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SUMMARY

Theresearcltoncentrated ostudyinga behavior ofthe deep compositieckComFlor210under

a concentrated forgalaced on a rib at differembcations The research is essahtbecause the
procedure to establish the effective width, over which the concentrated force is distributed, in a
case ofthe deepcomposite dck is outthe scopeof Euromde 4. InEurocode 4he procedure to
calculate the effective width is applicalite slabs with narrowly spaced websly (the ratio of

rib width to the rib spacing does not exceed).Olte distribution of a concentrated force in a
composite slab ComFIBt0 was studied numerically and analytically.

The finite element analysisf the composite slam the simulation environmenfbaqu¢CAE

was performedusing the material properties and geometry of a tested speeitmiéd Delft i
composite slab ComFlor21@ith one reinforcement in the top dedk order to conducta
parametric study on a composite slab with varying load positions and geometry properties, the
finite element model includethe entireslablength and dlreinforcementpresent in a slab in
reality.

The createdfinite element modelwas verified by making a comarison with results of a
conductedestat TU Delft performed by M. DrachtThe finite element model of a composite

slab with5.4mspanand one reinforcement meshthe top declshowed good agreement with

test result$n the elasticstage

The parametric study of composite slab ComFlor210 loaded with concentrated force 60kN
revealed that im slab with spans 3.2m and 5.4heload wasdistributedover three midk ribs,

as the contribution of two outer ribs was less than 10%. Howevarslab with7.2mspan the

load wasspreadover all five ribs(contribution of two external ribaccounted foR20%) The

finite element analysis showed that the failcrigerioni exceeding the bending resistance of the

rib T was reachedfor slab with 7.2m span under design load combination of dead, live and
concentrated load 60kN applied halfway the span on the middladditionally, for slabs with

span longer 5.4m under arsbination of dead load and concentrated force, the serviceability
requirement (maximum deflectionda{250) can be violated at a load lower 60kN.

The parametric studgn acomposite slab ComFlor210 loaded with concentrated force 145kN
showed that wth increasing the area of rib reinforcement and the thickness of steel sheeting the
composite slallisplaysstiffer behavior inthe plasticzoneof the load-deflectioncurve. Forthe

elastic part of the loaeleflection curve the variation in crossectional peameters causes

minor change imslab response.

The proposedengineering modelvas unableto predict the deflection of theompositeslab
under concentrated load inaGadingrange 1840kN with the desiredaccuracy The assumptions
that the modulus of elasticity of cracked concrete equatethird of not cracked material
probably,lead to an underestimation of rib bending stiffness at low load level.
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1 INTRODUCTION

The chapter | is presented in the following order,FSgarel.1.

1.1 General % | 1.2 Composite deep| | " R > N 1.40utline of the
information l—/ deck ComFlor210 l—/ Lalhesisohiecivg l—/ report
\ \ \ \
Figure 1.1 Chapter | overview

1.1 General information

Compositedeckspanning in one directiaconsists oprofiled steel sheetingast insitu concrete
and reinforcement mesheand bars (Figure 1.2, [1]). In practice the composite construction
prevails inthe nonresidential multistoty sector like industrial and commercial buildings due to
the labor andmaterial efficiency it combinetogether with good structural performanddne
application ofcompositedecks in the building industry has many advantatiese.g. low-self
weight of the floor, adjustable floor height and faster construction proceslunéher benefit of
using a composite element in construction is that steel sheeting can function as permanent
formwork supporting the concrete layéitom the structural point of viewthe profiled steel
sheeting acts as external reinforcembatping to rest the tensionforces arisen fromthe
positive bending momerin the slab.The resistance & composite slab is affected by different
factors, such athe compressivestrength of concreteahe thickness of the steel sheeting and
overall geometry of the slab.

\ Slab Width, b |
I

posite Sla
Buteof Plane Composite Slab

Longitudinal
Transverse

'] Lmjw—\
Rib
Slab Steel Decking

Figure 1.2 Composite slab(Gholamhoseini et al2014)

Slab Span, L

Reinforcement

The transmission of the horizontal forces occurs at the corsteste interface; therefore, the
adequatenteractionbetween these two layers is of significant importance in order to guarantee
the sufficient composite behavior. The composite actimtwe concrete and profiled sheeting
can benstalled indifferentways(Figure1.3), for example, by mechanical or frictional interlock,
end anchorage provided by rib deformation or welded studs.
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I mechanical interlock

2 frictional interlock

3 end anchorage by through-deck welded studs

4 end anchorage by deformation of the ribs

Figure 1.3 Types of interlocks inthe compositeslab (Eurocode 4

Analysis of internal forces and moments tife composite slab iperformed fortwo design
situations:

1 Design ofprofiled steekheetingas shuttering.

1 Ultimatelimit statedesign
Two design methodsf the composite slab are proposed in Eurocode 4: dhaad method, also
known asthe m-k method, and the partial connection method. Both methods arecgagmrical
and requireextensivetest program in order to verify the resistance of composite slab under
service and ultimate loads.

If the concentrated load iactingon the slahthe concept of the effective width is implemented.

The basic principles for effective width determinatioa provided in Eurocodé [2]. Forthe

deep slab, i.e. height of the slab is more than 200mm, the given principles are not elaborated;
thus, theadditionalanalysis is necessargspecially when high concentrated loads resulting in
high internal shear forcexct on thestructure Because of the ribbed geometry and comparatively
thin top concrete layenly limited distribution of the local loads possible The horizontal
distribution of the point load over the ribs in the composite deck has been studied before in the
works of MS. Dracht[3] and M.Michalaki[4]. However thefinal results ofthe analytical model
proposed by M. Dracht diverged fratme resultsof laboratory tests and finite element analysis.

It was stated thafurther research isieededo achieve better accuracy of the analytical model
and finite element model

1.2 Composite deepdeck ComFlor210

The compositedeck in whichthe height of the rilaccounts for more tha60% of the total deck
height is regardechsa deepdeck. Themainadvantage of thdeep slalis that itcan sparovera
largerdistanceDifferent types ofdeepdecks are present on the markbe particular interest of
this study is the behavior of composite deep deck Con2Bl@munder concentrated load.
Thegeometryof ComFlor 210s shown belowFigurel1.4 [5]).

18



425
52 546 56
Working width = 600 mm

Figure 1.4 SectionComFlor 210

The utilization of deep profile generates an efficient metal deck due to less concrdtested
massusedwhen compared to the solid concrete flobne embedded steel profile helps reduce
transport and installation cosfghe application othesection allows spanng up to 5.3nin case

if no shear studs are usfg]; consequentlywith shearconnectorsthe possiblespanning is even
larger. Temporary propping is not needed for spaimsa up to 5m; for large spans, propping
becomes necessary during construct®alvanized steel FeE280G wislhguaranteesninimum
yield strength of 280 Mnmzis utilized for profiled sheeting5]. The thickness of the sheeting
canbe 1.0mm and 1.25mniChe minimal floor thickness with ComFlor218350)profile is to

be BOmm; this height of the slab is considered for the finite element anadythisstudy.

1.3 Thesis objective

The scope of the work is tstudy the behavior odin orthotropic composite deckomFlor210
under concentrated logudaced on a rib at various locations

Themain objectives of the study are:
1 Creation ofengineeringnodel of the composite slab order to estimate the behavior of
composite slab under concentrated load and to provide the mathenoatiéat engineers
91 Development ofthreedimensionalfinite element mode(FEM) of the composite slab
ComFlor210using Abaqus/CAE based on exmgtexperimental data.
1 \Validation ofthe proposedinite elementmodel by making a comparison of thristing
experimental results and those of finite elenaaralysis.
1 Conduction gparametric studyn order to estimate the impact of the changiiféerent
parameters, e.g. mesh sensitivity, conestéel interaction propertiespncrete properties
etc., on thdinite elemenimodelcreatedn Abaqus/CAE.
1 Conduction a parametric study on composite slab ComFlor210 with different length and
geometry properte
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1.4 Outline of the report

The thesis consists oégenchapters

Chapter 1 gives a briefifroductioninto the composite slatend characteristics of ComFlor210
followed by objectivesf the study.

Chapter 2 presents a literature review onsthigiect including thereview of scientific works and
finite element methods available for composite slabs

Chapter 3 provides a detailed descriptiothefmodelingsubject.
Chapterd introducesanengineeringnodel.
Chapters deals with numerical motieg of the compositeslabin Abaqus/CAE.

Chapter6 includes the parametric study composite slab ComFlor210 of different length and
various load positioning

Chapter7 presents the evaluation of the results followed by the recommendations for further
research.
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2 LITERATURE REVIEW

In this chapter, the development and recent investigations in the field of composite slab behavior
underconcentrated load are described. Additionally, a brief introduction into the finite element
modeling of the composite slab is presented. Literature study is based on the works M. Dracht
[3], M.Michalaki[4] and others.

The chapter is given in the following order, $egure2.1.

2.1 Distribution of b, 2.2Rv%|r(le<vsv gr]; ?ﬁ;ent'f' B, Ze'i‘ge:?q(z\rqfvmvec?;lggge B, 2.4Plate theory in
concentrated load ; distributi o0t , ilable f : , application for
according to Eurocod L,/ istribution of point L|/ available for composit L|/ composite slab
load in composite slal slabs

Figure 2.1 Chapter Il overview

2.1 Distribution of concentrated load according to Eurocode

Eurocode 1[6] provides values of the concentrated fotceacting on the building element in
according with its functionThese values vary from 2.0kN to 7kN depending on the category of
the loadedarea.The dimensions of the loaded area may be assumed as a squagesidith
length of 50mm for concentrated loads up to 7kN and as a squara swithlength of 200mm
for greaer load valuesOn a roof with a profiledsurface the concentrated foras distributed
over the effectivewidth, and he procedure to determine theffective width in a case of a
shallow composite dedk given in Eurocode @] (Figure2.2).

b,

N
s

Key
1 finishes
2 reinforcement

Figure 2.2 Distribution of concentrated load Eurocode 4

As mentioned the effective width concaptapplicableto the composite slabsith narrowly

spaced webs for which the ratiordd width to the rib spacing does not exceed €hé procedure

to establishthe effective widthfor the deepcomposite decks out of scopeEurocode 42]. It

means that the distribution of the bending moment caused by point load acting on the slab should
be assessed individually in each situatibhereforethe distribution of a point load over the slab
width is an open questiamwadaysSome research hasdredone on this subject, information
about which is to be presented in this chapter.
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2.2 Review of scientific works on the dstribution of point load in a composite
slab

Researchon the distribution opoint loads in deep deckS8omFlor210had beenconductedoy
Bodeetal. [7], from which it became knowtthata concentrated loaghlacedbetweertheribs of
the compositeslab with a concrete heiglf 75 mm anda concrete strength of C20/2§,not
critical for the punching shearerification. On the contraryt was concluded thahe vertical
shear capacitgften becamedecisivefor ComFlor210resistanceAdditionally, it was found that
the shearcapacity of thesteel sheetingould be summed up withatof the concretén orderto
reflectactualvalueof the totalshearcapacityof the slab

In the work of Stark et al[8] regarding the structural behavior shallow composite slab
ComFlor60 under concentrated load, it was stated that half of the point load was carried by the
centralrib, in themeantimethe quarter of the applied load has been transferred to theeatl]

ribs on each siddt can be expected that in a case with deemposite slab ComFlor210 the
distribution of concentrated force will follow the tendency observethéshallow deck: the

loaded ribwill carry most of the load and adjacent ribs vaélarthe rest of the logchaturally,in
different proportionallythan in shallow composite slab

More information abouthe horizontaldistribution of concentrated load in the composite deep
deck can be found in the work of M. DradBt. He studied the behavior of ComFlor210 with
different section arrangement under point |daath analytically and numericalhAn analytical

model wasa two-dimensionaimodel of the slalstrip over its width. The ribs were assumed to

act as translation springs supporting the top part modeledcastinuousbeam. The three
dimensionabehavior of the composite slab was included in the model by adding the parameters
such as the translation spring stiffness, the rib rotation resistance, the bending stiffness of the top
slab and the distributive lengtiMeanwhik, the problem with the concept of the ribs acting as
separate beams was discovered during the laboratory testing. The values of translation stiffness
of the ribs in the analytical model were different from experimental results. Therefore, the model
cannotbe used in the present state.

The conducted laboratory testiog composite slab ComFlor2]8] at TU Delftgave sufficient
information abouthe composite slab behavionder concentrated loadhenthe slabis simply
supported andhe load is applied at the middle of the sldbwas shown that the presence of
reinforcement mesh in the slab influences the horizontal load distribution, and the effect
becomes more pronouncedhen load increaseédditionally, the effective width length, over
which the point load is spread, is influenced by the number of reinforcement rreshdsd It

was found from the testing thtte load spreaover all five ribs in the width directiowith two
meshesyet, with one meshor no mesh at all the concentrated loadasriedby three middle

ribs.

22



2.3 Review d finite element methods availabldor composite slab

Different models have been offered for finite element analysiscomposite slab; most of these
models took irconsideration the shallow composite decks.

Veljkovic [9] made a thredimensionalnonlinear analysisof composite slab in DIANA to
study the behavior of interface between concrete and steel shéxim@f thecharacteristis of
this model was themodeling shear interactiorbetween twomaterialswith nodal elements
properties for whiclwerederived fromthe pushand pultpushtess, i.e. smallscaletests.Based
on the FEM results, the partial connection sttemgethod wastroduced as a design methiod
which the mechanical interlocking parameter canadpisted for any sheeting profil@his
model showedoodresuls for shallow composite slabs.

Michalaki [4] created a finite element model of composite slab ComFlor210 in DIANA in which
the concept ofheweakconcrete zone was implemented nonlinear analysisgogether withthe
effective area oprofiled steel sheetingThe weak zone model suggested dividoogmcreteinto

three parts with each part having different elastic modulus; this way the cracking of condrete ha
been taken into accouniThe results upto elastic limit showed good agreement with
experimental findings; however, the results up to the slalfailure were conservative.
Additionally, the created model displayedly a quarterof the composite slab, which means it
only can be used under symmetrical boundary and loading conditions.

Attarde [10] made a nonlinear finite element model thfe shallow composite deck in
Abaqug$CAE in order to study the effect of implementation of different concrete type, namely
engineered cementations composites andceglfolidating concretedis study proved that ¢h
displacement control analysisa Abaqus isa better option for simulaion the behavior of
composite slalthan load control analysiddditionally, the concrete damaged plasticity model is

a favorable choice among all concrete models available inptbgam to define concrete
behavior.

Considering the finite element models above, an initial decisidgheodevelopment ahe finite
element modelin Abaquscan be madelmplementation of displacement control analysis,
modelingof the wholecomposite slaltogether with all rimforcement present in the sland
usageof concrete damage plasticity model might be the possible staxingsto createa finite
element model

2.4 Plate theory inthe application for composite slab

The dabis a general term for eoncrete plate that subjected to a load perpendicular to its plane.
The plate theory, therefore, is applicable for sldbslate theory11] the distinction is made

between thick plates and thin platedbe main difference between the two plate types is that in a
case of thin plates loaded perpendicularly to their plane the shear deformations can be neglected
while for thick plates both bending and shdaformations havéo be taken into account. The
composite slab ComFlor210 can be regarded @sn platebecausets depth much smaller than

the length.

23



The analysis of thin plates is based on the assumptions:

1 No membrane forces occur due to support constraints and thelami of the slab
remains stailess after load application

1 The draight line normal to the migblane of the slab in unloaded situation remains
straight but not necessarily normal to the 1pidne of the slab after load application.

1 Stress in the direction normal to the nApicne ofthe slab is assumed to be zero.

1 Shear deformations due to applied load are negligible.

Plate theory formulation forthe isotropic and homogeneous structure is straightforward and
composed of kinematic, constitutive and equilibrium equations that relgteesdeof freedom,
deformations, stress resultants and lo@dsach other. The displacememtof the plate under
point loadF can be found by solvinthe differential biharmonic plate equatio2.1) with respect
to thegoverningboundary conditionfL1].
ovngog O (2.1)
In equation2.1) D is a stiffness term fdheisotropicplate andt is the Laplace operator.
The ompositeslab is an example afon-homogeneous andorisotropic plate, thus, the
stiffness of the orthotropic plate cannotdgressed imne term. Nowor the two-dimensional
orthotropic platen commonly used -y coordinate system foutiffnesse should be determined
Dxx Dyy, Dyx, @andDyy. Thesedifferent stiffnesses should be taken into accoumimesponding
kinematic andconstitutive equationgor example pending morentmy, becomes then a product
of plate stiffnes®,xand curvaturdy.
The boundary conditions for twdimensional simplysupportedn length directionorthotropic
plate will be
1 Atsupported edgav=0and’ 0j? w T (displacement and second derivative are
zero).
1 Atfreenotloadecedgemy=0andv T & |1 & m (momentandshear forcare
zero).
When the sectioproperties of the platare established, the displacement of the plate can be
found by solving the differential equati@®.1) with prescribed boundgrconditions However,
finding theinitial expression foplate displacemenby handcan be difficult andof limited
accuracy, especially a casevhen orthotropic plate does not haveyametricalmid-plane. In
thatcase the plate should be dividadto multiple element®f relativdy small sizein order to
gain the desired accuracgnd eachsuch element will havewn displacement expression.
Solving all these expressions simultaneously will require an enormous effort droser;
therefore, inpractice these equations are solved with the helmwoferical software. Many
finite element programs include the theory of plate in the code in ordeake it feasible for a
user to analyzéhe structuralbehaviorof a plate withcomplicatedgeometryand diffeent cross
sectional propertieBecause one of thabjectivesof this work is assessirte performanceof
the compositeslab with a numerical model, the manual application of plate theory for
orthotropic slalwill not be elaborated further.
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3 Modeling object

3.1 Geometry

The object of the modeling is a composite slab ComFlor210, which consists of four main
elementsj. e. profiled steel sheetin@omFlor, concreteC20/25 reinforcement meshn the top
deckwith main and cross wiregx & andmeshsize 150mmx150mirandsteelbarsn ¢ min the

ribs. The composite slab is modeled with five ribs, and three arrangements of reinforcement
meshes installed in the top concrete deck are distinguished: no mesh, anddslo meshes.
Thecorrespondingrosssectiors of the composite slab ashown onFigure3.1.

300 | 600 | 600 | 600 ] 600 | 300

300 | 600 | 600 | 600 | 00 | 300

3000

Figure 3.1 Cross-sections ofthe compositeslab, from top to bottom: no mesh, 1 mesh, 2 meshes

The thickness of the concrete top deck is 70mm, while the whole thickness of the slab is 280mm.
The steel bar ¢ Tis placed in the rib center at a height of 56mm from the bottom of the slab.
The position of the top and bottom mesh wieating fromthe top of the slabis at a height of
19mm, 27mm and 48mm, 56mm respectively, and giveRigure3.2.
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Figure 3.2 Detailed crosssections of the rib, from left to right: no mesh, 1 mesh, 2 meshes

Generally, the slab width is a variable parameter; it can be formed by adding different numbers
of therib to each otherWith the cener-to-centerdistancebetween ribseing600mm the slab

with two ribs will have a width 1200mnsjabwith three ribsi 1800mm, etc. In thistudy, the
starting point is to consider five ribgshich gives theslab width 3000mmutmost The slab

length is 5400mm.

3.2 The effective area of a steel deck

The steel sheeting has a complex shape due to embossmelaisgitudinaldirection. Although

the presence of sunkemdrisen relief on a plain stesheetings a functional improvemerdf

this element because it introduces additional composite action between concrete and steel deck;
yet, the area with embossments does cmftribute to the bending slab resistance the
longitudinal direction whenthe slab is mainly subjected to bendinghus, instead of whole

profile, the effective area of profiled steel sheeting should be used in calculations of the bending
moment capacityAnd this raises a questiowhich part of a steel deckan be considered
effective.

M. Dracht[3] used for his analytical model the effective deck area of 572.1mmz2. This area is
shownin Figure3.3.

Wwolz

Figure 3.3 Effective steel arealyl. Dracht, 2015

Van Erp[12] in his work conducted severalll-scaleexperiments irorder todeterminethe
longitudinal shear resistance of ComFlor210, and one of the objectives waedsurethe
effective area of steel decisinga large number ddtrain gaugesluring testingEven though it
was stated that more tesare necessary to establigh effective areamore accuratelyit is
decided to use Van Erpalue of effective steel area in this stuthther than making an
assumptionTherefore, the effective steel arisaan averag value whereffective area of all
specimes are summarizedand then divided by numberof specimensThis value equals
559.25mm?2 which is slightly lower thahe valueof M. Dracht. The detailed information about
the effectivearea of ComFlor210 is given AppendixA.

