa | v | p,kg/m? |z, mm
1| Bubble deck
part of the floor 24 0.2 1739.1 250
slab
2| Solid part of the 30 0.2 2500 250
floor slab

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

In the finite element models utilized within both
considered techniques, all DOFs (Ux, Uy, Uz,
Rotx, Roty, Rotz) of the nodes located at the
slab boundaries are restrained.

Results of the modal analyses performed using
different numerical models are given in Table 7.
Results of the static response analyses per-
formed using different numerical models are
presented in Tables 8, 9, and Fig. 8.

Top face of the slab

bubbledeck - solid
floor slab contact line

01 g 035,07 105 1
0.3

S 2.1 245 2.8 315 35 3.85 4.2 455 A9 56 59563 665

0.5

Lenght, m

—ox, reference FE model

FE model for the 2nd engineering
—UX’ ~ . .

approach (parameters set 2A)

FE model for the 1st engineering

" approach (parameters set 1B)
Figure 8. Normal stress along X-axis at the top
face of the slab in the central cross-section due
to the slab dead weight

The finite element model created within the first
engineering technique using the values of the
parameters given in the set 1B and the finite el-
ement model created within the second engi-
neering approach using the values of the param-
eters given in the set 2A have yielded the closest
agreement with the results of the modal analysis
and the static response analysis obtained using
the reference finite element model. The finite
element model implementing the first engineer-
ing approach with the parameters set 1B has
been chosen for further research.
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Table 7. Results of the modal analyses (In
brackets given are the discrepancy, in percent,
from the results obtained with the reference fi-

nite element model)

Table 8. Comparison of the vertical displace-
ments due to the slab dead weight (In brackets
given are the discrepancy, in percent, from the

results obtained with the reference finite ele-

Reference Model 1 (pa- | Model I (pa- | Model 2 (pa- ment model)
# rameters set rameters set rameters set
model s
| Reference |1...
model S
36.6 Hz 32.1 Hz 34.8 Hz 36.0 Hz i,
M I‘ T L ™
2 E . - -'r "Q- |
Model 1 - UZmax =
72.8 Hz 69.4 Hz 71.5Hz 72.2 Hz (parameters I -0.34
= set 1B) _': (-9.7%)
3 ﬂ
72.8 Hz 2.
Model 2 ] UZmax =
(parameters | | ™" -0.32 mm
set 2A) = (-3.2%)
4 I_“
101.5 Hz 105.1 Hz
(-0.2 %)

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 (see

W

157.4 Hz
(+0.8 %)

156.2 Hz

153.4 Hz
(-1.8 %)

Volume 21, Issue 4, 2025

126.5 Hz also Fig. 8)
Finite ele- Min oy, Pa | A, % Max oy, A, %
ment model Pa
Reference |~ 448349 - 1025472 | -
6 model
Model 1
127.2 Hz 126.4 Hz 127.7 Hz (parameters | -466473 -4 831076 -19
0.6 % | (104 %) | set 1B)
Model 2
(parameters | -376800 +16 901916.2 -12
set 2A)
156.2 Hz 154.5 Hz
-1.1%
= 3. PROBLEM TWO. A STRUCTURAL

ASSEMBLY COMPRISING A BUBBLE
DECK FLOOR SLAB AND A COLUMN

The second formulated problem deals with sim-
ulation of a structural assembly comprising a
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bubble deck floor slab and a column using shell
and beam finite elements for its spatial discreti-
zation. To determine the most accurate and effi-
cient engineering technique for this problem,
several models based on shell finite elements
have been assembled and tested. Accuracy and
efficiency of the particular engineering tech-
nique has been evaluated through comparison of
the results of modal analysis with those obtained
using a reference finite element model. As in the
first case considered in the present work, as well
as in the first part of the research [1], the refer-
ence model is the one constructed using solid
finite elements. The reference finite element
model is shown in Fig. 9.

According to the solution of the first problem
describe in the previous section, the constructed
engineering models are all based onto represen-
tation of the bubble deck part of the floor slab as
a honey-comb structure covered with top and
bottom plates, and discretization of the solid
part of the floor slab with one layer of shell fi-
nite elements located at its middle surface. A
total of three engineering models have been
constructed, which use the same mesh (shown
in Fig. 10) and differ from each other only in
their parameter values.

