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Competitive world market trends have long beeniffigrstructural engineers to develop
minimum weight and labour cost solutions. A di@msequence of this design philosophy
is a considerable increase in problems related towvanted floor vibrations. This
phenomenon is very frequent in a wide range ofcatres subjected to dynamical loads.

The main objective of this paper is to evaluat@ghotropic solution for composite floors
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subjected to dynamical actions such as rhythmigdivies arising from gymnastics,
musical and sports events and ballroom dances. filoposed analysis methodology
considers the investigation of the dynamic behavifua building floor made with a
composite slab system with steel beams and an pgocated steel deck. The results

indicated that the investigated composite flooraties the vibration serviceability limit
state, but satisfied the human comfort criteria.

Sebastidao Arthur L. de Andrade

Keywords: dynamic, vibrations, steel structures, compodi@ors, human comfort,

dynamic structural design, rhythmic dynamical logasman rhythmic activities

andrade@civ.puc-rio.br

Rio de Janeiro State University- UERJ
Faculty of Engineering

Dep. of Structures and Foundations
20550-900 Rio de Janeiro, RJ, Brazil

Introduction

Structural designers have long been trying to agvelinimum
cost solutions, as well as to increase the construspeed. This
procedure has produced slender structural solytimoslifying the
ultimate and serviceability limit states that goveheir structural
behaviour. A direct consequence of this design dires a
considerable increase in the problems related toanted floor
vibrations. This phenomenon is becoming very freque a wide
range of structures subjected to dynamical actidrsese load
actions are generally caused by human activitieh ®s: sporting
events, dance or even gymnastics (Bachmann and Amrh@87,
Ellis and Ji 1994, Murray and Howard 1998, Silvaakt 2003,
Stephenson and Humpreys 1998, Vecci et al. 1999).

This significant growth in building floors subjedtéo unwanted
vibrations is caused by the fact that a significamimber of
structural engineers disregard, or even do not krimw to
incorporate the dynamical actions in the structaadlysis. This
procedure limits current structural designs tonapse static analysis
that can, in extreme cases, demand a structursigeder even a
structure retrofitting.

Proper consideration of all the aspects earliertimeed calls
for an investigation of the structural behaviourcomposite floors
subjected to dynamical load actions. The main divecof this
paper is to evaluate the dynamic behaviour compasibs with an
incorporated steel deck. This investigation is fmm on the
possible occurrence of unwanted vibrations thatccoause human
discomfort or, in extreme cases, structural failure

The evaluation of the structural system vibratienvieability
limit state implies in the knowledge of the struetudynamical
response. Alternatively, simple procedures foretaluation of the
system vibration levels are found in design stagslgiCanadian
Standard 1995, CEB 1991, DIN 4150-2 2000, ISO 2B2103).
These recommendations are based on parameterstliketure and
excitation frequencies, peak accelerations, vexit and
displacements.
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This paper presents and discusses results relatedhd
characterization of the structure natural frequesicfollowed by a
comparison of the excitation frequencies. Aftenganegsults of an
extensive computational analysis performed to obthé structure
dynamic response, based on accelerations, velci@ad
displacements, are depicted.

When a composite floor incorporates a steel deekdbtropy of
the structural system is a hypothesis that cart beaat considered
guestionable. One of the most commonly used saoistio better
represent the composite floor is to consider ibethotropic system
where the major direction is parallel to the stk ribs span.

A usual design assumption considers the major tilrec
stiffness as the addition of the portion relatedhte concrete slab
above the steel deck ribs plus an extra term thedrporates an
“effective width” based on the ratio of concreteapresent in the
ribs over the overall area (ribs + voids). In thi@on direction, only
the first part is considered i.e. the concrete celab, above the
concrete slab ribs. This simple hypothesis candséyeincorporated
to any design model and the results strongly depandhe steel
deck geometry.

Previous investigations (Silva et al. 2003), basmd the
isotropic analysis demonstrated that the level yofaghical effects
(displacements, velocities and accelerations), @mposite floors
subjected to rhythmic dynamical load actions isteuiigh. The
level of these dynamic effects could induce exeessibrations,
causing human discomfort and even compromisingsthgctural
system safety.

This investigation continued with a parametric studing the
orthotropic model for the concrete slabs. It foclshe use of
different steel deck geometries and their influeocehe dynamical
response of commonly used composite floors witklstecks. The
main geometrical parameters evaluated were theretateoids-rib
ratio, the ribs height and the effective concréab shickness (Silva
et al. 2002).

