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1 uvoD

Poslednjih desetak godina aseizmicko projektovanje
napredovalo zahvaljujuéi permanentnom razvoju nauke.
Medutim, potrebe za prakti¢nim i relativno grubim kon-
ceptima projektovanja rezultirale su razli¢itim simplifika-
cijama i idealizacijama. Ovakve pretpostavke mogu imati
u nekim slu€ajevima suprotne implikacije kod oc&ekiva-
nog seizmi¢kog ponaSanja i racionalnosti i pouzdanosti
principa projektovanja [5]. Zbog toga je neophodno prin-
cipe i primenjena pravila konstantno usavrSavati i ispiti-
vati kako bi se unapredilo shvatanje seizmi¢kog
ponaSanja.

Metode predvidanja predstavijaju uvek kompromis
izmedu taénosti i slozenosti metode, prema [8]. Naj-
pozeljniji je onaj metod koji je ujedno i najprostiji i koji
omogucéava dobijanje informacija dovoljne tacnosti
(obi¢no je to i najbolji metod). Ovakav pristup najviSe
odgovara inZenjerima u prakti¢ne svrhe &ija se metoda
zasniva na koriS¢enju numerickih aparata tj. programa u
kojima je moguc¢e modelirati konstrukciju, seizmike
uticaje i dobiti na kraju realan rezultat primenjiv u projek-
tovanju. Pretpostavka je da objektivhu analizu odgovora
¢ini proces modeliranja svih parametara za odredivanje
performansi ramovskih sistema sa posebnim naglaskom
na silama i neelasti¢nim deformacijama u okolini veza
greda-stub i na spreavanju prekoracenja dozvoljenog
opterec¢enja stubova [8]. Postoji takode joS potencijalnih
zahteva za posebnim naglaSavanjem kao Sto je formi-
ranje plasti¢nih mesta u gredama.
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1 INTRODUCTION

Even though the aseismic design progressed thanks
to the continuous development of science in recent
years, the need for practical and relatively rough design
concepts have resulted in a variety of simplifications and
idealizations. In some cases these assumptions may
have opposite implications at the expected seismic
behavior and the rationality and reliability of design
principles [5]. It is therefore essential to constantly
improve and test the principles and applied rules in order
to improve understanding of seismic behavior.

Prediction methods are always a compromise
between accuracy and complexity of the method ac-
cording to [8]. The preferred method is the one which is
also the simplest and which allows obtaining information
of sufficient accuracy (usually the best method). This
approach best suits to engineers for practical purpose,
whose method is based on the use of numerical devices
i.e. programs where it is possible to model the structure,
seismic effects and get a realistic result in the end, that
is applicable in the design. Therefore, the assumption is
that an objective analysis of response is made of the
modeling of all the parameters for determining the
performance of frame system, with special emphasis on
the forces and inelastic deformations in the vicinity of
beam-column connection and to prevent exceeding the
allowable load pillars [8]. There is also another potential
application for special emphasis such as the formation of
plastic seats in the rafters.
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Raniji standardi, koji su zastupali stav o elasti¢nom
odgovoru konstrukcije, bili su ograni¢eni u smislu
primene u podrugjima sa niskom seizmi¢noS¢u ili sa
primenom na specijalnim objektima posebne vaznosti.
Zato se konstrukcije ne mogu projektovati prema svom
disipacijskom ponaSanju prema [2]. Cilj standarda je da
omoguc¢i ekonomi€an dizajn upoSljavajuéi disipativno
ponaSanje u kojem znaéajne neelasti¢ne deformacije
mogu biti smeStene u toku velikih seizmickih aktivnosti
[5]. U ovom slu€aju neregularne ili kompleksne
konstrukcije je neophodno tretirati detaljnim nelinearnim
dinamickim analizama.

Uticaj zemljotresa na konstrukciju u praksi se
simulira horizontalnim seizmickim silama ¢&iji intenzitet
zavisi od ukupne spratne mase, Kkoeficijenta
seizmiénosti, vrste tla i kategorije objekta. Ovaj pristup
se naziva metoda ekvivalentnog statickog opterecenja
koja je joS uvek u upotrebi i prisutna je u standardima
[16], [2], a u praksi se koristi kao preliminarna metoda
prorauna. Ona predstavija linearno staticku metodu
koja zbog osnovnih postulata mora davati jedan grublji
prikaz seizmi¢kog dejstva u odnosu na stvarni. Samim
tim su i sile vece i posledi¢no vedi uticaji u konstrukciji, a
koriS¢enje takve proizvoljne raspodele sila po visini
konstrukcije ne moze voditi ka optimalnom iskoriS¢enju
materijala [10]. Razlog ovome jeste i nepoznavanje
stvarnih podrhtavanja tla koja se prenose na konstruk-
ciju. Da bi se otklonili nedostaci ove metode razvijene su
dinamicke linearne i nelinearne metode na osnovu kojih
se konstrukcija projektuje kao seizmicki otporna, ali sa
kontrolisanim smanjenjem nosivosti [12] ¢ime se dozvo-
ljavaju konstrolisana oSte¢enja konstrukcije bezopasna
po stabilnost sistema. U tom slu€aju je konstrukciji omo-
guéeno nelinarno ponaSanje u toku dejstva zemljotresa
u kojem se seizmicke sile priblizavaju nosivosti eleme-
nata konstrukcije. Bitnu ulogu u analizi odgovora kon-
strukcije ima i njen kapacitet deformabilnosti izrazen
duktilnoScu.