26



45 45

_‘f_‘r

%

v

Figure 3.4 The dfective area ComFlor210

3.3 Boundary conditions, applied load and possible failure modes

The composite slab is simply supported on the short sides; the other two sides arbdree.
supports are positioned 100mm away from the slab edtéesis depictedn Figure3.5 where
the top of the slab is shown together with rib positions, which are indicated by horizontal dashed

lines, and support locations, which are indicated by vertical dashed lines.
L/4 L/4

Free edge

A g e
|
|

“r1--
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3000
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Support
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[ S [ Y

Free edge
100 100

L=5400

Figure 3.5 Compositeslab: boundary conditions

Theconcentrated load F is applied on top of the slab. The position of the load can vary, however,
for setting the engineering model it has been chosen to place the point load abwemeeticf
the middle rib at a half span length and at a quarter of the ldpane, two locations of the point
load are consideredrigure3.6):
i at a half span length, which is 2700mm,;
i at a quarter of the span, i.e. 1350mm.

27



Load area

[ 150mmx150mm Z

o 1o
|
|
|
|

B e Bt e

| |
[
[
|
3000

[ O U N
i

[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
L

1500

||
||
||
||
||
||
||
||
'

Y N R B

2700 ‘ . 1350
1[ 5400 [

Figure 3.6 Composite slab: load application

The area of carentrated force application is 150mmx150mm. This area is smaller than
200mmx200mnmentioned in Eurocode [6] in a case when loads higher 10kN are specified;
however, for the consistency with experiments the same loaded amedeacht[3] work is
considered inthis thesis.

The concentrated load F has different magnitudes for each slab typis thatieled These
magnitudes of concentrated load are giveifaible 3.1. The maximumconcentratedoad does

not exceed 60kN; this is because the engineering model is based on elastic ansipsags
sectionand because during the testing stetavior was elastic approximately up to 60kRor

load applied at the quarter of the span the highest magnitude is difféi@ki instead of 60kN;

this is because the slab with load application in the quarter of the span was loaded up to 50kN
duringalabaratoryexperiment.

Table 3.1 Concentrated load magnitude

Slab type| Magnitude F | Unit
LSDaI’/2 (Lsparl4)

no mesh
1 mesh ég ggg Q0
2 meshes

When the loads positionedon the compositeslabas it is shownn Figure 3.6, threepossible
failure modes can be distinguished:
1 Failure of the rib due to exceeding bending moment capacity or vertical shear resistance
M.
1 Failure of the interface betwedmerib andtop deck due to vertical she).
1 Longitudinal shear failure (llI).

The locations where such failure might ocaveshownin Figure3.7.
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Figure 3.7 Failure modes: I rib failure due to bending or vertical shear,
II 7 interface failure due to vertical shear Il 1 T longitudinal shear failure

Flexuralfailure occurs whethe plasticbendingcapacityof the compositeslabhas been reached.
For this failure mode to take place the excessive yielding of steel sheeting and sufficient
rotational capacity in the crosection are necessary to develbpngitudinal shear failure is
accompanied by concrete slipping over #teel sheeting; the maximum load reached in this
failure mode can be of less magnitude than in a case with flexural fi@ur&ertical shear
failure is associated with vertical shear resistancéhefcompositeslab. This failure mode
usually occurs a locationwith the largest shear forc@rigin of failure mechanism depends on
many parameters; one of them is a slab lengtinallis short slabs are likely to fail in vertical
shear; while long slabs are prone to flexural faillires worth to mention that when point load is
moved toarother location, for instance, between the ribs, fhessiblefailure modecan be
punching shar ofthe concreteop deck.
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4 Engineering model

This chapter deals with settitige engireeringmodel ofthe compositeslaband evaluatiormf the
results The overview of the chapter is givenFigure4.1.

4.41nfluence of
4.1 Initial model| ) X different ) 4.5 Engineerin
\ 4.2 Model A 4.3 Model h .
and - i~ Ly .y parametersin | by model results
assumptions description PEIEIEIEE engineering and conclusion

\ model

Figure 4.1 Chapter overview

4.1 Initial model and assumptions

The initial model ofthe compositeslab is a model o slabstrip over five ribsThe composite
slab in width direction isnodeledas follows: the top deck substituted witha continuous beam
thatis supported by fivéranslationsprings in thisway, the springsepresent théve ribs. In the
cener of the top deck the concentrated force F is applied, thoscéner spring isalsoloaded
directly with a concentratedoad The applied action causes the deflection ofttpedeck and
centralspring;as aresult, the other springs begin to deflastwell In the longitudinaldirection
the slab isnodeledasa simply supported beam. Both models are shawhigure4.2.

F
il

Ly
AV-aV-aV-al- VoA :
I

Slab width 1

o Static scheme of arib

4

F

Cross-section scheme

Figure 4.2 Sketch ofthe initial model

Theinitial assumptions for the model are:
1 Concrete has no tensile resistance.
1 There is no slip on concresteel sheeting interface.
1 For thebending stiffness determinah of composite steedheeting only the effective
areaof ComFlor210s used (se8.2 The dfective area of a steel depk
1 The selfweight ofthe compositeslab is not included in the model.
1 Elastic analysis of crossection is applied.

In the longitudinal direction, the bending capaaitfy a slabis determind by the bending

resistance of the ribs. The transverse bending capacity is associated with the bending resistance
of the top deck.
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4.2 Model description

4.2.1 Engineering model in the longitudinal direction

The ®@mpositeslab ismodeledongitudinally asa simply supported beam. THeehaviorof such
beam can be describedith EulerBernoulli beam theory. According to thitheory the
deflection of the beantan befound by solving a fourth-order linear ordinary differential
equation(4.1).

~Q0
O % n (4.1)

The general solution to this differential equatisnobtained by integratingoth parts of the
expression in order to acquire expressions for bending moment, shear force, ,ratation
deflection. The deflection is, then, given by equatiog).

P P, P, .. Py

oQ Tr]oo (po W CO w Oow O 4.2)

In Eg. (4.2) w(x) is adeflectionof a beam at location X is a distributedload EIl is bending
stiffness of the beang;..C, are integration constants, values for which are found by solving the
differential equation simultaneously with appropriate boundary and interface conditions. In a
case when distributed load q is not present, the corresponding feetequation that contains

g, becomes zer@dditionally, the expressiot¥.2) holds true fora beam with constant bending
stiffness. If the bending stiffness of the beam varies along its length, the beam must be divided
into several discrete partand for each discrefgartthe corresponding expression of deflection
must be set.

As it mentioned before the rib is loaded by concentrated force in its middiequratterof the

span. Because of the loading concrgertsto crack when the bending moment dueapplied

force exceeds the cracking moment of concréeteY oung 6 s mo du ldeceasesss c on
a result, thébending stiffness of the rib decreasesswell Therefore,in both loadingcasesthe

rib must be diided into several discrete elements in order to take ot the difference in
bendingstiffnessdue to cracking of concretén the next subsectionsthe detailed information
regarding the deflection calculation of a beam with two load arrangermmgntsvided.

0

4.2.1.1 Beam model with aload in the center.

The sketch of a beam and its crgestion is giverin Figure4.3. In this figureL is a length of

the beam part where concrete is cracke® a length of the beam with uncracked concEsie,

is bending stiffness of cracked part, dBli, is bending 8ffness of uncracked parBending
stiffness of the beam is dependent on iaenberof reinforcement meshes used in the cross
section, and, thus, it changes its value.

The width of the beanthat is taken into account to calculd&&, and El,, equals600mmor
175mm The 600mm width of the beam corresponds to the spacing between the ribs, and 175mm
width of the rib is set in accordance with an observation during the laboratory testing of the slab
regarding the crack propagation in the rib (Begire4.3, d). The appeared cracks separated the

rib from the top dekc across the top width of a rib; therefore, it was decided to check whether the
model witha smaller crossection of a rib will deliver more accurate results.
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Figure 4.3 Beam geometry: a) load and varied bending stiffness along the beam;
b) beam crosssectionwith 600mm width; c) beam crosssection with 175mm width;d) crack
formation in a rib during testing (M. Dracht, 2015

The beam is dividedhto four discrete partsseeFigure 4.4; and for each part the deflection
expression4.2) holds, thus, resulting ia systemof four differential equations. This system of
equatiors can be solved when appropriate boundary and interface conditions are established.
Those conditionaregivenin Table4.1.
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Figure 4.4 Discrete element®f a beam

As it can be seen imable4.1 the bending moment and deflection equal to zero asupgorts

and for discrete elements between the supports the continuity of bending msheamtforce,
rotation and deflectioretains That means that on interface those parameters must be identical.
Together boundary and intermediate conditions account for sixteen differential equations, and
the total amount of integration constants is loé same order. Hence, the total amount of
equations, that necessary to be solved to get defleattaory point along the beam, is sixteen.

Table 4.1 Boundary and intermediate conditionsfor rib loaded centrally

Boundary conditions Intermediate conditions

x=0 x=L X=a x=L-a x=atLcr/2
Mi=Mi  Mu= Mwv M= Mu
M:=0 Mwv=0 Vi= Vi Viu=Viv  Vi=F+Vu
wi=0 wiv=0 G= vl Gu= w0 Gi= wd
Wi= Wi W= Wiv Wi= W
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This resultingsystem of equations esented in matrix notation AppendixB. (see . (B. 1)).
This system of equations can be easily resolved with the help of mathematical software like
Maple or Mathcad.

4.2.1.2 Beam model with load at a quarter of the span.

The sketch of a beam and it®sssection can be seen Figure4.5, wherel, is a length of the
beam part where concrete is cracka@ndb representhe length of the beam with uncracked
concrete of whichb hasthe smallestvalue The width of the beam that is taken into account to
cal cul at e b eH&andElg eqsats 600rhnmce, ghe Secondcase, 175mm.
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Figure 4.5 Beam geometry: a) load and bending stiffness; ijeam crosssectionwith 600mm width;
c) beam discrete elements]) beam crosssection with 175mm width

Once again the beam can be divideid four discrete partsThe defletion of the beam can be
obtained by solving equatiofd.2) of each part together with boundary and intermediate
conditions; these conditions are shown Table 4.2. The resulting system of equations is
presented in matrix notation AppendixB. (see . (B. 2)).

Table 4.2 Boundary and intermediate conditionsfor rib loaded at a quarter of the span

Boundary conditions Intermediate conditions

x=0 x=L X=a x=L-b x=L-L/4
Mi=Mi Mu= M M= Mu
M:=0 Mw=0 Vi= Vi Vi=Vwv  Vi=F+Vu
wi=0 wiv=0 G= vl Gu= w0 Gi= wd
Wi= Wi W= Wiv Wii= Wi
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4.2.2 Engineering model transversal

The engineering modeh width direction (transversabonsists of five springs, that represent
ribs, and top deckvhich acts as a beam. The beam elen@nthe top deckis divided into
multiple discrete parts orderto take into account change in moment direction (negative and

positive bending moments whéwp deck is seen asclampedbeam between ribs) and cracking
of concrete. This is shown Figure4.6.
F
Bneg Qg By Bneg
[ Enn Eheger | Elposc Elnega |  Elposr Elposc | Ehegar Elposc | Elnege Eln |

> 4
§. Kr\hj §. knh‘Z § kﬂb,a %kmbA ékmbﬁ

qL Lint -!. Lint -!' Lint -!. Lint q\'

Figure 4.6 Slab model transversely

The amount of discrete elements is ten. The deflection of the structure can be obtained by
solving equation(4.2) of each discrete elementogether with boundary and intermediate
conditions: the bending moment and shear force equal to zero at the free edges, and for discrete
elementsat interfacethe cotinuity of bending moment, shear foramtation and deflection

retains, as it can be seenTiable4.3. The nine intermediate locations, of whichefiare support
positions and four are interface locations at top deck where bending moment changes sign,
together with two boundary locations at slab edges prodube fatal set of forty equations.

Table 4.3 Boundary and intermediate conditions for slab model

Boundary conditions Intermedi'ate conditions Intermgdiate cc_)nditions atthe interface
at spring support with bending moment change
x=0 X:leab X=L support X=L interface
Met= Mright M er= Mright
M=0 Mx=0 FriptKeipWi ettt Vier= Vright V Let= Vright
V=0 Vx=0 Urer=  ridtk Ulen= riddh
Weieft= WRight Weeft= WRight

The equation fothe shearforce at eachging support contains spring stiffne®® . Thevalue

of springstiffness is described Iihe force-deflection raib of the rih seeeq. (4.3). The force

deflection ratio can be derived directly from rib modethe longitudinal direction when force
and deflection in the position of interest are known.

Q O () (4.3

The rib stiffness can be also obtained from the rib-lbeftection diagranderived from testing

[3] or finite element analysisThe values of rib stiffnesses derived from test and BE&given
in Table4.4 andTable4.5.
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Table 4.4 Rib stiffness values for composite slabnder point load applied halfway the sparderived
from test and FEA

Load kN Rib Rib stiffnesskrib, KN/mm

Lspar2 # 2 mesh 1 mesh no mesh
Test FEA Test FEA Test FEA
1 4.00 2.83 3.50 2.48 1.20 0.85
2 5.30 6.02 5.30 6.03 2.00 2.79
10 3 5.30 5.20 5.30 5.30 2.80 2.79
4 5.30 6.02 5.30 6.03 2.80 2.79
5 4.00 2.83 3.50 2.48 0.80 0.85

1 0.60 0.83 0.00 0.33 - -
2 1.60 2.92 1.80 3.29 4.30 6.20
60 3 2.60 2.17 2.70 2.25 5.00 4,17
4 1.60 2.92 1.80 3.29 4.30 6.20

5 0.50 0.83 0.00 0.33 - -

Table 4.5 Rib stiffness values for composite slabnder point load applied at the quarter of the span
derived from test and FEA

Load kN Rib Rib stiffnesskrib, KN/mm
Lsparf4 # 2 mesh 1 mesh no mesh

Test FEA Test FEA Test FEA

1 2.50 2.20 2.70 2.37 1.70 1.50

2 7.50 7.30 8.75 7.26 11.25 9.30

10 3 8.75 8.09 8.75 8.04 8.33 7.66

4 7.50 7.30 7.50 7.26 13.30 9.30

5 2.50 2.20 3.50 2.37 1.60 1.50

The location at which thbending momenthanges sigrcan be found by assessing ordinary
clamped beam with prescribed unit settlement at one of the supporgigee 4.7. The
assessment yields the expression) for a length ofthe top deck undera negativebending
moment3]. Seeing the topetk as clamped between the ribs is an assumptioaeality, the top
deck will not be fully clampedueto the small torsional stiffnesd the ribs and because the ribs
are simply supported.

Figure 4.7 Ordinary clamped beam with prescribed support settlemenand resulting moment
diagram

O —=a07 (4.4)



In the expression4.4) Liy is a length othe clampedpart ofthe top deck between the ribgl.
andEl. are the positive and negative bending stiffnessésedbp deck, and is a length othe
clampedbeam that has negative bending stiffness.

The resulting system of equations the transversamodel ofthe compositeslab with five ribs
is presented in matrix notation AppendixB. (see f. (B. 2)).

4.3 Model parameters

In this subchapter the main parameters of engineering model are determined. These parameters
are

A Bending stiffness of the rib andriing stiffness of the top slab;

A Cracking bendingnoment of the rib and cracking méng moment of the top slab;
A Bending resistance of the rib.

4.3.1 Bending stiffness and cracking moment of the rib

The bending resistance of the vilith width 600mm and 175mm @efined in accordance with
Eurocode 4[2]. First of all, he cracking moment othe rib is computed by making an
assumption that steel parts of the cresstion are not activated so far and only concrete is
acting.The cracking moment can be calculatesxthe productof concrete mean tensile strength
andthe elastic section modulus (4@ (4.5) and(4.6)).

Q 2 Rzt cCpm

U § & Q wp ) o UX V) ¥ p T O 8 (4.5
0z 5 .
0 & F "Q W Qq h <& (pp8f(p)(zop i yd @p T & 68 (4.6)

In the second place, the bending resistance of the rib is calculated. The initial step is to assume
thatthe neutralaxis position is situated above the steel sheeting. The rib-geotien includes
several parts: concrete in compression, the reinfioeoe” ¢ 1in the rib,the top flange anthe

bottom flange of the steel sheeting. The cisesstion and elastic strain distribution in the cross
sectionafter cracking of concreie shownin Figure4.8.
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Figure 4.8 Strain distribution and forcesin the rib cross-section a) rib with 600mm width; b) rib
with 175mm width.

The height of the concrete compressive zone can be determined by sobetaf equilibrium
equations obtained from strain distributimd forcesn the crosssection.Thus,theheight of the
concrete compressive zone just after it crdokews from proportion (4.7) and equations
(4.8), (4.9).

— - — - — - —h 4.7
w Q w QO o M w (4.1

® -0 - 006 - 06 - 06 (4.8)

O - Ob60Q - 08670 - 06 Q 56 -a0 @49
Solving simultaneouslizg. (4.7),(48)and  (4.9), the value of concrete compressive
zone can be found to be& v ®mm (whenw e mdta andw Y mm (when
W p XA . Assuming that steel bar is yielding at a strain ¢ J 1T , the strain at a
top flange of the effective area of steel sheeting becemes (8t tp 1 (Eq. (4.10)) and

-k pPBO P Tt .

a o (4.10

Now the compressive force in concrete #meltotal tensile force of steel in the cressction can
be determineavith equationg4.11) and(4.12).

0 "0 Qo O
TN oPL TNTHCH VTP T 0WAL 4.11)
0 g - 0060 & o @
PR T XpnTmaPL TTICH VT PT oMQD

0 ™o O0Q TWWn B Y ¢ Yo (4.12
0§ X0 0Q 1 WPpXxWEI Y oc@y
Finally, the bending resistance of the rib is calculaedt can be seen gguation(4.13). The
influence ofrib sel-weight is excludedrom the calculation
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The properties, that are used to calculebendingcapacity of the rib, are given irable4.6.

Table 4.6 Properties used in bending capacity calculation

Property Value Unit
Y o u nhModuusconcrete O 30000 | b F& &
Youngos QdmFor2l0u s| O 210000| { T& &
Youngos sMaelau | us| 'O | 200000 O7a &
Compressive strengtioncrete Q 28 074 &
Tensile strengticoncrete Q 22 | 074 a
Yield stressComFlor210 n 400 (074 a
Yield stressreinforcement Q 540 |07Fa &
Total height of the crossection 0 280 aa
Height to the top flange of " .
stegl effective arr)ea C%mFIoerO Q 90 aa
Height to the bottom flange of " .
stegl effective area Comlglor210 Q 265 aa
Height to the steel barg 1 Q 224 aa
Area of top flange ComFlor210 0 231 | a &
Area of bottom flange ComFlor21 o 3275 | & d
Area of steel bar¢ Tt 0 314 a
. . > 600 .
Width of the rib w 175 aa

Determination of bending stiffness of the rib is given in detaippendixB.
The resulting values of bending stiffness of the rib with different amount reinforcement meshes
are displayed ifable4.7.

Table 4.7 Bending stiffnesse®f the rib

. Value for b;;,=600mm Value for b;,=175mm, .
Section type E+12 E+12 Unit
Cracked section and no mesh 7.73 5.23
Cracked section and one mesh 7.87 5.49
Cracked section and two meshe 8.01 5.60 v
Uncracked section and no mesl 12.3 7.63 vaa
Uncracked section and one mes 126 8.03
Uncracked sectioand two meshes 12.8 8.19
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It is necessary to mention that the bending stiffness of the ribs might be higher at small loads
than calculated values for cracked section showmalhble 4.7. The bending stiffness of a rib
depends on how much concrete is cracked in a-s@s#on, and no distinction is made in
engineering model so far between the load level and amount of creskerkte in a section.