The investigated structural system response, adaifitom
finite element method isotropic and orthotropic @iations, were
compared to current experimental evidence and ¢tieat results
available in the literature. The structural systesponse, obtained
numerically with the aid of the proposed finiterant model, was
also compared to the limiting values proposed hxeis¢ authors
(Bachmann and Ammann 1987, Canadian Standard 10BB
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1991, DIN 4150-2 2000,
Murray and Howard 1998).

ISO 2631-2 2003, Ellis and1994,

Nomenclature

A, = area of an individual rib, rh

Avid = area of an individual void between the rib$ m
F(t) = dynamical loading, N

F(t)ma= maximum amplitude of the sinusoidal function, N
FA = amplification factor, dimensionless

P =individual weight, N

T, = step period defined by the relationship, 14

(beff)| = effective width on the left of the steel compnm
(bery)r = effective width on the right of the steel compunm

f = excitation frequency, Hz
for = composite floor first natural frequency, Hz
f, = frequency of the human step, Hz

g = gravity acceleration (g=9,81nfs m/$

hi, = height of the rib, m

hsoiig = height of the solid part of the concrete slab, m
k, = defined by the expression K({yP, dimensionless

l,  =human’s step size, m

t =time, s

t, = human step duration, s

v = displacements obtained in the dynamic analysis,
Vest = displacements obtained in the static analysis, m

Wi = effective width of the section, m

Greek Symbols

LB =frequency parameter, dimensionless

v = human’s walking velocity. m/s

6 = angle between the ribs and composite beam spain,

4P, = harmonic amplitudes, N

@ =harmonic phase angles, dimensionless
Composite Structures

Composite steel-concrete structures are widely usedodern
bridge and building construction. A composite memiseformed
when a steel component, such as an I-section hisattached to a
concrete element, such as a floor slab or bridg.de such a
composite T-beam the comparatively high concretepression
resistance complements the high strength of thel stetension
(Oehlers and Bradford 1999).

The fact that each material, steel and concretasésl to take
advantage of its best attributes makes composiel-sbncrete
construction very efficient, economical, compettiand attractive.
However, the real attraction of composite constomcts based on
the development of an efficient steel to concreianection. To
perform this task, shear connectors like stud bohannel sections
or “perfobond” plates are currently used.

Nowadays, most modern flooring systems in buildinge a
concrete slab with a 0.8mm thick cold formed peafisteel sheeting
element. This is a special form of composite membkere the
steel provides permanent and integral formwork tfee concrete
component, and the composite action is achievednblyossments
in the sheeting and by some chemical bonding betile® concrete
and steel sheeting.

When the steel component acts compositely withcthrecrete,
the composite slab cross-sectional shape, to lkingbe structural
analysis, depends on the relative direction of #ipan of the
concrete slab ribs to the steel component span.

The composite floor analysed in this paper presantsoss-
section in which the profile ribs span are in thms direction as the
composite beam, as shown in Fig. 1, whegg)(bnd (ky), are the
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effective widths on the left and right of the steeimponent, {4 is
the height of the solid part of the concrete slaimgonent or cover-
slab, hy, is the rib height, 4 is the area of an individual rib 4\ is
the area of an individual void between the ribs &nref, where® is
the angle in degrees between the direction of itheegpan and the
composite beam span.

The structural system cross-section can be analyaged
illustrated in Fig. 1, where the area of the hauisclkequal to the
areas of the individual ribBA,;, over the effective width wy of the
section. Wher8=9( the ribs are transverse to the composite beam
span direction leading to the use, in the struttanalysis, of the
weakest cross-section, see Fig. 1.

Dynamic Loading Induced by Human Activities

The type of dynamic loading considered in this papénduced
by human activities. This type of dynamic actiorsibally occurs in
structures like: footbridges, gymnasiums and flosubmitted to
rhythmic human activities, such as dance, aerotiiziies and so
forth.

Some experimental evidence should be consideredhén
analysis of structures submitted to human inducsehachic
excitations. One of the difficulties in analysingavily loaded slabs
regards how to consider the human mass, sincaitale important
characteristics of the structural system, such has ftindamental
frequency. If this parameter is not properly coaséd the structure
dynamic response can be substantially changed.

A criterion usually adopted is to consider the hosas a mass
added to the global structure mass, which imphes imass increase
and a fundamental frequency reduction.

Based on several works published on this subjeatamn be
verified that in the case of people jumping withe thwo feet
simultaneously, or during activities in which thentact of people
with the structure is relatively short, the humamsss is not
vibrating together with the structural system massaddition, the
human involvement, in these cases, is restrictetiéanduction of
loads not including any additional mass to theeys(Ellis and Ji
1994).