Veliki broj ekspirimenata i analitickih istrazivanja
sprovedeno je u cilju ispitivanja validnosti pristupa
distribucije horizontalnih sila prema standardima, ali je i
nelinearnoj andizi posvecen veliki broj radova [15].

Osteéenja izazvana zemljotresima Northridge u
Kaliforniji (1994) i Kobe u Japanu (1995) pokazala su
nedostatke trenutnih ograni¢enja dizajna zasnovanog na
silama (force-based seismic design). Tokom ovih zemljo-
tresa viSe od 150 ¢eliénih ramovskih konstrukcija je
oSteéeno iako su ispunjavali zahteve tadasSnjih stan-
darda. Posle ovakvih deSavanja postaje imperativ
odredivanje performansi konstrukcija pri seizmickoj
analizi [19].

Ovaj rad predstavlja uvod u dinami¢ku analizu
ramovskih Celiénih  konstrukcija sa elementima za
ukrucenje, &iji je osnovna uloga u konstrukciji navla¢enje
seizmiCke energije. Predstavljeni su rezultati direktne
dinamicke analize, uz pretpostavku nelinearog ponaSa-
nja ramova, za razli€ite vrste spregova postavljenih cen-
tricno i ekscentricno. Aktuelnim problemom uticaja ovih
delova na odgovor konstrukcije su se bavili razli¢iti auto-
ri. Postoje rezultati evropskih projekata autora Elgha-
zouli, Broderick, Goggins i ostalih prema [6] koji su
prodrli u osnovu ponasSanja kako glavnih tako i sekun-
darnih elemenata konstrukcije pri ciklicnom optereéeniju.

The older standards, which were argued on the
elastic response of the structure, were limited in terms of
application in areas with low seismic activity or the
implementation on the special objects of great
importance. Therefore, the structures can be designed
according to their dissipation behavior toward [2]. The
objective standard is to provide cost-effective design
employing dissipative behavior in which significant
inelastic deformation can be stored during high seismic
activity [5]. In the case the irregular or complex
structures have to be treated with the detailed nonlinear
dynamic analysis.

Impact of earthquakes on the form is simulated, in
practice, with horizontal seismic forces, whose intensity
depends on the total storey mass, coefficient of
seismicity, soil type and category of object. This
approach is called the method of the equivalent static
load that is still in use and is present in the standards
[16], [2], and it is used as a preliminary method of
analysis in practice. It is a linear static method which on
account of the basic postulates must provide a coarse
view of the seismic action in relation to the actual. Thus
the forces are stronger and consequently there is bigger
influence in the construction and use of such arbitrary
power distribution by the amount of construction cannot
lead to optimal utilization of the material [10]. The reason
for this is the ignorance of the actual tremors, which are
transmitted to the structure. In order to eliminate the
disadvantages of these methods dynamic linear and
nonlinear methods have been developed. On the basis
of these models the construction is projected as the
seismic-resistant, but with controlled reducing capacity
[12] which allow controlled structural damage, harmless
to the stability of the system. In that case, the design is
enabled with nonlinear behavior during the earthquake in
which the seismic forces approach the carrying capacity
of structural components. Important role in the analysis
of the structure responses has the capacity of
deformability expressed by ductility.

Many experimental and analytical researches were
conducted to examine the validity of the approach to the
distribution of horizontal forces to the standards, and
likewise, a great number of analysis are devoted to the
nonlinear analysis [15].

The damage caused by earthquakes in Northridge
California (1994) and Kobe in Japan (1995) have shown
the shortcomings of current limitations of force-based
seismic design. During these earthquakes, more than
150 steel frame structures were damaged, although they
fulfilled the requirements of that time actual standards.
After these events it becomes imperative to assess the
performance of structures during seismic analysis [19].

This paper presents an introduction to dynamic
analysis of frame steel construction with stiffening
elements, whose primary role in construction is to
contract the seismic energy. The results of direct
dynamic analysis, assuming nonlinear behavior of
frames, for various types of centric and eccentric
bracings are presented. Current problem of the impact
of these parts on the response of the structure are dealt
with by different authors. There are results of European
projects by Elghazouli, Broderick, Goggins and and
others, according to [6] that have penetrated into the
behavior of both the main and secondary structural
elements of a structure under cyclic loading.
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2 DUKTILNOST CELICNIH RAMOVSKIH
KONSTRUKCIJA

Odgovor i ponaSanje ¢eli¢ne konstrukcije usled seiz-
mi¢kog opterecenja zavisi od mehani¢kih karakteristika
Celika. Za aseizmic¢ku otpornost objekata od Celika
najvazniji su:

- granica popustanja i zatezuca ¢vrstoéa

- duktilnost

- Zilavost

Granica popustanja i zatezna ¢vrstoca su u direktnoj
sprezi zavisno od vrednosti opterecenja i karakteristika
Celika koje se mogu sagledati sa radnog dijagrama [14].
Granica popustanja predstavlja prelaz (prag) izmedu
elastiénog i neelastiénog ponaSanja, a zatezu¢a &vrs-
toéa najveée stvarno naprezanje pri aksijalnom zateza-
nju prema istom radu.