The first parameters set, 1A, (see Table 10) is
based onto the parameters set 1A from the pre-
vious section (see Table 4) with an extension to
include column parameters.

In the second parameters set, 1B, (see Table 11)
which is based onto the parameters set 1A, an
area of the floor slab within the projection of the
column cross-section (see Fig. 11) has the
Young’s modulus several orders of magnitude
greater than that for the rest of the slab to more
precisely simulate a column-slab intersection
which response within the considered problem
is close the rigid body one.

In the third parameters set, 1C, (see Table 12)
the Young’s modulus of the vertical ribs at the
perimeter of the bubble deck part of the floor
slab (see Fig. 11) has been increased by several
times, like in the parameters set 1B of the previ-
ous section (see Table 5).
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Normal displacement restraint (symmetry condition)

,__JSEJX&ZHQH‘,L_JW_L_}SB&&Z&W_,.

a) » 6700
Normal displacement restraint (symmetry condition)
Boundary conditions: Ux, Uy, Uz
500,
J 50x8=2800 AR /. F50x8=2800 i
b)’ 1
)

Figure 9. Geometrical parameters and bounda-
ry conditions (red lined) of the reference model
of the structural assembly comprising the bub-
ble deck floor slab and the column: a) top view,
b) side view, c) orthogonal view

All DOFs (Ux, Uy, Uz, Rotx, Roty, Rotz for
the models constructed using shell and beam
finite elements and Ux, Uy, Uz for the refer-
ence model discretized with solid finite ele-
ments) of the nodes located at the column top
and bottom are restrained. Boundary condi-
tions at the simulated slab perimeter take into
account symmetry of the problem, in particu-
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lar horizontal displacements in the normal
direction to a corresponding edge are re-
strained.

b)
Figure 10. Finite element mesh used to simulate
the structural assembly comprising the bubble
deck floor slab and the column: a) element
thickness displayed; b) element thickness is not

junction with the parameters set 1C (see in Ta-
ble 11) has yielded the closest agreement with
the eigenproblem solution obtained using the
reference finite element model discretized with
solid finite elements. The largest discrepancy
amounts to 5%.

Table 11. The parameters set 1B

# Element E, GPa v p, kg/m? ¢, mm

1 Horizontal
plate of the
bubble deck 30 0.2
part of the
floor slab

2871.1 55

2| Vertical rib of
the bubble
deck part of

the floor slab

87 0.2 2871.1 35

3| Solid part of 30 02

the floor slab 2500 250

4 Column 30 0.2 2500 500%500

Floor slab
within the
5| projection of
the column
cross-section

3e06 0.2 0 250

Note: parameters different from the parameters
set 14 are colored in yellow

displayed
Table 12. The parameters set 1C
3
Table 10. The parameters set 14 #| Element E,GPa | v | p,kg/m , mm
#| Element E,GPa | v | p,kg/m® | f, mm 1| Horizontal
plate of the 30 0.2 2871.1 55
1 Horizontal floor slab
plate of the 2| Vertical rib of 87 0.2 2871.1 35
bubble deck 30 0.2 2871.1 55 the floor slab ) )
part of the 3| Solid part of
ot o floot b 30 0.2 2500 250
2| Vertical rib of Column 30 0.2 2500 500%500
the bubble 87 | 02 | 28711 35 5| Floorslab
deck part of within the
the floor slab projection of 3e06 0.2 0 250
3] Solidpartof |55 | 5 | 2500 250 the column
the floor slab cross-section
4] Column 30 0.2 2500 | 500%500 Vertical rib at
. 7 7 ifferent fr he refer the perimeter
Note: paramete s different from the reference 6| of e bubbla o a0 | me .
ones are colored in blue deck part of
the floor slab

The results of the modal analysis of the struc-

tural assembly comprising the bubble deck floor

slab and the column are given in Table 13. The
engineering finite element model used in con-

Volume 21, Issue 4, 2025

Note: parameters different from the parameters
set 1B are colored in yellow
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Table 13. Results of the modal analysis (In
brackets given are the discrepancy, in percent,
from the results obtained with the reference fi-
nite element model)

14.3 Hz

11.0 Hz

14.5 Hz

" Reference | Parameter set | Parameter set | Parameter
model 1A 1B set 1C
1
14.3 Hz 14.5 Hz 14.8 Hz
(+1.5 %) (+3.6 %)
2

14.8 Hz

v

16.3 Hz

l .