The results of the present investigation considénedesponse
of composite slabs submitted to rhythmic dynamicitaxions. One
example of human induced dynamic excitations is jtmaping
movements on the structural system. When this wasesimulated,
the human involvement was only considered as a laatibn
disregarding any mass increase.

The first step of a dynamic analysis concerns teatification
and distinction of the various load frequenciesuiretl by humans.
Initially the load frequencies induced by peoplelkivey and
running are considered. These load types are frédndootbridge
structures. Previous investigations demonstrated e th
interdependency of parameters like: human’s walkiatpcity, v,
the step size,l and its frequency,fSome of these mean values are
presented in Table 1 (Bachmann and Ammann 1987).

The Canadian Steel Buildings Design Standard (danad
Standard 1995), specifies that individuals or hungaoups can
generate periodic forces with associated frequeamacyging from
1.0Hz to 4.0Hz, approximately. It is clearly noticethat the
specified Canadian Standard human induced fregegri€ianadian
Standard 1995) are covered in Table 1 (BachmannAanohann
1987).

In this paper the mathematical modelling of twoesasf these
dynamical loading are investigated. The first narfwelking” is
the case in which the individual maintains a camins contact with
the structural system surface, while the secondomérated
“running” occurs when that contact is discontinuous
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In the case of a continuous surface contact,dbmmon to use
a general expression for the excitation producedamyindividual
throughout time. These loads are produced with He#t, as
function of a static part associated to the indigidveight and three

(b )y I (b))
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harmonic loading components parcels, Eq. (1) (Bachmé&
Ammann 1987, Ellis & Ji 1994).

F(t)=P+ 4P, sin(27ft)+ AP, sin(4rrfyt- @)+ AP; sin(6rrft-@) (1)
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Figure 1. Longitudinal ribs (8 = 0°) and transverse ribs (8 = 90°).

Table 1. Load frequencies induced by humans.

Type of Human Induced Dynamic LoadsVelocity v (m/s) | Step Sizeyd(m) | Frequency,f(Hz)
Slow Walk 1.10 0.60 1.70
Standard Walk 1.50 0.75 2.00
Fast Walk 2.20 1.00 2.30
Standard Run 3.30 1.30 2.50
Fast Run 5.50 1.75 3.20

In Eq. (1), P represents the load static part,esponding to the
individual weight. The magnitudesP;, AP, andAP; are associated
with harmonic amplitudes, ang, fp, and @, refers, respectively, to
the frequency of the human step and to the harnpumse angles.
The present investigation assumed the human weght be equal
to 800kN. The first harmonic amplitud&P;y, is equal to 0.4P for, f
equal to 2.0Hz and 0.5P for, fequal to 2.4Hz. A simple
interpolation between these two values was usethtermediate
cases. The second and third harmonic amplitufies.e AP;, were

assumed to be equal to 0.1P fgrefual to 2.0Hz (Bachmann and

Ammann 1987). The phase angigandg, depend on various other
factors and should represent the most favourabled ulead
combinations. In the present study the phase anglasd, were
assumed to be equal .

A discontinuous contact dynamic excitation is repreéed by a
half sinusoidal curve during the contact, while sgrting a zero
load value when the contact is lost, as presentecEq. (2)
(Bachmann and Ammann 1987, Ellis and Ji 1994). in @), tp

represents the human step duratignisTthe step period defined by

the relationship 1/fand the variable kdefined by the expression
F(Oma){P- In this expression, F), is the maximum amplitude of
the sinusoidal function and P is the individual gtei

F(t) = ko P sin (ft), fort<tyand F() =0, forf<t<T, (2)
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Another case regarding dynamic excitations induzganan is
the dance, very common in rock concerts. For depignposes, a
frequency band ranging from 1.60Hz to 3.00Hz foe #xciting
frequency is generally considered, often governgdthe music
rhythm. Another more conservative frequency band lwa adopted
i.e. between 1.50Hz and 3.50Hz (Bachmann and Amni&8yv,
Ellis and Ji 1994). The same mathematical modelédgpted for
the continuous loading is recommended for this,dage(1).

Another kind of human induced dynamic loading isoasated
with jumping. This excitation usually happens inngasiums,
stadiums, ballrooms or even gymnastic rooms. Feigdepurposes,
a frequency range from 1.80Hz to 3.40Hz is genermdinsidered
for the excitation frequency, frequently governeg the music
rhythm. The mathematical modelling used for thecaliginuous
loading is recommended for this situation, Eq. (2).