Na osnovu radnog dijagrama ¢elika izloZzenog napo-
nima zatezanja i pritiska moze se zakljuciti da se celik
ponaSa isto za navedena naprezanja. Dakle, radni
dijagrami zatezanja i pritiska su identi¢ni. Osim navede-
nog moze se zakljuciti i to da celik ima veliki napon
teCenja, veliki napon loma i veliki modul elasti¢nosti
(njihove vrednosti zavise od vrste odnosno kvaliteta
Celika, osim modula elasti¢nosti koji je za sve vrste
Celika konstantan) u odnosu na druge materijale koje
koristimo u gradevinarstvu. Bitno je napomenuti da se
konstruktivni elementi sistema retko nalaze u jedno-
aksijalnom stanju naprezanja osim elemenata za ukru-
éenje. Ovde je pre svega re€ o zgradama.

Nelinearno ponasSanje konstrukcije u toku zemljo-
tresa je jedno od centralnih problema u zemljotresnom
inZzenjerstvu. PoSto je takav odgovor u kauzalnom
odnosu sa karakteristikama materijala, u literaturi su
materijali podeljeni na duktilne i krte [9]. Upravo duktilni
materijali mogu trpeti znacajne nelinearne deformacije
pre nastanka loma. Ovakve konstrukcije svojim radom
mogu uspesSnije disipirati energiju uneSenu pobudom
(zemljotresom) ili prema [14] imaju moguénost odrzava-
nja nosivosti u nelinearnom podrucju .

Pri definisanju duktilnosti obiého se pretpostavlja
elasto-plasti¢ni radni dijagram materijala dat u standar-
dima [1],[3]. Pauley i Prestley navode da je kod kon-
strukcija koje imaju veliku obezbedenu duktilnost mogu-
¢ée u vecoj meri smanjiti nosivost nego kod zgrada sa
manjom raspoloZivom duktilnoS¢u prema [13]. To znadi
da treba iskoristiti nelinearno ponaSanje konstrukcije, a
da pri tome ipak ne dode do ruSenja objekta. U zavis-
nosti od postignutog balansa izmedu nosivosti i duktil-
nosti pri odredenoj krutosti, moze se ocekivati i razligit
odgovor konstrukcije pri dejstvu jakih zemljotresa.

Konstrukcija poseduje zadovoljavajuéu seizmicku
otpornost samo pod uslovom da njen grani¢ni kapacitet
deformisanja, uz odredenu rezervu kao meru sigurnosti,
prevazilazi zahtevane maksimalne deformacije koje se
dostizu za vreme jakih zemljotresa.

- Duktilnost se moze analizirati sa viSe aspekata tj.
postoje razlicite vrste duktilnosti, a najvaznije su prema
[14].

- duktilnost na nivou konstruktivnih materijala

- duktilnost na nivou cele konstrukcije

Prema ovim pristupima pora¢un duktilnosti je opisan
u viSe radova [7],[9], [14]. Na osnovu klase duktilnosti i
vrednosti faktora ponaSanja postoje dva osnovna pri-
stupa konceptu projektovanja [2].

2 DUCTILITY OF STEEL FRAME STRUCTURES

Response and behavior of steel structure due to
seismic loads depend on the mechanical properties of
steel. For aseismic resistance of steel structures are the
most important:

- yield point and the tightening strength

- ductility

- toughness

Yield point and tensile strength are directly tied,
depending on the load values and characteristics of steel
which can be seen in the work diagram [14]. Yield point
represents a transition (threshold) between the elastic
and inelastic behavior, and the tightening strength
represents the largest real strain in axial tension to the
same work.

Based on the working diagram of steel exposed to
tensile and compressive stresses it can be concluded
that steel has the same behavior for mentioned strains.

So, working diagrams of tension and pressure are
identical. Except the mentioned, it can be concluded that
the steel has high level of lapse stress, stress fracture
and high modulus of elasticity (their values depend on
the type and quality of steel, except the elastic modulus,
which is constant for all kinds of steel) compared to other
materials used in a construction. It is noteworthy that the
structural elements of the system are rarely found in the
uniaxial state of stress beside stiffening elements.
Buildings are primarily concerned here.

Nonlinear behavior of structure during earthquakes is
one of the central problems in earthquake engineering.
Since such a response in a causal relationship with the
characteristics of the material in the literature materials
are divided on the ductile and brittle [9]. Exactly ductile
materials can suffer significant inelastic deformation
prior to the fracture. Through their work, such structures
can successfully dissipate energy entered by
inducement (earthquake) or by [14] are allowed to
maintain the load in the nonlinear region.

