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1 UuvoD

Dva osnovna elementa koji €ine poprecni presek
spregnutog stuba su ¢eli¢ni profil i beton. U zavisnosti od
oblika preseka &elicnog profila i veliCine preseé¢nih sila,
spregnuti stubovi mogu da sadrze i armaturu i mozda-
nike. Ovde Ce se razmatrati samo spregnuti stubovi Ciji
poprecni preseci imaju dve ose simetrije. Tipi¢ni popredi
preseci spregnutih stubova su prikazani na slicil i date
su karakteristicne oznake koje se koriste pri proracunu
spregnutih stubova [1].

Uocavaju se dva osnovna tipa poprecnih preseka
spregnutih stubova:

- poprecni preseci sa potpuno ili delimi¢no ubeto-
niranim ¢eli¢nim profilom i

- poprecni preseci sa Celicnim profilom, pravo-
ugaonog ili kruznog oblika, koji je ispunjen betonom.

a) b)
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1 INTRODUCTION

Two main components of a composite steel-concrete
column cross-section are steel section and concrete.
Depending on the shape of steel section and size of
section forces, the composite columns may contain
reinforcement and shear studs. In this paper, only the
composite columns with double symmetrical cross-
section are considered. Typical cross-sections of
composite columns are shown in Figure 1 together with
notation used in the analysis of composite columns [1].

There are two principal types of composite column
cross-sections:

- cross-sections with fully or partially encased steel
section and

- cross-sections with concrete-filled rectangular or
circular hollow steel section
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Slika 1. Osnovni oblici popreénih preseka spregnutih stubova i oznake
Figure 1. Typical cross-sections of composite columns with notation
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Spregnuti stubovi imaju znatne prednosti u odnosu
na Cisto Celicne ili armirano betonske stubove. Sa
manjim dimenzijama, a time i utroSkom materijala,
postize se znatno veéa nosivost. Povecanjem debljine
Gelicnog profila i dodavanjem armature moZe se
povecati nosivost a da se ne promene spoljasnje
dimenzije. Na taj nain se na svim spratovima zgrade
mogu posti¢i iste spoljasSnje dimenzije stubova Sto ima
znatne funkcionalne i arhitektonske prednosti [4],[10].
Spregnuti stubovi imaju znatnu protivpoZarnu otpornost.
Smanjen je problem izbo€avanja delova ¢eli€nog profila.
Omogucéava se jednostavno povezivanje sa drugim
konstruktivnim elementima, kao $to su oni od celika.
Jednostavna je i brza izrada.

2 METODE PRORACUNA SPREGNUTIH STUBOVA

Prikaza¢e se proracun spregnutih stubova prema
Evrokodu 4 [1], [2], [3]. Obuhvataju se izolovani stubovi
sa nepomerljivim évorovima, kao i stubovi i spregnuti
pritisnuti elementi u okvirnim konstrukcijama sa
nepomerljivim &vorovima, u kojima su ostali elementi
konstrukcije spregnuti ili &eli¢ni elementi. Delovi stuba od
Celika su kvaliteta S235 do S460, a betona klase
évrstoce C20/25 do C50/60.

Kod spregnutog stuba koeficijent doprinosa ¢elika &
mora da ispunjava sledeci uslov:

Composite columns have significant advantages
over the steel columns or reinforced concrete columns.
With smaller dimensions, and therefore, less used
materials, it is possible to obtain significantly higher
carrying capacity. Increasing the thickness of the steel-
section and including the reinforcement, higher carrying
capacity can be achieved, while keeping the same outer
dimensions of the column. Thus, a building has the
same outer dimensions of the columns over all floors,
which is, functionally and architecturally, very desirable
solution [4]. Composite columns have notable fire
resistance. The problems with buckling of steel section
are significantly reduced. Connections with other
structural elements, for example steel members, are
simple. Construction is easy and very fast.

2 COMPOSITE COLUMN DESIGN METHODS

Design methods for composite columns according to
Eurocode 4 will be presented in [1], [2], [3]. The scope is
limited to the isolated columns and to columns and
compression members in non-sway framed structures
where other structural elements are composite or steel
members. The grades of steel parts of the column are
from S235 to S460, and concrete has classes from
C20/25 to C50/60.

For the composite column, the steel contribution ratio
® has to satisfy the following condition:

02£d £0,9. @

gde je 6 definisano izrazom (17).

Ukoliko jed <0,2 wvrsi se proraéun za armirano
betonske stubove prema Evrokodu 2,

a ukoliko je d >0,9 vrsi se proradun g&elignih

stubove prema Evrokodu 3.

Proracun spregnutih stubova se zasniva na konceptu
grani¢nih stanja [6], [8]. Grani¢no stanje nosivosti je do-
kazano ako sile u preseku, usled najnepovoljnije kombi-
naciji dejstava ni na jednom delu stuba nisu vece od
odgovarajuce proracunske nosivosti.  Moraju se
razmatrati uticaji drugog reda i imperfekcije, a uticaji sku-
pljanja i te€enja se uzimaju u obzir ako postoji verovat-
no¢a da ¢e znatno smanijiti stabilnost stuba. Dokaz za
graniéno stanje upotrebljivosti kod stubova nije potreban.
Kod spregnutih stubova je poduzno smicanje znatno
manje nego kod greda. Veza izmedu Celika i betona
ostvaruje se prijanjanjem i trenjem, a spojna sredstva
(mozdanici) se postavljaju samo u zoni unoSenja
optereéenja.

Spregnut stub proizvoljnog popre€nog preseka
optere¢en normalnom silom i momentom savijanja, po
konceptu grani¢nog stanja se proverava u pogledu: a)
nosivosti popre¢nih preseka; b) nosivosti elementa; c)
nosivosti pri izbo¢avanju; d) unoSenja optereéenja; e)
nosivosti pri smicanju (poduzno i popre¢no smicanje).

Pri prorac¢unu nosivosti spregnutih subova posebnu
paznju treba posvetiti problemu stabilnosti kako opste
tako i lokalne. Uticaji lokalnog izboavanja mogu da se
zanemare kod potpuno ubetoniranih €eli¢nih preseka, ali
i kod drugih tipova spregnutih stubova, u slu¢aju malih
dimenzija u odnosu na debljinu zidova Celi¢nog preseka,
kada su zadovoljeni sledeéi uslovi dati u tabeli 1:

with & defined in expression (17).
In the case d < 0,2, the column is analysed as

reinforced concrete column, according to Eurocode 2,
while for d > 0,9 the column is analysed as steel

column, according to Eurocode 3.

The analysis of composite columns is based on
concept of limit states [6],[8]. Ultimate limit state is
verified if section forces for the most unfavourable
combination of actions in all column cross-sections are
not greater than the corresponding column resistance.
The second-order effects and imperfections have to be
considered, while shrinkage and creep effects of
concrete are taken into account only if there is a
possibility that they will significantly reduce the stability
of the column. Verification of serviceability limit states for
columns is unnecessary. The longitudinal shear for
composite columns is much smaller than for composite
beams. The connection between steel and concrete is
due to friction and bond, and shear connectors (studs)
are placed only in the region of loading introduction.

The composite column with a general cross-section
subjected to axial force and bending moment, according
to the limit state concept, should be verified for: a) cross-
section ultimate capacity; b) column ultimate capacity; c)
buckling capacity; d) load introduction; e) shear
resistance (longitudinal and transverse shear).

In composite column analysis, the special attention
should be made for stability problems, local and global.
The effects of local buckling can be neglected for fully
encased steel sections and, also, for other cross-section
types with small dimensions relatively to the thickness of
steel-section, when the limits given in Table 1 are
satisfied:
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Tabela 1. Uslovi za zanemarenje uticaja lokalnog izbocavanja
Table 1. Limits for neglecting local buckling effects

Tip spregnutog stuba Graniéni uslov / Condition
Composite column type (e =4235/f)

Dellmlcno ubetoniran I-.presel.< (slikal.b) d/t, £ 4de
Partially encased | section (Figure 1.b)
Pravougaoni Suplji profil ispunjen betonom (slika 1.c)

) : . h/t £52e
Concrete-filled rectangular hollow steel section (Figure 1.c)
Kruzni Suplji profil ispunjen betonom (slika 1.d)

o T d/t £90e®
Concrete-filled circular hollow steel section (Figure 1.d)

gde je f, nominalna vrednost granice razvlaenja
konstrukcionog ¢elika .

Provera nosivosti spregnutih stubova moze se izvrsiti
opStom ili uproS¢éenom metodom. Obe metode se
zasnivaju na slede¢im pretpostavkama: a) postoji
potpuna interakcija izmedu ¢&elika i betona sve do loma;
b) ravni popreéni preseci i posle deformacije ostaju
ravni.

OpSta metoda proraéuna se koristi kod stubova sa
nesimetri€nim popre¢nim presekom i stubova kod kojih
se poprecni presek menja po duzini stuba. U proracunu
se uzimaju u obzir uticaji drugog reda ukljuujuci
rezidualne napone, geometrijske imperfekcije, lokalnu
nestabilnost, pukotine u betonu i nelinearno ponaSanje
materijala uklju€ujuci te€enje i skupljanje betona [7], [11].
Obuhvatiti sve ove nelinearne probleme moguée je
kori§éenjem numeri¢kih i inkrementalnih postupaka u
okviru kompleksnog kompjuterskog programa [5].

