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VIBRATIONS OF COMPOSITE STEEL-CONCRETE FLOORS INDUCED BY HUMAN
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1 UVOD

Trenutni zahtevi pri projektovanju konstrukcija u
zgradarstvu najCeScée uslovljavaju primenu konstrukcija
velikih raspona, s velikim otvorenim unutrasnjim
prostorima, sa spregnutim meduspratnim konstrukcijama
od Celika i betona visokih kvaliteta. Takode, Cesto se
zahteva moguc¢nost naknadne prenamene prostora u
druge svrhe, odnosno fleksibilnost prostora koji se moze
posti¢i ve¢im rasponima. Ovakve teznje prouzrokuju to
da konstrukcija ima nize vrednosti sopstvenih frekvencija
oscilovanja i manji koeficijent prigu$enja, $to veoma
utice na dinamicki odgovor konstrukcije kada je ona
izloZzena dinami¢kom optereéenju, kao $to je - na primer
- kretanje ljudi unutar objekta.

Konstrukcija, pored kriterijuma sigurnosti koji se
dokazuje putem grani¢nih stanja nosivosti, mora da
zadovolji i kriterijume funkcionalnosti. Kriterijumi funkcio-
nalnosti zavise od namene objekta, a dokazuju se kon-
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1 INTRODUCTION

The latest demands in the field of building
construction are mostly reflected in the design of
structures with large spans, large open interiors with
composite steel-concrete floors using high grade of steel
and concrete. Also, frequent requests for subsequent
reuse of the interior space of buildings for other
purposes in relation to those originally envisaged by
project are very common. These latest demands are
leading to lower natural frequencies and lower natural
damping of structures, considerably influencing dynamic
response of the structure exposed to dynamic actions,
such as walking of people inside the building.

Except the safety criteria which are checked through
calculation of ultimate limit states, structure also has to
satisfy serviceability criteria. Serviceability criteria which
depend on the intended use of the structure are checked
through calculation of serviceability limit states. Servicea-
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trolom grani¢nih stanja upotrebljivosti, koja obuhvataju
kontrolu deformacija (ugibi, horizontalna pomeranja i
obrtanja preseka), kontrolu vibracija, kao i naponske
kontrole u slu€aju pojedinih, dinamicki optereéenih
konstrukcija.

2 1ZVORI VIBRACIJA MEDUSPRATNIH
KONSTRUKCIJA

Pojam vibracija podrazumeva pojavu oscilatornog
kretanja pojedinih delova konstrukcije odredenom
amplitudom i frekvencijom oscilovanja. U zgradarstvu se
problem vibracija uglavhom odnosi na vertikalne
vibracije meduspratnih konstrukcija, ali u pojedinim
slu¢ajevima, posebno kada su u pitanju visoke i vitke
konstrukcije, mogu se pojaviti i horizontalne vibracije
usled dejstva vetra.

Kretanje ljudi unutar objekta predstavlja najceS¢i i
najvazniji  unutradnji  izvor  vertikalnih  vibracija
meduspratnih  konstrukcija. Unutrasnji izvor vibracija
meduspratnih  konstrucija mozZe biti i dinami¢ko
opterecenje izazvano radom masina i opreme unutar
objekta. Vertikalne vibracije meduspratnih konstrukcija
mogu biti izazvane i spoljaSnjim  dinamickim
opterecenjem (drumski i zelezniCki saobracaj), kao i
dejstvom zemljotresa ili udarom vozila.

Vibracije meduspratnih konstrukcija mogu znacajno
da uti¢u na kvalitet zZivota, komfor ljudi, a samim tim - i
na funkcionalnost objekta. Osetljivost ljudi na pojavu
vibracija meduspratnih konstrukcija jeste veoma velika,
odnosno nivo prihvatljivosti vibracija veoma je nizak.
Reakcija ljudi na pojavu Vvibracija meduspratnih
konstrukcija najéeSce zavisi od toga kojom aktivnoScu se
osoba bavi u datom trenutku. Pored toga Sto vibracije
mogu veoma da umanje komfor ljudi i kvalitet Zivota
unutar odredenog objekta, drugi bitan faktor u pogledu
ocene prihvatljivosti vibracija meduspratnih konstrukcija
jeste funkcionalnost objekta. Funkcionalnost objekta
moze posebno biti ugroZzena pojavom vibracija u slu€aju
kada se u objektima obavljaju specificne aktivnosti (na
primer, operacione sale) ili u slu¢aju kada prevelike
vibracije meduspratnih konstrukcija mogu da ugroze rad
odredenih masina ili tacnost opreme s kojom se radi
unutar objekta.

Jednom projektovana i izgradena konstrukcija tesSko
se moze naknadno modifikovati u pogledu pobolj$anja
kriterijuma vibracija, izuzev ako se ne razmatraju znatne
promene u pogledu mase Kkonstrukcije, krutosti
konstrukcije i povecanja koeficijenta priguSenja. Stoga,
veoma je bitno da se nivo prihvatljivosti vibracija
meduspratnih konstrukcija objekta definiSe na pocetku, u
fazi projektovanja, u zavisnosti od namene objekta i
zahteva investitora.

2.1 Modeliranje dinami¢kog optereéenja izazvanog
ljudskim aktivnostima

Prvi korak u dinami¢koj analizi konstrukcija i u
naknadnom odredivanju nivoa prihvatljivosti vibracija
spregnutih  meduspratnih  konstrukcija  predstavlja
modeliranje  dinami¢kog  optereCenja  izazvanog
aktivnostima ljudi.

ability limit states include calculation of deformations
(vertical deflection, horizontal displacement and end
rotation), calculation of vibrations and also verification of
stresses for specific, dynamically loaded structures.

2 SOURCES OF FLOOR STRUCTURES
VIBRATIONS

The term vibration implies oscillatory movement of
specific parts of structure with certain amplitude and
frequency. Vibrations are mostly related to vertical
movement of floor mass, but in the case of very tall and
slender structures, horizontal vibrations induced by wind
action are very frequent.

Walking of people inside the building is the most
usual and most important internal source of floor vertical
vibrations. Also, dynamic loads induced by machines
and equipment working inside the building are usual
internal sources of floor vibrations. Vertical vibrations of
floor structures can also arise from external dynamic
loads such as road and rail traffic, seismic actions or
vehicular impact on structural members.

