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ABSTRACT : - This paper presesta numerical analysissing ANSYSfinite element
program to simulate the reinforced concreltes with spherical voidsvhen subjected tbve
point load Six slabswith length 1.0m width 1.0m, height (0.1m and 0.125ngnd simply
supported were modeled. Nonlinear materials behaviot, ratates to steel reinforcing bars
and plain concrete, and linear behavior &ieel plate is simulated using appropriate
constitutive models. The results showed that the general behavior of the finite element
models represented by the ledéflection cuves at midspan ultimate load, loagnaximum
concrete compressive strain curve, and crack patstins good agreement with the test data
from theexperimental testThe finite element models represented bywask can be used to

carry out parametric stly for theBubbleDeck slab specimens

Keywords: Finite Element Modeling; Reinforced Concrete Slab; BubbleDeck slab.

1- INTRODUCTION

In buildings, the slab is a very important structural member. And the slab is one of the
largest members consuming concréieln a general way, the slab was designed only to
resist vertical load. However, as people are getting more interest of resiggvironment
recently, noise and vibration of slab are getting more impofait addition, when the span
of the building is increasing, deflection of slab is more important. Therefore, the slab
thickness is on the increase. Increasing slab thickmed®s slabs heavier, and it leads to
increased column and base size. Thus, it makes buildings consume more materials such as

concrete and ste€l.
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To avoid these disadvantages which were caused by increaskvgeggit of slabs,
the BubbleDeck slab smm, also known as void slab, was suggestad system consists of
hollow plastic spheres cast into the concrete to create a grid of void forms inside the slab and
have a major contribution to the objectivesustainabléuildings®. This slab systerould
optimize the size of vertical members like walls and columns by lightening the weight of
slabs®),

In this paper, A theoretical analysis to predict the flexural (ultimate load, deflection,
concrete compressive strain and crack pattern) of bothaadidBubbleDeck specimens were
performed, using a nonlinear finite elemeANSYS 12)progranf) based on the three third
scale reinforced concrete slab tested through the PhD research.

2-DETAILS OF EXPERIMENTAL TEST

2.1 Outline of Program
Six slabs were tested, full details of their dimensions, arrangement of reinfeteelig

andloading set up are shown in Figure (1) and variables studied are given in Table (1).

2.2 Material Properties

For the slab specimens, the design compressivegsirexi 33MPa was used. The
concrete mixture proportions are presented in Table (2). For each series of casting, the
specified compressive strength is measured by testing three concrete cylinders. Different
sizes of reinforcing bars, 4 and 5mm were usedpacimens. For each bar size, three
samples were tested under tension. The yield and ultimate strength of different bars are given
in Table (3).

The plastic spheres used in this project are manufactured in Irag (SIABAH
factory), from recycled plastiwith different diameters of (64mm and 80mm). The purpose of
using recycled material is to curb consumption of finite natural resources such as oil and
minimize the burden on the environment through the cyclical use of resources, therefore the
recycling matial reduces inputs of new resources and limits the burden on the environment

and reduces the risks to human health.

2.3 Tested Method and Measurement
Specimens were tested under a-fpant load system using a five hydraulic jack and

a five loading plate to satisfy the actual loading condition. For all slab specimens, the first
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crack load, deflection at mispan, maximum concrete compressive straindnohate load

were measured.

3- MATERIAL PROPERTIES AND CONSTITUTIVE MODELS

Element Type

An eightnode solid element, Solid65, was used to model the concrete. The solid
element has eight nodes with three degrees of freedom at eactramslations in theodal
X, y and z directions. The element is capable of plastic deformation, cracking in three
orthogonal directions, and crushing. The geometry and node locations for the element type

are shown in Figure (2)

A Link 8 was used to model the steeinforcement. Two nodes are required for this
element. Each node has three degrees of freedom, at eactramdations in three nodal x, y
and z directions. The element is also capable of plastic deformation. The geometry and node

locations for this elment type are shown in Figure (3).