(-22.9 %)

(+1.5 %)

(+3.6 %)

4
20.5 Hz
(-0.7 %)
5
37.4 Hz 36.3 Hz
(-3.1 %)
6
49.1 Hz 43.2 Hz I
(-15.2 %) (-12.0 %) (-5.0 %)
7 : 4
R
49.1 Hz 432 Hz 46.6 Hz
(-12.0 %) (-5.0 %)
w N I
8
58.6 Hz 50.0 Hz 52.7Hz 56.11 Hz
(-14.7 %) (-10.1 %) (4.3 %)
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Vertical ribs at the perimeter of
the bubble deck part of the slab

Figure 11. The finite element model used in con-

Jjunction with the parameters set 1C (finite ele-

ments within the projection of the column cross-
section are colored in green)

4. PROBLEM THREE. A STRUCTURAL
ASSEMBLY COMPRISING A BUBBLE
DECK FLOOR SLAB AND A WALL WITH
AN EMBEDDED COLUMN

Another problem considered in the present pa-
per deals with simulation of a structural assem-
bly comprising a bubble deck floor slab and a
wall with an embedded column using shell and
beam finite elements for its spatial discretiza-
tion. Three engineering approaches have been
tested to determine the most accurate and effi-
cient one. Accuracy and efficiency of the par-
ticular engineering technique has been evaluated
through comparison of the results of modal
analysis with those obtained using a reference
finite element model. As in the first two cases
considered in the present work, as well as in the
first part of the research [1], the reference model
is the one constructed using solid finite ele-
ments. Geometrical parameters and spatial dis-
cretization of the reference finite element model
are given in Fig. 12.

All DOFs (Ux, Uy, Uz, Rotx, Roty, Rotz for the
models constructed using shell and beam finite
elements and Ux, Uy, Uz for the reference mod-
el discretized with solid finite elements) of the
nodes located at the column top and bottom are
restrained. Boundary conditions at the simulated
slab perimeter take into account symmetry of

International Journal for Computational Civil and Structural Engineering
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the problem, in particular horizontal displace-
ments in the normal direction to a corresponding
edge are restrained.

v condition)

Normal displ restraint (

L 350v8-2800 l 10 l
a ) ) 6700
Normal displacement restraint (symmetry condition)
Boundary conditions: Ux, Uy, Uz

350x8-2800 )

l 350x8=2800 I50x8-2800 j.

c)
Figure 12. Geometrical parameters and bound-
ary conditions (red lined) of the reference model

of the structural assembly comprising the bub-
ble deck floor slab and the wall with the embed-

ded column: a) top view, b) side view; c) or-
thogonal view

The engineering finite element model used to

solve the considered problem is based onto the
model constructed in the previous section with

Volume 21, Issue 4, 2025

the only difference that the wall has been added
(see Fig. 13). As in the previous case, a differ-
ence between the three tested engineering tech-
niques concerns values of the parameters de-
fined in each case (see Tables 14—16).

Figure 13. Finite element mesh used to simulate
the structural assembly comprising the bubble
deck floor slab and the wall with the embedded
column: a) element thickness displayed, b) ele-

ment thickness is not displayed

Table 14. The parameters set 14

# Element E,GPa | v | p,kg/m’ ¢, mm

1 Horizontal
plate of the
bubble deck 30 0.2
part of the
floor slab

2871.1 55

2 | Vertical rib of
the bubble
deck part of
the floor slab

87 0.2 2871.1 35

3| Solid part of

the floor slab 30 02

2500 250

4 Column 30 0.2 2500 500x500

5 Wall 30 0.2 2500 250

Note: parameters different from the reference
ones are colored in blue
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Table 15. The parameters set 1B

Element E,GPa| v |pkg/m?| ¢ mm

1 | Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

Table 17. Results of the modal analysis (In
brackets given are the discrepancy, in percent,
from the results obtained with the reference fi-
nite element model)