Annoying floor vibrations can significantly affect
quality of life inside the building, comfort of the user, and
therefore the building functionality. Human susceptibility
to the appearance of floor vibrations is very pronounced,
involving very low levels of acceptance criteria. Human
perception of the appearance of floor vibrations is mostly
related to the type of the activity being performed in that
moment. Although, annoying vibrations of floors can
significantly decrease comfort of the user and quality of
life inside the building, second very important factor
which influences the acceptance criteria of floor
vibrations is the building functionality. Building
functionality can significantly be compromised due to
floor vibrations, especially in the case of special activities
inside the building, such as surgery rooms, or in the
case when extensive floor vibrations can compromise
the operation of the machinery or equipment accuracy
inside the building.

Once designed and constructed, it is difficult to
modify an existing structure to reduce its susceptibility to
vibrations, unless introducing significant modifications
considering structure mass and stiffness and increase of
structure natural damping. Therefore, it is important to
define the acceptance criteria of floor vibrations at the
early stage of design, depending of the anticipated
usage of structure and client requirements.

2.1 Modelling dynamic loads induced by human
activities

The first step in dynamic analysis of structures and
subsequent determination of acceptance criteria of floor
vibrations is modelling dynamic loads induced by human
activities.
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a) dinami¢ko opterecenje izazvano hodanjem
ljudi
a) dynamic load induced by human activities

b) Furijeova transformacija
b) Fourier transformation

Slika 1. Ljudski hod predstavijen skupom jednostavnih sinusnih funkcija (harmonika) Furijeovom transformacijom

1]

Figure 1. Walking of people presented by series of simple sinusoidal functions (harmonics) using Fourier
transformation [1]

Modeliranje ove vrste dinami¢kog opterec¢enja izuzet-
no je kompleksno, a dinamicki odgovor konstukcije koji
se dobija usled ove vrste dinamiCkog opterecenja
najcesSc¢e je predstavljen u vidu velikog broja razliitih
oblika oscilovanja konstrukcije. Tokom godina istraziva-
nja, uradene su brojne studije s ciliem definisanja prepo-
ruka za pojednostavljen nacin prikazivanja dinamickog
optrecenja izazvanog ljudskim aktivnostima. Dinamicko
opterecenje, izazvano hodanjem ljudi, ubraja se u grupu
kontinualnog dinamic¢kog opterecenja, Cija se slozena
funkcija moze predstaviti u vidu serije sinusnih funkcija
pomocu Furijeove transformacije (kao $to je prikazano
na slici 1). Furijeova transformacija za ovaj vid dinami-
¢kog opterecenja moze se predstaviti izrazom (1):

Modelling of this type of dynamic load is extremely
complex and dynamic response of structure influenced
by this type of dynamic loading is usually presented in
large number of different mode shapes of structure. Over
past years, numerous studies have been carried out
resulting with recommendations for simplified presen-
tation of dynamic loads induced by human activities.
Dynamic loads induced by human activities can be
classified as continuous dynamic loading, which complex
function can be broken down into a series of sinusoidal
functions based on the Fourier transformation, as it is
shown in Figure 1. Fourier transformation for this type of
dynamic loading can be presented with Eq. (1):

F(t):P{1+Zoci cos(2m‘fst+¢[)} M

gde je:

P tezZina osobe koja hoda (746N);

a;  dinamicki koeficijent za i-ti harmonik;

i harmonik (i=1,2,3...);

fs  frekvencija dinami¢kog opterecenja (frekvencija
koraka pri hodanju);

t  vreme (s);

@i fazni ugao za i-ti harmonik.

Nacionalni prilog NA to BS EN 1991-2:2003 [2]
definiSe dinamicko opterec¢enje na peSackim mostovima
usled ljudskog hoda. Ovakav nacin definisanja dinami-
¢kog opterecenja preporucen je da se usvoji u okviru
Nacionalnog priloga za SRPS EN 1991-2:2012 [3].
Opterecenje koje deluje na konstrukciju, kao posledica
hodanja jedne osobe ili grupe peSaka, mozZe se predsta-
viti vetrikalnom promenljivom silom F, koja se krece
konstantnom brzinom v, kako je prikazano izrazom 2:

where:

P is the person’s weight (746 N);

ai is the dynamic load factor for the i harmonic;

i is the harmonic (=1,2,3...);

fs is the frequency of the forcing function (frequency
of one walking step) (Hz);

t is the time (s);

@ is the phase angle for the i™ harmonic.

National Annex NA to BS EN 1991-2:2003 [2]
defines dynamic load models for pedestrian actions on
footbridges. This method for dynamic loads modelling is
recommended for implementation within the National
Annex to SRPS EN 1991-2:2012 [3]. Actions on
structures which are the result of single pedestrian or
pedestrian groups walking over footbridge can be
presented by application of a vertical pulsating force F
(N), moving at a constant speed v, as shown in Eq. (2):

F = Fok(f )1+ v(N — 1) sin(2nf, 1) @
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gde je:

N broj peSaka u grupi;

Fo  referentna amplituda promenljive sile (N);

fu svojstvena frekvencija vertikalnog oblika oscilo-
vanja (Hz);

k(f,) kombinovani koeficijent koji uzima u obzir uticaj
stvarne grupe pesaka i harmonijske odgovore;

t vreme (s);

Y koeficijent redukcije koji uzima u obzir nesinhro-
nizovanu kombinaciju dejstava grupe pesaka;

Seft  duzina efektivnog raspona (m), jednaka povrSini
oivicenoj krivom koja opisuje vertikalnu kompo-
nentu oblika oscilovanja koji se posmatra, pode-
lienu s proizvodom broja 0,634 i maksimalnom
vredno$c¢u oscilovanja u vertikalnom pravcu (slika
2). Usvajanje da je Ser= S je na strani sigurnosti.

S raspon mosta (m).

Vrednosti referentne amplitude promenljive sile i
brzine kretanja definisane su u Nacionalnom prilogu NA

to BS EN 1991-2:2003 [2].

where:

N is the number of pedestrians in the group;

Fo is the reference amplitude of the applied fluctuating
force (N);

f, is the natural frequency of the vertical mode under
consideration (Hz);

k(f,)is a combined factor which takes into account the
effects of a more realistic pedestrian population and
harmonic responses;

t isthe time (s);

y is a reduction factor which takes into account the
unsynchronized combination of actions in a
pedestrian group;

Serr is an effective span length (m) equal to the area
enclosed by the vertical component of the mode
shape of interest divided by 0.634 times the
maximum of the vertical component of the same
mode shape (see Figure 2). Adopting Se = S is
conservative.