The assumptions that only concrete in a rib is cracked and modulus of elasticity of cracked
concrete equalenethird of not cracked material can lead to an underestimation of rib bending
stiffness at low load leveln order to miigate the effect of this assumpti@m engineering
model resultsa lineardependence between rib bending stiffness and applied load is adopted. In
Figure 4.9 and Figure 4.10 the lineardependencies amgresented for rilof width 600mmand
175mm with2 meshes, 1 mesh and no mesh in the &esBon the cracked bending stiffness
valuesfrom Table 4.7 correspond to the total load 60kN, and the uncracked bending stiffness
values fromTable 4.7 correspond to the total load OkNhe values in between can be used in
engineering model with 10kN, 20kN load, and so forth.

b, ;=600

Linear variation of rib bending stiffness,;p=600mm 1 f
1.4E+13—— L7 s 07

E 13E+135 s
z |
qg)" 12E+1375y -
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o 1E+13+— . o
= | . —@—Rib with 1 mesh
c ! !
2 9E+12 | : Rib with no mesh
S B8E+12 ; v
14 ! :
TE+12 } . . . T |
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Total force, kN
Figure 4.9 Linear variation of rib bending stiffness with b, =600mm
Linear variation of rib bending stiffness,;p=175mm T&T
. 8.5E+12
S 8
E 8 E + 1 2 :;feeeclti?/:c:rea t'\!‘s
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Figure 4.10Linear variation of rib bending stiffness with byj,=175mm

39



4.3.2 Bending stiffness and cracking moment of the top deck

4.3.2.1 Cracking moment and bending stiffness of the uncracked section

The bending resistance of the tigckis defined in accordance with Eurocodgl It has been
assumed to exclude the steel sheeting fthencalculationof bending resistance and bending
stiffness ofthetop slab.The steel sheeting is nobnsolidatedufficiently in top deck tauppose
that it will contribute much to the bending stiffne3&erefore, lhe partswhich are taken into
account incalculationonwardsare

1 Concrete C20/25;

1 Reinforcement meshymm-150mm.
Once again, the cracking moment of topdeckis computed first by making an assumption that
steel elements of the cressction are not acting and only concrete is activaled. cracking
moment follows fromthe product of concrete mean tensile strengihd the elastic section
modulus of the corresponding cresection (see effl.14)). This crosssection is showm Figure
411

0 Qo QPR @FP ,IENT od@p OB (414
@8
he=19 ﬁ\ he=70
T I\ f
he,=56
I-dis

Figure 4.11 Top deckcrosssection

Thedistributive lengthd  initially equals200mm.The value of 200mm is chosen because this

is the minimum width on which the concentrated load should be applied according to Eurocode 1
[6]. This parameter shows how the top deck distributes the applied lodtk imansversal
direction and, thus, what part of it needs to be taken into account to calculate the bending
stiffness of the top deck, séegure4.12.

B=3000mm ‘

Figure 4.12 lllustration of the distributive length L 45 of the compositeslab
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The bending stiffness of the top deck when concrete is not cracked can be easily computed
because the influence of reinforcement meshes is not presefihyst.the resulting value is the
same forthe top deck with no reinforcement mesh, one mesh or tweshmas.The bending
stiffness of the top deck with uncracked concrete is calcuteteardingo Eqg. (4.15).

00 0O 0 0O ppdl‘) Q
onnﬂ)rb@;n‘i)(n PX Fpmada 8 (4.15)

The properties, whiclareutilizedto calculate cracking moment and bending stiffness of the top
deck(with cracked and uncrackedncretg, areshownin Table4.8.

Table 4.8 Properties used in bending stiffness calculation of top deck

Property Value Unit
Youngos cbhorétai | us 0 30000 | O F& &
Youngos cMckedecdnerete 0 10000 | b fa &
Youngods rdihdoccenlent s ‘O | 200000| O & &
Compressive strengttoncrete Q 28 |04 a
Tensile strengtisoncrete "Q 22 | 074 &
Yield stressreinforcement Q 540 | 0%a &
Distributive length 0 200 mm
Area of steeivire n 0 50.3 aa
Height to the top meshyfrom thetopsurface | "Q 19 aa
Height to the bottom meshyfrom thetop surface| "Q 56 ad
The btal height of the top deck Q 70 ad

4.3.2.2 Bending stiffness of the cracked section

Bending stiffness of cracked top deck is influendeg the presenceand quantity of
reinforcement medsin crosssection andype of bending moment acting ¢ime top deck i.e.
positive or negative bending momewhen positive bending moment actstbetop deck with
one reinforcement mesh, the compressive zone of concrete besmaksthan in a cae with
the negativebending momenthis is due to the positioof one reinforcement mesh in the cross
section which is only 19mm away fratme top surface, se€igure4.13.
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Figure 4.13 Stress and strain diagramf the top deck: a) top deck with one reinforcement mesh
under positive bending moment; b) top deck with two reinforcement meshes under positive bending
moment; c) top deck with one reinforcementmesh undernegativebending moment;d) top deck
with two reinforcement meshes undenegativebending moment.

Determination of bending stiffnes$ top deckis givenin AppendixB.
The resulting values of bending stiffness of top deck with different am@inforcement

meshes are displayedTmble4.9.

Table 4.9 Bending stiffnessesof top deck (per 200mm length)

Value for positive

Value for negative

Section type bending moment E+10 | bendingmoment, E+10 Unit
Cracked section and no mes 8.12 8.11

Cracked section and one mes 8.28 8.81 0a &
Cracked section and two mesh 9.28 9.18
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4.4 Influence of different parameters in the engineering model

4.4.1 Spring stiffness

Spring stiffnessQ  plays a prominent rok in defining the final deflection form ithe
engneering modl. The spring stiffness is defined as force deflection ratio of theThbk.
stiffness of the rib can be changed due to variation in rib georoetryaterial, i.e. concrete
grade or type of reinforcement.
One can predict that when this parameter increases, while other parameters are kept unchanged,
the deflections become smaller. And whkeeastiffnessof the spring decreases, the whole model
becoms less stiff and, thus, the deflections are increasing.
Fourcases are examined which two are associated with small changes in rib stiffness and two
cases display what might happen with a slab when the variation in rib stiffness. is high

1 Increasing spng stiffness irb and 1.23imes to its default value;

1 Decreasing spring stiffness trand 0.7%imes to its default value.

The default case: composite slab witlheinforcement mesand concentratedoad in thecener

rib 60kN. Of course, differenlayout of reinforcement meshes in top deck might affect the
deflection shape, but the effect is small ahdrefore can be considered insignificant;

Q ; s € ¢ W a. The deflection of the slab thedefault cae is fownin Figure4.14.

Deflection of 1 mesh slab, K 4ef, Byar=3000mm

0 I I I I I
4
z 5 ~. —
S -10 o=
-15

=¢==Deflection, mm

Figure 4.14 Deflection ofonemesh slab inthe default case

The comparison is made ifable 4.10 for aslabwith Q  , p p ¢ W7 4G,

Qi
T ¢Uia ah Qi pOWRTAG, Q¢ p» cyY@gTaa and Q
¢ ¢ wix 4.

Table 4.10 Deflection per rib with changed rib stiffness values

Rib number Deflections mm

Mul > i P P
1 4.83 0.12 42.54
2 8.32 1.3 48.0 6.45 11.49
3 10.15 2.03 50.79 8.12 13.54
4 8.32 1.3 48.0 6.45 11.49
5 4.83 0.12 42.54 3.33 7.55
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Figure4.15 andFigure4.16 display the resulting deflection forms in two cases: increased and
decreased spring stiffness Brtimes. Figure 4.17 presents @omparis®n betweenthe deflection

of one mesh slab in default case and deflectioim@€Eompositeslabwith a small changen rib
stiffness, namely, 125% and 75%.

Deflection of 1 mesh slab,kso4, Bsiar=3000mm
10

[mm]

~ -10 -

=—=¢==Deflection, krib.def, mm === Deflection, krib500%, mrnr

Figure 4.15 Deflection ofone mesh slab with500% rib stiffness

Deflection of 1 mesh slab, Ky, B, =3000mm

v

® 9

¢ [mm]
S

== Deflection, krib.def, mm Deflection, krib20%, mnr
Figure 4.16 Deflection of one mesh slab with20% rib stiffness

In a case when rib stiffnesquals 20% of the default valuéhe deflection of each rib is
drastically increased. The top deck, then, behaves more lik¢heasntinuousstiff beam and
distributes the load morvenly. When rib stiffness is increasédimes to its default value, the
load spreading is minimized and the load is mostly concentrated at the rnhickeibs; the
deflections obtain small values due to verif stbs.

Deflection of 1 mesh slab,k;se,and Kip; 250, Bsjar=3000mm

;””/”2
//
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\

=¢=Deflection, krib.def, mm === Deflection, krib75%, mrm

Deflection, krib125%, mmnr

Figure 4.17 Deflection of one mesh slab with 75% and 125% rib stiffness

44



In a case when rib stiffness is changed to a sdegjteerelatively its default value, i. e. 75% and
125%, the deflectiof the composite slab is also changed but this change remains The
deflection curvesesembldhe same shape as in a case when rib stiffness €dl@¥s; although,
the relative change is more prominent in a slab b rib stiffness.

4.4.2 Top deck positive bending stiffness

The influence othe bendingstiffness ofthetop deck isanalyedin this subchapteihe bending
stiffness ofthe top deck might vary due to geometry and material modification. For example,
with increasing thickness dhe top deck the bending stiffness increases as well. The position
and quantity of reinforcement in the top deck also influence the bending stiffness.

Fourcases are examined:

1 Increasing positive bending stiffness of top deck and 1.23imes to its defaultaue;

1 Decreasing positive bending stiffness of top deck amd 0.73imes to its default value.
The default case is a slab witme reinforcement meshnder 60kN concentrated loadhe
comparison of results is presented’able4.11 for aslabwith ‘OO j yg yxPpmoaa ,
O00rf p @TPNOGA, OOrpp pPHPULULXPTOGAGHh OOf; -
p8to P mOd a andOOffp @& pP MOG a (valuesper 200mnh.

Table 4.11 Deflection per rib with a changedpositive bending stiffness othe top deck

Rib number Deflections mm
FEfys FaEofyh b | FEelyb b | Faoiyh b | IF ey b
1 4.83 7.78 1.68 5.3 4,21
2 8.32 9.51 6.69 8.52 8.03
3 10.15 10.14 10.16 10.16 10.16
4 8.32 9.51 6.69 8.52 8.03
5 4.83 7.78 1.68 5.3 4.21

Figure4.18 andFigure4.19 display the resulting deflection formfr®m two cases: increas and
decreased positive bending stiffness of top deéktimes.

L [mm]

-15

Deflection of 1 mesh slab, El ¢ 200 Bjas=3000mm

—o— Deflection, Eipos.cr.def, mn

Deflection, Eipos.cr.20%, mr

Figure 4.18 Deflection of onemesh slab with20% positive bending stiffness othe top deck
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Deflection of 1 mesh slab, El ¢ 5000:Bsa=3000mm
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Figure 4.19 Deflection of one mesh slab with500% positive bending stiffness othe top deck

Deflection of 1 mesh slab, Fl . 750@Nd Elo ¢ 1250,B51a=3000mm
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Figure 4.20 Deflection ofone mesh slab with75% and 125% positive bending stiffness ofhe top
deck

From figures above it can be observed theltange in positive bending stiffness of top deck has
a minor impact ona maximal deflection ofthe central rib on whichthe load is applied. In all
casesmost of the load is carried lilge cenerrib. However, with bendg stiffness increaseuly

5 timesthe load spreads more evealyong all five ribs

It can be noticed that in figures above the deflection of the middle rib is about 10mm. Tlee load
positioned preisely onrib 3, andthe defleabn of the point under the loadsainly determined

by the bending stiffness of rib 3. The bending stiffnesshas ribis kept unchanged, and only the
top deck stiffness igaried (increased 125% or decreased by 75%). The chantiestop deck
stiffnes influences the deflections of other ribs in the model, but it does not influence the
deflection of loaded rib due tthe unchanged stiffness ahe middle rib Therefore, the
deflection ofthis ribis aboutlOmmin all cases

4.4.3 Length of the top deck between ribs

The length othetop deck between ribs ihe next parameter to analyze. This parameter follows
from the global dimension ofthe compositeslab, namely, the spacing of the ribs. Whba
spacingbetween of the ribs decreases drastically, the deflection shape of the slab should be
found using another approach: theory of continuous beam on elastic foundation. Therefore, it is
decided to decrease the length between ribs slightly in order to usxistieg differential
equations.
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Two cases are examined:

1 Increasing the top deck length in 5 times to its default value;

1 Decreasing the length dietopdeck in 2 times to its default value.
The default case is a slab with one reinforcement mastler 6@&N concentrated load and
internal top deck length 425mnhe comparison of results is presented dle4.12 for a slab
withd g g TCa,0 5 p C¢pPp@WBandd [ p C p&GG8

Table 4.12 Deflection per rib with the changedinternal length of the top deck

Rib number Deflections mm
Pl T FE P TSR
1 4.83 -0.5 9.07
2 8.32 1.97 9.79
3 10.15 10.15 10.15
4 8.32 1.97 9.79
5 4.83 -0.5 9.07

Deflection of 1 mesh slabgl.y s

4 [mm]
T
L

==¢==Deflection, Ldeck50%, mr

Figure 4.21 Deflection of two mesh slab witithe decreasednternal length of the top deck

Deflection of 1 mesh slab,gl.y soou,
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Figure 4.22 Deflection of two mesh slab withthe increasedinternal length of the top deck

The change in deflection curve whére length of the top deck increased by 500% is quite
noticeable.First of all, most of the load goes directly to the rib on which load is placed; the
middle rib is, then, deflects excessively, while other shewa small responseSecondly, the
change of curvature is observed for the top deck betweenuteoribs, which means that upon
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these parts negative bending moment is acting. This effect was not registered before when other
parameters in engineering model were changed. In this way, the slab acts similarly to the multi
span beam.

When the length ahetop deckbetween ribs is decreased slightly, the slab becomes shorter and,
therefore, spreads the load mexenly

4.5 Engineering model results and conclusion

The outcomeof a comparison betweethe engineeringmodel andthe testis given in this
subchapterThe results ofthe engineeringmodel are computed in mathematical environment
Maple and the test results aobtainedfrom laboratory experiment made by Dra¢B}. The
deflections of ribs are computed with spring stiffnestues derived from loadeflection
diagram of each rib of finite element analy$isst, the results fos compositeslab withthe load
applied at theenter of themiddlerib will be presented; and then the resultsseompositeslab
with theloadapplied at the quarter of middle rib will be given.

4.5.1 Load at the middle of the span

In Table 4.13, Table 4.14 and Table 4ctinparison between the engineering model resulks
awidth of the rib sib=600mmand test results are made focompositeslab with two, one and
no reinforcement mesh the top deck andoncentratedoad at the span middleAdditionally,
the deflection and bending moment diagrams resulting frormeaghng modeWith different rib
width brib=600mm and bb=175mmare preseted in AppendixD.

Table 4.13 Comparison between engineering model resul{®,;,=600mm)and testfor a slabwith
two reinforcement meshes

2 mesh Deflection, mm Ldis mm Loadng scheme
Loadat Lsxy/2 | Rib| Engineer| Test| Ratio

8.26 48 | 1.72
4.96 43 | 1.15

1 121 | 05 2.42
2 165 | 05| 3.3
10 kN 3 1.88 | 05| 3.76 | 5400 F
4 165 | 05| 3.3
5 121 | 05| 2.42 ; ——
1 496 | 43| 1.15 = L 1
2 826 | 48| 1.72
60 kN 3 998 | 5.6 | 1.78 | 4000
4
5
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Table 4.14 Comparison between engineering model resul{®,,=600mm)and test for a slab with
onereinforcement mesh

1 mesh Deflection, mm Ldis mm Loading scheme
Loadat Lsp/2 | Rib | Engineer.| Test| Ratio

8.32 55| 151
4.83 4.5 | 1.07

1 1.18 | 0.32] 3.69
2 1.64 |0.36| 4.56 F
10kN 3 1.89 | 0.52| 3.63| 5400
4 | 164 |036]| 456 —
5 1.18 |0.32] 3.69 = L 1
1 483 | 45| 1.07
2 832 | 55| 151
60 kN 3| 1015 | 65| 1.56| 4000
4
5

Table 4.15 Comparison between engineering model resul{®,;=600mm)and test for a slab with no
reinforcement mesh

no mesh Deflection, mm Ldis mm Loading scheme
Loadat Lsx/2 | Rib| Engineer,| Test| Ratio

6.53 58 | 1.13
3.34 5 | 0.67

1 1.64 |0.33] 4.97
2 22 |0.34] 6.47
10 kN 3 2.49 |0.51| 4.88| 5400 :
4 22 |0.34] 6.47
5| 164 |0.33|4.97 —
1 3.34 5 | 0.67 = L T
2 6.53 | 5.8 | 1.13
60 kN 3 822 | 65| 1.26 | 4000
4
5

4.5.2 Load at the quarter of the span

In Table 4.16, Table 4.17 and Table 4ct#nparison between the engineering model results and
test results are made farcompositeslab with two, one and no reinforcement mesh in top deck
and concentrated load at the quarter of the span.
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Table 4.16 Comparison between engineering model resul{®,,=600mm)and testfor a slab with
two reinforcement meshes

2 mesh Deflection, mm Ldis mm Loading scheme
Loadat Lspn/4 | Rib | Engineer.| Test| Ratio

0.79 1.75| 0.45
-0.08 1.3 | 0.06

1| 065 |0.18]3.61
2 | 1.03 |0.25|4.12
10kN 3| 123 |045|273| 2500 :
4 | 1.03 |0.25| 412
5| 0.65 |0.18] 361 b
1| -0.08 | 13| 0.06 - L T
2 | 079 |1.75| 045
50 kN 3| 149 |225/066| 1500
4
5

Table 4.17 Comparison between engineering model resul{®,;,=600mm)and testfor a slabwith
one reinforcementmesh

1 mesh Deflection, mm Ldis mm Loading scheme
Loadat Lspn/4 | Rib | Engineer.| Test| Ratio

0.76 2.25| 0.34
-0.10 1.6 | 0.06

1 0.86 | 0.2] 4.30
2 1.1 | 0.45| 2.44
10 kN 3 1.25 |0.55| 2.27 | 2500 F
4 1.1 | 0.45| 2.44 |
5 0.86 | 0.2 | 4.30 A U
1| -010 | 16| 006 :
2 0.76 |2.25| 0.34
50 kN 3 153 | 2.7 | 057 | 1500
4
5

Table 4.18 Comparison between engineering model resul{®,,=600mm)and test for a slabwith no
reinforcement mesh

no mesh Deflection, mm Ldis mm Loading scheme
Loadat Ls/4 | Rib| Engineer| Test| Ratio
1 0.87 |0.22| 3.95 F
2 1.14 |0.25| 4.56 ,
10 kN 3 1.3 0.37| 3.51 | 2500 /\ w_ /N
4 | 114 |025| 456 : :
5 0.87 |0.22| 3.95
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4.5.3 Conclusion on the engineering model

Based on results comparison made in chapfebsl and 4.5.2 it can be stated that the
engineering modekith animplementedwidth of the rib bi,=600mmcan predict the deflection
of thecompositeslab under concentrated loaath limited accuracy only if rib spring stiffness is
determined from loadeflection diagram extracted from finite element analyBige results of
theengineeringnodel withawidth of the rib kp=175mm differ even more from test resuykdse
Appendix D). Therefore, only the results frothe engineeringmodel with a width of the rib
bri,=600mm are discussdelow.

In a range 1810kN load the resultobtained withthe engineeringnodelaresomewhatifferent

from experimentabnes With increasing the load the difference in deflections of middle three
ribs becomes smallethe difference in results fa slabwith no reinforcement mesh in the top
deckbecomes 26% at 60kN.awever, the desired accuracy wite engineeringmodel for a
slabwith two and one mesh in the top daskyet not reachedt 60kN difference incener rib
deflections ar&@8% and56% respectively

The behaviorof two outer ribs 6r all load level is dissimilar to test outcomés.possible
explanation of this might be the fact that stiffness of outer ribs is not the same as the stiffness of
middle ribs unlike the middle rib, eachxternalrib hasan unsupportecedge along its lerf
which might result in lesstiff behaviorin the loadedstate Additionally, thebendingstiffness of

all five ribs might be higher at sithéoads than calculated valleecause the bending stiffness of

a rib depends on how much concrete is cracked in a-sext®n. he assumptiathatmodulus

of elasticity of cracked concrete equalsethird of not cracked material catead to an
underestimation ofib bending stiffressat low loadlevel. The stiffness of the crossection with
cracked concrete can be establishedrother way for examplethe mean stiffnessan be used
instead ofonethird of not cracked concrete. The procedure to deteririaeneanstiffness of

the crackedreinforced structure idescribed ira paperwritten by Li [13].