2 | Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

Reference
model

3 | Solid part of the 30

floor slab 0.2

2500 250

Column 30 0.2 2500 500x500

5 Wall 30 0.2 2500 250

Parameter set

Parameter set

Parameter set
1C

Floor slab with-
in the projection

of the column 3¢06

0.2 0 250

cross-section

Note: parameters different from the parameters
set 1A are colored in yellow

Table 16. The parameters set 1C

Element E,GPa| v |pkg/m®| ¢, mm

1 | Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

2 | Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

3 | Solid part of the 30

floor slab 0.2

2500 250

Column 30 0.2 2500 500x500

5 Wall 30 0.2 2500 250

Floor slab with-
in the projection
of the column
cross-section

3e06 0.2 0 250

Vertical rib at
the perimeter of
7 | the bubble deck
part of the floor

slab

400 0.2 2871.1 35

Note: parameters different from the parameters
set 1B are colored in yellow

The results of the modal analysis of the structural
assembly comprising the bubble deck floor slab
and the wall with the embedded column are given
in Table 17. The engineering model used in con-
junction with the parameters set 1C (see in Table
16) has yielded the closest agreement with the so-
lution obtained using the reference finite element
model discretized with solid finite elements. The
largest discrepancy amounts to 5.7%.
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16.1 Hz

(-17.0 %)

14.1 Hz
(-12.8 %)

(-2.9 %)

15.9 Hz
(-1.4 %)

(+2.2 %)

16.1 Hz

16.4 Hz

249 Hz

22.0Hz

22.6 Hz

(+1.6 %)

23.9 Hz

259 Hz

L
,
4

N
et
)
jan)
N

=

-11.5 %)

;i—--.
229 Hz
-11.5 %)

37.1 Hz

(-9.5 %)

(-4.0 %)

244 Hz

(-5.7 %)
i L

41.2 Hz

A

50.3 Hz

(-14.3 %)

|
43.1 Hz
(-14.2 %)

(-4.7 %)

56.8 Hz

.
. o

484 Hz
(-14.9 %)

50.6 Hz
(-10.9 %)

81.7 Hz
(-12.6 %)

84.3 Hz
(-9.8 %)

(-1.8 %)
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CONCLUSION

The following conclusions can be made based
on the first part of the research [1], the present
paper, and their comparison:

1. Three types of finite element models have
been constructed to perform static response
analysis and modal analysis of a reinforced
concrete bubble deck floor slab as a separate
unit or as a part of a structural assembly
comprising the slab and a column or the slab
and a wall with an embedded column:

— Models of the first type have been spatially
discretized with solid finite elements, that has
allowed one to precisely repeat the bubble deck
floor slab geometry. Numerical results ob-
tained with such models have been considered
as reference ones.
— Models of the second type have been spa-
tially discretized with shell and beam finite el-
ements. In these models the void former cell of
the slab is modelled as a honey-comb structure
with top and bottom cover plates.
— Models of the third type have also been spa-
tially discretized with shell and beam finite el-
ements, but in these models the part of the
floor slab with void formers is modelled
through one layer of shell finite elements locat-
ed at the slab middle surface and been assigned
effective mass and stiffness properties.

2. Numerical models based on solid finite ele-
ments allow one to accurately simulate stat-
ic and dynamic responses of structural ele-
ments with a complex cross-section, like the
considered bubble deck floor slab. Yet, ap-
plication of such an approach to a building
arises enormous difficulties during model
construction and is very time consuming at
the analysis stage. Moreover, common tools
to design reinforcement are not applicable
within such an approach.

3. The engineering approach, within which the
void former cell of the slab is modelled as a
honeycomb structure with top and bottom
cover plates, all discretized with shell finite
elements, significantly reduces human and
computational resources necessary to con-
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struct and analyze the model of a building, in
which the considered lightweight structural
solution is adopted. It provides sufficient ac-
curacy and allows one to use standard design
tools, in particular to determine the required
amount of reinforcement. This developed
technique is recommended to be utilized for
simulation of building with similar light-
weight structural elements solutions, in par-
ticular located in earthquake-prone regions.

4. The engineering approach, in which the rein-
forced concrete bubble deck floor slab is
modelled with one layer of shell finite ele-
ments located at the slab middle surface and
been assigned effective mass and stiffness
properties, provides relatively low accuracy
with respect to both static and dynamic re-
sponses of such structural elements and as-
semblies comprising them, and, given the
more accurate alternative exists, should not be
utilized for simulation of buildings with bub-
ble deck floor slabs exposed to seismic loads.

ACKNOWLEDGEMENTS

The research was conducted as part of the de-
velopment programme for 2025-2036 of Mos-
cow State University of Civil Engineering un-
der the framework of strategic academic lead-
ership programme “Priority 2030”.