S is the span of the bridge (m).

Recommended values of the reference amplitude of

a vertical pulsating force and pedestrian crossing speed

are given in National Annex NA to BS EN 1991-2:2003

[2].

Key
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Slika 2. Odredivanje efektivnog raspona za opterecenje izazvano ljudskim hodom na peSackim mostovima [2]
Figure 2. Effective span calculation for dynamic loading induced by walking of people over footbridges [2]

3 PRORACUNSKI KRITERIJUMI ZA VIBRACIJE
SPREGNUTIH KONSTRUKCIJA

Preporuke za  projektovanje  objekata  radi
zadovoljavanja kriterijuma vibracija mogu se pronaci u
razli¢itim standardima, priruénicima za proracun i
struénim publikacijama. Problemom vibracija medusprat-
nih konstrukcija - izazvanih ljudskim aktivnostima - bavili
su se mnogi autori koji daju razlicite preporuke, najéeS¢e
u pogledu ograni¢avanja sopstvenih frekvencija oscilo-
vanja meduspratnih konstrukcija, u zavisnosti od
namene objekta i vrste dinamiCkog optereéenja. Tradi-
cionalno, mnogi autori smatraju da dovoljno visoka
sopstvena frekvencija oscilovanja konstrukcije omo-
gucava da ona bude izvan opsega frekvencije pobude,
odnosno frekvencije dinami¢kog opterecenja usled
razli¢itih aktivnosti ljudi.

Prema Evrokodu, kriterijumi upotrebljivosti u pogledu
vibracija treba da se propiSu za svaki projekat i da se
dogovore sa investitorom, ili se mogu definisati u okviru
Nacionalnog priloga. Prema SRPS EN 1994:2012 [4],
dinamicke karakteristike meduspratnih konstrukcija treba

3 DESIGN RECOMMENDATIONS OF COMPOSITE
STEEL-CONCRETE FLOOR VIBRATIONS

Design recommendations for structures considering
fulfilment of vibrations acceptance criteria can be found
in different standards, design manuals and specialized
literature. Floor vibrations induced by human activities
are analyzed by many authors, defining different
recommendations, which are usually related to limiting of
floors natural frequencies, depending on the intended
use of the structure and the type of dynamic loading.
Traditionally, many authors consider that sufficiently high
natural frequency of the structure enables it to be
outside of the range of dynamic loading frequencies, or
frequency of the dynamic loads induced by different
human activities.

According to Eurocode, serviceability criteria of floor
vibrations should be considered for each project and
agreed with the client, or it should be defined within
National Annex. According to SRPS EN 1994:2012 [4],
dynamic properties of floor structures should satisfy
recommendations given in SRPS EN 1990:2012 [5].
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da zadovolje preporuke date u SRPS EN 1990:2012 [5].
SRPS EN 1990:2012, Prilog A1 [5] definiSe da se za
zadovoljavaju¢e ponaSanje konstrukcije u pogledu
vibracija mora imati u vidu komfor ljudi koji borave unutar
objekta i funkcionalnost objekta, a ostali aspekti treba da
se usaglase u skladu s namenom objekta. Kako
grani¢na stanja upotrebljivosti u pogledu vibracija ne bi
bila prekoracena, neophodno je da sopstvena
frekvencija  oscilovanja  konstrukcije ili  delova
konstrukcije bude iznad odredenih granica, koje zavise
od namene objekta i izvora vibracija. SRPS EN
1990:2012 [5] definiSe da su za ostale informacije
referentni standardi: SRPS EN 1991:2012 [6], SRPS EN
1991:2012 [7] i 1ISO 10137 [8]. SRPS EN 1990:2012,
Prilog A2 [5] preporucuje maksimalne vrednosti ubrzanja
za bilo koje delove meduspratne konstrukcije od 0,7
m/s? za vertikalne vibracije i 0,2 m/s? za horizontalne
vibracije.

Nacionalni prilog SRPS EN 1990/NA [9] propisuje
iskustvene vrednosti sopstvenih frekvencija oscilovanja i
ogranic¢enja vertikalnih ubrzanja izrazenih u procentima
ubrzanja zemljine teze g, koje bi u vecini regularnih
sluCajeva trebalo da obezbede prihvatljivo ponasanje
meduspratne  konstrukcije (tabela 1). Medutim,
sopstvena frekvencija nije jedini parametar koji utice na
prihvatljivost vibracija, pa u odredenim slu€ajevima
kontrola graniénog stanja upotrebljivosti usled vibracija
ne moze da se svede samo na ograni¢enje sopstvene
frekvencije [10]. Tada je neophodno da se sprovedu
sloZeniji postupci analize koji mogu da se nadu u
specijalizovanoj literaturi, a koji se uglavhom zasnivaju
na direktnoj ili indirektnoj kontroli vertikalnog ubrzanja
meduspratne konstrukcije, koje najviSe uti¢e na komfor
korisnika [10].

Comfort of user and functionality of structure or its
structural members, should be considered in order to
achieve satisfactory behaviour regarding vibrations of
floor structures, according to SRPS EN 1990:2012,
Annex A1 [5] and other aspects should be considered
for each project regarding intended use of the building.
For serviceability criteria of a structure not to be
exceeded when subjected to vibrations the natural
frequency of vibrations of the structure or structural
members should be kept above appropriate values
considering intended use of the structure and sources of
vibrations. SRPS EN 1990:2012 [5] defines that for the
further guidance SRPS EN 1991:2012 [6], SRPS EN
1991:2012 [7] and ISO 10137 [8] should be used. SRPS
EN 1990:2012, Annex A2 [5] gives recommended
maximum values for accelerations of any part of the floor
structures as 0,7 m/s? for vertical vibrations and 0,2 m/s?
for horizontal vibrations.

National Annex SRPS EN 1990/NA [9] prescribes
indicative values of natural frequencies and limitations
for vertical accelerations expressed as a percentage of
the acceleration of gravity g, which in the majority of
regular situations should ensure the acceptable
behaviour of floor structures (Table 1). However, natural
frequency of structure is not the only parameter which
should be considered in order to define vibrations
acceptance criteria and in specific situations check of the
serviceability limit state of structure when subjected to
floor vibrations should not be reduced only to the
limitation of natural frequencies [10]. In that situation it is
necessary to conduct more complex analytical methods
which can be found in specialized literature and which
are mainly based on direct or indirect check of vertical
accelerations of different parts of floor structures which
mostly affects the comfort of the user [10].