The implementedh the modelinear dependence between rib bending stiffness and applied load
that is described in483.1did not lead to accurate results as it was thought.

Another difficulty with the engineeringnodel is a precise determination of distributigagth.

The distributive length is a varied parameter that dependsedoad level and shows how load
spreads over the slab length. WHhe load is small, the load is spreading almost all over the
entire slab length; with increasing the load the digtrie length decreases. This parameter has
an influenceon the bending stiffness of the top deck: the higher the distributive length, the
higher the bending stiffness of the top deck. The determination of this parameter requires
numerous iterations, whids a drawback othe currentmodel. When no experimental data or
literature reference exists fdine compositeslab, this iterative procedure turns into a tedious
work.

Composite slab with two, one and no reinforcement mesh in top deckifidéloadapgdied in

the quarter of the spashows more or less the sarehavior all five ribs deflect and, thus,
participate in spreading the load. Composite slab under B@iMvedifferenty: the middle

three ribs are affected the most with applied concentratee;fadditionally, the uplift of free

edges is observed whdine load applied at the quarter of spaWhether the uplift of free slab

edges reflects the reality is not known as no measurement had been done on this matter in
laboratory testing.
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Composite slab with two, one and no reinforcement mesh in top deckifid¢loadappliedin

the middle of the span behavamilady in all cases: all five ribs deflect more or less evenly
while spreading the load. Composite slabs under 60kN show tlaalierthree ribs arenost
influenced by concentrated force; the deflectiotheimiddlerib is increased a lot compared to a
slab under 10kN load. The uplift of free edges does not dwn@unlike in a case whethe

load was applied athe quarter of tle span. Additionally, the resulting bending moment is
positive in all cases; this is a contradiction to the proposed model of top deck that is assumed to
be clamped between the rildhe possible explanation can be that the top deck behaves in reality
not asa clampedelement between the ribs but more like a continuous beam supported by ribs.
The comparison with experiment (seé.8.1) shows that thdifference in rib deflection between
engineering model and test results r@sonabléut only for high load, i.e. 60kN.

Parametric study on engineering model showed that the rib stiffness is the most influential
parameter on slabehavior Therefore, if one is in need to change the structural performance of
the compositeslab, it is advisable to influence the rib stiffness at fifbie rib stiffness can be
influenced by changing the area of rib reinforcement and overall geometry dd.the ri
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5 FINITE ELEMENT MODEL

5.1 Introduction

The finite element model (FEM) ¢ifie compositeslab ComFIo210 is conducted in the program
Abaqus/CAE in order to simulate the behavior of the slab under concentrated force. The
developed numeral model is based on test results made by M. Dif&¢lm TU Delft. The main
purpose of the modeling is to set a reliable tidieensional model afhe compositeslabthat
can be used later on to verify the engineering maae conducta parametricstudy on
composite slab ComFlor210 with varied geometry and load applications

The chapter is given in the following ordéfifure5.1).

5.5Effect of
different
. 5.4 parameters in 57 5.8 Conclusion
51 \ . 5.3 Material \ o . \ 5.6 Load . . \ F
: » 5.2 Abaqus CAl ; 5 » ~ Composition of ; FEM on 4 ; Displacement 4 on finite
iticducton L" L" plopees L" FEM L" load-deflection L" Gl (R L" control FEA L" element model
response of
| composite slab

Figure 5.1 Chapter overview

5.2 Simulation environment of Abaqus/CAE

Abaqus/CAE serves asamprehensive simulation environment for thedeling of different
elements with complex geometry under various conditidie parameters such asaterial
properties, loadoundary conditionand interactive propertiesan beindividually assigned to
the elements The software includes two analysiproducts: Abaqus/Standard and
Abaqus/Explicit The former is applied for general analysilsewise static, dynamic and thermal
analyses of elementslhe latter provides an exclusivenalysis modulebased onexplicit
dynamic integration
In this study inite element analysis is done with Abaqus/Explicit package in order to improve
several performance features:
1 avoiding cavergence problem during analysis that oftectursin Abaqus/Standard
(implicit) solverdue to excessive distortion of finite elements and concrete degradation;
1 Abaqus/Explicit is efficient in solving nelmear problems involving difficult contact
formulation;
1 Abaqus/Explicit requires less computational time to obtagorvergentsolution for a
threedimensional objedike acompositeslab.
However, t is important to check whether the obtained results #dsaqusExplicit solver truly
represent the quastatic solution. This can be done by monitoring the energy balance of the
modeling dject the kinetic energy of the object should not exceed a small fra@&itf06) of
its internal energy throughout the whole gestsitic analysissuch that thénertia effect inthe
dynamicanalysiss negligible
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5.3 Material properties

5.3.1 Concrete models

Abaqus/CAEhas three different modetio simulate concrete structural behavior:

1 Smeared cracking model;

1 Brittle cracking model;

1 Concrete damaged plasticity model.
All three concrete models have their pro and cons threct applicationdependent orthe
structural and loading conditiomgcessary to simulate
The gneared cracking modelefines concrete behavioundermonotonicloading with special
attention to cracking representati@uring theanalysis the postcrackingbehaviorof concrete
dominates the modeling.
The hittle cracking modelallows modeling concretewhich behavior is dominated by tensile
cracking.This model is applicable for concrete modeling not only of typical structural elements,
e.g. trusses, beams, solidsellsbut also of ceramics and brittle rocks.
The concrete damaged plasticity (CDP) model is considered to be the most advanced model of
concrete in Abaqus. This model is based on two failure mechanisms of concrete: compressiv
crashing and tensile crackihnandmodelis applicable for different types of structures under

monotonic, cyclic or dynamic loading.
A short comparison of concrete models used in Ab§tiss given inTable5.1.

Characteristic

Table 5.1 Concrete models in Abaqus

Smeared cracking

Brittle cracking

Damaged plasticity

Application

reinforced and plaiconcrete

concrete ceramics, brittle
rocks

concrete and quadirittle materials

Loading

monotonic loadings under
low confining pressures

monotonic loadings under
low confining pressures

monotonic, cyclic, and/or dynamic loadin
under low confining presses

Elasticbehavior

linear elastic material

linear elastic material

isotropic and lineamaterial

Inelastic oriented damaged elasticity | cracking anisotropy and isotropic damaged elasticitggether with
behavior concepts (smeared cracking) brittle failure criterion isotropic tensile and compressive plastici
Failure . . . . . . . .

. fails by cracking tensile cracking tensile cracking and compressive crushin
mechanism

Special features

tension stiffening

elastic behavior in
compression always

control of stiffnessecovery effects during
cyclic load;
effectof the rate of straining;

As mentioned earlier the CDP model is the most comprehensive model among albtioexte
models in Abaqustherefore he concrete damaged plasticity (CDipdelis utilized in the

analysis

5.3.2 Concrete compressive and tensile behavior

In a case of uniaxial loading the tensile behavior of concregensrallycharacterized by linear

elastic zone until the failure stress is reached; aftemptiat, the material endlessly experiences

the softening which is clear can bleservedn the strairstress curvéelow ( Figure5.2).
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Figure 5.2 Tensile concretebehavior under uniaxial loading in Abaqus
(Dassault Systémes Simulia Corp. Z)1

From thegraph it follows that the elastic stiffness of the concrete is damaged when the specimen
is unloadedrom any pointin the strain softeningegion The degradation effeaif the elastic
stiffnessis taken into consideratiohy two parameters’Q and Q, which aredepended orhe
plastic strains, temperature, and field variabldse damage&ariablescan varyfrom zero, when

no deterration occurs andto one, when total loss of strength happgy. Determination of
damage parameters for apate class C20/25 is given irppendixC.

The compressive behavior of concrete under uniaxial loading is defined by linearrelastn

until the initial yield stress isreached followed by stress hardenin@gnd later on bystrain
softening(Figure5.3).
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Figure 5.3 Compressive concretdehavior under uniaxial loading in Abaqus
(Dassault Systmes Simulia Corp. 2(4)

Numerically the stresstrain relatios of concrete in tension and compressama defined by
formulas5.1and5.2.

” p 'Q 'O = = (51)
” p ’Q 'O = = (52)
whereO is undamagedlasticstifinessof material; - h  are equivalent plastic strains.

The conversion of stresdrain curves into the stressersusplastic strain curves is done
automatically by Abaqussing the initial strain data enteredthg user

Concrete class C20/25 &ppliedin the compositeslab. The initial stressstrain response of
concrete C20/25 in tension and compression is detedwmmaccordance with Eurocodg15].
The uniaxial compression and tension stress respamiseoncrete C20/25vith damaged
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plasticityaregivenin Figure5.4 andFigure5.5. The detailed information regarding the concrete
stress response in cpnession and tensiand influence otlegradation effeabn it is provided
in AppendixC.
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Figure 5.4 Uniaxial compression stressstrain response of concrete C20/25 with damaged plasticity
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Figure 5.5 Uniaxial tension stressstrain response of concrete C20/25 with damaged plasticity

5.3.3 Concrete properties
The material characteristics of concrete C20/25 can be s@emliab.2.

Table 5.2 Concrete material properties

Property Value  Unit
Youngds Mo®u 30000 07Ta a
Compressive strength "Q 28 0714 a
Tensile strength "Q 22 0F4a &
Poissod Etio ) 0.15
Density ” 24E9 074 a

Thecharacteristic of concretes finite element applied in Abaqusstsown inTable5.3.
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Table 5.3 Finite element characteristics of concrete

Finite element property Concrete C20/25
Modeling space 3D
Type Deformable
Shape Solid, homogenous
Element name C3D8R, secondary accurac
Geometry Extrusion

5.3.4 Steel model

The finite element analysis of stedément in Abaqus/CAEL4] requires using true stressand
logarithmic strais. The true stresses and strains are related to the engineering stresses and strains

by analyticalequationg5.3 and(5.4. The engineering values of stremsd straircan beobtained
from the tensilgest results.

" p - . (5.3)
- aep - (5.4)
These relations are valid until the ultimate tensile strength ,peimth distinguishes between
work hardening region and necking region on the ss&am curve After this point the

following equation(5.5 holdsthatdefineslogarithmic plastic strain afe differencebetween the
total true strain and elastic strain.

- aép - —— (5.5)
(@)
The engineering values of stresses and strains for profiled steel si@etifgor210 (S350nd
reinforcement bars i ¢ Tareobtained from the tensitest resultsnade byM. Dracht[3].

The engineering stresdrain curve andhe true stressstrain curve are shownn Figure 5.6,
Figure5.7, Figureb.8.
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Figure 5.6 Engineering stressstrain and true stressstrain curves ofprofiled steel sheeting ComFlor210
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Figure 5.7 Engineering stressstrain and true stressstrain curves ofsteelrod 8mm
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Figure 5.8 Engineering stressstrain and true stressstrain curves of steel rod 20mm

5.3.5 Steel properties

The material properties of steel deck and reinforcement are givietbia5.4

Table 5.4 Steel material properties

Property Value Unit
Youngods QdmRor210u sO | 210000| O 7& &
Yield stressComFlor210 " 400 | OF4 &
SteelPoissoB gtio 0 0.3
Reinforcement Yield stress Q| 540 |[0Fa &
ReinforcemenY o ung dés M® d 200000|  Ta &
Density ” 7.8E9 | 04 &

The defined properties of steelaBnite elementdefined in Abaqusre given infable5.5.

Table 5.5 Finite element characteristics of steel components

Finite element property | Reinforcement” i/ mm | Sheeting ComFlor210
Modeling space 3D
Type Deformable
Shape Beam/Truss, homogenous  Shell, homogenous
Element name T3D2 S4R secondary accurac
Geometry Planar Extrusion
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5.4 The composition of the finite element model

5.4.1 Boundary conditions

It is essential to define boundary conditions properlgrder to obtain a reliable finite element
model ofthe compositeslab. Therefore, lhe applied boundary conditioins a modelwere set in
accordance with conducted laboratory tastavhich the slab was simply supporigdn the
bottom of profiled steel sheeting, the two displacement degrees of freedom (DOF) Ul and U2
were restrained on the right, and on the left the DOF U1, U2 and U3 were restiidieed.
displacement degrees of foeem U1, U2 and U3 correspond to translation constraint in X, Y
andZ-direction respectivelyAdditionally, the supports were placed 100mm away from the slab
edges. The boundary conditions are displapdeigure5.9.

U1(X)= U2(Y) =0

~

UA(X)= U2(Y) =U3(Z)=0

Y

A

Figure 5.9 Boundary conditionsand load applicationof composite slab in finite element model

T X

5.4.2 Geometry, meshing, and finite elements

Geometry
Four parts were created for the finite element moéléhe compositeslabn A Par:it 6 modu

1 ConcreteC20/25 part;

1 Reinforcement mesh (bagmm-150mnj;

9 Steel reinforcement in ribs (bag mm);

1 Steel sheeting ComFlor210.
The geometry othe compositeslab (see Figure 5.10) corresponds to the specimen that was
tested inthe laboratoryand had length 5400mm and width 3000mhime thickness of the
concrete top deck is0mm;the whole thickness of the slab i802nm. The steel bar¢ Ttis
placed in the rib center at a height of 56mm from the bottom of the slab. The position of the top
and bottom mesh wires starting fraime top of the slab is at a height of 19mm, 27mamd
48mm, 56mm respectiveldar" ymm has a length of 5330mm time longitudinaldirection and
2930mm inthe transversaldirection. Steel rodt ¢ Tmm has5330mm length. The thickness of
profiled steel sheeting is B&im. The steel sheeting in the FEM has plain geometry, and no
embossments are modeled. There is complete steel sheeting in the model.
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concrete instance into independent regions of simple georiiéymesh sizéor most elements

was 50mmx50mm

Meshing

;however, he ®ncrete top deck had two elements through its thickness

resulting in35mm height ofthe finite element.Mesh of profiled steel sheeting and concrete is

shownin Figure5.11 andFigure5.12.



Figure 5.11 Concrete mesh

Figure 5.12 Steel sheetingnesh
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Finite elements
Concrete isassigned witl8-node linear brick, reduced integration witte hourglassontrol
C3D8R elementThecharacteristiof this element is showim Figure5.13 [14].

1 f 2 x1
face 1 1\5033

< 8-node element 1* vz
Y 8 - node reduced
X intagration element

Figure 5.13 Solid element C3D8R: node ordering and face numbering (left figureYhe numbering of
integration points for output (right figure) in stressdisplacement analysis

For steekheetingthe4-node genergburpose shell, reduced integration with hourglesntrol,
finite membrane strainS4R is used. Theonfiguration of tis element is givemn Figure5.14
[14].

face 3

4
face 4 face 2

face 1 4-node reduced

4-node element integration element

Figure 5.14 ShellelementS4R: node ordering and face numbering (left figure) the numbering of integration
points for output (right figure) in stressdisplacement analysis

The steel reinforcement can be defined either met beam elements or truss elements. The main
differencebetween these elemergsthat beam elemerd,onedimensional line eleent in three
dimensional spacéncludes axial deformation, deformations from bending and from torEian.

truss element is a ordétmensional line elemerthat ha only axial stiffnessThe integration of

truss elements requires less computational tinneglanalysis than that of beam elements.

The desriptions ofthe 2-nodelinear B31 beamelement and®-node linear displacement T3D2
trusselement are showim Figure5.15 andFigure5.16 [14].

2 - node element

2 - node element

Figure 5.15BeamelementB31: node ordering (left figure), the numbering of integration points for output
(right figure) in stressdisplacement analysis

2
2
end 2
1
1 1

end1

a5
2 - node element
2- node element

Figure 5.16 Truss elementT3D2: node ordering (left figure), the numbering of integration points for output
(right figure) in stressdisplacement analysis



In the study, the reinforcement is assigned withuss elementT3D2 in order to reduce
computational time of analysis

Both solidand shell elemestare coupled withreduced integratignwhich is characterized by
lower-order Gaussian integration order toform the element stiffnes¥he reduced integration
provides reasonablyoptimal accuracyand yet sparesthe computationatime of analysis
A ldurglasscontrob inctuded inreducedintegration elements tbmit the development of
zeroenergymodesthat lead to inaccurate resuttaring analysis.In this procedure, amrtificial
stiffness is allocated tothe zereenergy deformation modesand consequently it allows
obtainingreliable resultdor reduced integration elements wiihe mesh sizg14]. However,
one needs to keep in mind that hourglass control produces addéitifielal energyand with
this the total internal energy of the model increabkgh level of artificial energy can result in
improper results of finite element analysis, therefore, it is important to check the lebed of
energy and keep it low inlegion to internal energy.

5.4.3 Concrete-steel interaction

Steel bars and concrete.

The nteractionbetween top reinforcemenesh” ymm-150 and concrete was asseghwith an
embeddedegion option, wherehe reinforcementmeshserves asan embeddedregion, and
concrete serves as a host regibhe same holds for reinforcement Tm: steel bar is defined
asanembeddedegion, and concrete is defined as a host region.

Steelprofiled sheetin@nd concrete.
The interaction between sheeting and comcieffar more complicated,variety of possibilities
to define sich interaction exists within Abaqu#& good staiihg point for modeling this
interaction is first todeterminewhat forcesact onthe concretesteelinterface. When concrete
and profiled steel sheetirage connected, the normal force is acting on contacting surfaces that
allow transmission of forces between steel shgeind concreteThe friction between concrete
and steel sheeting gives rise doshea force thatprevens sliding between two parts. The
important aspectsf defining steelconcrete interaction are as follows:

1 Allow force transmission between steel and concrete surfaces;

1 Failure due teslipping under the external load is minimized.
In Abaqus the friction behavior that prevents slip on two surfaces carspeeified with
Aitangentifadr belhavcondact surfaces i[@4]whembi na
allows small relative motion between surfaces. The friction coefficients can be established in
accordance with experiments whéhe slip rate is measured. But for the simplicity of a finite
element model, a uniform friction coefficient of ©.916] is specified in the model.
Addi t i kimemdtidcyo,ntfact met h o dubthepanaltycertatt algotitery and o
ffintes | i di ngo was activated in order toThad, | ow
both normal and tangential behavior has been specififgtinteractionproperty module that is
allocated tothe surfaceto-surface contact formulation between two surfacés. surfaceto-
surfacecontact the bottom part ofheconcretes | ab was def i ned testopi mast
surface of steel s heet i nAfdditionally, thd effedt of elitfere s i s
contact formulation has been studied in subchd&iér. 3with the mainfollowed conclusion that
surfaceto-surface contact formulation in Abaqus is preferred over general contact formulation
and that friction coefficient plays prominentrole in cefining composite slabnteraction
behavior.
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5.4.4 Primary verification of the model composition

Setting the finite element model requires careful estimation of its accuracy everowtpahis
consistent with expectations of a uderorder to verify modetompositionseveral things can be
controlled
1 The wit consistency of input parametefdimensions, density, forgesnd output results
(reactbn force, deflection, stresses).
i Gravity and resulting reaction fags wheronly gravity load is activated.
1 Energy balance in the moddlring finite element analysis.
1 Load arrangement the effect of which can be checked easily with simple cahelédr
example, line load acting on slalansversely

Unit consistency.

In this work the Sl unit system is implemented, thus, the dimensiomsparttedin millimeters
forcesare given in Newtonand stresses are Newton per unit ared he resultsare expected to
match the dimension of input parameters, for example, ifithet load is 145kN, then the
resulting reaction forces must be of the same order.

Gravity and resulting reaction forces.