An eightnode solid element, Solid45, was used for the steel plates at the supports and
applied load location in the slab models. The element is defined with eight nodes having three
degrees of freedom at each nddenshtions in the nodal x, y and z directioitie geometry

and node locations for the element type are shown in Figure (4).

3.2MODELING OF MATERIAL PROPERTIES
3.2.1 Concrete

In compression, the strestrain curve for concrete is linearly elastic up to atR®dut
percent of the maximum compressive strength. Above this point, the stress increases

gradually up to the maximum compressive strength. After it reaches the maximum
compressivestrengthsCU, the curve descends into a softening regiod, @entually crushing

failure occurs at an ultimate str&. In tension, the stresgtrain curve for concrete is
approximately linearly elastic up to the maximum tensile strength. After this point, the
concrete cracks and the strengtbcreases gradually to zero. Figure (5) shows typical
uniaxial compressive and tensile stre®in curve for concrete. The present study assumed
that the concrete is a homogeneous and initially isotropic. The compressive uniaxial stress

strain relationkip for the concrete model is obtained by using the following equations which

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
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can be used to compute the multilinear isotropic ss&adn curve for the concréte® is as

shown in Figure (6.

-0 foro - - ééeeeeéééeececeééeecececeeeéee. . 8.
= for - - - éeeeeééeeceeééeceeeceeceeéee. 2) (
Q"Q for - - - ... eeeeéééeececeeééceceecedé(l
- =— for - - - .. éeeeééeeeceééeeeceeééedsd

The simplified stresstrain curve for each beam model is constructed from six points
connected by straight lines. The curve starts at zero stress and strain. Point A& a& 0.3
calculated for stresstrain relationship of the concrete in the lingange (must satisfy
Hooke's law). Point 5 is & and A& The behavior is assumed to be perfectly plastic after
point 519

3.2.2 Steel

Steel was assumed to be an elagédfectly plastic material and identical in tension
and compression. Poisssratio of 0.3 was used for steelimforcement in this study, Figure
(7) shows the stresstrain relationship used in this study. Material properties for the steel
reinforcement for all models are as follows:
Elastic modulus, Es= 200,000MPa, Poisson's mti0.3

4- ANALYTICAL METHODOLOGY
®» Graphical User Interface (GUI) method with ANSYS.
®» Modeling, Meshing Solution control, Loading, Solution, General ppsicessing,
Time history posprocessing.
All element types of working modelre shown in Tablg4), material properties for
calibration modelare shown in Table(5). Figures (8), (9), (10), (11) and (13how the
volumes created in ANSY,Sneshing, reinforcing modeling, symmetry of one quarter, and

boundary condition of external load, respectively.

5- NUMERICAL ANALYSIS AND COMPARISION OF RESULTS

5.1 Load-Deflection curves

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
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Deflections are measured at rsgan at the center of the bottom face of stab.
Figures(13) to (18) show the loadleflection curves for the control aBaibbleDeckslals for
experimental and analytical results. In general, the load deflection dorvdee slals from
the finite element analyses agree quite well with the experimental data. The finite element
load deflection curves in the linear range are somewhat stiffertbigaaxperimental plots.

After first cracking, the stiffness of the finite element models is again higher than that of the
experimentaklabs There are several effects that may causenigieer stiffnessn the finite
element models. First, micicracks ae present in the concrete for the experimesiaits,

and could be produced by drying shrinkage in the concrete and/or handlingstdl&heOn

the other hand, the finite element models do not include the 1miaaks. The micraracks
reduce the stiffnesof the experimentallals. Next, perfect bond between the concrete and
steel reinforcing is assumed in the finite element analyses, but the assumption would not be
true for the experimentadlals. As bond slip occurs, the composite action between the
corcrete and steel reinforcing is lost. Thus, the overall stiffness of the experirakzite
expected to be lower @n for the finite element moddWhich also generally impode
additional constraints on behavior).