Structural System

The main objective of this paper is to incorpotthg orthotropic
solution for the composite slabs subjected to hundgnamic
excitations such as jumping in gymnastics. A dethilefinition of
this type of dynamic loading was described in sei3 and 4 of
the present paper. Those dynamic actions were iagpas the
composite slab.
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The composite floor studied in the present pappansing
14.0m by 43.7m, is currently used for gymnasticedd et al.
1999). The structural system is constituted of cosite girders. The
150mm thick composite slab uses a steel deck wighfollowing
geometrical characteristics: 0.80mm thickness, @bdm flute
height, see Figs. 2 and 3, respectively.

The steel sections used were welded wide flange¥Fy\made
with a 300MPa vyield stress steel grade. The isatroand
orthotropic systems adopted a 2.05kxMPa Young's modulus for
the steel beams and deck.

The concrete slab possesses a 20MPa specified essign
strength and a 2.35x4aPa Young's modulus (Vecci et al. 1999).
However, according to Murray (Murray et al. 199M), such
situations where the composite slab is submitteddymamic
excitations the concrete becomes stiffer than taate when it is
submitted to pure static loads. Due to this factoading to the

authors is suggested a 35% increase in the cowvehtconcrete
Young’s modulus (Murray et al. 1997), value usedha isotropic
system.

The structure permanent load and the gymnastiesdiad were
equal to 3.5kN/rhand 0.2kN/rf respectively. The model assumed
the columns as rigid supports in the primary begstesn while
adopted simple steel connections in the secondagmbsystem
(Vecci et al. 1999). Future steps of the preseméstigation will
incorporate the effects of the columns stiffnessthia structural
model response.

Table 2 depicts the geometrical characteristicalbthe steel
sections used in the structural model, presenté&igs 2 and 3. It is
important to emphasize that there was a haunchepres the
extreme spans of V1 to V4 girders. The minimum hed the steel
sections near the supports was equal to 460.0mnac{\&t al.
1999).
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Figure 2. The structural model.
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Figure 3. Typical composite slab cross-section: Section AA.
Table 2. Geometrical characteristics of the beam steel sections.
Computational M odel
Flange Top Bottom Web )
Beams Height Widt?] Flange Flange Thickness The proposed computational model, developed for the
(mm) (mm) Thickness| Thickness (mm) composite slab dynamic analysis, adopted the usmakh
(mm) (mm) refinement techniques present in finite elementhogtsimulations
vi-va 1400 350 125 125 125 implemented in the AN$YS program (ANSYS 1998). .
In the developed finite element model, floor stgitlers are
V5 700 200 8.0 8.0 8.0 represented by three-dimensional beam elementsevilesural and
V6-V7 600 150 6.3 6.3 6.3 torsion effects are considered. The composite islabpresented by
shell finite elements.
va-viz 250 130 6.3 63 475 The combined actions of floor slab and steel beawase
V9 400 200 6.3 6.3 4.75 considered in the present investigation. The ecodrgs of the
V10-Vil | 400 150 6.3 6.3 475 floor slab and the steel beams were consideredclaadly enlarge
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the floor system stiffness significantly, accorditiy the existing
structures. The computational model was develoddihg into
account this effect associated to the eccentricitiethe floor slab
and the steel beams. The ANSYS program (ANSYS 1968)
provided all the procedures related to the locatioh the neutral
axes of the effective widths of the plates usingib@&oncepts of
structural analysis.

When a composite floor incorporates a steel dduk,igotropy
of the structural system is a hypothesis that cenab least
considered questionable. One of the most commasey solutions
to better represent the composite floor is to aersiit as an
orthotropic model (Silva et al. 2002).

In this paper, the major direction was considerarhitel to the
span of the slab ribs, as presented in Fig. 1. Pphaposed
computational model considers the major directinertia as the
addition of the part related to the concrete sladiva the steel deck
ribs plus an extra term that incorporates an effeatidth based on
the ratio of concrete area present in the ribs éleroverall area
(ribs + voids). The minor direction only considéng first part i.e.
the concrete slab above the concrete slab ribssdhealled cover
slab, as shown in Fig. 1.

In this analysis, the orthotropic simulation comsgl that the
ratio between the area of an individual rigy,Aand the area of an
individual void between the ribs,, 4, is varied from 0.1 up to 0.5
(Avin/(Arip+Avoid) = 0.1 up to 0.5).