Nonlinear behavior of structure during earthquakes is
one of the central problems in earthquake engineering.
Since such a response in a causal relationship with the
characteristics of the material in the literature materials
are divided on the ductile and brittle [9]. Exactly ductile
materials can suffer significant inelastic deformation prior
to the fracture. Through their work, such structures can
successfully dissipate energy entered by inducement
(earthquake) or by [14] are allowed to maintain the load
in the nonlinear region.

When defining the ductility it is generally assumed
the elastic-plastic working diagram of materials given in
standards [1], [3]. Pauley and Prestley indicate that the
load in the structures which have high secured ductility,
can be reduced to a greater extent than with buildings
with less available ductility toward [13]. That means that
we need to use non-linear behavior of structure, and in
doing so, be sure that it won't come to demolition.
Depending on the balance achieved between strength
and ductility at a given stiffness, it can be expected a
different response of the structure during the effect of
strong earthquakes.

A construction has sufficient seismic resistance only
if its limit capacity strain, with a reservation as a
measure of security, is beyond the required maximum
strain that is reached during strong earthquakes.
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Pored numeri¢kog pristupa, nekoliko autora se bavilo
eksperimentalnim istraZzivanjem ovog problema. Lee i
Goel su analizirali seriju od 2 do 20-spratnih ramovskih
modela, Chopra je analizirao zahteve duktilnosti nekoliko
modela i zaklju¢eno je da horizontalna distribucija ne
zahteva istu duktilnost na svim spratovima vec je
najveca na prvoj etazi citirano u [10].

3 RAMOVSKE KONSTRUKCIJE SA SPREGOVIMA

Elasti¢nom teorijom i statickim metodama se objekat
opterecuje silama velikog intenziteta i dimenzionisanje
Cesto prelazi u domen neracionalnog. Iz tog razloga je
puno racionalnije uspostavljanje i modeliranje disi-
pacijskih podrucja u konstrukciji koja seizmi¢ku energiju
troSi preko histerezisnog ponaSanja. Osnovni nacini
troSenja energije kod Celika, opisani u radu [10] su:

- plasti€ni zglobovi pri savijanju

- smic¢uca rebra

- elementi pod uticajem plasti¢nog zatezanja

U istom radu je opisana razlika u elasticnom i
neelasticnom konceptu preko histerezisnih dijagrama. U
toku zemljotresnih dejstava konstrukcija viSe puta menja
kvadrante koordinatnog sistema i pri prelasku u nelinear-
no podrucje odgovora obrazuju se krivolinijski ograni¢e-
ne povrSi. PovrSi su ograni¢ene histerezisnim petljama
(krivim), a predstavljaju utroSenu energiju na deformacije.

Zavisno od ponaSanja primarnih konstruktivnih ele-
menata pri dejstvu seizmickih sila postoje razliciti sistemi
Celi¢nih konstrukcija. Predmet ovog rada su ramovske
konstrukcije sa centri¢énim i ekscentriénim spregovima
(ukrucenjima) koje zavisno od vrste ukrute imaju razli€itu
disipaciju energije. Kod visokih zgrada postavljenih na
malom rastojanju postoji problem od velikih hrizontalnih
pomeranja i eventualnog sudara usled delovanja seizmi-
¢kog optereéenja kao Sto je to kod armirano betonskih
zgrada. Takav problem je detaljnije opisan u radu [20],,
ali je teznja da se kod c¢eliénih konstrukcija otkloni
upravo primenom odredene vrste spregova.

Pojedinosti i konstruktivni predlozi za Stapove
ukru¢enja su dati u standardima [1],[2], a ovde je paznja
usmerena na znacaj izbora oblika ispune (X, V, /) na
odgovor konstrukcije i troSenje energije. Rezultati su
predstavljeni histerizisnim petljama za momente savija-
nja i ukupne smicuée sile u dnu rama. Bitno je napome-
nuti da se najveéi deo energije troSi preko zatezanjem
napregnutih Stapova, a ponasanje veza zavisi od izbora
popre¢nih preseka Stapova. Manje vitki elementi mogu
apsorbovati mnogo viSe energije nego vrlo vitki [14] i ako
su ovi drugi popustljivi u podrudju pritisaka.

Ideja o primeni escentricno postavijenih spregova
(veza) lezi u namernom izazivanju momenata savijanja i
smic¢ucih sila u gredama kako bi se smanijilo izvijanje
Stapova ispuna. Ovim naginom ukrucenja se postizu dve
korisne stvari: troSi se velika energija zbog ekscentri-
citeta i omogucava se plastifikacija ¢vora u gredama Sto
odgovara povoljnom mehanizmu loma konstrukcije.
Elementi koji se formiraju na mestu spoja ispuna-greda
se nazivaju seizmicke veze (spone) i kao u [1] mogu se
oblikovati kao na slici 1.

Ductility can be analyzed from several aspects, i.e.
There are different types of ductility, and most important,
according to [14] are:

- ductility at the level of material

- ductility at the level of construction materials

- ductility in the whole structure

According to these approaches, estimation of ducti-
lity is described in several papers [7], [9], [14]. On the
basis of ductility class and behavior factor values, there
are two basic approaches to the concept of design [2].