The gravity checkvas performedjust after material properties and boundary conditions were
defined in the model. Aie resultingreaction force distribution per each die to initial gravity
forceis shownin Figure5.17. The comparison is made between reaction forces fhafinite
element model undeonly gravity load andinitial reaction forcesdue to slab weightrom
experiments

Reaction force distribution in 1 mesh slab
due to dead load

- 14
=12
8 10 — _
o
= —N—0 R
.8 .
ag 6 — — — — —  m Experiments
g 4 | | | | I FEM
x 2 [ [ [ [ [

0

1 2 3 4 5
Rib number

Figure 5.17 Reaction force distribution per rib in the compositeslab
with 1 reinforcement mesh due to dead load

It can be noticed that there is more variation present in reaction force distribution from testing
than from the finite element model. The possible explanation for this is the measurement
accuracyin testing and inhomogeneous concrete density in redlitg. total dead loads from
experiment, calculation and finite element model are comparedabie 56; t he A hand
calculationvalue is obtained athe productof average dead load of composite slab 3.05kN/m?2
(Dutch Engineeringand total area of the slab 16.2mz2.
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Table 5.6 Total gravity load in the experiment, the finite element model and hand calculation

, Ratio Ratio
Load type Experiment | FEM | Calculated (Exp/FEM) | (Calc./FEM)
Total gravity load, kN 52.8 49.65 49.41 1.06 0.99

It is confirmed thathe geometryof the compositeslab andmaterial densitywere established
correctly inthefinite element model.

Energy balance.

The energy balance check is fAsanity checko o
the model validity, i.e. whethebtained resultf'om dynamic analysiseally displaythe quasi

static solution.The firstrequiremenis thatthe kinetic energ of the objectmustnot exceed a

small fraction(5-10%) of its internal energy throughout tleamtire quasistatic analysig14].

Thus, the inertia forces in thanalysisbecome insignificantf this requirement is not fulfiéd,

the dynamic analysis cannot be usedii@quaststaticproblem at hand.

The secondequirementhat should be satisfied is that the total energy of the entire model is kept
constant and approximately zero through the whole anallsis.conditionensuresthe energy
neutrality of the system meaning that there issopplementaryenergy generated durirthe
analysisand just transformation of one form of energy to another ocdinen total energy of

t he model suddenly riesmear gy hlee ak aegero iinndi tctae
evidence. The user should carefully examine the model in order tahndause otnergy
changeptherwisgthe results from the model cannot be trusted.

The third requirementoncerns the contaend constraits: the work of these twoshould be
nearly zero because no work is done by connectivity or constraint prodesse work of
constrains is large, the definition of connections in the model should be re\aedetianged

The last condition in energy chetka limit of artificial strainenergy that comes from reduced
integration processt is recommendedtb keep the ratiof artificial strain energy to actual strain
energybelow 5%][14]. Otherwise onaeed to think about what is possibly causing #wergy
excessand how the ratican be decreaséd improve the results.

All requirements described in this subchapter were examined after every run of finite element
analysis. The example dfie resultingenergy checkfor the default finite element model with
50mm mesh sizis shown n Figure5.18 andFigure5.19.

[x1.E6]
T

L L . L
0.0 0.4 0.8 12
Time

—— ALLSE Whole Model
——  ALLIE whole Model
—— ETOTAL Whole Model

Figure 5.18 Development of total energye TOTAL , strain energyALLSE and internal energy
ALLIE during finite element analysisin Abaqus
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Figure 5.19 Energy development duringFEA: kinetic energy ALLKE and internal energy ALLIE
of the whole model(left figure); the energyof constraint and contact(right figure)

The evaluation of energyevelopmentluring analysideads to several conclusions regarding the
finite elementmodel configuration First of all,the kinetic energy stayed very low relatively
internal energy in all cases, as welllasenergyof constraintstayed nearly zero in every run of
the model. That proves that dynamic analysis represents thestpiisiproblem and that no
work is done by constraints implemented in the model. Secomdlgeveralcases the total
energy of the whole mod&asincreasing at the end dhe analysis which is, as it was stated
before, a sign of fAener gy wdsaeohpgetdpthegrawthiofh e
artificial strainenergy thareached level beyondthe recommendedimit. The development of
artificial strain energy idoundto the controllingprocess ofi h o u r g ldef@nsationofffidite
elements with reduced integratiolb.is probable that large numberof finite elements with
reduced integration might cause the excess of artificial strain eaptghater,the surplusin the

total energy of the whole modeThe possible remedy for this problem is to use finite elements

with full integration or reducethtegration elements with secondary accurd&nth options will

increase the computational cost of analysis, however, implementation of elements with
secondary accuracy requires less time to complete the analysis when compared to full integration

time-cost Therefore, it is advised to employ in the finite element model reduced integration

elements with secondary accuracy.
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5.5 Effect of different parameters in finite element model on the load-
deflection response of composite slab

The effect ofdifferent model parameters on finite element load control analysis results is
presented in this subchapter. Several parameters are examined:

1 Mesh sensitivity.

9 Dilation angle.

1 Contact definition

5.5.1 Mesh sensitivity

In order to obtain reliable results frommife element analysis, it is important to establish a good
mesh, i. e. mesh that generates results with satisfactory qualitya aedsonabldevel of
accuracy, assuming that input parameterstii@r model are correct. Mesh accuracy can be
controlled by dferent ways; the straightforward option is to compare the finite element analysis
results with experimental data or theoretical value. In a case when such data is not available, the
quality of mesh can be controlled by examining mesh densityesudt discontinuities[17]. A
comparison of experimental loakkflection result and loadeflection response of composite

slab in displacement control analysis with mesh element size 100mm, 50mm andi25mm
presented ifrigure5.20.

Mesh sensitivity effect on load-deflection response

160

140 /_—-E %

120
Z J00 g
] mesh 100mm
8 80
T 60 = mesh 50mm
2 40 / :/BM ——mesh 25mm

1
20 : — pyperiment

0

465

0 10 20 30 40 50 60
Max. deflection, mm

Figure 5.20 Load-deflection response of composite slab ithe experimentand finite elementload
control analysis with mesh element size 200mm, 50miend 25mm
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Mesh sensitivity effect on loadleflection response
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Figure 5.21 Load-deflection response of composite slaim a range G60kN in the experimentand
finite elementload control analysis with mesh element size 100mm, 50m@ind 25mm

Figure5.20 makes it clear that loadeflection response from finite element model vdiffierent

mesh size showsmesh dependency #e curvesare divergingrom each otheit can be noticed

that the substantial divergence occurs betwibetoad-deflectioncurve of finite element model

with 100mm element size and other three curves. The difference between mesh 50mm and
25mm on interval B60kN is small, as showin Figure 5.21. The finite element model with
element size 25mm seems more accurate; however, running the parametric study with finite
element model having fine mesh can be very fomesuming.Table 5.7 gives an overvievof

time cost required to perform finite element dynamic analysis in Abaqus for models with
different finite element size.

Table 5.7 General characteristics of finite element models imeshsensitivity study

Mesh Total Total Amount of increments in Time to complete FEA
. number number
size FEA (hour)
of elements of nodes
100mm 7446 9966 87547 0.25
50mm 36976 47012 217021 2.73
25mm 152532 187324 409055 9.16

With each meshefinementthe amount of finite elements in the model increases approximately

5 times compared to the previous step, while time to finish the finite element analysis increases
in circa 6 times. Running the analysis of model with 50mm element mesh size requitkaress

3 hours, and analysis of model with 25mm element size demands more than 9 hours, which is
rather laborious for parametric study with multipledeb runs. Additionally, in practice the
concentrated force on composite slab ComFlor210 does not exgidddand up to thisonadthe
load-deflection responseof FEM with 50mm and 25mm mesh sizge almost identical.
Therefore, it is decided to condugparametricstudy withamodelhaving 50mm element size.

Although the experimental results are availatdemake a comparison with finite element
analysis results (seeigure5.20), the other two options to verify mesh quality are also briefly

discussed.

Another option to check mesh accuracy is an examination of stress discontinuities between
adjacent elements the crucial region. Commonly, thénite element methodeductsstresses at
interior locations of the elemente. Gaussintegrationpoints andthenextrapolatestresseso

the nales on the element boundaries, resulting in each element compgtin@blestresses at
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shared nodesThe level of stress discontinuitiessensvith mesh refinementhus, this property

can bealsoused toevaluateneshaccuracy

Mesh density is another alternative to monitor mesh precision; in general,-demgity mesh

will yield results of high accuracy. An application of mesh density metric implies multiple mesh
refinementsuntil a critical result convergedor example, the maximum stress in a certain
location doesnot changedrastically with each mesh refinemeint Figure5.22 the maximum

Von Mises stress of steel reinforcement in the middléhefcompositeslab is plotted against
mesh density (number of elements in the model over model volume).

Stress sensitivity to mesh densit
600
500 | *
50mm 25mm
400
300
200
100

0 ’ 1 1 1 1 )
0 0.00002 0.00004 0.00006 0.00008 0.0001

Mesh density [elements/volume]

100mm

Von Mises stress [MPa]

Figure 5.22 Von Mises stress sensitivity to mesh density in displacement control FEA

The curve inFigure 5.22 shows that the Von Mises stress of reinforcement growths as mesh
density increases. Eventualipcreasing the mesh density furtiesluces small stress growtmn
increase fromB6976elements per unitolumeto 152532 elements per unitolume generates

only a 18% increase in stres§his again proves the point that mesh composé&dwimelement

size is efficient and advisable to use in order to obtain reliable results from finite element
analysis.

Considering all that was mentioned above, it becomes thedrthe finite element analysis
performed withthe dynamicexplicit procedure in Abaqus is mesh dependent, meaning that the
results of such analysis are influenced by the mesh size and mesh refinement in the critical
location. Additionally, the mesh witBlement size 50mm produces results close to experimental
ones, and, therefore, can be utilizedhefurtherparametric study of composite slab.

5.5.2 Dilation angle effect

Dilation angle is input parameter in concrete damaged plasticity model that deindwde
dimensional surface of damaged concrete compression and tension behavior relatively to
principal stresses axes. Dilation angle obtains values in a rang§b d@Bgreeg14]. In most

cases the large value of dilation angle results in stiffer concrete behavior in plastic stage.
Dilation angle can be determined from concrete test data, however, the specific tests should be
performed, and because the results of these tests are not available, itabktoreonduct a
parametric study on dilation angle variation in order to establish the plastic concrete behavior
similar to laboratory test results. Thoad control finite element analysis of composite slab was
executed with three different values ofadiibn angle: 20°, 30and40°.
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Dilation angle effect on loadleflection response
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Figure 5.23 Dilation angle effect onthe load-deflection response of composite slab iload control
FEA

Figure 5.23 shows that, indeed, the variation in dilation angle caused the difference in load
deflection behavior of composite slab, and this effect is most pronounteglimelasticpart of

the curves As dilation angle increases, teeentualotal load reached in finite element analysis
increases as well. Additionally, the responsdhaf compositeslab becomes stiffer. Based on
Figure 5.23 it was decided that implementation 40° dilation angle in concrete damaged
plasticity model produces results similar to experimental findings.

Table 5.8 Ultimate reaction forces reached in FEAof one mesh slalwith different dilation angle
and the experiment

Dilation angle | Maximum force, kN | Force ratio (FEA/Exp)
20° 117.72 0.81
30° 123.02 0.85
40° 135.06 0.93
Experiment 145 -

5.5.3 Influence of contact definition

Abaqus/Explicit provides two types of contact definition: general contact and contact pairs.
General contact allows setting contact between all regaoddbodiesin the model with one
single interaction; the contact pairs define contact batvierospecificsurfaceswith individual
interaction[14]. In generalcontactjust penalty method can be used feechanicakonstraint,

while contact pairs include penalty and kinematic methods as constrainAbgugpisoffers two
possibilities to definghe relative motion of the surfaces1 contact, namely finite sliding, in
which general arbitrary motion of two surfaces is allowed, and small sliding that enables little
sliding of one surface along the other.

In Figure5.24 a comparison is made between labadlectionresponsesf the compositeslab in

FEA with a differenttype of prescribeccontact orna concretesheetingnterface: general contact

with penalty mechanical constrainsurfaceto-surface contact with kinematic mechanical
constraint with small slidingnd finite sliding.
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Contact effect on loaetleflection response
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Figure 5.24 Contact effect onthe load-deflection response of composite slab in load control
FEA

There is not much difference in loaéflection response of composite slab vattifferenttype
of interaction up to 60kN, i.e. where the slab isthe elasticstage. Above 60% the curves
diverge from each otheignificanty. FromFigure5.24 it follows that sirfaceto-surface contact
with kinematic mechanical constraimdfinite sliding generatea load-deflectionresponse of
composite slab iaplasticstage close to the experimental results.

5.5.4 Conclusion regarding the influence of the finite element model parameters

The study ortheinfluenceof different parameters in finite element modeltbaload-deflection
response of composite slab reveals that the plastic behavior of the slab is highly influenced by
mesh size, chosen concrete properties and contact definitithre concretesheetingnterface.

The most accuraténite elementresultsin comparison to experimenis the plastic stage are
obtained with mesh siZZmm, dilation angle 40° and surfatmesurface contact interaction with

finite sliding.

There is not much difference in lodeéflection response of composgkab inthe elasticstage

when mentioned parameters in finite element model are chdregdes the mesh siz&éhe

mesh size effects the elastic response of compositsiglaificantly. mesh size 100mm is coarse

and is not recommended for finite element analysis, while 50mm and 25mm element size show
thealmostidentical elastic respongd composite slab
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5.6 Load control finite element analysis

5.6.1 Model description

In the load controlnalysis the load (h a form of concentrated force, pressure, and stress)
changeswith increments while the displacement follows from the stiffness of the struttuze.
applied load is 145kN which is connected throtigtreferencepoint, located 100mm above the
slab centerto the load surface 150mmx150mm by coupliisg@e Figure 5.9). In order to
compare the experimental and finite element results, the load of 145kN was chdsen to
employedin finite element loadontrol analysis, because 145kN is the maximum load ezhch
during laboratory testing dheonemeshslab.

The loaddeflection response in experiments was determined at a half Bpas, the load
deflection response in finite element model subjected to load control analysis is takehefrom
same location whitis 2700mm away from slab edges.

The material properties are used as5B38The loads and boundary conditions are described in
85.4.1 The input parameters for concrete damaged plasticity model are presentddeid.9,
wherel is thedilation anglep is the ratio of the second stress invariant on the tensile meridian
to that on the compressive meridign 7, is the ratioof initial equibiaxial compressive yil
stress to initial uniaxial compressive yialttess and- is aneccentricityparameterThe default
values (values recommended by Abaqus user guidd]) are usedfor these parameters
Determination of damage parameters for concrete in tensidrcampression is explained in
AppendixC.

Table 5.9 Concrete input parameters for damaged plasticity model

Damaged plasticity parameters

! Ly dy 70y £
40 0.667 1.16 0.1
Concrete compression behavior Concrete compressiondamage
Yield stress, MP4q Inelastic strain, mm/mnj Damage paramete| Inelastic strain, mm/mrm
13.21 0.0 0.0 0.0
21.89 0.00027 0.0 0.00027
26.64 0.000612 0.0 0.000612
28 0.001067 0.0 0.001067
26.37 0.001621 0.057861 0.001621
22.14 0.002262 0.209030 0.002262
15.60 0.0035 0.442641 0.0035
Concrete tensile behavior Concretetensiondamage
Yield stress, MPg Cracking strain, mm/mn Damage paramete| Crackingstrain, mm/mm
2.20 0.0 0.0 0.0
1.467 0.000281 0.333182 0.000281
0.825 0.000619 0.625000 0.000619
0.367 0.001143 0.833182 0.001143
0.0 0.001760 1.0 0.001760

The input parameters for steel reinforcement and steel sheeting are shiaaein 10.
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Table 5.10 Steel input parametersfor plasticity domain

Steel reinforcement Steel reinforcement Steel sheeting
nomm N mm ComFlor210
Yield stress,| Plastic strain, | Yield stress,| Plastic strain, | Yield stress,| Plastic strain,
Mpa mm/mm Mpa mm/mm Mpa mm/mm
517.33 0 558.44 0 400.71 0
534.6 0.00878 565.5 0.005083708 409.54 0.02927
540.99 0.01266 561.41 0.008075623 436.61 0.04675
584.7 0.0083054 421.39 0.04832
585.37 0.009453493 445.94 0.04989
609.67 0.011287691 494.91 0.10189
629.38 0.014946082 S11.75 0.12691
649.52 0.019045719 555.02 0.18479
670.72 0.02448603
683.9 0.032591331

5.6.2 Load control analysis results

This subchapter dividethto several parts in order to given overview on analysis output,
namely deformed shagpend displacementstresses and strains, and rib reaction forces.

5.6.2.1 Deformed shape and displacements

The deformationof the compositeslab, subjected to a concentrated force in rthiddle is
characterized byhe slightly concave shape of the top surface watmaximumdeviation from
the undeformedsurfa@ in a point under applied loatihe maximum deformationccuss under
loading surfaceand thendeformationsare spreaéhg over the slab to its edges agdn be seen

in Figure5.25.

U, u2
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-4.419e+01
-4.844e+01

Figure 5.25 Displacement fieldU2 in onemesh slab under concentrated force 145kN
in load-control FEA
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A comparison is made between leaahtrol finite element analisandexperimentpresentedn
Figure5.26 andFigure5.27 for total load vs. deflection responsemoiddle rib (Rib 3), adjacent
rib (Rib 2) and outer rib (Rib 1) afompositeslah Naturally,the response of other two ribs Rib
4 andRib 5 will be similar to that of Rib 2 and RibdLie tothe symmetryof slab geometry and
load applicatior(for rib numbering se€igure5.10).

Rib3 LoaeDeflection curve
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Figure 5.26 Total load vs. maximumdeflection ofthe middle rib of the compositeslab
in load control FEA and test
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Figure 5.27 Total load vs. maximumdeflection ofrib 2 (left figure) and rib 1 (right figure) of the
compositeslabin load control FEA and test

The maximum reachable displacemené844mm in load-control FEAIs slightly higherthan

the maximum displacement of 46.5mm from testing. This can be explayndte fact thain

reality the test was displacement drivand was stopped manually just afteaction force
reached 145kN; apparently, if the applied displacement was maintained a little longer, the final
displacementf the slab will be alsbigher in a test.

The loaddeflection responseof ribsfrom load control FEA showood agreementith the test
resultsfor most of the loadleflection curvedesidethe part between50kN and 100kN where

small divergencén resultsoccurs Froman examinationof analysisoutput follows that at about
50kN the Von Misses stres$ concrete parexceed 0.4Q (i.e. 11.2MPayrompressiveoncrete
strength which indicates the beginning of ntinear concrete behaviofhe nonlinear behavior
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of concrete is difficult to capturaccurately within the finite element analysis because such
behavior is dependentnomany factors, nameliensile cracking of concrete andonlinearity
introduced by reinforcemenifhis can explain the deviation of |ledéflection FEA response

from testresults(seeFigure5.26).

5.6.2.2 Stresses and strains

The Von Mses stressalso known as Huber strabsit accounts for all six components of general
3D stress stajels usedto present stressefrom finite elementanalysis since the safety of
materials with elastplastic propertis can be evaluated using Von d9ds stresses.he Von
Mises stress is, therefore, acceptethisre criterionto assesstress formation ithe composite

slah
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Figure 5.28 Von Mises stress distribution in concreten load control FEA at the end ofthe analysis
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Figure 5.29 Normal stresses (MR) in X, Y and Z direction for concrete inload control FEA at the
end ofthe analysis

The contour plots of Von Mises stress and three principal stresseg3aTX Y (S22)and Z
(S33)direction for concrete part of composite slab ComFlor210 are illustmatedure5.28 and
Figure 5.29. As shown on the pictures, the highest concentration of three @lirstigsses
occurs at theener of the slab close to the load application surfabere concrete is obviously
in compressionBesides the load application zone, the compression in concrete is also developed
at supports; while most of the concrete in ridtaysin tensionduring analysisThe principal
stress, reached-20.06MPa at the end of amgsis, which is lower theconcrete compression
strength the conclusion can be draviimat concretdehaviour in compression is characterized
by stresshardeningat the last stagef analysis Regardingtensile concrete cagity, it can be
said that he maximum tensile stress originates at the bottom of the middle rib at
approximately25kN load,indicating that concretgainsits tensile resistanasapacityat this load
level and flexure crackare starting tevolve from rib bottomAs a result of concrete cracking
and further load increase, the tensteess in concrets decreasing hereafter, reaching
1.78MPa at the end @gheanalysis

76



Figure 5.30 Von Mises stress distribution in steel sheeting in load control FEA at the end tife
analysis

The steel sheetingtartsyielding at a bottom flange of theener rib at about118kN, which is
expected because the bottom flange is thiéstpart of steel sheeting frothe neutralline in

the crosssection,and it is clear thathe yieldingshould occuthere first.Hereafterthe adjacent
sides reach the yielding stress and then tmmected top flange of steel sheeting begins to .yield
At the end ofthe analysis the Von Mises stress in steel sheeting reacheSKMIPha with the
highest concentration #te middle rib of steel sheetinghich is shown inFigure 5.30. At the
sametime, the stress at th®vo outerribs of steel sheeting dsnotexceedhe yielding limit.