In order to emulate the orthotropic system, diffédengitudinal
and transverse Young’s modulus, as well as Poisstios, for the
concrete slab were used in the major/minor concsédb plane
directions, as well as in a direction perpendicutarthis plane,
according to the system orthotropic inertia chamastics, Table 3.
These values were calculated based on the simgdeafimodifying
the Longitudinal Young's Modulus. Since the conergtertia was
kept constant in both directions to simplify thedabgeometry, the
Young's modulus, in the direction parallel to theck ribs, was
increased. This was made to compensate for the exta, and
consequently, inertia provided by the concrete emeén the deck
ribs. With these results in hand, the Transversengs modulus, as
well as the Poisson ratios, were also re-evaluafaés was made
accordingly to simple elasticity formulae for ortfapic materials.
The increase in stiffness/resistance provided ley glofiled steel
sheet was not considered in the computational model

The final computational model used 3366 nodes, ffi26e-
dimensional beam elements, BEAM44, and 3264 sHelhents,
SHELLG63, leading to a numeric model with 18012 degr of
freedom. The BEAMA44 rigid offset capability was toqed to
incorporate, in the structural model, the combirfeEmbr beam
section eccentricity due to the steel deck.

Dynamic Behaviour of the Composite Slab System

This section presents the evaluation of the strattaystem
vibration levels when submitted to dynamic exoitai produced by
gymnastics, based on the load model presented in(Bq The
composite floor dynamic response was determinedutiir an
analysis of its natural frequencies, displacemengdocities and
accelerations.

The live load considered in this analysis considdéhe present
of one human for each 4.8ntorresponding to 0.25 humarfirt is
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also assumed that an individual human weight wamletp 800N
(Bachmann and Ammann 1987). A critical dampingorafi 1% was
considered to model the composite floor while astamt damping
ratio was assumed for all vibration modes. The dynaanalysis
results were obtained from an extensive numeritysisa based on
the finite element method utilising the ANSYS pragr (ANSYS
1998).

Response spectra were obtained, according to tbhpoped
methodology for the considered frequency rangeadcordance to
the composite floor dynamic characteristics. Thiaswdone by
varying of a frequency parametd, This parameter is defined by
the f/fy; ratio, where f represents the excitation frequenegarding
the gymnastics human induction, agdi$ the composite floor first
natural frequency.

The response spectrum was obtained for represemtafi the
composite floor dynamic response under the actfoife dynamic
loadings. This spectrum is related to the vertitigplacements, and
to the amplification factor, FA. The amplificatidciactor, FA, is
defined by the relationship wy in which v and y, represent the
vertical displacements obtained in the dynamic static analysis,
respectively.

This section finalizes with the determination oé tbomposite
floor velocities and accelerations. These valueween compared
to those specified in current design standards H{Baon and
Ammann 1987, Canadian Standard 1995, CEB 1991, £1I5D-2
2000, 1SO 2631-2 2003, Ravara 1969), to evaluatgossible
occurrence of excessive vibrations and human digmbm

Natural Frequencies of the OrthoTropic M odel

The composite floor natural frequencies were detezch with
the aid of the numerical simulations, Table 4. Thatural
frequencies here presented are related to thetoythio system with
18012 degrees of freedom fAAir+Avwig) from 0.1 up to 0.5).
These natural frequencies were compared to valoesned on the
isotropic analysis (Silva et al. 2003).

The natural frequencies obtained based on theojictanalysis
are higher than the experimental test frequentiesever, it can be
clearly noticed from Table 4 results, that thereaisrery good
agreement between the orthotropic system fundainéetuency
value, $:=9.60Hz (Aw/(AirtAwig) = 0.5), and the experimental test
frequency, §=9.50Hz (Vecci et al. 1999). Such fact validates th
numeric model here presented, as well as the sesntt conclusions
obtained throughout this work.

It can be observed from Table 4 results that threpasite floor
fundamental frequency depends of the ratjg/(Aip+Avig).- When
the ratio Aw/(An+Aveig) increases, the fundamental frequency value
decreases. Such fact is explained by the slab agsnmcrease.

Figures 8 and 9 illustrate the vibration mode cgpomding to
the fundamental frequency of the studied structusgbtem
considering different ratios between the area ofratividual rib,
Ap, and the area of an individual void between ths,rAq4. These
figures are important to emphasize the differenmpotational
models developed in this work. Small differences abserved in
the vibration modes final configuration obtained different ratios
Avin/ (Ariv+tAvoig), as depicted in Figs. 4 and 5.
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Table 3. Material characteristics of the orthotropic system.

Young's Modulus, E (MPa)

Isotropic Modg

Orthotropic Model

Avinl (Arib*Avoid)

0.10

0.20

0.30 0.40 0.50

Ex (parallel to deck ribs)

E, (perpendicular to deck ribs)

E, (perpendicular to concrete slab plape)

3.05x10d

6.68x1

D9.76x10

12.41x10 | 14.72x10 | 16.78x10

3.05x1d

Table 4. Natural frequencies of the composite floor.