Besides the numerical approach several authors
were occupied by experimental investigation of this
problem. Lee and Goel have analyzed a series of 2 to
20-storey frame models, Chopra has analyzed the
requirements of ductility for several models and it is
concluded that the horizontal distribution does not
require the same ductility on all floors but the highest at
the first level cited in [10].

3 PANEL STRUCTURES WITH BRACINGS

With the elastic theory and static methods, an object
is loaded with forces of great intensity and dimensioning
often exceeds the domain of the irrational. For this
reason, it is much more efficient establishing and
modeling of dissipative areas in the construction which
consume the seismic energy by hysteresis behavior.
The basic ways of spending energy in steel, as
described in [14] are:

- plastic hinges in bending

- shear rib

- elements under the influence of plastic strain

There is the difference in the elastic and inelastic
concept through hysteresis diagram in the same study.
During earthquakes a construction repeatedly change
quadrants of the coordinate system and in the transition
to non-linear field response, the curvilinear limited
surfaces are formed. Surfaces are limited by hysteresis
loops (curves), and represent the spent energy on
deformation.

Depending on the behavior of primary structural
elements during the effect of seismic forces, there are
different systems of steel structures. The paper focuses
on frame structure with centric and eccentric bracings
(stiffeners) that depending on the type of bracing have
different energy dissipation. Multistory building, placed
with small distance, have a problem of great horizontal
displacements and possibility of crash due to seismic
action as it is case of concrete construtions. This kind of
problem is in detail described in paper [20]Error!
Reference source not found., and ambition at steel
constructions is remove this problem with application of
adequate kind of braces.

Details and constructive proposals for stiffening rods
are given in standards [1], [2], and here, attention is
focused on the importance of the shape fill (X, V, /) on
the response of the structure and energy consumption.
The results are presented by hysteresis loops for
bending moments and the total shear force at the bottom
of the frame. It is noteworthy that most of the energy is
consumed by tension exerted sticks, and the behavior of
the connections depends on the choice of cross sections
of rods. Less slender elements can absorb much more
energy than a very slender ones [14] though the latter
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are permissive in the area of pressure.

The idea of applying the eccentrically set bracings
(links) lies in intentional causing of bending moments
and shear forces in beams, in order to reduce buckling
of diagonal bars. This way of stiffening run down to two
useful things: the great energy is consume due to
eccentricity and beam nodes plasticization is enabled,
which corresponds to a favorable mechanism of fracture
of the structure. Elements that are formed in the area of
filling-beams joint are called seismic ties (bonds) as in
[1] and can be formulated as in figure 1.

— Lateral bracing —
| required at top and
bottom Link flanges

Full depth web intermediate
stiffeners - both sides for Link
depth > 25 inches (635 mm)

|
§ LinkLength=e
Full depth
on both sides }

\
@ of brace intersects
@ of beam at end of Link
or inside Link

Slika 1. Detalji konstruisanja seizmickih veza prema [1]
Figure 1. Details of the constructing of seismic links according to (AISC)

Spregovi

U literaturi Error! Reference source not found. su
dati razlozi za slabo ponaSanje ramova sa spregovima
od kojih su najvazniji ograniena duktilnost i disipacija
energije u trenucima ciklicnog optereéenja i sklonost
krtom ponaSanju njihovih veza u konstrukciji.
Histerezisno ponaSanje spregova je takode kompleksno.
Misli se na ispoljavanje asimetriénih karakteristika pri
zatezanju i pritisku i tipian gubitak ¢&vrstoée pri
monotono pritiskajuéem ili cikliénom naprezanju u
neelasticnom podrucju. Kompleksno ponaSanje je rezul-
tanta znacajnih razlika u distribuciji unutraSnjih sila i
deformacija predvidenih nekom od konvencionalnih me-
toda baziranih na elasticnom ponaSanju materijala pre-
ma [17]. To moZe dovesti do posledica da su izabrani
preseci Stapova spregova predimenzionisani na nekim
spratovima dok su na drugim na granicama nosivosti.
Isto tako distribucija sila na grede i stubove je drugacija
nego Sto se u stvarnosti o¢ekuje. Tako postoje realni
izgledi da se formiraju ,meki" spratovi. Prevelika izvijanja
spregova dovode do oSteéenja nekonstruktivnih
elemenata.

Za razvoj novih metoda projektovanja €eli¢nih ramo-
va, poucena zemljotresom NorthRidge, americka agen-
cija FEMA je usvojila metodoloSki pristup baziran na
performansama [7]. U ovoj metodologiji cilj pristupa je
predvideti performanse u vidu stepena oStecenja i nivoa
seizmi¢kog hazarda koji o€ekuje konstrukciju. Prednost
ovog pristupa lezi u eksplicithnom opisu neodredenosti i
proizvoljnosti seizmi¢kog hazarda, odgovora konstruk-
cije, analitickom modeliranja i nosivosti sistema i njego-
vih elemenata. Kod novih konstrukcija naglasak je
stavljen na obezbedenje veka konstrukcije i prevenciju
kolapsa [17].