Tabela 1. Iskustvene vrednosti za prihvatljive sopstvene frekvencije konstrukcije zgrada i ograniéenja ubrzanja /9]
Table 1. Indicative values of natural frequencies of buildings and limitations of accelerations /9]

Obicno Cesto Preporu¢ena granicna
Namena objekta zadovoljavajuce nezadovoljavajuce vertll((jl%aolijb;z)anja
Intended use of the structure ponasanje ponasanje Recommended limitations of
Usually satisfactory Usually unsatisfactory ; :
behaviour behaviour vertical accelerations
(% of g)
Sportske dvorane, javni prostori o
Sports facilities, public areas ne>10 Hz Ne< 6 Hz 10 %
Stambene zgrade o
Residential buildings Ne> 8 Hz ne<5 Hz 01 %
Poslovne zgrade .
Office buildings Ne> 8 Hz ne < 5 Hz 0,2 %

BS 6472 [11] pokriva razliCite izvore vibracija u
meduspratnim konstrukcijama, a nivoi prihvatljivosti dati
su u obliku tezinskih funkcija za osnovne krive i serije
faktora za uvecanje u zavisnosti od namene objekta
(date na slici 3). Osnovne krive za vibracije u pravcu z
ose (vertikalni pravac) i x i y ose (horizontalni pravac)
izvedene su na osnovu sledecih osnovnih vrednosti
srednjeg kvadratnog ubrzanja arms (m/sz):

- ams= 510" m/s? za vertikalne vibracije (z
pravac);

- ams= 3,57-10° m/s® za horizontalne vibracije (x i y
pravac).

BS 6472 [11] gives recommendations for different
sources of floor vibrations and acceptance criteria are
defined in form of weighting functions for basic curves
and multiplying factors defined for different intended use
of the structure, as shown in Figure 3. Basic curves for
vibrations in z direction (vertical direction) and x and y
direction (horizontal direction) are derived from following
base2 values of root mean square accelerations ams
(m/s®):

- ams= 510" m/s? for vertical vibrations (z axis);

- Arms= 3,57-10'3 m/s? for horizontal vibrations (x

and y axis).
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1
! Namena objekta uvgzla::?; R
Intended use of the anja
Multiplying
structure
. _ factor R
k) ) Bolnice i operacione sale
E 0.1 E 011 X 1
= = Hospitals and surgery rooms
2 % Prostorije za stanovanje 4
o o Residential buildings
[i7]
8 8 Kancelarije / Offices 4
0.0 @ 001 —
£ £ Radionice / Workshops 8
Prometne kancelarije 12
Very busy offices
. fo (Hz) Ci
00013 10 10 0001 foalo 100 3<fy<4 0,4
Frequency (Hz) requency (Hz) 4<f,<48 1.4-0,25f,
fo>4,8 0,2
a) z pravac b) x iy pravac c) vrednosti faktora uveéanja R i koeficijenta Cr

a) z axis direction

b) x and y axis direction

c) multiplying factor R and factor Ct

Slika 3. Osnovne krive za vibracije i faktor uvec¢anja prema BS 6472 [11]
Figure 3. Basic curves of floor vibrations and multiplying factors according to BS 6472 [11]

Faktor uvetanja R odreduje se u zavisnosti od
vrednosti sopstvene frekvencije oscilovanja medusprat-
ne konstrukcije [12]. Ukoliko je sopstvena frekvencija
oscilovanja konstrukcije manja od 7 Hz, konstrukcija se
smatra niskofrekventnom i faktor uvecanja R odreduje
se prema izrazu 3:

Multiplying factor R can be calculated depending on
the floor natural frequency [12]. If the fundamental
natural frequency is less than 7 Hz, floor structure
should be considered as floor with low natural frequency
and multiplying factor R should be calculated using Eq.

(3):

68000C
R=———7¢ 3)

Mg e g
Za visokofrekventne konstrukcije (sopstvena frekven- For floors which have high natural frequency
cija oscilovanja konstrukcije - ve¢a od 7 Hz), faktor (fundamental natural frequency exceeds 7 Hz),

uvecenja R odreduje se prema izrazu 4:

multiplying factor R should be calculated using Eq. (4):

3000
= (4)
m gbeL
gde je: where:
m, masa konstrukcije koja osciluje (kg/mz); m, is the floor mass (kg/mz);
L raspon spregnutog grednog nosaca (m); L is the composite beam span (m);
IS moment inercije spregnute plo¢e (m4); ]S is the second moment of area of
. 4.
C koeficijent prigusenia, composite slab (m”);
b, =min(b,40h,) gde je b rastojanje grednih nosaca C is the natural damping ratio;
be

(m), a h, visina betonske plo¢e (m);

efektivna Sirina meduspratne

E I
ngf 4’5( a 3‘2)1/4
mg f konstrukcije (m).

gJo

Koeficijent Cr odreduje se u zavisnosti od sopstvene
frekvencije oscilovanja konstrukcije (prikazano na slici 3).

= min(b,40hp) where b is composite beam spacing

(m), and h, is the height of concrete
beam (m);

S,y = 45( Ea[s2)1/4 is the composite floor effective
: my fo width (m).

Factor C: is defined depending on the natural
frequency of structure, as shown in Figure 3.
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Na osnovu rezultata istraZivanja u okviru ECCS-a
(projekat JRC55118 [13]), definisane su preporuke za
projektovanje meduspratnih konstrukcija usled dejstva
vibracija izazvanih ljudskim hodom. lIzvod iz ovih
istrazivanja publikovao je i Arcelor-Mittal u vidu
preporuka [14]. Tri osnovna parametra koja utiCu na
vibracije meduspratnih konstrukcija jesu sopstvena
frekvencija konstrukcije f, priguSenje D i modalna masa
Mmos. S ciliem ocene komfora i definisanja kriterijuma
prihvatljivosti u pogledu vibracija, uvedena je veli€ina
OS-RMSg, (One Step - Root Mean Square 90%) koja
predstavlja brzinu (ili ubrzanje) reprezentativnhog
pojedinatnog koraka koja odgovara 90-procentnom
fraktilu svih razli€itih ljudskih koraka.