Uvodenjem odredenih pojednostavijenja u Evrokodu
4 je uspostavljena uproSéena metoda proraéuna
kojom se bez veéih teSkoéa dolazi do reSenja. Za razliku
od opsSte metode koja se moze primeniti u svim
slu¢ajevima, tj. bez uslova, primena priblizne metode je
ograni¢ena. Ova metoda obuhvata spregnute stubove
Ciji su poprecni preseci dvostruko simetri¢ni i konstantni
duz stuba, a bazira se na primeni evropskih krivih
izvijanja (slika 6) koje su u saglasnosti sa Evrokodom 3.

Za primenu uproSéene metode je potrebno da budu
ispunjeni sledeci uslovi:

- Poprecni presek stuba je simetri¢an i konstantan
po citavoj duzini stuba, Sto podrazumeva da se tezista
¢eliénog i betonskog dela preseka bez prslina poklapaju;

- Relativna vitkost I_spregnutog stuba treba da
zadovoljiuslov [ £ 2.0 .

- Maksimalna povrSina popre¢nog preseka poduzne
armature koja moze da se koristi u proracunima ne treba
da je manja od 0,3% niti veéa od 6% povrSine
poprec€nog preseka betona.

- Grani¢ne debljine zastitnog betonskog sloja ¢y i ¢,
(sl.1.a), koje se mogu Koristiti u proraéunima za potpuno

ubetonirane Celicne preseke, iznose: max C, = 0,3h i
max Cy = 0,4b

- Zastitni sloj betona za noZzice ¢Eelicnog preseka
oblozenog betonom ne treba da je manji od 40mm, ni
manji od jedne Sestine Sirine nozice b, da bi se
obezbedilo sigurno prenoSenje sila prijanjanja, zastita

where f, is a nominal value of the yield strength of
structural steel.

There are two methods of design of composite
columns: a general method and a simplified method. The
underlying assumptions for both methods are: a) there is
a full interaction between steel and concrete until failure;
b) cross-section remains plain after deformation.

The general design method is used for design of
columns with non-symmetrical or non-uniform cross
sections over the length of the column. The second
order effects including residual stress effects,
geometrical imperfections, local instabilities, cracking of
concrete and nonlinear behaviour including creep and
shrinkage [7],[11] are all considered. In order to perform
this complex analysis, the appropriate computer program
which uses different numerical and incremental
procedures, is required [5].

Introducing specific assumptions, the simplified
design method is established in Eurocode 4. However,
while the general design method can always be applied,
i.e. without restrictions, the range of application of the
simplified method is limited. This method is limited to
composite columns with double symmetrical and uniform
cross-section over the column length, and it is based on
application of European buckling curves (Figure 6) for
steel sections (Eurocode 3).

In order to apply the simplified design method, the
following conditions need to be satisfied:

- Cross-section is double symmetrical and uniform
over the column length, which means that centroids of
steel section and uncracked concrete section coincide;

- Relative slenderness [ of the composite column
needs to satisfy the condition|” £ 2,0 .

- Maximal cross-sectional area of the longitudinal
reinforcement that can be included in the calculation of
cross-sectional resistance should not be less than 0.3%
and greater than 6% of the area of the concrete.

- The limiting values of the concrete cover ¢, and c;
(Figure 1.a), that can be used in the calculation of
concrete fully encased sections are: max ¢, =0,3h

and max C, = 0,4hb.

- The concrete cover for flanges of steel-section
should not be less than 40mm or 1/6 of width of steel
flange b, in order to ensure transfer of bond forces,
protection of steel section from corrosion and splitting of
concrete.
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Celika od korozije i odvajanje betona

- Odnos visine i Sirine spregnutog popreénog

preseka treba da se kre¢e u granicama:
5,0 > h¢/be > 0,2.

U okviru proraduna spregnutog stuba Kkoristi se
teorija plasti¢nosti za analizu nosivosti preseka, a teorija
elasti¢nosti za analizu nosivosti i stabilnosti stuba kao
izdvojenog elementa.

Prikaza¢e se prvo analiza nosivosti popre¢nog
preseka spregnutog stuba izlozenog aksijalnom pritisku i
kombinaciji aksijalnog pritiska i savijanja. Pretpostavlja
se potpuna plastifikacija popreénog preseka i usvaja se
pravougaoni dijagram napona u svim delovima preseka,
pri tome se zategnuti deo betona zanemaruje. Ose y i z
su glavne centralne ose inercije i usvojice se osa y kao
osa oko koje je moment inercije veli (ly=Imax, lz=Imin)-

3 NOSIVOST POPRECNOG PRESEKA
SPREGNUTOG STUBA

3.1 Nosivost popre€nog preseka pri aksijalnom
pritisku

Nosivost pri aksijalnom pritisku potpuno plastifiko-
vanog popre¢nog preseka Ngrd jednaka je zbiru
odgovarajucih nosivosti ¢elicnog profila (a), armature (s)
i betona (c):

Nprd = Aa Xfyg + Acoa xfeg + Agxfy

gde su A,,A., A, povrSine popre¢nog preseka
¢eliénog profila, betona i armature;
fyd:fy/ga’ fsd:fsk/gs’ fcd:fck/gc B

odgovarajuce proracunske vrednosti- granice razvlace-
nja za Celik i armaturu, odnosno ¢vrstoée betona na
pritiska i fy, fe, fsk, - Njihove odgovarajuée karakteristi-
¢ne vrednost i u skladu sa EC3i EC2; y, =1,0; ys=1,15;
y.=1,5 koeficijenti sigurnosti za odgovarajuce materijale.

Parametar a, kojim se redukuje &vrstoca betona
zavisi od tipa spregnutog preseka. Za ubetonirane
Gelicne profile a=0,85, a u sluéaju Supljih profila
ispunjenih betonom, zbog efekata utezanja betona
povecava se nosivost betona, pa je a=1.

Kod kruznih Supljih profila ispunjenih betonom moze
se uzeti u obzir povecanje &vrstoée betona usled
utezanja, pod uslovom da je relativna vitkost | £ 05, da

jeield <0,1, gde je e ekscentricitet optereéenja dobijen
preko Med/Neg, @ d je spoljni preénik Suplieg profila.
Nosivost pri pritisku Npra potpuno plastifikovanog
spregnutog preseka moze tada da se proracuna preko
sledeceg izraza:

é fou
N, g =h, xA, xfyd +A Xy, >§(_§]-+hc xlx_leI'F& xfy
e

gde su t i d debljina zida i spoljni pre¢nik Supljeg profila,
a ha i he koeficijenti dati u EC4 u zavisnosti od relativhe

vitkosti | . Koeficijentima h, i h. se uvode efekati

utezanja betona.

- The ratio of the depth to the width of the
composite cross-section should be within the limits: 5,0
> he/be > 0,2.

In the analysis of composite columns, the theory of
plasticity is used for the calculation of cross-sectional
resistance, while theory of elasticity is used for the
calculation of individual column resistance and stability.

The calculation of the cross-sectional resistance of a
composite column to axial compression and to
compression and bending are explained firstly. The
complete plastification of a cross-section and the
rectangular stress diagrams in all parts of a cross-
section are assumed, neglecting the concrete in tension.
Axes y and z are the principal centroidal axes of inertia
and the axial moment of inertia about the axis y
represents the maximum and, about axis z, the minimum
principal moment of inertia (Iy=Imax, 1-=Imin)-

3 RESISTANCE OF A COLUMN CROSS-SECTION

3.1 Resistance of cross-section to axial
compression

The resistance of the fully plastified cross-section
Npi,rd is equal to the sum of the resistances of a steel
section (a), reinforcement (s) and concrete (c):

@

where A,,A;, A, represent areas of steel section,
concrete and reinforcement,

fo = f, 710, fq =1fulge fu="Tulg,
represent the corresponding design strengths of each
material, i.e. design value of the vyield strength of
structural steel, of reinforcement and the cylinder
compressive strength of concrete, and fy, fo, fsk their
corresponding characteristic values according to EC3
and EC2. y, =1,0; vys=1,15; y.=1,5 are partial safety
factors for these materials.

Parameter a which reduces the strength of concrete
depends on the type of composite cross-section. For
concrete encased sections it takes a value ¢=0.85, and
for concrete-filled hollow steel sections, because of
confining effect of the steel tube, it is a=1.

For concrete-filled circular hollow steel sections the
increased concrete resistance due to confining effect
can be taken if relative slenderness [ £ 0,5, and if e/d
< 0.1, where e is the eccentricity of the force obtained
from the expression Med/Neq, and d is the outer diameter
of the hollow section. The resistance to axial
compression Npirg Of fully plastified composite section
can be found from the following expression:

(3)
ck U

where t and d are the wall thickness and the outer
diameter of the hollow section. The coefficients h, and
hc are given in EC4 and depend on the relative
slenderness| . Coefficients h, and h include confining
effects.
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3.2 Nosivost popre€énog preseka pri pritisku i
jednoosnom savijanju

Kada u spregnutom preseku pored aksijalne sile
pritiska deluje i moment savijanja, tada se nosivost pri
aksijalnom pritisku Npird, dobijena na prethodno opisani
nacin, smanjuje.