The stress itransverseeinforcement Y & obtainsa maximum valueof 459.5MPa, while the
maximum stress in longitudinal wirespa & is less and equalk’y7.IMPa atthe end of angkis,
indicating that the reinforcement mesh did not ysddfar The highest stress in reinforcement
mesh concentrates againfalocaion where theloadis applied on a slab, while the stress in the
wires close to slab edges does not exceed 100MPa.

b § Y

A A

7 X 1 X
/

Figure 5.31 Normal stress distribution in reinforcement mesh 8mm (left figure) and steel bar
20mm (right figure) in load control FEA at the end ofthe analysis

The maximum stress in reinforcemenht; @ & occurs in a bar placed in the cetrib and
equalss66.6MPa. The yielding stressfaeinforcement steel i2 540MPa, meaninthe centre
baris yielding at approximately 130kNyhile otherbars in ribsare noteven when the applied
load is at the maximum.The contourplots of Von Mises stress for reinforcemehg a and
n¢ 1 & are presented iRigure5.31
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Strain distribution in bottom flange of steel sheeting
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Figure 5.32 Strain distribution in Rib 3 bottom flange of steel sheeting

Figure 5.32 shows the strain distribution over the slab lengtithi@ bottom flange of steel
sheeting at the middle rilit is clear thatthe strainin steel sheeting is just about to reach the
yielding strain of steel 0.002 ail8kN. At the end of analysis whaheloadis at maximum the
intersection of strain curve with yielding strain occurs at 2275mm from slab supported edge.
Thus, the total lenbtof theyieldedsection of bottom flange is 850mm.

Now with the stress distributions in concrete and steel elementiseafompositeslab are
analyzed, the conclusion on the failure modehefcompositeslab under concentrated force in
load control FEAcan be inferredThe concrete reachdts tensile capacity aapproximately
25kN followed by crack development in concrete tisatypical for flexure From thatmoment
the reinforcement and steel sheetisred contributing to slab bending resistance with steel
sheeting reaching the yielding limit at approximatEly3kN; meanwhile the separation of steel
sheeting from concreteas observedn finite element modelConcluding, the composite slab
ComFlor210 faildoy flexure.

5.6.2.3 Reaction force distribution in one mesh composite slab

A comparison is madm Figure5.33 between reaction force distribution in finite element load
control analysis and experimerfirstly, the distributions of loads 10kN, 60kN and 145kN
resulting from finite element load contrahalysis will beanalyed At 10kN the concentrated
force spreads over all five ribs withe slightly higher contribution ofcener rib: cener rib
carries28% of the load, whilghe contributionof eachadjacentib accounts for 2% of the load

at this stage, and the rest of the load goesh® outer ribs. This distribution of 10kN load
obtained from load control FEA amostsimilar to the experimentaésults;this is presentedn
Figure5.34.
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Rib loaddeflection curves Rib1 Experiment
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Figure 5.33 Load-deflection curves of each rib in experiment and load control FEA

When total load rises up to 60kN, the distribution of finee in load control FEA is barely
changed compared to 10kN load distributi@il five ribs of composite slab participate in
spreading the point loadhe main difference can be seerthie decreasedtontribution of outer
ribs: dropping to2%. Nevertheless, the deviation fraitme experimenis observed at thi®adng
stage, namely theener rib in a test carries 36% of the load, while ttener rib in FEA
accounts foB0% of total loadseeFigure5.35).
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Figure 5.34 Distribution of 10kN concentrated forcein load control FEA and experiment
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Distribution of 60kN load per rib in 1 mesh slab, [%
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Figure 5.35 Distribution of 6 0kN concentrated forcein load control FEA and experiment

At 145kN the concentrated force distribution is drastically changed. The two outer ribs
contributealmostno more to spreading the load, amadst of the loadpassedo the cener rib

which carries 38% of thetotal load at this stage. The contribution of adjacent ribs is also
decreasedo 28% each.The final distribution of the maximum load from FEA in percentage is
somewhasimilar to that othe experimentseeFigure5.36.

Distribution of 145kN load per rib in 1 mesh slab, [9
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Figure 5.36 Distribution of 145kN concentrated forcein load control FEA and experiment
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5.7 The displacement control finite element analysis

5.7.1 Model description

In the displacement contrahalysisthe load is applied in a form of prescribed displacement to a
specific point. Specifically, the displacemeist attached to a reference point (RP) trsat
connected through couplirig the surface 150mmx150mm at the center of top slab suiifhee.
prescribed displacement wapecified with smooth steamplitude function and uniform
distribution in the boundary condition module

The prescribed displacement for the slab loaded centrally equals 46abishior the slab loaded
at the quarter of the span equalgmm.

The material properties are useddascribedin 85.3. Boundary conditionsf the compositeslab
arepresentedn 85.4.1 The input parameters for concrete damaged plasticity modgiverein
Table5.9. The input parametefsr steel elements are definedTiable5.10. These parameters
are the same as in lo@dntrol analysis

The analysis wasxecutedin Abaqu$Explicit module with Dynamic, Explicit step As
mentioned before, it is necessémycheck whether thebtained resultseally representhe quasi
static solutionthe kinetic energy of thebjectshould not exceed a small fracti(10%) of its
internal energy throughout thehole quaststatic analysisThe mainenergy balance requirement
is fulfilled, as it can be sean Figure5.37, where kinetic energy (ALLKE) and internal energy
(ALLIE) are plotted against step time.
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Figure 5.37 Kinetic and internal energy of the finite element model in displacement control analysis

Indeed, the kinetic energy stays almost on the same level, while the internal energy of the whole
model is constantly increasing on @3 step interval.
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5.7.2 Displacement control analysis results

This subchapter dividethto several pas in order to givean overview on analysis output,
namely deformed shape and dés@ments, stressasd rib reaction forces.

5.7.2.1 Deformed shape and displacements

The deformatiorof the compositeslabunder concentrated loasl characterized bthe concave
shape of the top surfac&he maximum deformation of 47.07mm occurs under loading surface,
and then deformatiore/olveover the slab to its edgeseeFigure5.38.
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Figure 5.38 Displacementfield U2 in the onemeshslab in displacementcontrol FEA

A comparison is made between displacertamttrol finite element analysis and experiment
presented irFigure5.39 andFigure5.40 for total load vs. deflection response of middle rib (Rib
3), adjacent rib (Rib 2) and outer rib (Rib 1) of composite slab. Once again, the respthrese of
othertwo ribs Rib 4 and Rib 5 will be similar to that of Rib 2 and Ribdue tothe symmetryof
slab geometry and load application.
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Figure 5.39 Total load vs. maximumdeflection ofthe middle rib of the compositeslab
in displacementcontrol FEA and test

82



Rib 2 LoaeDeflection curve Rib 1 LoaeDeflection curve
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Figure 5.40Total load vs. maximumdeflection ofrib 2 (left figure) and rib 1 (right figure) of the
compositeslabin displacementcontrol FEA and test

5.7.2.2 Stresses

The contour plots of Von Mises stress and three principal stresses in X (S11), Y (S22) and Z
(S33) direction fora concretepartin composite slab ComFlor210 agevenin Figure 5.41 and
Figure5.29, Figure5.42. The highest concentration of three principal stresses occurs at the load
application surface where concreteirglercompressionmeantimeconcrete in ribgxperience

mainly tensile stressThe principal stress reached16.28MPaat the end of agsis, which is

lower the yielding stress of concrete in compressimm thd the conclusion can be drawn that
concrete behaviour in compression is characterized by strain softening at the last stage of
analysis The maximum tensile st8,  originatesfrom middle rib bottomat approximately

28kN total load, meaningthat concreteobtainstensile resistance capacity and flexure cracks
appearat rib bottom.With continuingconcrete cracking and load incseathe ensile resistance

of concrete is decreasitfigrthermore reaching, 1.658VIPa at the end of analysis.

A

z X

Figure 5.41 Von Mises stresglistribution in concrete part in displacementcontrol FEA at the end
of analysis
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Figure 5.42Normal stresses (MR) in X, Y and Z direction for concrete in displacementcontrol
FEA at the end ofthe analysis
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Figure 5.43 Von Mises stresglistribution in steel sheeting indisplacementcontrol FEA at the end
of the analysis
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Figure 5.44 Normal stress distribution in reinforcement mesh 8mm (left figure) and steel bars
20mm (right figure) in load control FEA at the end ofthe analysis

The steel sheeting starts yielding at a bottom flange ofgher rib at about 120kN. Over time
the adjacent si&b reach the yielding stresad thenthe top flange of steel sheeting begins to
yield. At the end othe analysis the Von Mises stress in steel sheeting rea@9&sIMPa with
the highest concentration at the middle rib of steel sheeting, which is shéwgure5.43. The
stress at the two outer ribs of steel sheeting does not exceed the yielding limit.

The maximumstress in transverse reinforceméenfad & is 484.5MPa;the maximum stress in
longitudinalwires " Y& & is less and equals3@MPa at the end of analis, indicating that the
reinforcement mesh did not yet yield

The maximum stress in reinforcemérg @ & occurs in a bar placed in the centre rib and equals
558.1MPa. The yielding stress of réaricement steel iX2 540MPa which means that onthe
centre bar is yielding while other bars in ribs are fibie contoumplots of principal stress for
reinforcement Y & andn ¢ @ & areshownin Figure5.44.

After analyzingthe stress distributions in concrete and steel elemernktse cbmpositeslab, the
conclusion on the failure mode tife compositeslab under concentrated forcedisplacement
control FEA can berawn First of all, concretegainedtensileresistanceat approximately28kN
followed byflexural crack developmenin ribs. Secondlythe reinforcement and stesheding
started contributing to slab bending resistancé wieel sheeting reaching the yielding limit at
approximately120kN. The composite slab ComFlor210 fails by flexure.
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5.7.2.3 Reaction force distribution in one mesh composite slab

A comparison is madén Figure 5.45 between reaction force distribution in finite element
displacementontrol analysis and experimedtgain, the distributions of loads 10kNOKN and
135kN will be studied At 10kN the concentrated force spreads over all five ribs higher
contribution ofthree middleribs: cener rib carries28% of the loadthe contributionof each
adjacentib accounts for 2% andeachouter ribtakes 9% bthe load This distribution of 10kN
load fromdisplacementontrol FEA isin some measurgimilar to the experimental resultsis

is shownin Figure5.46.

Rib loaddeflection curves
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Figure 5.45 Load-deflection curves of each rib in experiment andlisplacementcontrol FEA

When total load rises up to 60kN, the distribotiaf the force isslightly changed compared to
10kN load distribution: all five ribspread thdoad. The main difference can be seertha
decreasedcontribution of outer ribs resulting i8%. Additionally, the deviation fromthe
experimentis observed at thikadng stage, namely theener rib in a test carries 36% of the
load, while thecentr rib in FEA accounts only foB0% of the total load the contribution of
adjacent ribs is increased as wekeFigure5.47).
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Figure 5.46 Distribution of 10kN concentrated forcein displacementcontrol FEA and experiment
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Figure 5.47 Distribution of 6 0kN concentrated forcein displacementcontrol FEA and experiment

At 135kN the concentrated force distribution is changetbt The two outer ribs contribute
almostno more to spreading the load, and nearly half of the load passescent#raib which
carries 4% of the totalload The contribution of adjacent ribs decreased to 6. The final
distribution of the maximum load from FEA in percentageresentedn Figure5.48.
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Figure 5.48 Distribution of

Distribution of 135kN load per rib in 1 mesh slab, [9
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5.8 Conclusion on the finite element model and comparison with the
engineering model

The finite element model (FEM) of composite slab ComFlor210 is described in detail in chapter
4. Theinput parameters for FEMre based not only orest results (e.g. material properties
geometry but also on the assumptiongnd several recommendations. Fomstance the
parameters of concrete in damaged plasticity model are recommended from Abagy$4juide

they are used in various studies and proven to be accurate enough, but it is always better to
obtain those parameters from specific concrete téstshe determination of the damage
coefficients for concrete in tension and compression (described inndpp€) the simplified
approach is used. Additionally, the friction coefficient between concrete and steel sheeting for
setting interaction in FEM was assumed, because no test was periororerto determine

that coefficient focomposite slalcomFlor2L0.

The results from load control and displacement control finite element analysescofrtpesite

slab were compardad chapter 3o laboratory test results made by M. Dracht in TU Délfivas

found that there is no much difference observed betweenetults from displacement control

and load control FEA with regard to stress distributions in different elemeth® obmposite

slab. Therefore, both types of finite element analyses can be used for assessing slab response
under point load in loadingange 6145kN.

The finite element model of a composite slab shows good agreement with test results. The ratio
of maximum deflections in FEM and tast1.24 at a load 60kN and 1.01 at 145KIKNe average
deviation ofthefinite element modelesultsfrom testis given inFigure5.49.

Average deviation of results in 1 mesh Result deviation FEM, eng. model, test
slab, force at L,,{2 Rib3, FEM and test in 1 mesh slab, force at L/2
300% - 10,279%
100% =o=Engin.
L 80% N model
- N - 200%
'§ 60% FEM é ’ == FEM
1] ©
S 0% S
0 10, 3%
0% - _ < 145, 1% o0 | k 60, 23%
o 10.3%p 100 150 0 20 40 60
Load, kN Load, kN

Figure 5.49 Average deviation betweer-EM, engineering model(max. rib deflections) and test

The comparison is made betwettre engineeringmodel and finite element model results in

Table5.11. Thedifference betwen FEM and engineering model rib displacements is about 20%
at 60kN.

Table 5.11 Maximum rib displacementsin FEM, engineering model and tesat 60kN load

FEM | Engineering mode| Test Ratio
Force, kN 60 60 60 | Eng./Test| FEM/Test| FEM/Eng.
Displacement Rib3, mm  8.15 10.15 6.5 1.56 1.25 0.80
Displacement Rib2,4 mn  6.04 8.32 5.5 1.51 1.10 0.73
Displacement Rib1,5 mn  4.09 4.83 4.5 1.07 0.91 0.85
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6 PARAMETRIC STUDY ON COMPOSITE SLAB
COMFLOR210

6.1 Introduction

The finite element model (FEM) of composite sabmFlor210 has been creaiedhe program
Abaqus/CAEand described in detail in chapterThe results from load control and displacement
control finite element analysexd the compositeslab were compared to laboratotgst results

made by M. Dracht in TU Delftt was illustrated thathe finite element model can predict quite

well the loaddeflection response of composite slab subjected to a concentrated force placed on
the mddle ribatthehalf of the spanHowever, inpractice it is of main interest to be abte get

a vision on slab behavior when concentrated force is movaddtherlocation, and wherhe
lengthof the slab is changedrirstly, the desired load positisrare to be elaborated, and, then,
thewishful geometry characteristics will be discussed.

The load can be moved in width amdlongitudinal directionsThe composite slab in question
has by defaulfive ribs; therefore, in widthdirection the pointload can be placed on adjacent
and outer ribsi rib 1 and rib 2, or rib 4 and rib Hor rib numbering sed-igure 5.10).
Additionally, the situation Wth unsupported outer rib does not ocoumpractice: the composite
slab is usually supported at all four edgbsis,the positioningof the loadon the outerrib is not

of practicalinterest.Hence, aly one adjacentb together with middle rilmeedso be examined
due tothe geometrical symmetry ahe compositeslab. In longitudinal direction the load was
placed at slab middle; it is wishful to place the load at slab quarteatonesixth of the length

in order to oversee the evolution the distribution of concentrated load when load travels
towards the slab edges.

The composite slab ComFlor2Xkan beproduced with different geometryength, concrete
grade, slab height, type of reinforcement can vary per slab in order to meet the constructi
needs.Table 6.1 presents the possible configurations of composite slab ComFloEAit@h(
Engineering.
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Table 6.1 Possible geometry configuration for ComFlor210 slab

Slab . Rib Cover | Concrete The thicknessof steel
Slab length, mm . reinforcement, .
Height, mm mm mm class sheeting mm
3600 280 12 40 C20/25 1
4200 300 16 30 C30/37 1.25
4800 320 20 Load variation per slab
5400 25 rib 2, 3 center
6000 2 at 1/2L 2 at 1/4L
6600 2 at 1/6L
7200
T*3*4*2*
Total number of possible configurations %G 2016
Reduced
configurations:
Rib .
Slab . Cover, | Concrete Thickness of steel
Slablength, mm . reinforcement, )
Height, mm mm mm class sheeting,mm
3600 280 20 40 C20/25 1.25
5400
7200 Load variation per slab
rib 2and rib3
2 at 1/2L 2 at 1/4L
2 at 1/6L
*1%1%1%
Number of reduced configurations 3 11*161 18
Effect of parameters below studied on default case only: L=5400mn
load at Rb 3 at 1/2L
) ) the thicknesof steel
rib reinforcement i
sheeting
12 1
20 1.25
25
Total number ofanalyzed configurations 18+3 21
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6.2 Composite slab ComFlor210: span 3.6m

6.2.1 Concentrated load at Lspan/2

The concentrated load of 60kN pssitionedat the half span length, which equl8m, on the
middle Rib 3 and adjacerRib 2 alternately. The resulting distribution tuftal reaction force in
each rib m relation to the total appliddadthat increases from 0 to 60kNgs/enin Figure6.1
andFigure6.2. Due tothesymmetricaload application at 4,a42 Rib3, the reaction forces in Rib
2 and Rib 4, Rib 1 and Rib 5 adentical.
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Figure 6.1 Distribution of concentrated load per rib (top figure) and reaction forces bottom figure)

in the compositeslab L=3600mm with force on Rib 3at L/2
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Load distribution (L=3600mm, force at L/2 Rib:
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Figure 6.2 Distribution of concentrated load per rib (top figure) and reaction forces (bottom figure)
in the compositeslab L=3600mm with force on Rib 2 at L/2

Figure6.1 showsthat Rib 3carries most of the loagp to40kN total load, after that contribution

of Rib 3 decreases to almost 30% wthe contributionof Rib 2 increases to trsame levelThe
contribution ofexternalRib 1is less than 5%or the entire loadange

Figure 6.2 displaysthat contribution ofRib 1, Rib 3 and Rib 4 iapgoximately constant in a

load range ®O0kN. Reaction forcén Rib 3 amounts to 280% of total load,the reactionforce

of Rib 1 adsorbs 3@4% of total load and reaction force in loaded Rib 2 decreases fronat38%
the beginning of loading to 32% at 45kdtal load and then increases again up to .3VR& load

on Rib 2 results in uplift of the farthest corner of the slab and tensile reaction force in Rib 5; this
explains whythe contributionof Rib 5 has opposite siganlike other four ribs.

6.2.2 Concentrated load at Lspan/4

The concentrated load of 60kN magnitude is placed at the quarter of arsipenmiddleRib 3

and adjacenRib 2. The resulting distribution of total reaction force in each rib in relation to the
total applied load is displayed iRigure 6.3 and Figure 6.5. Due to unsymmetrical load
application, the reaction forces in right and left supportthefcompositeslab are not equal.
Therefore, distribution in the right support closest to the applied load is also gi¥euir6.4
andFigure6.6.
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Load distribution (L=3600mm, force at L/4 Rib:
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Figure 6.3 Distribution of concentrated load per rib (top figure) and reaction forces (bottom figure)
in the compositeslab L=3600mm with force on Rib 3 at LA

Load distribution in right and left support
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Figure 6.4 Distribution of concentrated loadin right and left support of each rib (L=3600mm with
force on Rib3at L/4)
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Load distribution (L=3600mm, force at L/4 Rib:
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Figure 6.5 Distribution of concentrated load per rib(top figure) and reaction forces (bottom figure)
in the compositeslab L=3600mm with force on Rib2 at L/4
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Figure 6.6 Distribution of concentrated loadin the right support of each rib (L=3600mm with force
on Rib 2 at L/4)
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Whentheloadis placed on Rib 3 at the quarter of a span, the contribution of Rib 3 is the highest
among other ribs resulting more tham5% of total forceup to 30kN andn 42% in range 30
60kN. The ontributionof Rib 2 is about 25%the contributionof Rib 1 isconstant and equals
2%. It is clear that rast of the load icarried by Rib 3 and Rib Z={gure 6.3). The reaction
forcesin right support that in proximity to load application account for 76% of tola&d and

the left support carries 24% of total lodde proportionof 76%-24% of support reaction force
distribution holds unchangebtroughthe wiole analysis.