Classification based on a damping ratio of 3%

Recommendations for design of composite steel-
concrete floors exposed to vibrations induced by human
activities are defined based on the results of extensive
investigation within ECCS (research project JRC55118
[13]). A short extract from this investigation is published
by Arcelor-Mittal in form of design recommendations
[14]. Three main parameters that influence the floor
vibrations are fundamental natural frequency f, structural
damping D and modal mass Mmoq. Variable OS-RMSg is
introduced in purpose of comfort estimation and defining
the vibrations acceptance criteria presenting velocity (or
acceleration) for a significant single step that is larger
than the 90% fractal of people walking steps.

7.1 Hz

OS-RMSa Usage of the floor structure
s | = | 2 g g |z £
E|E| 8 42| §|= g - ol =
5| 5| % | E8|lsnl28| B = [5E4 22| &
§| B | 8 B2\ 42|55 .2 £ |28 2 E5| %
S| &S| E =728 32|22 F [EEE 2 [24€)| &
& FE|LE|GE| 2 |2e3 £ 22| &
0,0 | 0.1
01 | 02 |
Recommended |
J
02 | 08
08 | 32
3.2 12.8 Critical

Eigen frequency of floor in Hz

300 13990

17220 kg
Maodal mass of floor in kg

20000

Slika 4. Klasifikacija meduspratnih konstrukcija (Arcelor-Mittal /14))
Figure 4. Classification of floor response (Arcelor-Mittal [14 )

Ukupno prigusenje konstrukcije odreduje se kao zbir
tri razliCite komponente priguSenja: priguSenja kon-
strukcije, priguSenja usled opreme i namestaja unutar
objekta i prigudenja usled zavrdne obrade meduspratnih
konstrukcija. Procedura ocene prihvatljivosti medusprat-
ne konstrukcije usled vibracija sastoji se u:

- odredivanju osnovnih karakteristika konstrukcije,
kao Sto su sopstvena frekvencija, modalna masa i
prigusenje;

- utvrdivanju kategorije kojoj pripada meduspratna
konstrukcija, na osnovu dijagrama koji su dati za razliCite
nivoe priguSenja, na osnovu vrednosti sopstvene
frekvencije i modalne mase;

- proveri da li je dobijena kategorija prihvatljiva ili nije
za zahtevanu namenu, odnosno funkciju meduspratne
konstrukcije.

Total natural damping of structure is defined as
summation of three different damping components:
structural damping, damping from furniture inside the
building and damping from finishings of floor structures.
Estimation of acceptance criteria of floor vibrations is
defined through:

- determination of basic characteristics of structure,
such as natural frequency, modal mass and natural
damping;

- estimation of floor class, based on the diagrams
given for different values of structural damping, based on
values of natural frequency and modal mass;

- check whether the estimated floor class is
acceptable or unacceptable for intended use of the
building or composite steel-concrete floor structure.
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Definisano je Sest klasa meduspratnih konstrukcija, u
zavisnosti od opsega vrednosti OS-RMSqg, kao i razli€iti
nivoi prihvatljivosti vibracija meduspratnih konstrukcija u
zavisnosti od funkcije (namene) objekta (prikazano na
slici 4).

4 ODREBIVANJE DINAMICKIH KARAKTERISTIKA
SPREGNUTIH MEDUSPRATNIH KONSTRUKCIJA

Za definisanje nivoa prihvatljivosti meduspratne
konstrukcije na dejstvo vibracija, potrebno je odrediti
osnovne karakteristike konstrukcije kao $to su sopstvena
frekvencija, modalna masa i priguSenje. Sopstvena
frekvencija oscilovanja meduspratne konstrukcije moze

se odrediti koriS¢enjem pojednostavljenih metoda
proraCuna datih u literaturi, ili pomocu odgovarajucih
programa.

Six classes of floor structures are defined depending
on the OS-RMSgy, range and different acceptability levels
of floor vibrations for different intended use of floor
structure, as shown in Figure 4.

4 DETERMINATION OF DYNAMIC PROPERTIES OF
COMPOSITE STEEL-CONCRETE FLOORS

Determination of dynamic properties of floor
structures, such as natural frequency, modal mass and
natural damping of structure is important for definition of
acceptance levels of floor vibrations. Natural frequency
of floor structures can be defined using simplified design
procedures given in different literature or using FEM
analysis in appropriate software.

Tabela 2. Izrazi za odredivanje sopstvenih frekvencija oscilovanja i modalnih masa spregnutih meduspratnih konstrukcija
Table 2. Simplified calculation methods for determination of natural frequencies and modal masses of composite floors

Gredni nosaci / Beams (self

8,y =5m,L* [(384E,1,9)

weight approach) [12]

fo=178/3,

L 3,56(E, I, /m,b*)"?

Os

4

Ortotropna meduspratna = w_ﬂ:-"""'"'"’ A 1
konstrukcija / Orthotropic A" / S _:(n/z)(EaliO/mgbL4)l/2
floor structures [13] y . ; . 0b

deformacija ploce+deformacija grednog nosaca / 1 1 1

vertical deflection of slab + vertical deflection of | —5 =—5+—5

beam foo Jfos  Jos
Odredivanje modalne mase
meduspratne konstrukcije / 82 +6i’ 8 8,8, 5 mpb4 5 mgbL4
Floor structure modal mass | M .4 =M, 3 — | %:=8, =7 8, =0, =——
determination [13] 25 LA 384 E I 384 E 1

Jo»fos»fo» sopstvena frekvencija oscilovanja posmatrane konstrukcije (gredni nosac ili ortotropna ploca), ploce i
spregnute grede, respektivno / is the natural frequency of considered floor structure (self weight or

orthotropic floor approach), slab and composite beam, respectively;

Om ugib grednog nosaca (mm) / is the beam vertical deflection (mm);

E. modul elasti¢nosti Celika / is the modulus of elasticity of structural steel,

lio moment inercije spregnutog grednog nosaca / is the second moment of area of composite beam;,
mp masa spregnute ploce / is the composite slab mass;

Miotar ukupna masa meduspratne konstrukcije / is the total mass of floor structure.

and (4).