Veza izmedu nosivosti pri aksijalnom pritisku Npird i
nosivosti pri savijanju Mpra MoZe da se prikaze pomocu
interakcione krive (slika 2.a). Ova kriva prikazije redukci-
ju nosivosti preseka pri aksijalnom pritisku sa porastom
momenta savijanja

Poprecni presek izlozen dejstvu proracunske aksijal-
ne sile Ngq i prora¢unskog momenta savijanja Megq imace
zadovoljavajucu nosivost ukoliko se ta¢ka (Ned , Med) na-
lazi unutar oblasti ograni¢ene ovom interakcionom krivom.

i) k) 4

Wi, R

T .
E-J'Hm}.n

n

Mz Fd

%
(il

|-
b
A

[ |

3.2 Resistance of cross-section to compression
and bending

When a composite section is subjected to combined
compression and bending, the previously described
resistance to compression Npird, decreases.

The relationship between resistance to compression
Npi,ra @nd resistance to bending Mpird iS given by an
interaction curve (Figure 2.a). This curve shows the
reduction of section resistance to compression with
increase of bending moment.

A cross-section subjected to design axial force Ngq
and design bending moment Mgg have sufficient
resistance if the point (Neqs , Meq) is within the area
limited with the interaction curve.

St Jut w
_ ——
Nalfs E i
==
_
B Fe ) Boape Fu

&5

Slika 2 a) Interakciona kriva N-M za pritisak i jednoosno savijanje;
b)-e) Raspodele napona za karakteristicne tacke na interakcionoj krivoj
Figure 2. a) Interaction curve N-M for compression and uniaxial bending;
b)-e) Stress diagrams for different points on the interaction curve

Interakciona kriva moze da se odredi analizirajuci
razliCite polozaje neutralne ose koja se postupno
pomera duz preseka. Pretpostavljaju¢i pravougaoni
dijagram raspodele napona, za svaki polozZaj neutralne
ose se odreduju vrednosti normalne sile i
odgovaraju¢eg momenta savijanja. Ako se izaberu mali
koraci u analizi, dobija se kontinualna kriva interakcije.

U okviru uproSéene metode prema EC4 moguce je
jednostavno odrediti samo Cetiri ili pet tacaka (A,B,C,D i
E) ove interakcione krive. Stvarna interakciona kriva se
moze zameniti poligonalnim dijagramom (slika 2.a) koji
prolazi kroz te tacke.

Tacke A, B, C i D na interakcionom dijagramu mogu
se odrediti ako se pretpostavi da je raspodela normalnih
napona pravougaona, kao Sto je prikazano na slici 2.b-e,
uz koriS¢enje simetrije preseka. Zanemaruje se
zategnuti deo betona. Neutralna osa se postupno
pomera iz polozaja koji odgovara momentu pune
plasti¢nosti Mpird (Slika 2.c, i tatka B na slici 2.a) prema
donjoj ivici popre¢nog preseka i za svaki njen polozaj iz
uslova ravnoteze se racunaju vrednosti normalne sile i
odgovarajuteg momenta savijanja prikazani na
interakcionoj krivoj.

Na slici 2.b-e su prikazane raspodele napona koje
odgovaraju tatkama A do D interakcione krive, za uobi-
Gajeni ubetonirani I-presek izlozen savijanju oko ose y
(ly=Imax). Ovaj postupak se primenjuje za sve dvostruko
simetricne preseke spregnutog stuba, ne samo za
ubetonirani | presek. Za slu¢aj Supljih profila ispunjenih

Interaction curve can be constructed point by point,
considering different positions of the plastic neutral axis.
Assuming the rectangular stress block diagram, for each
position of the neutral axis, values of axial force and
corresponding bending moment can be calculated. If a
neutral axis moves in small steps, the continuous
interaction curve can be obtained.

The simplified design method of EC4 allows easy
calculation of only four or five points of the interaction
curve (A,B,C,D and E). The real interaction curve can be
represented with polygonal curve passing through these
points (Figure 2.a).

The points A, B, C and D of the interaction curve can
be determined if the rectangular-shaped stress
distribution is assumed, as shown in Figure 2.b-e, using
the symmetry of the cross-section. The concrete in
tension is neglected. The neutral axis moves from the
position that corresponds to the fully plastic resistance
moment Mpra (Figure 2.c, and point B on Figure 2.a)
forward to the lower edge of the cross section and for
each its position, from equilibrium equations, values of
the axial force and corresponding bending moment are
calculated and shown on the interaction curve.

Figures 2.b-e show the stress diagrams for points A
to D of the interaction curve, for concrete fully encased |
steel section subjected to bending about y axis. The
same procedure applies for all double symmetrical cross
sections of any type of composite column. For concrete-
filled hollow steel sections, the resistance of completely
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betonom, nosivost potpuno plastifikovanog popreénog
preseka se moze izraunati sa povecanom ¢vrstoéom
betona, odnosno zamenom 0,85f sa fe.

Tacka A (slika 2.b): Oznaava samo plasti¢nu nosi-
vost pri aksijalnom pritisku Npird, koja se moze odrediti
na osnovu izraza (1), a moment savijanja je jednak nuli:

Ny =Ny g :Aaxfyd +A R

Tacka B (slika 2.c): Oznatava samo plastichu
nosivost pri jednoosnom savijanju Mgrd , dok je
normalna sila jednaka nuli:

plastified cross-section can be found with increased
value of concrete strength, i.e. f instead of 0.85fc.

Point A (Figure 2.b): Represents the resistance to
axial compression of fully plasticized cross-section Nyird,
which can be found from the expression (1), while the
corresponding bending moment is zero:

fgtAXfy, , M,=0 4

Point B (Figure 2.c): Represents only the resistance
to uniaxial bending Myird , While the corresponding axial
force is zero:

Ng=0 , Mg=M, g (5)

Da bi se odredila vrednost plasti€nog momenta nosivosti
Mpird potrebno je prethodno odrediti poloZaj neutralne
ose hy.

Tacdka C (slika 2.d):

Ne =Njnre = Al fe

PoloZaj neutralne ose za tacku C izabran je na
odstojanju h, u odnosu na teziSnu liniju, simetri¢no sa
neutralnom osom za tacku B. Zbog simetrije, u dodatim
pritisnutim delovima popreénog preseka (zona 2hy)
rezultujuéi momenti u odnosu na teziSte se poniStavaju,
pa je ukupni moment u preseku isti kao za tacku B, tj.
jednak je plastiénom momentu nosivosti Myirg, ali se u
ovim delovima kao rezultanta napona pritisaka javlja
normalna sila Npm Rra.

Sabiranjem naponskih dijagrama za tacke C i B (slika
3.a) ocigledno je da se svi delovi dijagrama za cCelini
nosa¢ i armaturu medusobno poniStavaju, a kako je
zbog simetrije preseka pritisnuti deo betona za tacku B
identian sa zategnutim delom betona za tacku C, to je
onda rezultuju¢a normalna sila nosivosti za ceo presek u
taCki C (jer je N=0 u tacki B) jednaka nosivosti

celokupnog betonskog dela preseka
(NC = Npm,Rd = Aa fcd)'
Tacka D (slika 2.e):
Np =N nra /12

U tacki D neutralna osa se poklapa sa teziSnom
osom popre¢nog preseka. U ovom slu¢aju je na osnovu
slike 2.d i slike 2.e rezultuju¢a normalna sila jednaka
polovini normalne sile koja odgovara tacki C, tj. Nom rd/2,
a iz naponske raspodele se dobija odgovarajuci
moment:

M 1

max,Rd

gde su Wy , Wpa i Wps plastiéni otporni momenti
betonskog dela preseka (bez prslina), ¢eli€nog profila i
armature u odnosu na neutralnu (teziSnu) osu:

_(h_ 2tf )th

pa

Asi je povrSina pojedina¢ne armaturne Sipke, a e; odgo-
varajucée odstojanje do neutralne ose.

+btf(h_tf) 1 Wps:é A\5|e|| J Wpc
i=1

In order to find the value of the resistance to uniaxial
bending Mpird, the position of the plastic neutral axis hn
should be known.