Bracings

Reason for poor behavior of frames with bracings,
are given in the literature [17], whereof the most
important are limited ductility and energy dissipation in
times of cyclic loading and the tendency to brittle
behavior of their interactions in the structure. Hysteresis
behavior of bracings is also complex. This refers to the
manifestation of asymmetrical characteristics of tensile
and compressive strength and typical loss of the
thickness in monotonous pressure or cyclic strain in the
inelastic region. Complex behavior is the result of signi-
ficant differences in the distribution of internal forces and
deformations provided by some of the conventional
methods that are based on elastic material behavior
according to [17]. This can lead to consequences that
selected sections of sticks are too excessive on some
floors, while they are at the limits of carrying capacity on
other floors. Also distribution of power in the beams and
studs is different than it is expected in reality. So there is
realistic prospect of forming a "soft" floors. Excessive
buckling of bracings cause damage to non-structural
elements.

For the development of new methods of steel frames
design, after the earthquake in Northridge, U.S. agency
FEMA has adopted a methodological approach based
on the performances [7]. The goal approach of this
methodology is to predict performances in mind of
degree of damage and the level of seismic hazard that
structure is expected to endure. The advantage of this
approach lies in its explicit description of the vagueness
and arbitrariness of seismic hazard, structure response,
analytical modeling and capacity of the system and its
elements. At new construction the emphasis is placed on
providing endurance of the construction and prevention
of collapse [17].
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Grede

Pod znac¢ajnim seizmi¢kim opterecenjima nastaju
delimi¢no ili potpuno plastificirana mesta cija lokacija,
duzina i raspodela dilatacija zavise od geometrijskih
karakteristika, grani¢nih uslova, efekta stalnog opterece-
nja [8]. Iskustvo je pokazalo da su plasti¢ni zglobovi
smesSteni uglavnom (ne u svim slu¢ajevima) u blizini
stubova Sto je u neku ruku pozeljno, ali je opasno zbog
prenoSenja energije na veze i ocekivanja njihovog
dobrog odgovora. Ako je lokalno i horizontalno izvijanje
spre€eno naponska slika usled momenata savijanja u
popre¢nim presecima dalje od plasti¢nih zglobova je
zadovoljavajuéa [8]. Kod zemljotresa Kkoji izazivaju
proizvoljne cikluse, odgovor grede moZze biti ilustrovan
kao na slici 2.

Beams

Under significant seismic loads that are part of frame
steel system there are elastic parts and partially or
completely coated places whose location, size and
distribution depend on the geometric characteristics,
boundary conditions and the effects of constant stress
[8]. Experience has shown that the plastic hinges located
mainly (not in all cases) near the poles, which is in some
ways preferable, but is dangerous due to the transfer of
energy and expectations of their good response. If the
local and the horizontal deflection is prevented the
voltage image, due to of bending moments in cross
sections away from the plastic hinge, is satisfactory [8].
At earthquake that cause arbitrary cycles, the response
beam can be illustrated as in figure 2.
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Slika 2. Histerezisne krive greda rama
Figure 2. Hysteresis curves of beam frame

Grede pokazuju stabilne i dosta velike histerezisne
putanje. Na slici su prikazani odgovori iste grede rama
sa i bez spregova. Oznake: M1, Mlcl i Mic2
predstavljaju: ram bez spregova, ram sa centri¢nim ,V*
spregom i ram sa ekscentricnim ,V* spregovima
respektivno. Oc¢igledna razlika u vrednostima momenata
savijanja u gredama govori kolika se energija troSi u
Stapovima spregova, a na poslednja dva grafika se vidi
razlika i izmedu centricnih i ekscentriCnih ukruta.
Karakteristike modela su date u sledeéem poglavlju na
slici 7.

Stubovi

Prisustvo velikih normalnih sila, koje razlikuje
stubove od greda, znatno komplikuje ponaSanje stubova
generalno ako se uporedi sa gredama i delimi¢no ako se
pojave neelastiCne deformacije u stubovima. Veza
distribucije neelasti¢nih dilatacija i momenata savijanja u
popre¢noim preseku postaje komplikovana i zavisi od
istorije aksijalne sile pracene momentima. Ako je
normalna sila velika, plastiéna mesta se poveéavaju u
znacajnoj meri u odnosu na duzinu stuba i aproksimacija
sa plasti¢nim zglobovima postaje bezna¢ajna. Kapacitet
plasti¢nih deformacija zavisi od mnogo parametara
prema Nakashima, citirano u [8] koji opet mogu znacajno
varirati. Mogu¢nost pojave P-A efektata, koje je teSko
odrediti za svaki neelasti¢no deformisani stub, prati svaki
stub izlozen momentima savijanja [8]. Zbog pomenutih
P-A efektata maksimalni momenti ne moraju biti kod

Beams show a stable and great hysteresis path. The
picture shows the same beam frame responses with and
without bracings. Tags: M1, M1cl and M1c2 are: frame
without bracings, the frame with centric "V" bracing and
frame with an eccentric "V" bracings respectively. The
obvious difference in the values of bending moments in
beams tells how much energy is spent in the bracing
sticks, while in the last two graphs we can see the
difference between centric and eccentric bracing.
Characteristics of the models are given in the next
chapter in the picture.