* ostale veli¢ine imaju znacenja data u izrazima (3) i (4) / other variables have same definitions as given in Eq. (3)

Pojednostavljene metode proraduna (tabela 2)
obuhvataju proracun sopstvene frekvencije oscilovanja i
modale mase, KoristeCi izraze za gredne nosace, ili
izraze za ortotropnu plo€u, kada se spregnuta
meduspratna konstrukcija posmatra kroz frekvencije
oscilovanja spregnute betonske ploce i grednog nosaca.

5 PRIMERI

Primena razli¢itih metoda proraduna prihvatljivosti
spregnutih  meduspratnih  konstrukcija na dejstvo
vibracija sprovedena je u nekoliko numeri¢kih primera.

Simplified calculation methods (Table 2) include
calculation of natural frequency and modal mass, using
equations for beams or orthotropic floor structures, when
composite floors is analyzed through natural frequency
of composite concrete slab and natural frequency of
composite beam.

5 EXAMPLES

Different design recommendations for calculations of
acceptance criteria of composite floors exposed to
vibrations are given through several numerical
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Analizirana su Cetiri spregnuta nosaca raspona 8, 10, 12
i 15 metara, na medusobnom rastojanju od Cetiri metra,
Cije su karakteristike prikazane u tabeli 3.

examples. Four different steel-concrete composite
beams with 8, 10, 12 and 15 m span and 4 m spacing
between beams which geometrical properties are shown
in Table 3, are analyzed.

Tabela 3. Karakteristike spregnutih nosaca
Table 3. Composite beams properties

M . . . - Efektivna Sirina
oment inercije Moment inercije
= Raspon spregnute ploce spregnutog nosaca meduspratne
Nosac Profil konstrukcije
C it Span Second moment of Second moment of .
oposite Section area of composite slab area of composite beam Composite floor
beam (m) P P effective width
Is (cm*/m) lo (cm®) Sefr (M)
SN1 IPE 360 8 881,21 65040 14,61
SN2 IPE 400 10 881,21 88800 16,46
SN2-1 IPE 600 10 881,21 269000 13,03
SN3 IPE 500 12 881,21 165200 16,91
SN3-1 HEB 500 12 881,21 245972 15,47
SN4 IPE 550 15 881,21 275500 18,46
Tabela 4. Sopstvene frekvencije oscilovanja spregnutih nosaca
Table 4. Natural frequency of composite beams
Nosaé Gredni nosac Ortotropna ploca (Celi¢ni nosa+AB ploca)
Composite Self weight approach Orthotropic floor structures (steel beam + concrete slab)
beam mg(kN/m) | &m(mm) | fo(Hz) | my(kg/m?®) | mg(kgim®) | fos(Hz) | foo(Hz) | fo(Hz)
SN1 19,00 7,41 6,54 468,91 483,44 13,98 6,52 5,87
SN2 19,06 13,31 4,88 468,91 485,73 13,98 4,87 4,61
SN2-1 19,62 4,52 8,37 468,91 500,00 13,98 8,35 7,26
SN3 19,31 15,03 4,59 468,91 492,10 13,98 4,58 4,34
SN3-1 20,27 10,60 5,47 468,91 516,57 13,98 5,45 5,06
SN4 19,50 22,22 3,78 468,91 496,94 13,98 3,77 3,63

Celiéni nosaé - standardni vruée valjani IPE i HEB
profili spregnuti su sa armirano-betonskom plo¢om na
profiisanom limu CF70 (pravac profilacie lima je
upravan na pravac nosaca), videti sliku 5. Nosaci SN2-1
i SN3-1 jesu varijantna reSenja s nosacima ja¢im od
osnovnih nosaca SN2 i SN3, respektivno. U poredenju
sa SN2, povecana je visina poprecnog preseka nosaca
SN2-1, dok je u sluaju nosata SN3-1 IPE profil
zamenjen HEB profilom iste visine. Za sprezanje se
koriste zavareni mozdanici s glavom, pre¢nika 19 mm za
nosace SN1 i SN2, odnosno 22 mm za ostale nosace.
Visina mozdanika jeste 120 mm. Ukupna visina
betonske plo¢e na profilisanom limu iznosi 150 mm, a
visina betona iznad gornje ivice profilisanog lima jeste 80
mm (videti sliku 5). Kvalitet Celika od kojeg su izradeni
vruée valjani profili i profilisani lim jeste S235, a klasa
Cvrstoée betona - C30/37. U svim analiziranim
numerickim  primerima, pored sopstvene tezine
konstruktivnin elemenata, u obzir je uzeto i korisno
opterecenje od 2,5 kN/m?, opterecenje u toku gradnje od

Composite steel-concrete beams are made from
steel beams (standard hot-rolled IPE and HEB sections)
and reinforced concrete slabs on profiled sheet CF70
(direction of profiling is perpendicular to the beam axis),
as shown in Figure 5. Composite beams SN2-1 and
SN3-1 are alternative solutions with larger steel sections
in relation to the steel sections used for composite
beams SN2 and SN3, respectively. Steel section used
for SN2-1 composite beam is higher in relation to the
steel section used for SN2 composite beam and in the
case of SN3-1 composite beam IPE section is replaced
with HEB section with same height. Composite action
between steel beam and composite slab is achieved with
19 mm diameter welded headed studs for composite
beams SN1 and SN2 and 22 mm diameter for other
beams. The height of the welded headed studs is 120
mm. Total height of composite concrete slab on profiled
sheet is 150 mm and height of the concrete slab above
upper edge of profiled sheet is 80 mm (see Figure 5). All
steel sections and profiled sheet which are analyzed in
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0,75 kN/m? i o;aterec’;enje od zavrsnih radova i instalacija
od 1,0 kN/m*“. Proradun grani¢nih stanja nosivosti i
upotrebljivosti izvrSen je prema preporukama datim u
SRPS EN 1994: 2012 [4], pri éemu je nosac raspona 15
m proracunat kao nosac koji je poduprt u toku gradnje.
Za sve nosace predvideno je nadviSenje CeliCnog profila
za vrednost koja odgovara deformaciji nosaca pre
dostizanja spregnutog dejstva.

numerical examples are made from steel grade S235
and concrete strength class is C30/37. Beside the self
weight of all analyzed members of composite steel-
concrete floor structures, same loads are adopted in all
numerical examples: 2,5 kN/m? of imposed load, 0,75
kN/m? of loads during construction and 1,0 kN/m? of
finishings and installations. Calculation of ultimate and
serviceability limit states is performed according to
recommendations given in SRPS EN 1994: 2012 [4] and
composite beam with 15 m span is calculated as beam
supported during construction in the middle of the span.
For all analyzed composite beams, precamber of the
steel section is predicted for the value of beam vertical
deflection which is reached before composite action is
envisaged.
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Slika 5. Geometrija analiziranih podnih nosaca
Figure 5. Layout of analyzed composite beams

Prigu8enje konstrukcije usvojeno u svim analiziranim
primerima jeste 3%. Prilikom proracuna sopstvene
frekvencije oscilovanja, prema preporukama datim u
literaturi [1], [12], [13], masu konstrukcije koja osciluje
¢ini stalno opterecenje i 10% korisnog optere¢enja. Za
analizirane gredne nosace, sopstvene frekvencije
oscilovanja prikazane su u tabeli 4.