Natural Frequencie]
foi (H2)

SIsotropic Model [6]

Orthotropic Model

Measured Frequengy

Avinl (Arip*Avoid)

(Vecci et al. 1999)
fo1 (H2)

0.10

0.20

0.30

0.44

0.5p

fOl

10.80

10.75

10.50

10.19

9.89

9.60

fOZ

11.27

11.24

10.96

10.63

10.30

10.00

f03

11.96

11.88

11.55

11.19

10.83

10.49 9.50

f04

11.97

12.45

12.25

11.93

11.59

11.25

fOS

12.56

12.81

12.50

12.12

11.73

11.37
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Figure 4. Vibration mode associated with the 1% natural
f01=10.75Hz. Orthotropic simulation: (Asip/(Arip*+Avoig) = O.

frequency:
10).

ANSTS 5.5.1
MAY 22 2002
15:02:37
NODAL SOLUTION
STEF=1

SUE =5
FREQ=9.601

Uz (ave)
R5¥s=0
PowerGraphics
EFACET=1
AVRES=Mat

DpMx =.008038
sMN =-.00538
SMX =.008034
-.00538
-.00389
-.002359%9
-.909E-03
L581E-03
.002072
.003562
.005053
.006543
.008034

100000 EN

Figure 5. Vibration mode associated with the 1%

natural frequency:

f01=9.60Hz. Orthotropic simulation: (Aip/(Arib+Avoia) = 0.50).
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Analysis of the Displacements Response Spectra

The dynamical analysis proceeded with the evalnatib the
composite floor response spectrum. This responsetrspn, Fig. 6,
depicts the dynamic response of the composite fiufimitted to
gymnastics dynamic excitations for a wide frequerayge (up to
30Hz). The response spectra here presented isedelat the
orthotropic model (Ay/(Arib+Avoid) = 0.5).

The displacements response spectrum, Fig. 6, pgeegmak
dynamic effects associated with the frequency patanf, ranging
from 0.7 to 1.5. This spectrum frequency range exponds to
values of the frequency paramet@rclose to unity. This fact can be
explained if the excitation frequency, f, assodafer instance with
multiple of the first harmonic of the dynamic loagdi (1.80Hz to
3.40Hz) (Bachmann and Ammann 1987, Ellis and Ji4).98nd the
composite floor fundamental frequencyy,, fequal to 9.60Hz,
coincides. An extra peak on the response spectrasnolvserved for
high natural frequencies associated to the frequ@acameter3,
ranging from 1.2 to 1.5.

In the case of systems with several degrees ofidmae the
resonance physical phenomenon can happen when brikeo
structure natural frequencies is equal, or is velgse to the
excitation frequency. Bachmann and Ammann (198%crilee a
situation in which a footbridge with a fundamenta@quency of
8.0Hz presented the resonance phenomenon for anhidaced
frequency of 3.70Hz. Such phenomenon is due tdatiethat the
third dynamic loading harmonic frequency, 11.10ldzcited the
structure second natural frequency, 11.10Hz.

The level of the dynamic effects on the studieddtral system
can be considered very small when the excitatiequency range of
the response spectrum located between 1.0Hz ahty §30.5), is
considered. It is also observed that the maximutoevaf the
amplification factor, FA, equal in this case to GOoccurs for the
peak dynamical effects corresponding to valueshef frequency
parameterf3, close to unity, as illustrated in Fig. 6. Thisximaum
amplification value leads to vertical displacemehts could induce
excessive vibrations, compromising human comfortditions and
even jeopardising the structural system integrity.
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Human Comfort and Vibration Serviceability Limit State

The present study proceeds with the evaluatioh@tbmposite
floor performance in terms of human comfort and rafion
serviceability limit states. The first step of tlusocedure concerns
the determination of the composite floor maximunhogities and
accelerations. These values were obtained numigrigéh the aid
of the proposed orthotropic model, with 18012 degref freedom,
assuming that the ratio between the area of awithdil rib, Ay,
and the area of an individual void between the, rihgqy, equal to
0.5 (Ai/(Arip+Avoia) = 0.5).

In sequence the maximum velocities and acceleratia@re then
compared to the limiting values proposed by sevemaihors
(Bachmann and Ammann 1987, Canadian Standard 1GHR
1991, DIN 4150-2 2000, ISO 2631-2 2003, Ravara 1988 most
representative values of the composite floor véilesi and
accelerations are presented in Figs. 7 to 12 fataion frequencies
of 3.0Hz, 4.0Hz and 5.0Hz, respectively. These tations
frequencies are relevant because the computationdkl used in
the present paper considered that individuals amam groups
generating periodic forces with associated frequemanging
approximately from 1.0Hz to 4.0Hz.