Point C (Figure 2.d):

v M =M g (6)

Position of the plastic neutral axis for point C is such
that its distance from the centroid of the section is hp,
and has the position that is symmetric to the position of
the plastic neutral axis for point B. Due to the symmetry,
in the additionally compressed parts of the cross-section
(region 2hp) the resultant moments about the centroid of
the section nullify, and, therefore, the total moment is the
same as for the point B, i.e. it is equal to the resistance
to uniaxial bending Mprg, but the corresponding axial
force exists and is equal to Npm,rd-

By adding the stress distributions for points C and B
(Figure 3.a), all parts of the stress diagram for steel-
section and reinforcement nullify, and due to symmetry
of the cross-section, the part of the concrete under
compression for point B is identical to the part of the
concrete under tension for point C. Therefore, the
resultant axial force at point C (since N=0 at point B) is
equal to the resistance of the concrete section to
compression (N = Nmed =Aa f)

Point D (Figure 2.e):
Mo =M r )

At point D, the plastic neutral axis coincides with the
centroidal axis of the cross-section. In this case, based
on Figure 2.d and Figure 2.e, the resulting axial force is
equal to the half of the axial force at point C, i.e.
Npm,rd/2. The corresponding bending moment can be
found from the stress distribution:

:EW"C afy, +Wo, xf, + W xf (8)

where Wy , Wpa and Wps are the plastic section modules
of the concrete part (uncracked), steel part and
reinforcement about the neutral (centroidal) axis:

b.h?
= % - Wpa - WpS 9)

Asi is the area of a single reinforcement bar, and e; is the
corresponding distance from the neutral axis.
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U tacki D se javlja najve¢i moment nosivosti Kkoji
moZe da se razvije u preseku Mmaxrd. Ovaj moment je
veci od plastiénog momenta nosivosti My rqg jer aksijalna
sila pritiska spreava razvoj prslina u zategnutom betonu
Sto uti¢e na povecanje nosivosti.

a) cxfcd
——— _<—
Npm,Rd
) C-B afed  2fyd 2fsd

The largest bending moment that can be resisted
with a cross-section is the moment Mmaxrd at point D.
This moment is larger than the plastic resistance
moment My rd Since the axial compression force reduces
cracking of concrete in tension, and produces higher
resistance.

Rfyd Rffsd
% Mmaz,Rd —MplLRd
- $Nom.ra
Jyo  fsd

Slika 3. Kombinacija raspodele napona za tacke B, C, Di E:
a) Normalna sila Npm,ra - Sabiranje komponenti napona za C i B;
b) Normalna sila Nymrd - 0duzimanje komponenti napona za C i B;
c) Plasti¢éni moment nosivosti My rq - razlika raspodele napona za D i B;
d) Raspodela napona koja odgovara tacki E na interakcionoj krivoj

Figure 3. Combinations of stress distribution for points B, C, D and E:

a) Axial force Npmrd - addition of stresses for C and B;

b) Axial force Npmrd - Subtraction of stresses for C and B;

c) Plastic resistance moment My rd - subtraction of stresses for D and B;
d) Stress distribution for point E on interaction curve

Oduzimanjem naponskih raspodela za tacke C i B
(sika 3.b) dobija se jednostavna raspodela napona samo
u oblasti 2h, Cija je rezultujuéa sila Npmrd (ranije
odredena na osnovu raspodele napna C+B, slika 3.a,
izraz (6)). Raspodela napona sa slike 3.b se koristiti da
bi se odredila veli¢ina hy.

Odredi¢emo izraz za sraunavanje veli¢ine h, za
primer spregnutog preseka sa ubetoniranim | profilom,
neutralnom osom u rebru profila, kao i savijanjem oko y
ose. Koristeci sliku 3.b, iz uslova ravnoteZze sledi:

By subtracting the stress distributions for points C
and B (Figure 3.b), a simple stress distribution in region
2h, with the resulting axial force Npmra (determined pre-
viously from stress distribution C+B, Figure 3.a, expres-
sion (6)) can be found. The value h, can be calculated
from the stress distribution shown in Figure 3b.

The expression from which h, can be calculated in
the case of fully encased | section with plastic neutral
axis passing through the web of the steel section and
subjected to the bending about y axis, will be derived.
From the equilibrium equation and using the Figure 3.b,
it follows:

NpmRd =Aafy,=2h(b.-t,)af, +2hntw2fyd +A,2f,- Aja f (10)

Pretpostavlja se da u zoni 2h, preseka postoji armatura
Asn. 1z relacije (10) sledi traZeni izraz za veli¢inu hy:

where Agn is the area of the reinforcement that exists in
the region 2h,. From the expression (10), the expression
for the unknown h,, follows:

— A\nafod'Am(Zfsd'afod)

" 2baf,+2t,(2f,-afy)

Za neutralnu osu koja prolazi kroz flansu, ili je u
betonu iznad €eli€nog profila na sli€an nacin treba izvesti
nove izraze za hy.

Plasti¢ni moment nosivosti Mprd Se jednostavno
mozZe odrediti iz razlike naponske raspodele za tacke D i
B (slika 3.c):

(11)

If neutral axis passes through the steel flange or
through the cover concrete above the steel section,
similarly, the new expression for h, should be found.

The plastic resistance moment Mpra can be found
simply, by subtracting stress distributions for points D
and P (Figure 3.c¢):
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M n,Rd :Wpan2fyd +Wpcna fod +me2fsd (12)

odnosno:

that is:

M n,Rd :Wpan fyd + EWpcna fod +Wp31 fsd (13)

gde su Wpen, Wpan i Wpsn plasti€ni otporni momenti
delova preseka u zoni 2h,, betonskog dela, €eli¢nog
profilai armature u odnosu na tezisnu osu (osu y):

where Wyen, Wpan @and Wpsn are the plastic section
modules about the centroidal y axis of the parts of
concrete section, steel section and reinforcement in the
region 2hy, :

Wpan = tWhI‘? ) me = é_l A\:ni |e|| ) Wpcn = bchr? - Wpan - me (14)

Koristeéi izraze (8) i (13) moze se odrediti plastiéni
moment Nosivosti M rd:

From the expressions (8) and (13), the plastic
resistance moment My rd can be found:

M pl,Rd — M raxrd = M rd (15)

Premda poligonalna linija lezi ispod tacne inter-
akcione krive, proradunska vrednost ne lezi uvek na
ocekivanoj strani. Ako je odstupanje izmedu pologonalne
i tatne krive na delu AC znatno, onda se na tom delu
uvodi joS jedna tacka E (slika 2.a). To je obi¢no sluc¢aj sa
savijanjem ubetoniranog | profila oko ose z (I:=Imin)-

PoloZzaj neutralne ose se bira tako da je Sto
jednostavnije iz naponske raspodele odrediti vrednosti
normalne sile Nerq i odgovarajuéeg momenta MegRrd
(slika 3.d).

Dodatnu tacku E na interakcionom dijagramu (slika
2.a) treba odrediti priblizno na sredini izmedu tacaka A i
C, ukoliko je nosivost stuba pri aksijalnom pritisku
(cNpira) veca od nosivosti potpuno plastifikovanog be-
tonskog dela preseka (Npm,rd)-

3.3 Uticaj popreéne smicuce sile

Uz savijanje je uvek prisutna i popre¢na sila Veq. lako
beton znatno doprinosi prenosu ove sile, iz prakti¢nih
razloga se taj doprinos zanemaruje, pa se moze pretpo-
staviti da popre¢nu silu smicanja prihvata samo ¢&elicni
presek:

Although the polygonal curve is always below the
exact interaction curve, the design resistance does not
lay always on the expected side. If the offset between
polygonal and the exact curve over the part AC is
significant, an additional point E at this part can be
introduced on the curve (Figure 2.a). This is usually the
case with the bending about the weak z axis of the
encased | steel-section.

The position of the neutral axis for point E should be
picked in a way that the axial force Ngra and the
bending moment Mgrg Ccan be determined easily from
the corresponding stress distribution (Figure 3.d).

The additional point E of the interaction curve (Figu-
re 2.a) should be placed near the middle of the distance
between points A and C, if the column resistance to axial
load (cNpird) is higher than the resistance of the fully
plastified concrete section to compression (Npm,rd)-

3.3 Influence of transverse shear force

The transverse shear force Vgq is always present
along with bending. Although a part of this force is
resisted by concrete, due to practical reasons it is
usually neglected, and it is assumed that the whole
shear force is resisted by the steel - section alone:

Vord =Vpard = A —=— (16)
P pha V39,

gde je Ay povrSina smicanja, i sainjavaju je najveéim
delom delovi popre¢nog preseka koji su paralelni sa
pravcem delovanja smicuce sile, f, je nominalna
vrednost granice razvlaCenja Celika, a ya je koeficijent
sigurnosti (ya=1,0).

Ako je smicuca sila Va eq koja deluje na €eliéni presek
veca od 50% proradunske nosivosti na smicanje
Celicnog preseka Vpi.ard treba uzeti u obzir njen uticaj na
nosivost na savijanje i aksijalnu silu.

Kada je Vaeda>0,5Vpard, Uticaj popre¢nog smicanja
na nosivost pri kombinaciji savijanja i pritiska, treba uzeti
u obzir pomocu redukovane granice razvlacenja (1-r )fyq
za povrsinu smicanja A,, gde je r = (2Ved/ Vpigra - 1)°.

where A, is the shear area of the steel-section and
mainly consists of the parts of steel section which are
parallel to the shear force direction; fy is the nominal
value of the yield strength of structural steel, and ya is a
partial safety factor (ya=1,0).