Adopted natural damping of all analyzed structural
members is 3%. For determination of natural frequency
of floor structures, according to the recommendations
given in [1], [12] and [13], 10% of imposed loads
together with self weight of the structure are used for
calculation of modal mass. Natural frequencies of all
analyzed composite beams are shown in Table 4.

Tabela 5. Nivoi prihvatljivosti vibracija
Table 5. Acceptance levels for floor structures exposed to vibrations

Nosad BS 6472 [11] Arcelor-Mittal [14]
e G | R | Mustka) | 5omm) | Sy(mm) | S (mm) Mou | Toe

SN1 0,20 8,03 15470 8,29 7,41 15,69 7050
SN2 0,26 7,34 19430 8,29 13,31 21,60 8844 D

SN2-1 0,20 0,15 20000 8,29 4,52 12,81 9135 C
SN3 0,31 7,13 23620 8,29 15,03 23,32 10790 D

SN3-1 0,20 4,73 24800 8,29 10,60 18,88 11240 C
SN4 0,40 6,59 29820 8,29 22,22 30,50 13790 C
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Nivoi prihvatljivosti spregntih grednih nosaca koji su
prikazani u tabeli 5, pokazuju da prema BS 6472 [11] svi
analizirani gredni nosadi, izuzev nosata SN2-1, imaju
vrednost faktora R izmedu 4 i 8, odnosno razmatrani
gredni nosa¢i u okviru spregnutih meduspratnih
konstrukcija se mogu koristiti u sluajevima prostorija
predvidenih za radionice i kancelarije. Nosaé SN2-1
zadovoljava kriterijume vibracija za upotrebu u objektima
svih namena, pa tako i u meduspratnim konstrukcijama
bolnica i operacionih sala, za koje su definisani najstrozi
uslovi (R<1) BS 6472 [11].

Prema preporukama koje je dao Arcelor-Mittal [14],
analizirani gredni nosaci pripadaju klasi C i D. Nosaci
raspona 8, 10 i 12 metara (SN1, SN2 i SN3) pripadaju
klasi D i mogu se Kkoristiti u slu¢aju meduspratnih
konstrukcija prostorija za stanovanje, kancelarija,
sportskih i industrijskih objekata, $to omogucava
raznovrsniju primenu ovih nosa¢a u pogledu namene
objekta u odnosu na BS 6472 [11]. Nosaci SN2-1 i SN3-
1 sa znatno vec¢im cCeli¢nim profilima jesu klase C, §to
omogucéava da budu prihvatljivi u pogledu vibracija u
objektima skoro svih namena (izuzev kriti€nog radnog
prostora). Analizirani gredni nosaci ne zadovoljavaju
iskustvene vrednosti koje propisuje Nacionalni prilog
SRPS EN 1990/NA [9], za uobi€ajeno zadovoljavajuce
ponasanje.

Kada meduspratne konstrukcije treba da zadovolje
stroze kriterijume vibracija, nije opravdano koriS¢enje
Celika kvaliteta viSeg od S275. Izborom celika boljih
mehanickih svojstava, dobijaju se manji poprecni
preseci, €ime se smanjuje krutost nosaca, Sto za rezultat
ima manje vrednosti sopstvenih frekvencija i pogorsanje
karakteristika iz aspekta prihvatljivih vibracija. Stepen
iskoriS¢enja nosivosti popre¢nog preseka analiziranih
podnih nosaca, u ovom radu, jeste od 69% do 77%
(nosaci SN1, SN2, SN3 i SN4) od plasticnog momenta
nosivosti spregnutog popreénog preseka. Na osnovu
dobijenih rezultata, moze se izvesti zakljuCak da u
slu¢ajevima kada se zahteva da konstrukcija ima bolje
dinamicke karakteristike u pogledu vibracija, grani¢no
stanje upotrebljivosti postaje merodavan kriterijum za
dimenzionisanje.

Na osnovu analize rezultata prethodnih primera,
moze se zakljuCiti da zna€ajna promena dinamickih
karakteristika konstrukcije i poboljSanje komfora u
pogledu vibracija zahteva reSenje s nosaima znatno
vecéih visina, Sto podrazumeva i povecanje spratnih
visina.

6 ZAKLJUCCI

Pri projektovanju spregnutih meduspratnih konstruk-
cija - koje se po svojim dinamic¢kim karakteristikama
mogu svrstati u vitke konstrukcije - posebnu paznju treba
posvetiti proveri grani¢nih stanja upotrebljivosti, koja
Cesto mogu biti merodavna za dimenzionisanje.
Konstrukcije koje ne zadovoljavaju kriterijume vibracija
za zahtevanu namenu objekta jako je teSko, neeko-
nomi¢no, a Cesto i neizvodljivo, naknadno preprojek-

Acceptance levels for composite beams exposed to
vibrations which are presented in Table 5, indicate that
all analyzed composite beams, except composite beam
SN2-1, have multiplying factor R between 4 and 8,
according to BS 6472 [11]. Therefore, those composite
beams as part of the composite floor structures can be
used for workshops and offices. Composite beam SN2-1
satisfies the vibration acceptance criteria for all intended
uses of floor structures, even in the composite floor
structures of hospitals and surgery rooms, which have
the strictest acceptance criteria (R<1) BS 6472 [11].