In a case withtheloadplaced on Rib 2 at the quarter of a span the contribution of RiRibh 5

stays unaltered in a range88kN with Rib 2 being loaded the most witB% of total load. After

that contribution of Rib 2 drops to 43% whit®ntributions of Rib 3 and Rib 1 increase
amounting for 26% and 28% respectively at the end of loadimgcontribution of Rib 4equals

5% in a range %0kN total load Again the concentrated load on Rib 2 leadstauplift of the
farthest corner of thelab and tensile reaction force in Rib 5; this is why the Rib 5 contribution
has reverse sign unlike other four ribsFgure 6.5. The distribution breaction force in right
support of each ribin generalfollows the pattern of total reaction force distribution in ribs; the
proportion 76%24% with 76% being the total reaction force in right support of composite slab
can be see(Figure6.6).

6.2.3 Concentrated load at Lspan/6

The concentrated load of 60kN is positioned atahesixth of the sparontheRib 3 andRib 2.

The resulting distributions of total reaction force in each rib in relation to the total applied force
are presentedn Figure 6.7 and Figure 6.9. Because the position of the concentrated force is
unsymmetrical in relation to the span length, the reaction forces in right and left suppbés of
compositeslab are not the same. Thusstdbutions in the right support closest to the applied
load are also presentedrigure6.8 andFigure6.10.
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Load distribution (L=3600mm, force at L/6 Rib:
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Figure 6.7 Distribution of concentrated load per rib(top figure) and reaction forces (bottom figure)
in the compositeslab L=3600mm with force on Rib 3 at L6
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Figure 6.8 Distribution of concentrated loadin right and left support of each rib (L=3600mm
with force on Rib 3 at L/6)
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Load distribution (L=3600mm, force at L/6 Rib:

60% e
55% - ]
25%
40% «—Rib3 | o
35% . ‘
30% —=—Rib2 : _
%ggﬁo Ribl : :

b | e ———eee= R | - |
15% . 4_ {Support
10% —o—Rib4 ]

5% ,
0% ——Rib5

L=3600
S%G5—10 20 30 40 50 60
Total force, kN

||
\
-
\
\
\
\

T
Il
N
Il
||
]
r1

[ )
Il
w
|

I
Il
Il
.

Contribution

) H e
Il
Il
il s Bl il |

[
o
'l
[
[

Reaction forces (L=3600mm, force at L/6 Rik

35
=z 30

4

g 25 —=—Rib3
£ 20 —a—Rib2
o 15 .
= o Rib1
S 10

o —+—Rib4
2

04 = Rib5

10 20 30 40 50 60
Total force, kN

o O O
|

Figure 6.9 Distribution of concentrated load per rib(top figure) and reaction forces (bottom figure)
in the compositeslab L=3600mm with force on Rib2 at L/6
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Figure 6.10 Distribution of concentrated loadin the right support of each rib (L=3600mm with
force on Rib2 at L/6)
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Whentheloadis placedon Rib 3 at thenesixth of the span, the contribution of Rib 3 varies
from 58% to 52% in a range 50kN of total loadand isdistinctly higher compared to reaction
forces in other ribsThe ontribution of Rib 2 remais almostconstant and equal2®6. The
reaction force in Rib 1s 1%; Rib 1 hardly participates in spreading the concentrated load, and,
therefore, its comibution can be neglecte@he reaction forces right support that is close to
the appliedload account for 85% dhetotal load, and the left support carries 15%tloé total

load. This proportion 85%5% holds unchanged.

Whentheloadis placed on Rib 2 at thenesixth of the spanthe contribution of Rib I Rib5
stays more or leghie samen a range 830kN with Rib 2is loaded with58% of total load.In a
range 3060kN reaction force in Rib 2 gradually decreases from 58% to 52%, vdatdion
forces in Rib 1 and Rib 3 are equslbwly increasing from 21% to 23%. The reaction force in
Rib 1 equals3% of the total load in a range BOkN. The concentrated load on Ribr&sults in
tensile reaction force in RibWwhich amounts for 2%The distribution of reaction force in right
support ofa rib tracksthe form of total reaction force distribution in ribs; the proporti@sbo-
15% can beagainnoticed
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6.3 Composite slab ComFlor210: span 5.4m

6.3.1 Concentrated load at Lspan/2

The concentrated load of 60kN magnitude is placed at the half span levgth, equals2.7m,
on the middle Rib 3 and adjacenRib 2 alternately.The resulting distribution ofotal reaction
forcein each rib in relation tthetotal applied loadhat inceases from 0 to 60kN is presentad i

Figure 6.11 and Figure 6.12.
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Figure 6.11 Distribution of concentrated load per rib (top figure) and reaction forces (bottom

figure) in the compositeslab L=5400mm with force on Rib 3at L/2
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Load distribution (L=5400mm, force at L/2 Rib:
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Figure 6.12 Distribution of concentrated load per rib (top figure) and reaction forces (bottom
figure) in the compositeslab L=5400mm with forceon Rib 2at L/2

Figure6.11 displays that contribution of Rib 3 and Rib 2 is the same up to 30kN total load, after
that contribution of Rib 2 increases when comparedRito 3; though, both ribs show the
tendency toresist more forcavhen applied loadyrowths. The contribution of outer Rib 1 is
about 10% up to 30kN total loadnd therthe contribution of Rib 1 dropmpidlyto 2% at 60kN

total load.

Figure 6.12showsthat contribution o&ll five ribs stays more or less constant in a rangeliiN

total load. Reaction forces in Rib 2 and Rib 3 are almost identical; while reaction force in Rib 1
is higher because Rib 1 is unsupported alondoitg edge and less stifiand, thereforeijt
deforms noticeably anddsorbs more loadlhe load on Rib 2 results in uplift of the farthest
corner of the slab and tensile reaction force in Riths explains whyhe contributionof Rib 5

has opposite sigmunlike other four ribs

100




6.3.2 Concentrated load at Lspan/4

The concentrated load of 60kN magnitude is placed at the quarter of arsipenmiddleRib 3

and adjacenRib 2. The resulting distribution of total reaction force in each rib in relation to the
total applied loads displayedin Figure 6.13 and Figure 6.15. Due to unsymmetrical load
application, the reaction forces in right and left supportthefcompositeslab are not equal.
Therefore, distribution in theght supportclosest tahe applied loads also given irFigure6.14
andFigure6.16.
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Figure 6.13 Distribution of concentrated load per rib (top figure) and reaction forces (bottom
figure) in the compositeslab L=5400mm with force on Rib 3 at LA
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Load distribution in right and left support
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Figure 6.14 Distribution of concentrated loadin right and left support of each rib (L=5400mm with
force on Rib3 at L/4)
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Figure 6.15 Distribution of concentrated load per rib(top figure) and reaction forces (bottom

figure) in the compositeslab L=5400mm with force on Rib2 at L/4
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Load distribution in right support
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Figure 6.16 Distribution of concentrated loadin the right support of each rib (L=5400mm with
force on Rib2 at L/4)

Whentheloadis placed on Rib 3 at the quarter of a spanctribution of Rib 3s the highest
among other ribs resulting in 35% of total fort®e contributionof Rib 1 is about 5%. Most of
the load is, then,arried by Rib 3 and Rib @rigure 6.13). The reaction forcem right support
that is near to load application account for 76%heftotal loadand the left suppoarries24%
of the total load. Additionally, this proportion 7694% of support reaction force distribution
holdsunchangedhroughthe whole analysis.

In a case withtheloadplaced on Rib 2 at the quarter of a span the contribution of RiRibh 4
stays more or less unaltered in a rang®BN with Rib 1 and Rib Deing loaded the most with
35% of total load each; whiléne contributionof Rib 4 is below 10%The concentratedoad on
Rib 2leads toanuplift of the farthest corner of the slab and tensile reaction force in Rils5s
why the Rib 5contribution haseversesign unlike other four ribg Figure6.15. The distribution
of reaction force in right support of each rbllows the patter of total reaction force
distribution in ribs; the proportion 76Z4% with 76% being the total reaction force in right
support of composite slaince agairtan benoticed Figure6.16).

6.3.3 Concentrated load at Lspan/6

The concentrated load of 60kNpssitionedat theonesixth of the spanon the Rib 3 andRib 2.
The resulting distributiomof total reaction force in each rib in relation to the total apgdhece
areshownin Figure6.17 andFigure6.19. Due tothe unsymmetricaposition of the concentrated
force in relation to the span lengtie reaction forces in right and left supportghafcomposite
slab are noequal Thereforg distributiorsin the right support closest to the applieddarealso
presentedn Figure6.18 andFigure6.20.
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Load distribution (L=5400mm, force at L/6 Rib:.
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Figure 6.17 Distribution of concentrated load per rib(top figure) and reaction forces (bottom
figure) in the compositeslab L=5400mm with force on Rib 3 at L6
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Figure 6.18 Distribution of concentrated loadin right and left support of each rib (L=5400mm

with force on Rib 3 at L/6)
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Load distribution (L=5400mm, force at L/6 Rib:
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Figure 6.19 Distribution of concentrated load per rib(top figure) and reaction forces (bottom
figure) in the compositeslab (L=5400mm with force on Rib2 at L/6)
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Figure 6.20 Distribution of concentrated loadin the right support of each rib (L=5400mm with
force on Rib2 at L/6)
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Whenthe loadis locatedon Rib 3 at thenesixth of the span, the contribution of Rib\aries
from 45% to 40% in a range-@kN of the total load andis noticeably higher compared to
reaction forces in other rib€ontributiors of Rib 2 and Rib 1 remain nearly cdast through the
whole analysisand equal 25% an8% respectively [figure 6.17). The reaction forces right
support that igloseto the appliedload account for85% of the total load, and the left support
carries15% of the total load. This proportion85%-15% has remainedinchangedor the whole
analysis.

In a casavhentheloadis placedon Rib 2 at th@nesixth of thespan the contribution of Ribil

Rib 4 stayssomewhatonstant in a range-60kN. LoadedRib 2 carries more thad(0% of the

total load; contributiors of Rib 3 and Rib lare about 23% and 29% respectively, and Rib 1
amounts for 7% of total loadFigure 6.19). Once again lte asymmetric position othe
concentratedbad causeaplift of the farthest corner of the slab and tensile reaction force in Rib
5. The sum ofreaction force in right suppors of composite slakquals 85% othe total load

the proportiorB5%-15% holds constant during the finite element analysis.
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6.4 Composite slab ComFlor210: span 7.2m

6.4.1 Concentrated load at Lspan/2

The concentrated load of 60kN magnitude is placed at the half span length, which equals 2.7m,
on the middleRib 3 and adjacenRib 2 alternately. The resulting distribution of total reaction
force in each rib in relation to the total applied load thae@ses from 0 to 60kN is presented in
Figure6.21 andFigure6.22. The
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Figure 6.21 Distribution of concentrated load per rib (top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib 3at L/2
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Load distribution (L=7200mm, force at L/2 Rib:.
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Figure 6.22 Distribution of concentrated load per rib (top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib 2 at L/2

Figure6.21 shows that the load distribution ihe slabwith length 7200mm is different frora
slabwith 3600mm and 5400mm length. First, the zigzag peaks in reaction force distribution of
Rib 17 Rib 3 can be seen in a rangel2kN; this did not happen in other slabs. Second, the
drastic change in reaction force distribution occurs just after concrete reaches tensile strength at
30kN. This change can be possibly induced the crack formation in a slab that causes
significantredistribution of concentrated forcéhis explanation followed from the examination

of strain and stress distributions in different parts ofdbmpositeslab at 30kN: no yielding of

steel elements was observed; coteneachedts tensile capacity which is 2.2MPa. The first
figure below shows the stress distribution S33 in t¢bacretepart resulting from FEA at
approximately 30kNFigure6.23). It can be noticedhat while the stresses in other ré® just

about to reach 2.2MP#e stress contour in the bottom of the middle rib has yellow spots with
stress below 2.2MPA, indicating that the concrete in this locations reached already the failure
stress and then experiences softening; and when concrete stressffpassesl a $gn of crack
formation. Another figure shows the contour plotDAMAGET (tensile damage) parameter at
30kN; this parameter visualizes the damage of concrete in tension when concrete is modeled
with concrete damaged plasticity model in Abaqus. DBMAGET parameter is a simplified

way to represent the crack pattern in concrete under loading. In the figure, the most damage (red
lines) can be seen at the middle of rib 3; this pattern resembles the flexural cracks which are
typical for a structure in bendingAll this made me think that the cracking of rib 3 causes the
abrupt change in reaction force distribution in all ribs visible in Figure 6.21
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Figure 6.23 Stress distribution S33 in concrete at 30kN (top figure); concrete tension damage
DAMAGET at 30kN (bottom figure)

The ontribution of Rib 2 is 24% in a range 13KN and than increases up to 33¥he
contributionof Rib 3 equals 22% in a range-36kN andafter thatgoesup to27%. Meanwhile
reaction force in Rib 1 drops from 15% at 30kN total load to 5% at the end of loading.

Figure 6.22 displaysthat contribution of all five ribsvaries littlein a rangel5-60kN total load.
The contribution of Rib 1 in this range is about 40%, while contributions of RilRD 4 are
less than 30% eachn a range 2L5kN the zigzag peaks meaction force in Rib &nd Rib5 are
visible; especially the first peak is of interdstcausehe force in Rib 1 decreases from 53% to
36% and, in the meantime, the force in Rib 5 changes {209 to 1%. Additionallyreaction
force in Rib 1 ishigher because Rib 1 is unsapied along its long edge anapparentlyless
stiff, and, therefore, it deforms noticealagisorbingmore load. The load on Ribcausesuplift

of the farthest corner of the slab and tensile reaction force in Rib 5; this explainthevhy
contributionof Rib 5 has opposite siganlike other four ribs.
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6.4.2 Concentrated load at Lspan/4

The concentrated load of 60kN magnitude is placed at the quarter of arsipenmiddleRib 3

and adjacenRib 2. The resulting distribution of total reaction force in each rib in relation to the
total applied load is displayed iRigure 6.24 and Figure 6.26. Due to unsymmetrical load
application, the reaction forces in right and left supportthefcompositeslab are not equal.
Therefore, distribution inhie right support closest to the applied load is also givéiime6.25
andFigure6.27.
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Figure 6.24 Distribution of concentrated load per rib (top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib3 at L/4
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Figure 6.26 Distribution of concentrated load per rib(top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib2 at L/4
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Load distribution in right support
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Figure 6.27 Distribution of concentrated loadin the right support of each rib (L=7200mm with
force on Rib2 at L/4)

Whenthe load is placed on Rib 3 at the quarter of a sphe, zigzag peaks in reaction force
distribution of Rib Ii Rib 3 once again occur in a rangd2kN total load. However, the change
in reaction force distribution at 30kN is nagéprominent as in a case whtreloadwas placed
on the middle rikat the h#f span lengthThe @ntributionof Rib 2 is % in a range 1X30kN
andafter that becomea8%. The ontributionof Rib 3 equals 2% in a range 1B0kN andthen
risesto 30%. Reaction force in Rib thangedrom 11% at 30kN total load t@% at the end of
loading.Therefore, all five ribs participate in spreading the load.

The reaction forcem right support that is near to load application account for 76%edbtal
load and the left support carries 24% tbk total load. The proportionof 76%-24% of suport
reaction force distribution holdshchangedKigure6.25).

In a case withtheloadplaced on Rib 2 at the quarter of a span the contribution of RiRibh 5
stayssomewhatunaltered in a rang#5-60kN with Rib 1 being loaded the most welkerag

38% of total load Contributions of Rib 2 Rib 4 stayless than 30%. In a rangelBkN the

zigzag peaks in reaction force in Rib 1 and Rib 5 are present; the first peak is where the force in
Rib 1 decreases from 44% to 34% and the force in Riariesfrom -13% to 0%. The position

of concentrated load on Rib r2sults inuplift of the farthest corner of the slab and tensile
reaction force in Rib 5; this ia reason whyhe contribution ofRib 5 has reverse sign unlike
other four ribs inFigure6.26. The distribution of reaion force in right suppogenerallyabides

the pattern of total reaction force distribution in rdag with smaller percentage$e proportion
76%-24%keeps unchanged

6.4.3 Concentrated load at Lspan/6

The concentrated load of 60kN is positioned atahesixth of the sparontheRib 3 andRib 2.
The resulting distributions of total reaction force acle rib in relation to the total applied force
are shown inFigure 6.28 and Figure 6.30. Because ofunsymmetricalload application the
reaction forces in right and left supportstioé compositeslab are not equal. Tl distributions
in the right support closest to the appliedd are alsgivenin Figure6.29 andFigure6.31.
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Load distribution (L=7200mm, force at L/6 Rib:
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Figure 6.28 Distribution of concentrated load per rib(top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib 3 at L6
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Figure 6.29 Distribution of concentrated loadin right and left support of each rib (L=7200mm

with force on Rib 3 at L/6)
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Load distribution (L=7200mm, force at L/6 Rib:
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Figure 6.30 Distribution of concentrated load per rib(top figure) and reaction forces (bottom
figure) in the compositeslab L=7200mm with force on Rib2 at L/6
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Figure 6.31 Distribution of concentrated loadin the right support of each rib (L=7200mm with
force on Rib2 at L/6)
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Whentheloadis located on Rib 3 at thenesixth of the span, theeaction force irRib 3 varies
from 39% to 33% in a rangel5-60kN of the total load and ismuch higherin comparisonto
reaction forces in other ribs. Contributions of Rib 2 and Rérelmore or lesconstantin a
range 1560kN and equal @ and7% respectivelyigure6.28). The reaction forceis theright
support anount for 85% ofthe total load and the left support carries 15%tbe total load. This
proportion 85%15%keepsunchangedhroughthe whole analysis.

In a case whetheloadis placedon Rib 2 at thenesixth of the span theeaction forcesn Rib

1, Rib 3 and Rib 4 remain unaltered in a rangebQ&N. Rib 2 carries most of the load with
average 37% of total load. Inrangel5-60kN total load the re#ion force in Rib 1 amounts for

34%, Rib 3 carries 24% and Rib 4 bears 11%. In a rarfek® the zigzag peaks in reaction
force in Rib 2 and Rib 5 are noticeable; the first peak occurs when the force in Rib 2 linearly
decreases from 40% to 36% and theéon Rib 5 changes fror®% to 0%. The asymmetric
position of concentrated loaeksults inuplift of the farthest corner of the slab and tensile
reaction force in Rib 5. The sum of reaction forces in right supports of composite slab equals
84% of thetotal load; the proportion8/%-16% keepsconstant.
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6.5 Composite slab ComFlor210: change in cross-section properties

The change in the crosection of composite slab ComFlor210 is induced by variation in
thicknessand effective aref profiled steel sheetingnddiameter of the reinforcement in the:rib

1 The thicknessof profiled steel sheetingl.0mm(default valuds 1.25mm)

1 The dameterof rib reinforcement 12mm and 25mndefault valuas 20mm)

1 The effective area of steel sheeting.
The dher crosssectional propertiesf composite slab correspond to the slab with $pén
concentrated forc@OkN is applied on middIRib 3 atthe half span length.

6.5.1 Variation of profile steel sheeting thickness

The composite slab ComFlor210 by detddd the thickness of steel sheeting 1.25mm. It can be
also produced with the thickness 1.0mmkFigure6.32 a comparison is made between the load
deflection response of composite slab with 1.25mm and 1.0mm thickness of steel sheeting.