If shear force Vaeq that acts on the steel section is
greater than 50% of the plastic resistance of the steel-
section to vertical shear Vyiarg, its influence on the
resistance to bending and compression should be taken
into account.

Where  Vaeq>0,5Vpard, the influence of the
transverse shear force on the resistance to bending and
compression should be taken into account by reducing
the design steel strength to (1-r)fyq for the shear area A,,
where r = (2Ved/ Vpira - 1)°.
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4 NOSIVOST SPREGNUTOG STUBA

Posmatra¢e se izdvojeni spregnuti stub koji je na
krajevima optere¢en normalnom silom pritiska Ngg i
momentima savijanja Mzeq | Myed. Normalna sila i
momenti savijanja su odredeni globalnom analizom, ftj.
analizom konstrukcije kojoj pripada posmatrani stub.
Analizirate se posebno nosivost spregnutog stuba
izlozenog samo aksijalnom pritisku i posebno izlozenog
istovremenom uticaju aksijalnog pritiska i savijanja
momentima.

Definisac¢e se neke karakteristiCne veli€ine vezane
za analizu spregnutog stuba potrebne kako za globalnu
analizu, tako i za lokalnu analizu.

- Koeficijent doprinosa ¢elika d je dat sledeéim
izrazom:

d=

Kako je navedeno u odeljku 2, da bi se posmatrani stub
ratunao kao spregnuti stub potrebno je da bude
ispunjen uslov (1), t. da d bude u granicama:
0,2£d £0,9.

- Bezdimenziona vitkost | se, u slu¢aju spregnu-
tih stubova, definiSe kao:

Npire je karakteristi¢na vrednost nosivosti pri pritisku,
dobijena iz (2) ili (3), ako se umesto proracunskih
Svrstoca koriste karakteristi¢ne vrednosti (Ya =ys=yc=1,0);

Kriti€na elasticna (Ojlerova) sila N¢;, definisana je
kao:

N

cr

gde je | duzina izvijanja. Za duzinu izvijanja 1 izdvoje-
nog spregnutog stuba sa nepomerljivim évorovima moze
se usvojiti, na strani sigurnosti, da je jednaka njegovoj si-
stemnoj duzini.

- (Elest efektivna krutost na savijanje popre¢nog
preseka spregnutog stuba oko glavnih osa y ili z jednaka
je sumi odgovarajuc¢ih krutosti Celicnog profila (a),
armature (s) i betonskog dela (c) i za kratkotrajno op-

Aa ><fyd

_ P XEDer

4 RESISTANCE OF COMPOSITE COLUMN

The column is considered as an individual member
loaded at its ends with the axial compression force Ngq
and bending moments M;eq and Myeq. The axial force
and bending moments are determined from the global
analysis, i.e. by the analysis of the whole structure which
contains the considered column. The resistance of the
column subjected to axial compression only, and
subjected to combined bending and compression are
analyzed separately.

The following characteristic values that will be used
in the global and local analysis of the composite column
are defined.

- The steel contribution ratio dis defined as:

17)
I\IpI,Rd

As mentioned before in section 2, in order to analyze
a column as a composite, it is necessary that this ratio is
within the following limits (1):0,2 £ d £ 0,9.

- Relative slenderness | is, for

columns, defined as:

composite

N o R
NCT

(18)

Npirk IS the characteristic value of the resistance to
compression and can be obtained from the expression
(2) or (3), when characteristic strength of each material
is used instead of the design strengths (ya =ys=y=1,0);
The elastic critical (Euler’s) force Ny, is defined as:

19)
12

where | is the buckling length. The buckling length 1 for

an individual column can be taken as equal to its system
length, which is on the safe side.

- (Elest effective flexural stiffness of a cross sec-
tion of a composite column about principal axis y or z is
equal to the sum of the flexural stiffness of steel section
(a), reinforcement (s) and concrete (c) and for short-term
loading can be calculated from:

tereéenje je data sledeéim izrazom:

(El)eff :Ea|a+Es|s+Ke EchC

gde su I, le, Is momenti inercije za posmatranu ravan
savijanja konstrukcionog cCelika, betona (bez prslina) i
armature; Ea, Es moduli elasti¢nosti konstrukcionog
Celika i armature; Ecm sekantni modul elasti¢nosti betona,
i Ke korekcioni faktor koji treba uzeti kao 0,6.

Pri_dugotrajnom opterecenju uzima se u obzir uticaj
teCenja i skupljanja betona. U izraz za efektivhu
elastiénu krutost (El)er tada se umesto Ecn uvodi
efektivni modul elasti€¢nosti betona Ec e

(20)

where I, I, Is are second moments of area, for the
considered bending plane, of the steel section, concrete
(uncracked) and reinforcement; E,, Es are modulus of
elasticity of steel section and reinforcement; Ecny is the
secant modulus of concrete, and Ke is a correction factor
that should be taken as 0.6.

For long-term loading, the creep and shrinkage
effects of concrete should be taken into account. In this
case, in the expression of effective flexural stiffness
(Elesr, instead of Ecm the effective modulus of elasticity
Ecerf should be used:
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1

Ecaf = Ecm

gde je: ¢ koeficijent te€enja; Neq ukupna proradunska
normalna sila; Nged normalna sila od stalnog
optereéenja.

TeCenje i skupljanje betona izazivaju poveéanje
ugiba, pa time i prirast sekundarnih momenata savijanja.
U zavisnosti od vitkosti stuba i ekscentriciteta ovi uticaji
mogu biti znagajni, a kod kratkih stubova se mogu
zanematriti.

Radi upro$éenja uticaji te¢enja i skupljanja betona se
mogu zanemariti ako povecanje momenta savijanja po
teoriji prvog reda, usled deformacije teCenja i poduzne
sile koja nastaje usled stalnog optereéenja, nije ve¢e od
10%.

Kada se uzimaju u obzir uticaji drugog reda u okviru
duZine stuba za odredivanje sila u preseku, proracunska
vrednost efektivne krutosti na savijanje (El)esn odreduje
se preko sledeéeg izraza:

(EI )Eff il

gde je Ke1 korekcioni koeficijent, koji treba uzeti kao 0,5
a Ko kalibracioni koeficijent, koji treba uzeti kao 0,9.

Ako se u ovom sluéaju uzimaju u obzir dugotrajni
uticaji onda se u izrazu (22) umesto Ecnm Koristi Eces
prema izrazu (21).

4.1 Nosivost spregnutog stuba pri aksijalnom
pritisku

Posmatra se izdvojeni spregnuti stub koji je na
krajevima izloZen uticaju aksijalne sile pritiska odredene
globalnom analizom. Ukoliko globalna analiza nije
sprovedena prema teoriji drugog reda, Sto je i
uobi¢ajeno, za najveéi broj izdvojenih spregnutih
stubova lokalna analiza se vrSiti prema teoriji drugog
reda uzimajuci u obzir imperfekcije stuba.

Imperfekcija prvenstveno obuhvata odstupanje od
vertikalnosti stuba, a pored toga i uticaje rezidualnih
napona u celiku i neke manje uticaje kao Sto je
neravnomerna temperaturna raspodela u stubu.

Prema uproS¢enoj metodi proraduna predlozenoj u
EC4, uticaji imperfekcije pri aksijalnom pritisku se
uzimaju u obzir indirektno prilikom odredivanja nosivosti
stuba koriS¢enjem odgovaraju¢ih evropskih krivih
izvijanja. Tako da nije potrebno odredivati moment
nastao zbog poc¢etne imperfekcije, jer je njegov uticaj na
nosivost stuba obuhvacen krivama izvijanja.

Evropske krive izvijanja su bazirane na ponaSanju
zglobno oslonjenog stuba sa pocéetnom imperfekcijom.
Imperfekcije se uzimaju u obzir pomocu ekvivalentnih
geometrijskih imperfekcija. Ekvivalentne geometrijske
imperfekcije su predstavljene poletnom  krivom
zakrivljenja ose stuba koja uobiCajeno ima oblik
sinusnog polutalasa sa najveéom ordinatom e, na
sredini visine stuba Pocetno zakrivljenje (pocetna
imperfekcija) e, za spregnut stub ima vrednost L/300 do
L/150, gde je L duzina stuba i u zavisnosti od tipa
spregnutog stuba i ose savijanja dato je u tabeli 4.

Na osnovu mnogobrojnih teorijskih i eksperimental-
nih ispitivanja pokazano je da se krive izvijanja koje od-

= KO(EaI a + ESI s

(21)

1+ (Ng gd / Ngg)i t

where: ¢; is creep coefficient; Ngg is the total design
axial force; Ngeq is the axial force from the permanent

loadings.
Creep and shrinkage of concrete increase
deflections, and, therefore, increase second order

bending moments, as well. Depending on the column
slenderness and eccentricity, these effects can be
significant, while in the case of short columns they can
be neglected.

In order to simplify the analysis, the effects of creep
and shrinkage can be neglected if the increase in the
first order bending moments due to creep deformation
and longitudinal force from permanent loading is not
greater than 10%.