The German Standard DIN 4150-2 (DIN 4150-2 2000),

described in Bachmann and Ammann (1987), limitsahmposite
floor velocities up to values of 10.0mm/s not toolate the
acceptable vibration levels for structural safeithough, in the
limit cases, small wall cracking can appear. WHgn triterion is
applied to the composite floor maximum velocity ued of the
studied structural system, equal to 5.16mm/s (H3)0 Fig. 7,
7.59mm/s (f=4.0Hz), Fig. 8, and 10.42mm/s (f=5.QHFg. 9, it can
be concluded that the composite floor presentedssxee vibrations
for the excitation frequency of 5.0Hz (f=5.0Hz).

Another less conservative criterion recommends the
velocities should be limited to 15.0mm/s (Ravar&89)9In this case,
the dynamic analysis velocities are significantbwér than this
limiting value, disregarding the occurrence of unteal excessive
vibrations.

The next step concerns the evaluation of the coitgdsor
maximum accelerations values induced by gymnasiisamic
loads. These acceleration values are depictedgm ED, 11 and 12,
respectively.

The Canadian Standard (1995), CEB (1991) speciiieiting
accelerations values for human comfort, withoutsidering their
associated natural vibration frequencies. Thoseegahre expressed
exclusively in terms of the gravity acceleratior=gg81m/$), in
percentage. The referred standard recommends @nfgmialue for
the composite floor accelerations used for: gymossmusic halls
and sports arenas to a value of 5%g (Canadian &ri®95, CEB
1991). On the other hand, the acceleration limitlues
recommended by the International Standard Orgaaiz#0O 2631-
2 (ISO 2631-2 2003) can also be considered. The $&Mdard
suggests limits in terms of rms (root mean squacegleration as a
multiple of the baseline line curve shown in they.FL3. The
multipliers for the proposed design criteria, eggesl in terms of
peak acceleration, are equal to 10 for officesfdd&hopping malls
and indoors footbridges, and 100 for outdoors fodges, Fig. 13.
For design proposes, these limits can be considévedange
between 0.8 and 1.5 times the recommended valepending on
the duration and frequency of the vibration eveii®0 25631-2
2003).

In the present investigation the composite floorximam
accelerations values were equal to 1.0%g (f=3Hi), FO, 1.92%g
(f=4.0Hz), Fig. 11, and 3.45%g (f=5.0Hz), Fig. Ithese values
indicated that the floor did not present problesiated with human
comfort when the limiting accelerations for humamdort related
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to Canadian Standard (1995), CEB (1991) and 1ISA.26@003),
see Fig. 13, were considered.

Other author recommendations for accelerationditigiivalues
are suggested and should be used with cautioraexish specific
design standards (Bachmann and Ammann 1987). Aicaprih
Bachmann and Ammann (1987), a limiting value of §086uld be
accepted for slabs designed for sport practice jareancerts and
dance. This limiting value assures that the contpdkior satisfies
its purpose without presenting any human discomfort

3
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Figure 6. Composite floor response spectrum: (Arip/(Arib+Avoia) = 0.50).
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Figure 7. Composite floor maximum velocities: f=3.0Hz.
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Figure 8. Composite floor maximum velocities: f=4.0Hz.
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Figure 9. Composite floor maximum velocities: f=

Figure 10. Composite floor maximum accelerations:

Figure 11. Composite floor maximum accelerations:
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Figure 12. Composite floor maximum accelerations: f=5.0Hz.
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Figure 13. Recommended peak acceleration for human comfort related to
vibrations due to human activities (ISO 2631-2 2003).

Comparison of Results: Orthotropic and Isotropic
Simulations

A dynamical response comparison of the compositer fbased
on isotropic (Silva et al. 2003) and orthotropiengiations is
presented in Tables 5 to 8. In this work, the drbhfc simulation
considers that the ratio between the area of aivichaal rib, Ay,
and the area of an individual void between the, iQsiq, is varied
from 0.1 to 0.5 (A/(Aris+Avig) = 0.1 up to 0.5). The investigated
structural system was evaluated in terms of hunamfart and
vibration serviceability limit states.

The maximum values of velocities and acceleratioased on
the orthotropic model are lower than those obtaimedhe isotropic
simulation. Such fact can be explained by the faable influence
of the slab ribs related to the composite slab maijoection,
inherent to the own nature of the modelled orthutreystem.