Pillars

The presence of large normal forces, which differ
pillars from beams, significantly complicate behavior of
pillars in general when compared to beams and partially
if there are non-elastic deformation in the pillars. The link
between inelastic dilatations and moments of bending in
the cross section, become complicated and depends on
the history of the axial force followed by moments. If the
normal force is great, plastic seats are increased
significantly, compared to the length of the pillars, the
approximation with plastic joints becomes insignificant.
The capacity of plastic deformation depends on many
parameters by Nakashima, cited in [8], which again can
vary significantly. The potential for P-A effects, which are
difficult to determine for each inelastic deformed pillar,
can appear in each pillar exposed to bending moments
[8]. Because of the P-A effects, maximal moments may
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oslonaca. Pored toga stubovi su izloZeni izvijanju u
odnosu na obe ose pa superpozicija momenata savijanja
u jednoj ravni i izvijanja u drugoj predstavija poseban
problem.

Za razliku od greda stubovi su podlozniji znacajnijim
neelastiénim deformacijama pa su povrSine okvirene
histerezisnim petliama vece (slika 3). Posebno su
razmatrani slu€ajevi ramova sa ukru¢enjima kod kojih su
manije i sile i pomeranja u pravcu delovanja zemljotresa.

not be located in pillars. Furthermore pillars are exposed
to buckling with respect to both axes, so the super-
position of bending moments in one and buckling in the
second plane presents a special problem.

Unlike the beams, pillars are prone to significant non-
elastic deformation so the areas bordered by hysteresis
loops become larger (fig.3). Cases of stiff frames are dis-
cussed in particular where both forces and displace-
ments in the direction of earthquake activity are smaller.

ER
:
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H

Slika 3. Histerezisne krive vertikalnih elemenata za model bez ukruc¢enja i model sa ukrucenjima
Figure 3. Hysteresis curves of the vertical elements for the model without stiffeners and the model with stiffeners

U radu [15] je sprovedena analiza jednog rama
trospratne zgrade kako bi se istrazili efekti seizmickih
sila (akcelerograma) i odredili odgovarajucéi profili stubo-
va i greda i ispunila ograni¢enja koncepta dizajniranja.
Dokazano je da se odredenim rasporedom krutosti
elemenata moze obezbediti ujednacena deformacija i
olaksati konstrukcija uz potpuno iskoriS¢enje nosivosti.

4 NUMERICKI PRIMER

U saglasnosti sa trenutno vazeéim aseizmi¢kim
principima projektovanja, koji su u Evropi zastupljeni i
uvedeni preko Evrokoda 8 [2], konstrukcije se mogu
projektovati prema svom disipacijskom ponaSanju.
Prethodni standardi, koji su zastupali stav o elasti¢nom
odgovoru konstrukcije, su bili ograni¢eni u smislu
primene u podrudjima sa niskom seizmi¢noSc¢u ili prime-
nom na specijalnim objektima posebne vaznosti. Cilj
standarda je da omoguc¢i ekonomiéan dizajn upoSljava-
juéi disipativno ponaSanje u kojem znacajne neelasti¢ne
deformacije mogu biti smeStene u toku velikih seizmickih
aktivnosti [5]. U ovom slu€aju neregularne ili kompleksne
konstrukcije je neophodno tretirati detaljnim nelinearnim
dinami¢kim analizama. Suprotno njima, regularne kon-
strukcije se projektuju dodeljivanjem faktora ponaSanja
koji se koristi da bi redukovao standardom odredene
seizmiCke sile dobijene na osnovu idealizovanog elasti-
¢énog spektra odgovora (slika 6). Ovi principi projek-
tovanja disipativnih konstrukcija su u sprezi sa kon-
ceptom projektovanja nosivosti koji zahteva odredivanje
nosivosti sistema baziranog na pomenutom namernom
obezbedivanju plastifikacije zona u konstrukciji (mehani-
zmi loma).

Direktna dinami¢ka metoda-vremenska analiza
odgovora (time history) podrazumeva proracun uz pret-
postavku nelinearnog ponasSanja materijala. Zemljotres
(pobuda) je predstavljena vremenskim zapisom istog
(akcelerogramom) ili vremenskim tokom ubrzanja koje je

In [15] a three-story frame building analysis is con-
ducted in order to investigate the effects of seismic
forces (acceleration) and to determine the appropriate
sections of pillars and beams to meet the limitations of
the concept design. It is proven that the particular
arrangement of stiffness can provide uniform strain and
facilitate the construction with the full utilization of
capacity.

4 NUMERICAL EXAMPLE

In accordance with current applicable seismic design
principles, which are presented and introduced by Euro
code 8 in Europe [2], structures can be designed
according to their dissipation behavior. Previous
standards, which argued the elastic response of the
structure, were limited in terms of application in areas
with low seismic activity or the implementation on the
objects of special importance. The standard objective is
to provide cost-effective design employing dissipative
behavior where significant inelastic deformation can be
stored during high seismic activity [5]. In this case
irregular or complex structures have to be treated with
the detailed nonlinear dynamic analysis. In contrast,
regular structures are designed by assigning factors of
behavior that is used to reduced the standard specified
seismic forces obtained from an idealized elastic
spectrum of response (fig.6). These design principles of
dissipative structures are in conjunction with the concept
of capacity design, which requires the determination of
carrying capacity of the system, based on mentioned
purposed provision of coating zone within structure
(fracture mechanisms).