REFERENCES

1. Belostotsky A., Nagibovich A., Scherbina
S., Vasileva T. Numerical modeling of cast-
in-place reinforced concrete bubble deck
floor slabs utilized in earthquake-prone re-
gion // Int. J. Comput. Civil Struct. Eng. —
2025.—-Vol. 21. —No. 2. — Pp. 187-199.

2. Dzhamuev B.K. The effect of non-
removable void generators on the strength
of monolithic reinforced concrete floor
slabs clamped along the contour // Build-
ing and Reconstruction. — 2024. — Vol. 2.
Pp. 3-15. (In Russian)

141



10.

11.

142

Alexander M. Belostotsky, Alexander I. Nagibovich, Sergey V. Scherbina, Tatiana N. Vasileva

Tiwari N., Zafar S. Structural behavior of
bubble deck slabs and its application: Main
paper // Int. J. Sci. Res. Dev. — 2016. —
Vol. 4. — Iss. 02. — Pp. 433-437.

Ibrahim A.M., Ali N.K., Salman W.D.
Flexural capacities of reinforced concrete
two-way bubble deck slabs of plastic
spherical voids // J. Print. Iraq. — 2013. —
Vol. 06. — No. 02. — Pp: 9-20.

Valivonis J., Skuturna T, Daugeviius
M., Sneideris A. Punching shear strength
of reinforced concrete slabs with plastic
void formers // Constr. Build. Mater. —
2017.—Vol.145. — Pp. 518-527.

Saifulla M., Azeem M.A. Comparative
seismic performance of a conventional slab
and flat slab over a bubble deck slab // Int.
J. Emerg. Technol. Adv. Eng. — 2017. —
Vol. 7. —Iss. 11. — Pp. 137-143.

Teja P.P., Kumar P.V, Mounika C.H.,
Saha P. Structural behavior of bubble deck
slab / In: Proceedings of the IEEE-
International Conference on Advances in
Engineering, Science and Management,
Nagapattinam, Tamil Nadu, India, 2012. —
Pp: 383-388.

Lakshmikanth L., Poluraju P. Perfor-
mance of structural behaviour of bubble
deck slab // Int. J. Recent Technol. Eng. —
2019. — Vol.7. — Iss. 6C2. — Pp. 865-870.
Varghese J.P, George M. Parametric in-
vestigation on the seismic response of
voided and solid flat slab systems // Int. J.
Innov. Sci. Eng. Technol. —2018. — Vol. 5.
—Iss. 3. — Pp 256-258.

Nagashree B, Shariff S., Kumar M. Ex-
perimental studies on comparison of con-
ventional slab and bubble deck slab based
on strength // Int. J. Sci. Res. Dev. — 2017.
—Vol. 5. —1Iss. 3. — Pp: 1160-1162.

Orlova M.D., Mnushkin M.A., Evtu-
shenko L.S., Vinogradova K.I., Egarmin
K.A. Analysis of the use of hollow formers
from recycled polypropylene in the crea-
tion of lightweight monolithic floors. Re-
search of various directions of modern sci-
ence: Collection of materials of the XXI

12.

13.

14.

15.

16.

17.

18.

19.

International Scientific and practical Con-
ference. Part 1. Moscow. 2017. Pp. 562-
567. (In Russian)

Filimonova E.S. Analysis of the stress-
strain state of a monolithic floor slab with
void generators according to the Cobiax
system based on various computational
models // Young Scientist. — 2022. — No.
20 (415). — Pp. 107-109. (In Russian)

STO 35546020.001-2016 «Fixed formwork
(voids and couplings) Sibforma ®. General
information about the technology, product
range. Recommendations for the calculation
and design of monolithic girderless floor
slabs  with  non-removable formwork
Sibform ® in accordance with Code of Prac-
tice 63.13330.2012». (In Russian)

STO 38311046-001-2019 «Monolithic re-
inforced concrete lightweight slabs with
Simkar void formers. Rules of design and
construction». (In Russian)
Recommendations for the calculation of
monolithic beamless floor slabs with Sim-
kar void-forming slabs (without prestress-
ing) / National Research Moscow State
University of Civil Engineering, 2014. —
119 p.

Beaocrouxkuii A.M., dAyouncknii C.HU.,
Aya A.A., Haru6oBuu A.U., Apanacne-
Ba U.H., Ko3bsipes O.A., IlaBiaos A.C.
Verification report ANSYS Mechanical
software (4 volume). — M.: National Re-
search Moscow State University of Civil
Engineering, Research & Development
Centre StaDyO, 2009, 2024.