LoadDeflection curve

160

140

120 =——— ;?df:‘— Steel sheeting t=1.25mn
100

80 / —a— Steel sheeting t=1.0mmr
60

/ — = Yielding of sheeting

40 t=1.25mm
20 /

f

0

Total load, kN

Yielding of sheeting
L L L L L ) t=1.0mm

10 20 30 40 50 60
Deflection, mm

Figure 6.32 L oad-deflection response of Rib 3n composite slab ComFlor21@vith steel sheeting
thickness t=1.25mm and t=1.0mm

The loaddeflection curvesn Figure 6.32 are identical in a range-8®0kN meaning thathe
influence of steel sheeting thickness is insignificant for a slabhénelastic stage. With
increasing the logdhe response of a slab withOmmthicknessof steel sheeting becomes less
stiff; additionally, the load, at which yielding of steel simgtbegins,decreasessteel sheeting

with 1.0mm thickness yields at 108kN, while steel sheeting with 1.25mm thickness yields at
approximately 118kN.

6.5.2 Variation of rib reinforcement

The composite slab ComFlor210 can be produced witifferent crosssectional area ofib
reinforcement diameter of steel rod can vary from 12mm to 25mifhe influence of rib
reinforcement on composite slab behavior is revealed by exansk@bgwithminimum anda
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maximum diameter ofrib reinforcementFigure 6.33 displaysthe loaddeflection response of
composite slaltomFlor210with 12mm, 20mm and 25mm diameter of rib reinforcement

LoadDeflection curve

160
140
z 120
< 100 —&— Steel bar 12mm
c_fg 80 Steel bar 20mm
g 60 —— Steel bar 25mm
- 40 Yielding of steel bar 12mn
20 — = Yielding of steel bar 20mn

0 10 20 30 40 50 60
Deflection, mm

Figure 6.33 Load-deflection response of Rib 3 in composite slab ComFlor210 withdiameter of rib
reinforcement 12mm, 20mmand 25mm

From the figure above follows that with increasing the diameter of reinforcement in a rib the
response of composite slab becomes stififee loadat which steel bar yieldencreasess well

steel bar 12mmyields at85kN, while steelbar 20mmyields at approximately 30kN and
yielding of steel bar 25mm does not occur even at maximum applied load 145kN.

6.5.3 Variation of the effective section of the steel sheeting

In the presented finite element mqodide steel sheeting wanodeledas a plain continuous
element with constant thickness 1.25mm (Seetion 1in Table6.2). In the engineering model
the steel sheeting wasodeledas a combination of top and bottom flanges with different
thicknesses (Section 2 inTable 6.2), and the effective area has been used in the followed
calaulations. It isof interestto checkto what extenthe presencand the sizef the effective
area of steel sheetirmgin influence the outcome of the finite element model.

Three cafigurations of the steel sheetiage compared:

1 Section 1i a flat continuoussectionwith constant titkness 1.25mm and uniform yield
stress (default in FEM).

1 Section 27 an dfective area with the thickness of the top flange 1.25mm and the
thickness of the bottom flange 2.5mm (default in engineering maed) uniformyield
stress.

1 Section 3 an dfective area with constant thickness 1.25@ma with varied yieldtress
flat parts of the sheetingavea full yielding capacity {Q 400N/mmz2); the yielding
capacity of thedimpled sheet (i.e. parts with indentations) decreased by0%

( T®"Q=200N/mm2).The folding reduce the yield stress of the sheeting dugheextra
flexural deformationgresentin additionto the extensional deformatiof@]. The 50%
reduction in yield stress &n approximation; the exact value needs to be established by
uniaxial tensile tesbn ComFlor210 sheeting
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Table6.2 gives an overview of the geomgtand properties of each section.

Table 6.2 Steel sheeting sections (per 600mm width)

Section 1 Section 2 Section 3
45 45
,‘» 600 e
) . = \f f .
Geometry VY
[ 25
- 5 b
. Area 1210.2 559.25 1210.2
A |
Yielding
stress £ TTnm E TTnm £ oTmm
e v TMAE ¢mmn
S (I
Remark Default in FEM Default w:;giig?gmeermg
;):C';ihoen Uniform yield stress Uniform yieldstress Varied yieldstress

A comparison is made iRigure 6.34 between the loadeflection responses of the composite
slab with different steel sheeting sectioksom the figure follows thathe responses o
composite slab with sectierl and 3 are milar, while slab with section 2 is less stiff and less
accuratein representing the sldieehaviorin a plastic part of the loadeflection curveln the
elastic stage (up to 60kN) all three sections can be used for determining theesfainse
because th difference between loatkflection curves is minor.

Effect of sheeting effective area on loadkflection response

160
140
120
100
80
60
40
20
0 1 1 1 1 1 J
0 10 20 30 40 50 60
Max. deflection, mm

Section 1

-4 Section 2

Total load, kN

=m==Section 3

Experimental

Figure 6.34 Load-deflection response of Rib3vith different sections of the steel sheeting
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6.6 Conclusion on the parametric study of composite slab
ComFlor210 with finite element analysis

The parametric study of composite slab ComFlor®&ded with concentratedrce 60kN was
conducted with finite element model in Abaqus/CAE and included three slabs of different length:
3.2m 5.4m and7.2m.The position of the concentrated force is varied as well: force was applied
on the middle rib and adjacent to it rib at half of the span, quartesragixth of the span.

The distribution of the point load per rib was givenpercentage % and force magnitude kN
relative to the total load in 8686.4. Additionally, the results are illustrated in another way in
Appendix G: the distribution per rib relative to the distance to the applied load.

In most of thecasesthe load was carried by three middle ribl®aded rib and two adjacent ribs,
because the contribution of two outer ribs was less than 10% and, therefore, can be considered
insignificant. Especially, this was evident the shorterslab with 3.2m lengthni which the
contribution of outer ribs was less than 5%. However, with increasing the slab length the reaction
force in external ribs increases as w#dr a slabwith 7.2m span the contribution of these ribs
needs to be taken into account becdaheeutr ribsbear about 20% of total load together.

Another observatiofollowed fromthe parametricstudyis that the loaded rib carries most of the
appliedload. When load travels towards the stdge (listancebetween the load arslpport
changes from 4x/2 to Lspad6), the reaction force in loaded rib increasggnificantly. Figure
6.35 gives an example of this effect in a casea@bmpositeslab with length 3.6nand loaded
middlerib, but the same can be said abagbmpositeslab with 5.4m and 7.2m spans.

Reaction force in Rib 3 {},=3600mm, force at Rib3

60% s
50% f wd XX

40% -

c
o
E 0% W o—Rib3 L/2
% 20% - Rib3 L/4
O 0% —a—Rib3 L/6

O% 1 1 1 1 1 J
) 10 20 30 40 50 60
Total force, kKN

-10%

Figure 6.35 Reaction force distribution in the loaded Rib 3 inthe compositeslab with length 3.6m
and different load location: at L/2, L/4, and L/6

This increase in reaction force in the middle rib is accompanidtexorrespondingeduction

in reaction force of external rib, sé@gure 6.36. It can be concluded that the closer the
concentrated force to the support, the higher the contribution of loaded rib and, thézefae,
the spread of the load over slab width.
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Figure 6.36 Reaction force distribution in the external Rib 1 inthe compositeslab with length 3.6m
and different load location: at L/2, L/4, and L/6

It is of interest to see what happens with reaction force in one chosen rib, for instance, middle rib
when the length of this rib is changedkigure 6.37 shows thatwhen the length of the slab
increasesthe contribution of the middle rib slightlgecreases. This indicates tthae load
spreads more evenly over other ribs wheslabbecomes longer.

Reaction force Rib3 (force at L/2
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30% -
5 25% -
S 20% -
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£ 15% -
S 10% —=—Rib3 L=5.4m
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Figure 6.37 Reaction force distribution in theloadedRib 3 in the compositeslab with length 3.6m
5.4m, 7.2mand load position at Lspa/2

An observation was made during the parametric study regardinglahg@erformance irthe
saviceability stateFor slabs with spaid.2munder a combination of dead load and concentrated
force 60kN, the serviceability requirement maximum deflection L,./250 - wasviolated at a
load lower 60kN. Table 6.3 and Table 6.4 show the maximum deflections reachedtire finite
element analysisf a composite slab 7.2at the end of the loadinghen selweight of a slab
was activated in addition to a concentrated foltgractice the positioning of theoncentrated
load on dongerslab must be treated with care depending on span lengtbahdhagnitude.
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Table 6.3 Maximum deflection of composite slab 7.2m in FEAwvith aload on Rib 3

Slab length, mm| Load position, Rib § Max. deflection, mm| Limit, L/250, mm| Ratio
L/2 37.51 1.30

7200 L/4 27.43 28.8 0.95

L/6 20.64 0.72

Table 6.4 Maximum deflection of composite slab 7.2m in FEA withaload on Rib 2

Slab length, mm| Load position, Rib 4 Max. deflection, mm| Limit, L/250, mm| Ratio
L/2 39.28 1.36

7200 L/4 28.55 28.8 0.99

L/6 22.06 0.77

Another observation was made during the parametric study regarding the failure criterion of a
composite slab: exceeding of the bending momesistance of the ribn order to calculate the
actingmoment, the following actions were taken into accotimg: dead load (3.05kN/A) live
load (3.0kN/m) and concentrated force 60kN applied halfway the spathe middle rib The
correspondingcoefficients were usetb calculate the design load valuds35 for permanent
action (selfweight) and 1.5 forvariable free action (imposed loaddjhe results of this
calculation are presented irable 6.5. It can be noticed that the bending resistance of a rib is
exceeded by 15% a compositeslab with7.2m span and thus, this slab cannot withstand the
mentionedload combination The detaild calculation of rib bending resistance is given in
Appendix F.

Table 6.5 Bending moment resistance check for load combination dead load+live load+point load

with point load placed halfway the span on Rib3

Iopgén; Dead load, | Live load, Max. Rib
kN’ kN/mm2. N/mm?2. reaction Moment bendin Unit
nomiﬁal nominal nominal forcefrom Mep resistan?:e chegk
(design (design (design point load, KkNm Mo kNM
9 value) value) kN RD
value)
Source Dutch engineering 19§1N1 1 FEM - gipgri MedM rp
Slab
10.33 36.27 0.52
Lspar=3.6m
S_Iab 60(90) | 3.05(4.12) 3.0(4.5) 9.18 56.03 69.10 0.81
Lspao.4m
Slab
8.57 79.78 1.15
Lspar=7.2M

The parametric study of composite slab ComFlor210 loaded with concentratedlidkié
includeda studyon a slab with varieccrosssectional properties, namelihe diameterof rib
reinforcementthicknessand effective aref the steel sheetingThe podion of the concentrated

force wasatthe middle rib at half of the spafhe main conclusion on crasectional properties
variation is that with increasing the area of rib reinforcement and the thickness of steel sheeting
the composite slab exhibits $&f behavior especially ithe plastic part of the load-deflection

curve. Fortheelasticpart of the loaeleflectioncurve the variation in crossectional parameters
causes minor change imslab response.
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7 Conclusions and recommendations

7.1 Conclusions

The behavior of the simplgupported composite slab ComFlor210 under concentrated force
placed on a rib at different locations was studied numerically and analyticakyfollowed
conclusions are drawn based on the obtained results.

1 The engineering modetan predict the deflection of theomposite slab under
concentrated load in a range -BDkNwith limited accuracy

The engineering model results of a composite Sldm with one reinforcement mesh in the top
deck withaloadacting at the middle rib at a half span length exceeded the test results in average
2.8times at 10kN load, and in 1.35 times at 60kN. The assumptions that modulus of elasticity of
cracked con@te equal®nethird of not cracked material can lead to an underestimation of rib
bending stiffness at low load level.

1 The finite element model provides accurate results compared to the experimental results.

The finite element model of a compositatsiwith 5.4m spanshows good agreement with test
results. The ratio of maximum deflections in FEM and ie<t.24 at a load 60kN and 1.01 at
145KkN.

{ The structural performance of trempositeslab undera concentratedoad is mostly
influencedby thebendingstiffness of the rib.

The parametric study on the engineering model reveals that the rib stiffness is the most
influential parameter on the sldiehavior The stiffness of the rib can be affected by rib
geometry and material (concrete grade, tygereinforcement). Reduction of the bending
stiffness of a rib by 25% results in increased deflection of a loaded rib by 33%. Therefore, in
order to change the structutahaviorof the compositeslab, it is advisable to influence the rib
stiffness primaiy.

1 For relatively short slabs (span 3.6m, 5.4nmg tontribution of each rib expressed as a
percentagen relation to the total load remains nearly constant in a loading range 5
60KN.

In composite slabs with spans 3.6m d&ndm the contribution of each rib in all loading cases
was regular in a range-@kN with slight fluctuations which can be considered insignificant.
However, in the long composite slab (span 7.2m) the contribution of each rib showed abrupt
change after concretreached tensile strength. This change might be induced bgrabk
formation in a slab that causes significant redistribution of concentrated force at approximately
30kN.

1 The concentrated force is carried by three ribs (i.e. loaded rib and two adjalshin a
loading range S0KkN in relatively short slabs (span 3.6m, 5.4m)

In a compositeslab with span 3.6m and 5.4m, in all loading cases, the contribution of two
external ribs was less than 10%, and, thus, can be considered negligible. The effective width over
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which the concentrated load spreads is, then, the width of three ribs. Howgkiegncreasing

the slab length, the reaction force in external ribs also increasesiah@a2m the contribution

of outer ribs needs to be taken into account because the outer ribs carry circa 20% of the total
load together.

1 A larger percentagef the concentrated load in a loading ranges6kN is transferred to
the loadedib when thdoad s placed closer to the support.

The parametricstudy with finite element model revealed that the loaded rib bears most of the
applied load. When load travels takds the slab edge (distance between the load and support
changes from {,.d2 to Lspad6), the reaction force in loaded rib increases significantly. For
example, the contribution of tHeadedrib in the composite slab of 3.6m length is about 35%
with load at Lspad2, and then the contribution of loaded rib becomes almost 60% with load at
Lsparl(6-

1 The bending resistance of a rib is exceeded at a composite slab with span 7.2m under the
design | oad combi natandpaont|dad 60kNdlacéddahday thed i v e
sparo.

The moment in a slab 7.2m under the combined action of dead load (3.05kNim load
(3.0kN/nf) and concentrated force 60kN applied halfway the span exceeds the bending moment
resistance of a rib by 15%.

1 The placement of the concentrated force on an external rib, which is unsupported along
the long edge, might cause the excessive deflection that is higher trsarioeability
limit Lspad250.

In a normal stage the deflection of theompositeslab shold not exceed L4250 [5]. In a
composite slab witth.4m span, the total deflection reaches this limit at approximately 58kN,
when aconcentratedoad is placed at the middle of the external rib. The composite slab with
longer span will reach the serviceability limit at a lower load. Therefore, the positioning of the
concentratedbad at external unsupported rib must be treated with care depemdgmzan length

and load magnitude, and it is better to be avoided.

T The | oad combination Adead | oad and <conc
deflection of a composite slab with span 7.2m higher thans#reiceability limit
Lspad250When aconcetratedload is placed at the middle of a slab
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7.2 Recommendations

The recommendation fdurtherresearch in regard to tie@gineeringnodel is:

T Determination of rib bending stiffness a
loading rangeD-40kN.

In a range 1@10kN load, the results obtained with trengineeringmodel are different from

the test The assumption that modulus of elasticity of cracked concrete emueikird of

not cracked material, i.e. 10000MPa, and the implementatiotheoflinear dependency
between rib bending stiffness and the applied load do not produce satisfactory results. It is
possible that if the dependency would be-tinear, the accuracy of the engineering model

will increase For example, the mean stiffnessdae used instead ohethird of not cracked
concrete. The procedure to determinemeanstiffness ofthe crackedreinforced structure is
described in a paper written by [l1i3].

The recommendations féurtherresearch in regard to tmeimericalmodel are:

1 Perform an analysis ahe composite slab ComFlor210 with @her typeof boundary
conditionsnumerically and in the laboratory

In this study, the composite slab was simply supported. In practice, this is rear theasisé,
the composite floors are mydte-spaming. It is recommended to create a finite element model
of acompositeslab with tweway spans, or thre@ay spans irder to reflect the reality better.

1 Perform an analysis of th@ompositeslab withthe concentrated force placed between the
ribs numerically and in the laboratory

In the study, the concentrated force was always placed on a rib. The resistanceoaifbsite

slab withaload acting on the top deck only not know, and, thus, it can be a research question
in the future.
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A The effective area of profiled steel sheeting ComFlor210

The effective area of profiled steel sheeting ComFlor210 needs to be determined in order to
calculate the bending stiffness of the composite slab.

The determination of this parameter is based on Van[Ezp scientific work that includes
severalffull-scaleexperiments of ComFlor210 in order to measure the effective area of steel deck
using a large number of strain gauges during testing. The position of strain gauges on different
specimens is giveim Figure A.1.

16 15 14 13 12 11 i0_g9 B

[ B9

17

1B

19

20
3l

(a) Specimen 1 and 9 (b) Specimen 7
Figure A. 1 Location and numbering of strain gaugesVan Erp)

Specimen 1 and 9 had twerdpe strain gaugeand specimen 7 had only seven strain gauges.
The calculated effective argar specimemas:

1 specimen I 556.3mm?2,

1 specimen 7 887.0mm2,

1 specimen 9 562.2mm3.
The average value of the effective argaised to define the bending stiffness of profiéekl
sheetingBecause specimen 7 hadmalleramount of strain gauges, the corresponding value of
the effective area is not added to the average value. Only specimen 1 and 7 contribute to the final
result, seéormula(A. 1).

Bo VUL v
0 i 08, VL LBG & (A. 1)
Now that theeffective ara is known, the geometry that corresponds to this value is shown
Figure A.2. The thickness othe top flange is 1.25mm, the thickness of the bottom flange is
2.5mm.

Figure A. 2 Effective area of ComFlor210

The cener of gravity (c.g.) for the area presentad Figure A.2 is located87.5mm from the
bottom.



B Engineering model parameters

B.1 Bending stiffness determination

The bending stiffness diierib andthetop deck is determined based on Steiner rule.

Rib bending stiffness (widtiL75mm) of no mesh, one mesh and two meshes slabs with
uncracked concrete are givenTiable B.1.

Rib bending stiffness (width75mm) of no mesh, one mesh and two meshes slabs with cracked
concrete in the rib is presentedTiable B.2.

Rib bending stiffness (widtf600mm) of no mesh, one mesh and two meshes slabs with
uncracked concrete are givenliable B.3

Rib bending stiffness (widtBOOmm) of no mesh, one mesh and two meskassswith cracked
concrete in the rib is presentedTiable B.4.

The bending stiffness of the top deck per 200mm length is giskle B.5, Table B.andTable
B.7.

B.2 Model in matrix notation

The rib model in matrix notein whentheloadis applied at theniddleof a spani.e. atlL,/2, is
given inEq. (B. 1).

The rib model in matrix notation wheheloadis applied at quarter, i.&,/4 from right

support, is given ifeq. (B. 2).

In equationgB. 1) and(B. 2) the values in resulting rightmost column can become zero if there
is no distributivdoadq acting and only concentrated force F retains.

The transverse modil matrix notatiorfor acompositeslab with loadat the central rib is given

in Eq. B.3.
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Uncracked/no mesh

Concrete top
Concrete rib
Steel sheeting
Steel bar

Ec
Erib
Ep
Es

Table B. 1 Uncracked bendingstiffness of rib with no mesh, 1 mesh, 2 meshemd width 175mm

N/mm2

E

30000
30000
210000
210000

Ac
Ac,rib
Ap
Ab

mm2

12250
24255
559.25
314

mm

ye

35
157
155
230

y*EA
1.29E+10
1.14E+11
1.82E+10
1.52E+10
1.60E+11

EA
3.68E+08
7.28E+08
1.17E+08
6.59E+07
1.28E+09

129

mmd4
I
5.00E+06
8.13E+07
2.34E+06
7.85E+03

mm

90.51
31.49
29.49
104.49

mmd4
A¥zn2
1.00E+08
2.40E+07
4.86E+05
3.43E+06

Total

mm4
itot
1.05E+08
1.05E+08
2.83E+06
3.44E+06

2.17E+08

Nmm2
Ei
3.16E+12
3.16E+12
5.94E+11
7.22E+11

7.63E+12

41.40
41.37
7.77
9.45

100






























































































