When second order effects are taken into account for
determination of section forces, the effective flexural
stiffness (El)ery should be found from the following
expression:

+ Koy Eanle)

e,ll cm ' c

(22)

where Ke,i is the correction factor, equal to 0.5, and Ko
the calibration factor, taken as 0.9.

If long-term loading is considered, then Ecm from
expression (22) should be replaced with Ecert from
expression (21).

4.1 Resistance of composite column to axial

compression

The column is considered as an individual member
loaded at its ends with the axial compression force
determined from the global analysis. If the global
analysis is not based on the second order theory, which
is common, for the largest number of individual columns
the local analysis is performed according to the second
order theory, taking into account the column
imperfections.

Imperfection primarily includes deviation of the
column from verticality, and in addition, the effects of
residual stresses in steel section and some other less
significant effects such as column non-uniform
temperature distribution.

According to the simplified design method of EC4,
the effect of imperfections in the axial compression is
taken into account indirectly, during the calculation of
column resistance using the relevant European buckling
curves. Therefore, it is not necessary to determine the
bending moment caused by the initial imperfection, since
its influence on the column resistance is included
through the buckling curves.

European buckling curves are based on the
behaviour of a pinned column with an initial imperfection.
Imperfections are taken into account by equivalent
geometrical imperfections. These equivalent geometrical
imperfections are represented with an initial curve of the
column bending axis, usually assumed to be sinusoidal
with a maximum ordinate e, at the mid-span. The initial
imperfection e, for a composite column has a value
between L/300 and L/150, where L represents the
column length, and depending on the length of the

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 54 (2011) 1 (62-79)
BUILDING MATERIALS AND STRUCTURES 54 (2011) 1 (62-79)

71



govaraju elementima od ¢elika (EC3) mogu koristiti i za
aksijalno opterecene spregnute stubove. U zavisnosti od
tipa spregnutih stubova definisane su sledece krive
izvijanja (slika 4):

- kriva a, za Suplje profile ispunjene betonom, sa
procentom armiranja manjim od 3%,

- kriva b, za potpuno ili delimiéno ubetonirane I-
preseke, za izvijanje oko ose sa

- maksimalnim  momentom
preseka,

- kriva ¢, za potpuno ili delimiéno ubetonirane I-
preseke, za izvijanje oko ose sa minimalnim momentom
inercije Celicnog preseka (tabela 4).

U realnim stubovima optereéenih aksijalnom silom
pritiska, zbog postojanja geometrijskih imperfekcija,
javljaju se sekundarni momenti savijanja (imperfekcijski
momenti), pa se nosivost na aksijalni pritisak popre¢nog
preseka odredena izrazom (2) ili (3) smanjuje, zbog
¢ega se uvodi redukcioni koeficijent c.

Dokaz nosivosti spregnutog stuba (kao elementa) pri
aksijalnom pritisku se svodi na zadovoljenje sledeceg
uslova:

inercije  Celiénog

column and axis of bending, initial imperfection is given
in Table 4.

The numerous theoretical and experimental studies
have shown that buckling curves for steel sections (EC3)
can be used for axially loaded composite columns as
well. Depending on the type of composite columns, the
following interaction curves are defined: (Figure 4):

- curve a, for concrete-filled hollow steel section
with reinforcement ration less than 3%,

- curve b, for fully and partially encased | sections,
for strong axis bending,

- curve c, for fully and partially encased | sections,
for weak axis bending (Table 4).

In composite columns in reality loaded with axial
compression force, due to the presence of geometrical
imperfections, the secondary bending moments appear
(imperfection moments), and the resistance to axial
compression determined by expressions (2) and (3)
reduces by a reduction coefficientc.

The verification of the column resistance to axial
compression includes the satisfaction of the following
condition:

Neg £ € XNy rd (23)

gde je: Neqg proracunska vrednost aksijalne sile koja de-
luje na stub; Npira NOSiVOSt spregnutog preseka prema
izrazu (2) ili (3); ¢ redukcioni koeficijent za odgovarajuci
model izvijanja dat u Evrokodu 3 u funkciji odgovarajuée

where: Ngg is the design value of axial force that acts on
the column; Nprd iS the resistance of the composite
cross section to compression obtained from expression
(2) or (3); c is the reduction coefficient for the relevant
buckling model of Eurocode 3 and is a function of the

bezdimenzionalne vitkosti | , a za odgovarajuéu krivu
izvijanja.
x = NRd
Npt,Rrd
1.0 a
0 |
0.2 1.0

relative slenderness | , and the relevant buckling curve.
(4
2.0 7\= NELRd
Ner

Slika 4. Evropske krive izvijanja prema EC3
Figure 4. European buckling curves of EC3

Redukcioni faktor ¢ moze da se odredi i na osnovu
sledeéih izraza:

The reduction coefficient ¢ can be found from the
following expressions:

c=— - £1 (24)
f+f2-(1)?
f =0fi+a(l - 02)+( )2 (25)

a predstavlja stepen ekvivalentnih geometrijskih
imperfekcija i ima vrednost u zavisnosti od krive izvijanja
(tabela 2).

a is a degree of equivalent geometrical imperfections
and have the values given in Table 2, for the relevant
buckling curve.
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Tabela 2. Imperfekcijski faktor a za krive izvijanja prema EC3
Table 2. Imperfection factors a for buckling curves of EC3

Evropske krive izvijanja a b c
Buckling curve

Imperfekcijski faktor a 0.21 0.34 0.49
Imperfection factor a

4.2 Nosivost spregnutog stuba pri aksijalnom
pritisku i jednoosnom savijanju

Posmatra se izdvojen spregnuti stub opterecen
prora¢unskom aksijalnom silom Ngq i proracunskim
momentima na krajevima Mgqd1, Med 2, @ koji su odredeni
globalnom analizom po teoriji prvog ili drugog reda. S
obzirom da je stub izloZzen savijanju i aksijalnoj sili
pritiska, analiza je pre svega usmerena na proveru
stabilnosti pa se prema tome uzima u obzir i uticaj
deformisanog oblika elementa (uticaji drugog reda).
Dakle, provera grani¢nog stanja nosivosti spregnutog
stuba izloZzenog istovremenom dejstvu aksijalne sile
pritiska i savijanja sprovodi se u okviru linearne elasti¢ne
analize drugog reda.

Ako je imperfekcija stuba zanemarena u globalnoj
analizi, Sto se naj¢eSce ¢ini, onda se ona obuhvata pri
analizi nosivosti stuba. Pored pocetne imperfekcije (eo)
koja je kod realnih stubova uvek prisutna, i zbog koje se
na sredini stuba javlja dodatni imperfekcijski moment
savijanja Negeo (slika 5.a), proracunom se obuhvata i
povecanje momenata savijanja u stubu usled poveéanja
deformacije (uticaji drugog reda). Uticaji drugog reda
mogu i da se zanemare, ali se poveéanje momenata
usled imperfekcije stuba uzima u obzir.

Usled momenata i sila na krajevima i mogucéeg
poprec¢nog opterec¢enja duz stuba, odreduju se sile u
presecima stuba. Potrebno je definisati najve¢i moment
savijanja koji se javlja na tom stubu Mggmax. Ovaj
moment moze da se javi i na jednom od krajeva stuba
kada je proradunski moment jednak vecem od dva
momenta na krajevima (Mgg1, Med2). Maksimalni
moment moze da se javi i u nekom medu-preseku duz
stuba s obzirom da popre¢no optere¢enje duz stuba,
pocetna imperfekcija i uticaji drugog reda, utiCu na
veli¢inu momenta savijanja.

Za slu¢aj kada mogu de se zanemare uticaji drugog
reda i s obzirom da imperfekcija moze biti u bilo kom
pravcu, najve¢i moment savijanja na stubu, ako je npr.
Med =Meg,1= Meq,2 moZe biti dat izrazom:

M Ed,max

Ako su momenti na krajevima razliCite veli¢ine, ili
znaka, a pocetna imperfekcija nije velika obi¢no je
Medmax jednako veéem od momenata na krajevima (slika
5.b).

U EC4 dat je kriterijum preko koga se odreduje da li
se pri odredivanju najve¢eg momenta u stubu uticaji
drugog reda duz stuba mogu zanemariti ili ih je potrebno
uzeti u obzir (27).

4.2 Resistance to compression and uniaxial
bending

The column is considered as an individual member
loaded at its ends with the axial compression force Ngq
and bending moments Mgq1, Meq2, determined form the
first or second order global analysis. Since the column is
subjected to bending and axial compression, the
analysis is primarily focused on verification of column
stability, and the effects of deformed configuration
(second order effects) should be taken into account.
Therefore, the verification of the limit state of composite
column subjected to combined compression and
bending is performed within the framework of the second
order elastic analysis.

If a column imperfection is neglected in the global
analysis, which is common, it should be included in the
column analysis. Besides initial imperfection (eo,) which
is always present in reality and which produces the
additional imperfection moment Neqe, (Figure 5.a) at the
mid-span, the analysis also include an increase in
bending moment due to additional deformations (second
order effects). Second order effects can be neglected in
some cases, but the additional bending moment due to
imperfections has to be taken into account.