Code of Practice 63.13330.2018 “Concrete
and reinforced concrete structures. General
provisions”.

Structural Analysis Guide, Documentation
for ANSYS, Release 21R2. 2021.
Belostotsky A., Nagibovich A., Novikov
P., Vershinin V. Earthquake of buildings
and structures: regulatory “must-do” or
scientifically substantiated results // Int. J.
Comput. Civil Struct. Eng. — 2024. — Vol.
20. — No. 4. — Pp. 241-252.

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. Part Two

20.

21.

22.

Dmitriev D., Novikov P., Petryashev S.,
Nagibovich A. Consideration of the seismic
impact’s wave nature in the design justifica-
tion of high-rise buildings seismic resistance
// Int. J. Comput. Civil Struct. Eng. —2024. —
Vol. 20. — No. 3. — Pp. 198-205.
Belostotsky A., Nagibovich A., Pavlov A.
Numerical simulation of the stress-strain
state of a large-span structure with joints
with gap under the seismic loads in a tran-
sient dynamic // Int. J. Comput. Civil
Struct. Eng. — 2023. — Vol. 19. — No. 3. —
Pp. 165-172.

Malahova A.N. Pustotnye kessonnye plity
perekrytij monolitnyh mnogoetazhnyh
zdanij [Hollow coffered floor slabs of
monolithic multi-storey buildings] // Vest-
nik MGSU. — 2016. — No. 6. — Pp. 15-24.
(In Russian)

CIIMCOK JIMTEPATYPHBI

1.

Belostotsky A., Nagibovich A.,
Scherbina S., Vasileva T. Numerical
modeling of cast-in-place reinforced con-
crete bubble deck floor slabs utilized in
earthquake-prone region // Int. J. Comput.
Civil Struct. Eng. — 2025. — Vol. 21. — No.
2.—P. 187-199.

MxamyeB B.K. Bnusuus HecbeMHBIX Iy-
cTOTOOOpa3oBareneii Ha MPOYHOCTH 3a-
MIEMJICHHBIX M0 KOHTYPY MOHOJHTHBIX
KeJIe300€TOHHBIX TUIMT TepPeKphITUs //
CrpoutenbcTBO U peKOHCTPYKIUsA. —2024.
-T.2.-C. 3-15.

Tiwari N., Zafar S. Structural behavior of
bubble deck slabs and its application: Main
paper // Int. J. Sci. Res. Dev. — 2016. —
Vol. 4. —Iss. 02. — Pp. 433-437.

Ibrahim A.M., Ali N.K., Salman W.D.
Flexural capacities of reinforced concrete
two-way bubble deck slabs of plastic
spherical voids // J. Print. Iraq. — 2013. —
Vol. 06. — No. 02. — Pp: 9-20.

Valivonis J., Skuturna T, Daugeviius
M., Sneideris A. Punching shear strength

Volume 21, Issue 4, 2025

10.

11.

12.

of reinforced concrete slabs with plastic
void formers // Constr. Build. Mater. —
2017. - Vol.145. — Pp. 518-527.

Saifulla M., Azeem M.A. Comparative
seismic performance of a conventional slab
and flat slab over a bubble deck slab // Int.
J. Emerg. Technol. Adv. Eng. — 2017. —
Vol. 7. —Iss. 11. — Pp. 137-143.

Teja P.P., Kumar P.V, Mounika C.H.,
Saha P. Structural behavior of bubble deck
slab / In: Proceedings of the IEEE-
International Conference on Advances in
Engineering, Science and Management,
Nagapattinam, Tamil Nadu, India, 2012. —
Pp: 383-388.

Lakshmikanth L., Poluraju P. Perfor-
mance of structural behaviour of bubble
deck slab // Int. J. Recent Technol. Eng. —
2019. — Vol.7. — Iss. 6C2. — Pp. 865-870.
Varghese J.P, George M. Parametric in-
vestigation on the seismic response of
voided and solid flat slab systems // Int. J.
Innov. Sci. Eng. Technol. — 2018. — Vol. 5.
— Iss. 3. — Pp 256-258.