Based on the results presented in Tables 5 andi$ nbticed
that a slightly variation exists between the maximeelocities and
maximum accelerations values when the ratig/(A;p+Avoia) IS
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changed. However, it can be observed that the mawimvelocities
values in both models, orthotropic and isotropidplate the
acceptable vibration levels for structural safetyommended by the
German Standard DIN 4150 (DIN 4150-2 2000), desckitin
Bachmann and Ammann (1987), for a 5.0Hz excitaffequency,
as presented in Table 5.

It can be concluded that the composite floor preskexcessive
vibrations for the loading frequency equal to 5.0B& illustrated in
Table 5. With reference to the maximum acceleratiealues it is
clearly noticed, that the human comfort of the Btigated structural

José Guilherme S. da Silva et al

system is guaranteed, according to the limitingiealproposed by
several authors (Bachmann and Ammann 1987, CEB ,1991
Canadian Standard 1995, ISO 2631-2 2003), as sholable 6.

Finally, it is also clearly noticed that the maximuwelocities
and accelerations values related to the resonaritgsical
phenomenon, based on isotropic and orthotropiclatias, would
induce excessive vibrations, compromising human foedm
conditions and even jeopardising the composite stgbtem
integrity, as depicted in Tables 7 and 8.

Table 5. Composite floor maximum velocities for excitation frequencies of 2.0Hz to 5.0Hz based on isotropic and orthotropic simulations.

Velocity (mm/s) - Limiting Value: 10.0mm/s (DIN 4052 2000)
Excitation Frequency, Orthotropic Model
(Hz) A Isotropic Model
Aol AsieAvoi) (Silva et al. 2003)
0.50 0.40 0.30 0.20 0.10

2.0 3.23 3.23 3.23 3.28 3.39 3.82

3.0 5.15 5.15 5.15 5.19 5.34 6.02

4.0 7.50 7.50 7.50 7.52 7.68 8.67

5.0 10.40 10.40 10.40 10.45 10.70 12.05

Table 6. Composite floor maximum accelerations for excitation frequencies of 2.0Hz to 5.0Hz based on isotropic and orthotropic simulations.

Acceleration (%g) - Limiting Value: 5%g (CEB 199anadian Standard 1995, ISO 2631-2 2003)
Excitation Orthotropic Model
Frequency (Hz) Aviol (Ario+Avoid) (ISSi?\};Ogtlcalh.AggSIS)

0.50 0.40 0.30 0.20 0.10

2.0 0.41 0.41 0.41 0.42 0.43 0.49

3.0 0.99 0.99 0.99 1.00 1.02 1.16

4.0 1.92 1.92 1.92 1.93 1.97 2.22

5.0 3.45 3.45 3.45 3.46 3.51 3.90

Table 7. Composite floor maximum velocities corresponding to the resonance physical phenomenon based on isotropic and orthotropic simulations.

Excitation Frequency
Corresponding to the

Velocity (mm/s) - Limiting Value: 10.0mm/s (DIN 405000)

Phenomenon (t2) Orthotropic: Model (Siva ot al. 2003)
9.60 Aol (Arib+Avoia) = 0.50 967.03
9.89 Al (Ario+Avoig) = 0.40 999.49
10.19 Al (Arivt+Avoiq) = 0.30 1037.51 1295.70
10.50 Al (Aris+Avoiq) = 0.20 1083.85
10.76 Al (Aric+Avoiq) = 0.10 1148.02

Table 5. Composite floor maximu

m accelerations corresponding to the resonance physical phenomenon based on isotropic and orthotropic simulations.

Excitation Frequency
Corresponding to the

Acceleration (%g) - Limiting Value: 5%g (CEB 199anadian Standard 1995, ISO 2631-2 2003)

Phenomenon (1) Orthotropic Mode! (Siva ot a1 2009
9.60 Al (Aris+Avic) = 0.50 594.64
9.89 Al (Aris+Avic) = 0.40 633.18
10.19 Al (Ass+Acid) = 0.30 677.67 894.18
10.50 Al (Aqi+Awoig) = 0.20 729.31
10.76 Al (Ar+Awcig) = 0.10 791.47
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Final Remarks

This paper presents the evaluation of the strulctlyaamical
behaviour of composite floors. The developed amalygthodology
incorporates the orthotropic solution for the caterslabs subjected
to human induced dynamic loadings, such as rhythnsctivities
arising from gymnastics, musical and sports evamd ballroom
dances. This investigation focused the use of rdiffe steel deck
geometries and their influence in the dynamicapoese of the
commonly used composite floors.

The proposed analysis methodology considers thestigation
of the linear dynamic behaviour, in terms of sezaigility limit
states, of a building floor made with a composltb system with
welded wide flange (WWF), steel beams and a inaaited steel
deck.

A finite element computational model was developsihg the
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