The deflected shapes due to applied lea@sshown in Figures (16) to (24)

5.2 Loads at Failure

Table (6) shows comparison between the ultimate load of the experimental slabs and
the final load from the finite element model. The final load for the finite element model at the
last applied load tep before the solution diverges due to numerous cracks and large
deflections. It is seen that the ANSYS models underestimate the strengths of the slabs, as
anticipated. One explanation is that the toughening mechanisms at the crack faces, i.e. the
grain lridging process, interlocking between the cracked faces, crack tips blunted by voids,
and the crack branching process, may also slightly extend the failures of the experimental
slabs before complete collapse. The finite element models do not have thdsmisms.

Finally, the material properties assumed in this study may be imperfect.

5.3 Load-Strain Curves

Figures (25) to (30) show the load versus extreme compression fiber strain response
of the concrete slabs observed from experimental and analytical study (computer program)
for solid and BubbleDeck slabs. It is shown that the analytical compressive strains

corresponding experimental strains are very close throughout the entire loading.
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5.3 Crack pattern

The ANSYS program records a crack pattern at each applied load step. Figures (31)
to (36) show comparison of crack patterns between experimentalratedefiement at load
failure. The failure modes of the finite element models show good agreement with
observations and data from the experimental slebgeneral, flexural cracks occur early at
mid-span. When applied loads increase, vertical flexuraksrapread horizontally from the
mid-span to the support. At a higher applied load, diagonal tensile cracks appear. Increasing
applied loads induces additional diagonal and flexural cracks. Finally, compressive cracks
appear at nearly the last applied Istdps. ANSYS program displays circles at locations of
cracking or crushing in concrete elements. Cracking is shown with a circle outline in the
plane of the crack, and crushing is shown with an octahedron outline. The first crack at an
integration points shown with a red circle outline, the second crack with a green outline, and
the third crack with a blueutline®),

6- CONCLUSION

In this paper, nonlinear finite element analyses of reinforced concrete slabs with
plastic spheres are performed. Basadle numerical results, the following conclusions may
be drawn:

1. The general behavior of the finite element models represented by theetaction
curves at midspan show good agreement with the test data fromskies tess.
However, the finite element models show slightly more stiffness than the test data in
both the linear and nonlinear ranges. The effects of bond slip (between the concrete and
steel reinforcing) and microcracks occurring in the actlels were excludedn the
finite element models, contributing to the higher stiffness of the finite element models.

2. The loaddeflectioncurvesfor selected locations from the finite element analysis show
fair agreement with the test data.

3. The final loads from the finite eent analyses are lower than the ultimate loads from
the experimental results. This is probably dieignoring the effects of concrete
toughening mechanisms

4. The load carrying capacity of thBubbleDeck slabpredicted by the finite element
analysis idesser than that of theontrolslab (solid slah)

5. The crack patterns at the final loads from the finite element models correspond well with

the observed failure modes of the experimesitis.

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
2C



FINITE ELEMENT ANALYSIS OF REINFORCED CONCRETE SLABS WITH SPHERICAL VOIDS

7- REFERENCES

1- J.H. Chung, B.H. Kim, H.K. Choi, S.CLeeand C.SChoi : AFl exural <cap
slab with materi al propertieso. Proceeding
(2010).

2-J. H. Chung, N. K. Ahn, H. K. Choi . and C. S.
holl ow sphere s hapumal ofithe Kdnea linstitute fors structoral . Jo
maintenance. (2009).

3J. H. Chung, H. K. CHOI , S. C. LEE, J. K. Oh.

| mpact of Hollow Sphere on Biaxial Hol | ow
the architectural ingute of Korea. (2009).

4- Ing. A.C. Fuchs Deputy Directori Bub bl eDe c k F lAm dmovatt/g st e m
Sustainable Floor Systemo BubthéNethezlantls, Net he
(2009).

5- SchellenbachHe | d , Stefan Ehmann, Ka NewtVeéags inPf ef f e
Concrete Buildingo. Technical University D

6- ANSYS, "ANSYS Help", Release 12.0, Copyright (2009).

7- Desayi, P. and Krishnahtr aSi.n Quergvudaudraaio nC o rocr
of the American Concrete Instte, 61, pp. 34850, March (1964).