According to the recommendations given by Arcelor-
Mittal [14], considered composite beams belong to floor
response class C and D. Composite beams with 8, 10
and 12 m span (SN1, SN2 and SN3) belong to floor
response class D and should be used in floor structures
of residential buildings, office buildings, sport and
industrial facilities, which gives possibility for diverse
application of those composite beams regarding the
intended use of the structure in relation to the
acceptance criteria given in BS 6472 [11]. Composite
beams SN2-1 and SN3-1, with significantly larger steel
sections, belong to the floor response class C providing
the use of these composite beams in buildings of almost
every intended use (except critical areas). Analyzed
composite beams fail to satisfy indicative recommen-
dations given in National Annex SRPS EN 1990/NA [9],
for usually satisfactory behaviour.

When it is expected that floor structure exposed to
vibrations satisfy strict acceptance criteria, use of the
steel grade higher than S275 is unreasonable. Adoption
of steel materials with higher mechanical properties is
related to the adoption of smaller steel sections with
lower geometrical properties resulting in lower natural
frequencies and deterioration of characteristics important
from the aspect of vibrations criteria. Cross section
resistance utilization degree for analyzed composite
beams in this paper is between 69% and 77 %
(composite beams SN1, SN2, SN3 and SN4)
considering design value of the plastic resistance
moment of the composite section. Based on the
obtained results of numerical examples it can be
concluded that in the situations when better dynamic
properties of the structure due to floor vibrations are
requested, serviceability limit state  becomes
authoritative criteria for structures design.

Based on the obtained results of previously
explained numerical examples, it can be concluded that
significant modification of structures dynamic properties
and improvement of comfort regarding floor vibrations
require solutions with significantly higher cross sections
of steel beams which leads to the increase of storey
height.

6 CONCLUSIONS

During the design of composite steel-concrete floor
structures which can be classified as slender structures
according to their dynamic properties, special attention
should be given to serviceability limit states verification,
which can often be authoritative criteria for structures
design. Subsequent re-design of structures which fail to
satisfy vibrations acceptance criteria for intended use of
the structure is very difficult, not economical and often
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tovati. Jasno definisanje nivoa prihvatljivosti vibracija
meduspratnih konstrukcija u fazi projektovanja, u zavis-
nosti od namene objekta i zahteva investitora, veoma je
vazno radi zadovoljenja predvidenih kriterijuma, ispunje-
nja uslova funkcionalnosti i komfora ljudi koji borave
unutar objekta. Ovo je veoma vazno, jer zahtevani nivo
komfora - kako je pokazano na primerima - direktno
utice na dimenzije €eliénih nosaa, a samim tim - i na
vrednost investicionih troSkova.

Postoje¢a domaca regulativa, SRPS EN 1990:2012
[5] i SRPS EN1990/NA [9], daje samo okvirne (iskus-
tvene) preporuke za ocenu prihvatljivosti konstrukcija u
pogledu vibracija meduspratnih konstrukcija. Evrokod,
takode, ne daje preciznije preporuke za proracun
vibracija meduspratnih konstrukcija. Treba naglasiti jo$ i
to da sopstvena frekvencija konstrukcije nije jedini
parametar za ocenu prihvatljivosti u pogledu vibracija, te
da slepo praéenje konzervativnih uslova u pogledu
frekvencija mozZe dovesti do neracionalnih reSenja
konstrukcija. U razliCitoj stru¢noj literaturi mogu se
pronaéi preporuke i pojednostavljeni postupci za
proratun dinamickih karakteristika konstrukcije, $to je
veoma znacajno za uobiajenu inZenjersku praksu, s
ciliem lakS8eg sagledavanja razli¢itih kriterijuma u
pogledu vibracija, koji moraju biti zadovoljeni prilikom
projektovanja konstrukcija.
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REZIME

VIBRACIJE SPREGNUTIH NOSACA MEDUSPRATNIH
KONSTRUKCIJA OD CELIKA | BETONA, IZAZVANIH
AKTIVNOSTIMA LJUDI

Nina GLUHOVIC
Milan SPREMIC
Zlatko MARKOVIC
Dragan BUBDEVAC
Nenad FRIC

Najnovije tendencije u gradevinarstvu u pogledu
projektovanja vitkih konstrukcija s velikim rasponima,
velikim otvorenim unutrasnjim prostorima, nekonvencio-
nalnim oblicima i konstrukcijskim reSenjima, ¢&esto
uzrokuju izrazene probleme u pogledu grani¢nih stanja
upotrebljivosti. Vitke konstrukcije velikih raspona - s
niskim sopstvenim frekvencijama oscilovanja i sopstve-
nim koeficijentom prigusenja - znac¢ajno uti¢u na dinami-
¢ki odgovor konstrukcije. Izrazene vibracije medusprat-
nih konstrukcija, izazvane ljudskim aktivnostima, mogu
veoma da utiCu na funkcionalnost objekta, komfor ljudi i
kvalitet Zivota unutar objekta. Preporuke za projekto-
vanje spregnutih konstrukcija, s ciliem zadovoljenja
kriterijuma vibracija, mogu se nac¢i u razli¢itim stan-
dardima. U ovom radu dat je kratak prikaz prorauna
spregnutih nosac¢a na dejstvo vibracija, kao i preporuke
za proracun vibracija izazvanih ljudskim aktivnostima,
putem prikaza dva proracunska kriterijuma.

Kljuéne reci: vibracije spregnutih meduspratnih
nosaca, sopstvene frekvencije oscilovanja, kriterijumi
prihvatljivosti

SUMMARY

VIBRATIONS OF COMPOSITE STEEL-CONCRETE
FLOORS INDUCED BY HUMAN ACTIVITIES

Nina GLUHOVIC
Milan SPREMIC
Zlatko MARKOVIC
Dragan BUDJEVAC
Nenad FRIC

The latest demands in construction design towards
slender structures with large spans, large open interiors,
unconventional shapes and constructional solutions are
leading to the extensive problems related to the
serviceability limit state. Slender structures with large
spans have lower natural frequencies and lower natural
damping, considerably influencing the dynamic response
of the structure. Annoying vibrations induced by human
activities can significantly affect the structure’s
functionality, comfort of people and quality of life. Design
recommendations for composite steel-concrete floor
vibrations can be found in different standards. This
paper presents a short overview of design procedures
for vibrations of composite steel-concrete beams and
design recommendations of floor vibrations induced by
human activities, through two design criteria.

Key words: composite steel-concrete floor
vibrations, natural frequency, vibration acceptance
criteria
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