Nagashree B, Shariff S., Kumar M. Ex-
perimental studies on comparison of con-
ventional slab and bubble deck slab based
on strength // Int. J. Sci. Res. Dev. — 2017.
—Vol. 5. —1Iss. 3. — Pp: 1160-1162.
Opaosa M.JA., Muymkun M.A., EBTy-
menko WH.C., Bunorpagposa K.U., Erap-
muH K.A. AHanu3 npumMeHeHus 1mycToToo0-
paszoBarenell U3 PEeIHUKIMPOBAHHOTO ITOJH-
NpOMWIEHA TPU CO3JaHUU OOJIETYEHHBIX
MOHOJIUTHBIX TIepeKpbITHi. MccnemoBanue
pa3IMYHBIX  HAIPaBJICHUH  COBPEMEHHOM
Hayku: COopuuk MatepuanoB XXI Mexmy-
HApOJHOM  HAYYHOINPAKTUYECKOW KOH(e-
pennmun. Y.1. Mocksa. 2017. C. 562-567.
®Ouaumonona E.C. AHanu3 HanpskeHHO-
Nne(OPMUPOBAHHOTO COCTOSIHUSI MOHOJIUT-
HOM TUTUTHI TIEPEKPBITUS C ITyCTOTOOOpa30-
BatessiMu 1o cucreMe Cobiax Ha OCHOBa-
HUM DPa3IMYHBIX pacUeTHBIX Mojeneit //
Momnono#t yuensid. — 2022. — Ne 20 (415).
—C. 107-109.

143



Alexander M. Belostotsky, Alexander I. Nagibovich, Sergey V. Scherbina, Tatiana N. Vasileva

13. CTO 35546020.001-2016 «HecbemHas
onainyOka (mycToTrooOpa3oBaTead U CO-
enquHUTEeNbHBIE  My(dTH)) CHbdopmMa®.
OO01He cBeAeHUsT 0 TEXHOIOTMH, HOMEH-
KIaTypa u3aenuii. PekoMennanuu mo pac-
9eTy W KOHCTPYHUPOBAHHUIO MOHOJHMTHBIX
0e30a0YHBIX  TIAT  TEPEeKPBITUH  C
HecbeMHOM omnanyOkoit Cudbdopma® B co-
orBerctBuu ¢ CII 63.13330.2012».

14. CTO 38311046-001-2019 «MonHonuTHbIE
&Kene300eTOHHbIe 00JIeTYeHHBIE TIUTHI C
nycroToobpazoBatesimu Simkar. [TpaBua
MIPOCKTUPOBAHUS U BO3BEACHHUS.

15. PexoMmeHpanuu IO pacueTy MOHOJMUTHBIX
0e30aI04HBIX IIUT NEPEKPBITHI ¢ MyCTOTO-
obpazoBatensamu «Cumkap» (0e3 npeasapu-
TenpHOrOo Hampspkenus) / ®BI'OY BIIO
«MI'CY». —M.: MI'CY, 2014. -119 c.

16. Beaocroukunii A.M., Jyoumncknii C.HU.,
Aya A.A., Haru6osuu A.U., Apanacne-
Ba U.H., Ko3bipeB O.A., IlaBaos A.C.
BepudukanmoHHbIii OTYET MO MPOTrpaMM-
Homy komiiekcy ANSYS Mechanical (4
toma). — M.: 3A0 HUI[ Cra/luO, HOI]
KM MI'CY, 2009, 2024.

17. CII 63.13330.2018. beToHHBIE U XKEyE30-
OeTOHHbIE KOHCTpYKIUU. M., MuHCTpOH,
2018.

18. Structural Analysis Guide, Documentation
for ANSYS, Release 21R2. 2021.

19. Belostotsky A., Nagibovich A., Novikov
P., Vershinin V. Earthquake of buildings
and structures: regulatory ‘“must-do” or
scientifically substantiated results // Int. J.
Comput. Civil Struct. Eng. — 2024. — Vol.
20. — No. 4. — Pp. 241-252.

20. Dmitriev D., Novikov P., Petryashev S.,
Nagibovich A. Consideration of the seismic
impact’s wave nature in the design justifica-
tion of high-rise buildings seismic resistance
// Int. J. Comput. Civil Struct. Eng. — 2024. —
Vol. 20. — No. 3. — Pp. 198-205.

21. Belostotsky A., Nagibovich A., Pavlov A.
Numerical simulation of the stress-strain state
of a large-span structure with joints with gap
under the seismic loads in a transient dynamic
// Int. J. Comput. Civil Struct. Eng. — 2023. —
Vol. 19. —No. 3. — Pp. 165-172.