The section forces are determined from known
column end moments and forces and present lateral
loading. It is necessary to define the greatest bending
moment of the column Mggmax. This moment can be one
of the end moments and the design bending moment is
then equal to the greater of two end moments (Mgg,1,
Mea,2). Also, the greatest bending moment can occur at
some mid-section since the present lateral loading, initial
imperfections and second-order effects affect the
moment distribution.

In the case when second order effects can be
neglected and since imperfection can exist in any
direction, the column greatest bending moment, for the
case when Mgq =Mgq,1- Meq,2, Can be expressed as:

M Ed ] + NEd € (26)

If end moments have different values or different
signs and initial imperfection is not significant, Meqmax iS
usually equal to the greater of the two end moments
(Figure 5.b).

Eurocode 4 gives the criteria when second order
effects need to be included in determination of the
greatest column bending moment (27).
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Slika 5. Dijagrami momenata prvog i drugog reda po duzini stuba

a) i b) Momenti prvog reda na krajevima i imperfekcijski moment;
¢) Povecanje momenata na krajevima usled uticaja drugog reda;
d) Povecanje imperfekcijskog momenta usled uticaja drugog reda

Figure 5. First order and second order bending moment diagrams
a) and b) First order bending moments and imperfection moment;
c) Increase of end moments due to second order effects;
d) Increase of imperfection moment due to second order effects

Za izdvojene stubove sa nepomerljivim ¢vorovima,
uticaji drugog reda se moraju uzeti u obzir u slucaju
kada je ispunjen sledec¢i uslov:

N o £10Ng,

gde je Nererr kriti€na elastiCna sila (19) koja odgovara
krutosti definisanoj izrazom (22).

U praksi je najveéi broj stubova relativno vitak i
potrebno je uzeti u obzir uticaje drugog reda. U tu svrhu
se izolovani stub moze posmatrati kao obostrano
zglobno vezan, optere¢en na krajevima normalnom
silom i momentima savijanja dobijenih globalnom
analizom, kao i popreénim optereéenjem. KoriS¢enjem
diferencijalne jednacine drugog reda moZze se tada
odrediti maksimalni moment u stubu koji se uzima kao
proracunski moment Meg max.

Kao uproS¢enje u pribliznoj metodi proraduna
stubova, koju predlaze EC4, uticaji drugog reda duz
stuba se mogu uzeti u obzir i mnozenjem najveéeg
proracunskog momenta Mgq koeficijentom uvecanja k
koji je dat izrazom

k= ————
1- NEd/Ncr,eﬁ

gde je b koeficijent ekvivalentnog momenta (tabela 3).

Uvecanje pocetnih momenta koeficijentom k, da bi
se uzeli u obzir uticaji drugog reda, se odnosi i na
imperfekcijski moment Nggeo. Dakle, posmatraju se dve
odvojene raspodele momenata, pa se koriste i dva
koeficijenta ki i ko. Prva raspodela daje ekvivalentni
moment kiMgq koji odgovara pravom Stapu, a druga
raspodela odgovara momentu prvog reda usled
imperfekcije koNegeo. U izrazu kiMegg moment Mgq je vedi
od momenata na krajevima, dobijenih globalnom
analizom (tabela 3), a ki = k.

Koeficijent ekvivalentnog momenta 8 (dat u tabeli 3)
zavisi od raspodele (dijagrama) momenata savijanja duz
stuba. Momenti prvog reda na krajevima zamenjuju se
ekvivalentnim momentom BMgqg (slika 5.c) koji se na

For individual columns, second order effects need to
be taken into account when the following condition is
satisfied:

(27)

where N erf IS the critical elastic normal force (19) that
corresponds to the flexural stiffness defined in
expression (22).

In practice, the greatest number of columns is
relatively slender and second order effects needs to be
taken into account. The isolated column can be
considered as pinned at both ends, loaded at the ends
with axial force and two bending moments for global
analysis, and subjected to lateral loading. Using the
second order differential equation, the greatest bending
moment in the column can be determined, which is
taken as design moment Mgg max.

As an additional simplification in the simplified design
method of EC4, second order effects can be taken into
account by multiplying the greatest design bending
moment Meq by the factor k given by:

b

>21,0 (28)

where b is an equivalent moment factor (Table 3).

The increase of bending moments by a factor k, in
order to include second order effects, refers also to the
imperfection moment Ngge,. Therefore, two different
bending moment distributions are considered, with two
different coefficients ki and ko. The first distribution gives
the equivalent moment kiMgq that corresponds to the flat
column, and the second distribution corresponds to the
first order moment due to imperfection kaNgqgeo. In the
expression kiMgg, moment Mgq is larger of the two end
moments, obtained by the global analysis (Table 3), and
kl =k.

The equivalent moment factor B8 (given in Table 3)
depends on the bending moment distribution over the
column length. The first order end bending moments are
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sredini stuba poveéava na kiMgq kako bi se uzeli u obzir
uticaji drugog reda.

Moment prvog reda usled imperfekcije Negqeo, Na
osnovu tabele 3 ima raspodelu tako da je B=1, pa je
prema tome k; razli¢ito od ki, i k> je uvek vece od 1.

S obzirom da je normalna sila konstantna i da
imperfekcija moze biti u bilo kom pravcu, to se onda
moment koNgqge, i odgovarajuéi moment kiMgq mogu
sabrati, pa je najve¢i moment savijanja na stubu obi¢no
dat izrazom:

M Ed ,max

Pri tome Megmax mora biti veéi ili najmanje jednak
ve¢em od momenata na krajevima (Mgg,1, Med.2)-

replaced by an equivalent moment BMeq (Figure 5.c)
which increases to kiMgq at the mid-span in order to take
into account the second order effects.

The first order bending moment due to imperfection
Ned€o, according to the Table 3, has such the distribution
that B=1, and, therefore, k, differs from ki, and k» is
always greater than 1.

Since the axial force is constant and that
imperfections can exist in any direction, the moment
kaNeqeo and the corresponding moment kiMgq can add,
and the greatest moment is given by the expression:

=kMg +k,Ng,€, (29)

Medamax Needs to be greater or equal to the greater of the
two end moments (Meq,1, Med,2)-

Tabela 3. Koeficijenti b za odredivanje momenata po teoriji drugog reda
Table 3. Factor b for the determination of second order bending moment

Raspodela momenta
Moment distribution

Koeficijenti momenata b
Moment factor b

Komentar
Comment

«

.....

\:,\:\:::\,\0 Sastataa
G

s
«\\\"‘\\’

Momenti savijanja po teoriji prvog
reda usled imperfekcije elementa ili
popre€nog opterecenja First order
bending moment from member
imperfection or lateral loading
b=1,0

Med je maksimalni moment
savijanja u okviru duzine stuba,
ne uzimajuéi u obzir uticaje po
teoriji drugog reda
Meq the greatest bending moment
over the column length ignoring

second order effects

SR
N'*'&”Q\%@'&Q*""'&QQ\

-
-
o

]

53

S SR s
Mgt
53 /‘/‘0‘\&,1‘
.
s

Momenti na krajevima:
T™MEq End moments:

b =0,66 + 0,44r
ali/butb =0,44

Meq i rMgg SU momenti na
krajevima iz globalne analize po
teoriji prvog ili drugog reda
Meq and rMgq are the end
moments from the first or second
order global analysis

Prema izrazu (28) k mora biti vece ili jednako 1, ovaj
uslov je viSe nego konzervativan kada se zajedno
posmatraju obe raspodele momenata drugog reda i tada
je cCesto koeficijent ekvivalentnog momenta S za
momente na krajevima takav da je odgovarajuée k<1.
Pored toga na sredini visine stuba komponenta usled
momenata na krajevima zavisi od njihovog odnosa r, pa
moZe imati i malu vrednost tako da u ovom slucaju uslov
k=1 ne mora da bude ispunjen.

Postupak odredivanja nosivosti stuba pri pritisku i
jednoosnom savijanju zasniva se na primeni interakcio-
nog dijagrama prikazanog na slici 6, a koji se odreduje
na osnovu interakcione krive za poprecni presek stuba
(slika 2.a).

Potrebno je prvo proveriti nosivost stuba pri dejstvu
samo aksijalne sile pritiska na nacin kako je to prikazano
u delu 4.1. Ako je zadovolijen uslov (24), t

Ngg £C N i rd onda proracunskoj aksijalnoj sili

pritiska Ngq na interakcionom dijagramu (slika 6)
odgovara moment savijanja Mpin,rd = UdMpi,rd. Da bi stub
imao adekvatnu nosivost mora biti zadovoljen i sledeci
uslov:

According to the expression (28) k has to be greater
or equal to 1. However, this condition is very
conservative when the two distributions are considered
together and often the equivalent moment factor g for
end moments is such that the corresponding k<1.
Besides that, the moment at the mid-span depends on
the end moments and their ratio r, and can have a small
value, so that, in this case, the condition k=1 does not
need to be satisfied.

The procedure for determining the column resistance
to compression and uniaxial bending is based on the
interaction diagram shown in Figure 6, which is the
ultimate capacity cross-section interaction curve (Figure
2.a).