8 Ger e, J. M. and Ti moshenko, S. P., A Me c |
Company, Boston, Massachusetts (1997).

9- Wol anski A. J., AFl exur al Behavior of Rein
Finite Element Angl s i s 0, M. Sc. Thesi s, University of

10- Kachlakev,D. I. and Mccurry D.l.fiSimulated Full Scale Testing of Renforced Concrete
Beams Strengthened with FRP Composite: Experimental Reandl Design Model
Ver i fi cUaited oState Department ofTransportation, Fedral Highway
Administration (2000).

11- Chen W. F., "Plasticity in Reinforced Concrete", McG1idill Book Company, (1982).

12- DesayiP., and Krishnan, S., "Equation for the Str8ssin Curve of Concrete", Journal
of the American Concrete Institute, Vol. 61, March (1964), pp- 386.

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
21



FINITE ELEMENT ANALYSIS OF REINFORCED CONCRETE SLABS WITH SPHERICAL VOIDS

Table (1) Properties of Tested Slab Specimens

' : Slab Bubble No. of :
No. S%ea(ﬁ]n;en L(%]r%t)h m?;? thickness | diameter| B/H plastic '\;PCN] Mfg (=Jl/
H (mm) | B (mm) spheres | (MPa) | (MPa) | (%)
1 SD2 - - -- 33.13
0.44
2 | BD2-bu 64 100 64 0.64 144 34.66 3
3 | BD2bu80 | 1500 | 1000 80 0.80 100 33.34 | )
4 SD3 - - - 32.14
5 | BD3-bu 64 125 64 | 051 | 144 | 34.66 028
6 | BD3-bul00 100 0.80 64 33.34
oo
Table (2): Concrete Mixture Design
w/c Ratio toGive
Designation %kzrpn%?t Aggregate (kg/f) (\Ii\g/g?:r?; Slump
Sand Coarse’ 140t10%
C33 425 735 1015 225 0.53
* Maximumsize of aggregate was 10mm
Table (3): Test Result of Reinforcing Bars
Nominal Measured Area Fy Fu
Diameter (mm) | Diameter(mm) (mm?) (MPa) (MPa)
4 4 12.566 550 835
5 4.994 19.588 550 817

Table (4). Finite Element Representation 8fructural Components

Structural Component

Element Designation in ANSYS

Concrete SOLID 65
Reinforcement LINK -8
Steel Plate SOLID 45

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
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Table (5): Material Properties Parameters for Slab Specime

Material Type Parameter Definition Value
“chi Ultimate compressive strength (MP|| 33.4
Q Ultimate tensile strength (MPa) 3.1
) 0.32
. Shear transfer parameters
0 0.52
O Young6s modul us 27163

Concrete _ _

g Poil ssonNjs r 0.2

Definition of stressstrain relationship for concrete

Stress (MPal 0 10.02 | 21.55| 27.59 | 32.31 | 334 | 334

Strain 0 | 0.003689| 0.0009| 0.0013| 0.0019 0.00245| 0.003
O Modulus of elasticity(MPa) 200000
Reinforcement g Poissofsjratio 0.3
Q Yield strength(MPa) 550
O Modulus of elasticitf{MPa) 200000
Steel Plates
g Poissoidjratio 0.3

Table (6): Comparison between experimental and numerical resu

Experimental Finite Element Analysis ” 0 =L ”_
Slab nams Ir—
Per. Pu xR Per. P (kN) xR O 3 8r
(KN) (KN) (mm) (kN) B (mm)

SD2 116 552 25.4 113 537 26.4 1.03
BD2-bu64 108 550 27.0 96 533 28.3 1.03
BD2-bu80 95 491 24.3 90 476 25.2 1.03

SD3 149 707 21.0 151 685 20.7 1.03
BD3-bu64 139 704 23.0 140 684 22.5 1.03
BD3-bul00| 122 634 20.63 117 618 21.6 1.03
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(c) CrossSection in BubbleDeckSlab

Figure (1): Details and Dimensions of Test Slab Specimens

Tetrahedral Option
(not recommended)

Figure (2): SOLID 65 Geometr{p.
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Figure (5): Typical Uniaxial Compressive and Tensile Str8#siin Curve of ConcretéV.
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Figure (7): StressStrain Curve for Steel Reinforcement
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Figure (8): Modeling of BubbleDeck Slab as Volume
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AN

SLENERTS MAR 29 2012
11:39:26

Figure (9): Meshing of BubbleDeck Slab

' (e
ELEMENTS MAR 29 201
09:21:21

Tension Steel Temp. & Shrin. Steel
Reinf. Reinf.