22. ManaxoBa A.H. IlyctoTHble KECCOHHBIE
IUTUTHl TIEPEKPBITHI MOHOJUTHBIX MHOTO-
9TaxHBIX 3MaHuil // BectHuk MI'CY. —
2016. — Ne 6. — C. 15-24

Alexander M. Belostotsky — DSc, Professor, Full Member
of the Russian Academy of Architecture and Construction
Sciences, Scientific adviser at Zolotov Research and Edu-
cational Center for Computational Modelling of the Na-
tional Research Moscow State University of Civil Engi-
neering; 129337, Russia, Moscow, Yaroslavskoe shosse,
26. E-mail: amb@stadyo.ru

Alexander 1. Nagibovich — engineer at Zolotov Research and
Educational Center for Computational Modelling of the Na-
tional Research Moscow State University of Civil Engineer-
ing; 129337, Russia, Moscow, Yaroslavskoe shosse, 26.
Leading calculation engineer at the Scientific and Research
Center StaDyO; 18, The 3™ Yamskogo Polya st., Moscow,
125040, Russia. E-mail: nagibovich@yandew.ru

Sergey V. Scherbina — engineer at Zolotov Research and
Educational Center for Computational Modelling of the
National Research Moscow State University of Civil En-
gineering; 129337, Russia, Moscow, Yaroslavskoe
shosse, 26. Calculation engineer at the Scientific and Re-
search Center StaDyO; 18, The 3™ Yamskogo Polya st.,
Moscow, 125040, Russia. E-mail: scherbine@mail.ru

144

benocmoyxuii Anexcanop Muxatinosuy — n.1.H., npodec-
cop, akamemuk PAACH, nayunbiii pykoBomutens HOILJ
KM um. A.B. 3onoroBa HanmoHnanbHOro McciaenoBaTeb-
CKOro MOCKOBCKOTO TOCYIapCTBEHHOT'O CTPOUTEIILHOIO
yHuBepcureta; 129337, Poccus, r. Mocksa, SIpociaBckoe
mocce, A. 26. E-mail: amb@stadyo.ru

Hazubosuu Anexcanop Heopeéuy — K.T.H., CTapIIAi
HayuyHbli cotpymHuk HOILL KM mMm. A.b. 3onortoBa
HammonaneHoro nccnenoBaTenbckoro MocKoBCKOTro roc-
YIapCTBEHHOTO CTPOHMTEIBHOTO YyHHBepcuTera; 129337,
Poccus, T. MockBa, SIpocnasckoe mocce, A. 26. Bexymmit
nmxenep-pacdetank AO HUI[ Cta/luO; E-mail: nagibo-
vich@yandex.ru

L]epbuna Cepeeti Buxmoposuu — urxenep HOLL KM um.
A.b. 3onoroBa HamnuoHanbHOrO HCCIIEIOBATENHLCKOTO
MOCKOBCKOTO TOCYJapCTBEHHOI'O CTPOUTEIBHOIO YHH-
Bepcuteta; 129337, Poccus, r. Mocksa, fpociaBckoe
mocce, 1. 26. Urxenep-pacuerunk AO HUILL Cra/luO;
E-mail: scherbine@mail.ru

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. Part Two

Tatiana N. Vasileva — engineer at Zolotov Research and
Educational Center for Computational Modelling of the
National Research Moscow State University of Civil En-
gineering; 129337, Russia, Moscow, Yaroslavskoe
shosse, 26. Calculation engineer at the Scientific and Re-
search Center StaDyO; 18, The 3™ Yamskogo Polya st.,
Moscow, 125040, Russia. E-mail: rabitfew@gmail.com

Volume 21, Issue 4, 2025

Bacunvesa Tamwvana Huxonaeena — nnxenep HOLl KM
uM. A.b. 3oimoroBa HaroHaIbHOTO MCCIIEIOBATEILCKOTO
MoOCKOBCKOr0 TOCYJIapCTBEHHOI'O CTPOUTENBLHOIO YHH-
Bepcuteta; 129337, Poccust, r. Mocksa, SpocmaBckoe
mocce, 1. 26. Umxernep-pacueraunk AO HUILL Cra/luO;
E-mail: rabitfew(@gmail.com

145