Firstly, the resistance of the column to compression
is verified as it is explained in the section 4.1. If the

condition (24) is satisfied, i.e. Ngg £ C XN pl,Rd » the

bending moment that corresponds to the design axial
force Neq On the interaction curve (Figure 6), iS Mpinrd =
UaMpra. The column has sufficient resistance if the
following condition is satisfied:
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IVIEd

IVIEd

M pl,N,Rd n]d M pl ,Rd

NplLRd

Ned b - - - - - - — -

£a,, (30)

Mpi,rd

| MpNRi=tdMpiRd |

Slika 6: Nosivost stuba: Interakcioni dijagram za pritisak i jednoosno savijanje
Figure 6. Column resistance: interaction curve for compression and uniaxial bending

gde je: Meq=Megmax proracunska vrednost najveceg
momenta savijanja na stubu (na krajevima ili duz stuba)
(26) ili (29); Mpinra proradunska vrednost plasti€énog
momenta nosivosti, uzimajuéi u obzir aksijalnu silu Ngg,
odredena preko mMprd, prema slici 6; Mpird
proracunska vrednost plasti€hog momenta nosivosti
odredena prema izrazu (15).

Koeficijentom am obuhvataju se aproksimacije
uvedene prilikom odredivanja interakcionog dijagrama
(slika 2.a), kao Sto je pretpostavka o pravougaonom
dijagramu napona u pritisnutom betonu za koji se uzima
da se prostire sve do neutralne ose. Takode je koriSéena
efektivna krutost na savijanje (El)err gde se zanemaruje
ispucalost betona. Tako da je neophodno izvrSiti
korekciju nosivosti na savijanje.

Za klase celika od S235 zakljuéno sa S355,
koeficijent ay ima vrednost 0,9, dok se za klase S420 i
S460 uzima 0,8.

4.3 Nosivost spregnutog stuba pri aksijalnom
pritisku i dvoosnom savijanju

Za spregnuti stub izlozen aksijalnom pritisku i
dvoosnom savijanju vrSi se provera nosivosti za svaku
ravan savijanja pojedina¢no u skladu sa delom 4.2. Na
osnovu slike 7, odreduju se vrednosti gy i Mz
Imperfekcije se uzimaju u obzir samo u ravni u kojoj se
ocekuje pojava loma.

Stub ima adekvatnu nosivost ako su zadovoljeni i
slededi uslovi:

M
YEL  fa,,

Myy M pl,y,Rd Y

M y,Ed

where: Mgg=Megmax iS the greatest design column
bending moment (at the end sections or somewhere
between) (26) or (29); Munrd IS the design plastic
moment resistance, including axial force Ngg, determined
as mMpird, according to Figure 6; Mpra IS the plastic
resistance moment according to (15).

The coefficient am includes approximations
introduced during the construction of interaction curves
(Figure 2.a), such as the assumption of rectangular
stress diagram in compressed concrete up to the neutral
axis. Also, the effective flexural stiffness (El)er that
neglects cracking of concrete is used. Therefore, it is
necessary to correct the calculated bending resistance.

For steel grades between S235 and S355, the
coefficient aw is equal to 0.9, while for grades S420 and
S460 itis 0.8.

4.3 Resistance to compression and biaxial bending

The composite column subjected to axial
compression and biaxial bending should be verified for
each plane of bending separately, as explained in
section 4.2. According to the Figure 7, values ygy and yg,
can be determined. Imperfections should be considered
only in the plane in which failure is expected to occur.

The column should satisfy the following conditions:

My M pl,y,Rd

|vlz,Ed £aM,z (31)
Myz M pl,z,Rd
M
2Bl £10 (32)
Myz M pl,z,Rd
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Molyrd i Mpizra  proracunska  vrednost plasti¢nog Moly,rd @nd Mpi 2z rd
momenta nosivosti za odgovarajucu

ravan savijanja,
My,Ed and Mz,Ed

Myed | MzEed prorac¢unske  vrednosti momenata
savijanja, ukljuéujuci i uticaje drugog
reda i imperfekcije

NEd NEd
Npi,rd Npi,rd
1.0

are the plastic bending resistances
of the relevant plane of bending,

are the design bending moments
including the second order effects
and imperfections.

0
My Ed Mz.Ed
| Ky | Mply.Rd ! Has ! My, zRd
Slika 7. Nosivost stuba pri aksijalnom pritisku i dvoosnom savijanju
Figure 7. Column resistance to compression and biaxial bending
Tabela 4. Krive izvijanja i ekvivalentne pocetne imperfekcije
Table 4. Buckling curves and equivalent member imperfections
Poprecni presek Ogranicenja Osa izvijanja Kriva izvijanja Imperfekcija elementa
Cross section Limitations Axis of buckling Buckling curve Member imperfection
, y-y b L/200
7 K
2-2 c L/150
V2
y-y b L/200
IIIIIIOIIIIIE 7-7 c L / 150
bilo koja
0,
rs £3% any a L/300
bilo koja

” 3% <rs£6% any b L/200
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5 ZAKLJUCAK

U radu je prikazan proradun spregnutih stubova
uproS¢enom metodom proracuna prema Evrokodu 4.
Primena ove metode je ograniena na spregnute
stubove ¢iji su popre¢ni preseci dvostruko simetricni i
konstantni duz stuba. Kako se ovaj tip spregnutih
stubova u inZenjerskoj praksi i najéeSc¢e koristi, to se
primenom ove uproS¢ene metode njihov prora¢un moze
sprovesti efikasno i dovoljno tatno bez preteranih
teSkoca.
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5 CONCLUSIONS

The design of composite steel-concrete columns
based on the simplified design method according to
Eurocode 4 is presented in this paper. The application of
this method is limited to composite columns with double
symmetric and uniform cross section. As this type of
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REZIME

PRORACUN SPREGNUTIH STUBOVA OD CELIKA |
BETONA

Biljana DERETIC-STOJANOVIC
Svetlana KOSTIC
Sasa STOSIC

U radu se prikazuje proradun nosivosti spregnutih
stubova prema vazec¢em evropskom standardu za
proracun spregnutih konstrukcija od ¢elika i betona -
Evrokodu 4 (EC4). Daje se detaljni prikaz priblizne
metode prora¢una i uslovi za njenu primenu. Stub se
posmatra kao izolovani element optereéen mogucim
popre€nim optere¢enjem i opterecen na krajevima
aksijalnom silom pritiska i momentima odredenim
globalnom analizom tj. analizom konstrukcije kojoj
pripada posmatrani stub.

Analizira se nosivost spregnutog stuba izloZzenog
samo aksijalnom pritisku i izlozenog istovremenom
uticaju aksijalnog pritiska i savijanja momentima.
Provera nosivosti popre¢nog preseka spregnutog stuba
vr§i se u okviru teorije plastiénosti, a analiza nosivosti
izolovanog stuba u okviru teorije elasti¢nosti, vodeci
raCuna o uticajima drugog reda i imperfekcijama stuba.
Analiza nosivosti, a time i stabilnosti, pri aksijalnom
pritisku izolovanog stuba bazira se na primeni Evropskih
krivih izvijanja. Provera nosivosti pri kombinaciji
aksijalnog pritiska i savijanja momentima zasniva se na
interakcionom dijagramu koji se odreduje pri analizi
nosivosti popre¢nog preseka posmatranog stuba.

Kako je u toku usvajanje Evrokodova za konstrukcije
kao naSih zvani¢nih standarda, cili ovog rada je da
detaljnim prikazom proracuna spregnutih stubova prema
Evrokodu 4 olakS8a primenu ovog standarda u naSoj
inZenjerskoj praksi.

Kljuéne reéi: spregnuti stubovi, teorija elasti¢nosti,
teorija plasti¢nosti, uticaji drugog reda, krive interakcije

SUMMARY

ANALYSIS OF COMPOSITE STEEL AND CONCRETE
COLUMNS

Biljana DERETIC-STOJANOVIC
Svetlana KOSTIC
Sasa STOSIC

The paper deals with the design of composite steel-
concrete columns according to Eurocode 4. The
simplified design method and limitations for its use are
explained in details. A column is analysed as an
individual member, subjected to lateral loadings over the
column height and axial forces and bending moments at
the element ends, determined from global analysis, i.e.
from the analysis of the whole structure.

The resistance of a composite column subjected to
axial compression and biaxial bending is analysed. The
verification of bending resistance of a composite steel-
concrete column cross section is based on theory of
plasticity, while resistance of individual column is based
on the theory of elasticity, but include the second-order
effects and imperfections. Capacity and stability analysis
under axial compression is based on the use of
European buckling curves. The verification of column
bearing capacity is based on the use of interaction
diagram determined from capacity analysis of composite
cross-section.

Since the Eurocodes are being accepted as our
national standards, the main aim of this paper is to
simplify the use of this standard in our ordinary
engineering practice through the detailed explanations of
the design procedure of composite steel-concrete
columns.

Key words: composite columns, theory of elasticity,
theory of plasticity, second-order effects, interaction
curves
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