Figure (10): Reinforcement Modeling.
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| 09:52:40

Figure (11): Symmetry of One Quarter.
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Figure (12): Boundary Condition for External Load
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Figure (13): Load-Deflection Curve for (SD2)

Diyala Journal of Engineering Sciences, Vol.® No. 04, December2013
28



FINITE ELEMENT ANALYSIS OF REINFORCED CONCRETE SLABS WITH SPHERICAL VOIDS

( )
BD2-bu 64
600
500 -
~ 400 -
Z
=
- 300 -
I
S
200 -
—a— EXP
100 -
—— FEM
0 T T T T T T
0 5 10 15 20 25 30 35 40
Central Deflection (mm
\ ( ) y

Figure (14): Load Deflection Curve for (BDz2bu64)
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Figure (15): LoadDeflection Curve for (BD2bu80).
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Figure (16): Load-DeflectionCurve for (SD3).
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Figure (17): LoadDeflection Curve for (BD3du64).
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Figure (18): LoadDeflection Curve for (BD3ul100).
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Figure (19): Deflected Shape for (SD2)
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Figure (20): Deflected Shape for (BDBu64).
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Figure (21): Deflected Shape for (BDBu80).
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Figure (22): Deflected Shape for (SD3)
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Figure (23): Deflected Shape for (BDBu64).
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Figure (24): Deflected Shape for (BDBu100).
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Figure (25): Load-Strain Curve for (SD2).
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Figure (26): Load Strain Curve for (BDz2bu64).

4 )
BD2-bu 80
600
500
S 4001
=
< 300 -
I
o
— 200 -
—a— EXP
100 -
—— FEM
0 A
0 05 1 15 2 25 3 35 4 45 5
Strain *1E-3(mm/mm)
\\ J

Figure (27): Load-Strain Curve for (BD2u80).
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Figure (28): Load Strain Curve for (SD3).
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Figure (29): Load Strain Curve for (BD3du64).
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Figure (30): Load Strain Curve for (BD3ul00).
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FINITE ELEMENT ANALYSIS OF REINFORCED CONCRETE SLABS WITH SPHERICAL VOIDS

(a) Experimental.

AN
CRACKS AND CRUSHING 29 2012
STEP=1 10:52:46
SUB =75
TIME=1
Sib

sD2

(b) Finite Element Analysis (One Quarter).

Figure (31): Crack Pattern at Ultimate Load for (SD2).

(a) Experimental.

AN
CRACKS AND CRUSHING MAR 29 2012
STEP=1 12:23:32
SUB =100

TIME=1

BD2-bu64d

(b) Finite Element Analysis (One Quartel

Figure (32): Crack Pattern at Ultimate Load for (BExRI64).

(a) Experimental.
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BD2-bu80

(b) Finite Element Analysis (One Quarter

Figure (33): Crack Pattern at Ultimate Load for (BEx80).
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FINITE ELEMENT ANALYSIS OF REINFORCED CONCRETE SLABS WITH SPHERICAL VOIDS

(a) Experimental (b) Finite Element Analysis (One Quarter)

Figure (34): Crack Pattern at Ultimate Load for (SD3).
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(a) Experimental (b) Finite Element Analysis (One Quarter)

Figure (35): Crack Pattern at Ultimate Load for (BEnRI64)
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(a) Experimental (b) Finite Element Analysis (One Quarter)

Figure (36): Crack Pattern at Ultimate Load for (BEx8i100).
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