Direct dynamic method- time response analysis (time
history) means a budget with the assumption of
nonlinear material behavior. An eearthquake (excitation)
is presented with time record of the same
(accelerograms) or acceleration running time divided by
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podeljeno inkrementima At=0.01sec. Prednost ove meto-
de je uvid u odgovor konstrukcije u bilo kom vremen-
skom intervalu delovanja zemljotresa ili njenom defor-
misanom obliku. S obzirom da su Northirge i Kobe
izazvali velika oSte¢enja u celicnim konstrukcijama u
ovoj analizi bice koriSéeni njihovi akcelerogrami kao
opterecenja (slika 4 i 5).

Load Factor

the increments At=0.01sec. The advantage of this
method is an insight into the response of the structure at
any time interval of an earthquake activity or its
deformed shape. Since Northirge and Kobe caused
severe damage in steel structures, this analysis will use
their accelerograms as loadings (figures 4 and 5).

10
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Time

Slika 4. Akcelerogram za zemljotres NorthRidge
Figure 4. Accelerogram of an NorthRidge earthquake
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Slika 5. Akcelerogram za zemljotres Kobe
Figure 5. Kobe earthquake accelerogram

Acceleration (g)

Slika 6.

Elasti¢ni spektar odgovora prema EC8 i za analizirane zemljotrese

Figure 6. Elastic spectrum response to EC8 and for the examined earthquakes

Pomenuti dogadaji u Kaliforniji i Japanu su dokazali
da obuhvatajuci stalna optereéenja i vetar kao mero-
davnu kombinaciju za dimenzionisanje, nismo obuhvatili
sve parametre kako bi saCuvali konstrukciju od loma.
Vetar jeste merodavan povremeni uticaj na celi¢nu
konstrukciju kod hala, visokih €eliénih zgrada sa velikom
fasadnom povrSinom i sl, ali su zemljotresi nepredvidivi i
teSko ih je analiticki obuhvatiti. Posebno su seizmickim
uticajima izloZeni ¢eli¢ni sistemi sa spregnutom medu-
spratnom konstrukcijom od c&elika i armiranog betona.
Uobi¢ajena debljina betonskih plo¢a je od 10 cm pa
navise, zavisno od raspona, i ona predstavlja ozbiljno
optere¢enje koje povecava seizmicke sile. Ovakvi
sistemi se srecu kod viSespratnih parkiraliSta, mostova,
nekih zgrada itd. Kod numeri¢kog primera koji je pred-
stavlien u ovom radu za sve modele je usvojena ista
debljina plo¢e od 10cm sa odredenim slojevima podova i
usvojeno je korisno optereéenje od 2.0kN/m2. Ukupno
optere¢enje je naneto u vidu koncentrisanih sila u

The mentioned events in California and Japan have
shown that we did not include all the parameters, includ-
ing constant loads and wind as reliable combination of
sizing, in order to preserve the structure of the fracture.
Wind is the authoritative occasional impact on the steel
structure of a hall, high steel building facade with a large
surface area, etc, but earthquakes are unpredictable and
difficult to capture analytically. Steel systems with
composite floor structures of steel and reinforced
concrete are particularly exposed to seismic effects.
Regular thickness of concrete goes from 10 cm and up,
depending on the range, and it is a serious burden that
increases the seismic force. Such systems are usually
associated with multistory parking lots, bridges, some
buildings and so on. In the numerical examples pre-
sented in this paper the same plate thickness of 10 cm is
adopted for all the models, with certain layers of floors, a
payload of 2.0kN/m2 is also adopted. Total load was
applied in the form of concentrated forces in pillars, in
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stubovima u nivou spratova. Dimenzije glavnih i sekun-
darnih elemenata svih modela (slika 7) su :

- Stubovi: pravougaone cevi 420x220x10mm

- Grede : | nosac 1300

- Spregovi (ispune) : HOP 100x60x4mm.

Prvi model je ram bez spregova dok su ostali
ukrucéeni simetriéno u zadnjim rasterima. Jedna grupa
modela sa zadnjim indeksom 1 je sa centricno postav-
ljenim spregovima, a grupa modela sa zadnjim indeksom
2 imaju ekscentricitet od izabranih 0.6m.

M1 M1b M1b4
E &S Mic1
<
__t§ M1d1

the level of floors. Dimensions of main and secondary
elements of the model (figure 7) are:

- Pillars: rectangular pipe 420x220x10mm

- Beams: | mount 1300

- Bracings (fill): HOP 100x60x4mm.

The first model is a frame without bracings while
others remain stiff in the hindquarters symmetrical grids.
One group of models with the last index 1 is with central-
ly placed bracings, and a group of models with the last 2
have the eccentricity index of the selected 0.6m.
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Slika 7. Modeli ¢eliénog rama usvojeni za analizu
Figure 7. Steel frame models adopted for analysis

Prvi deo dinamicke analize ¢€ini proraéun odgovora
konstrukcije ta¢nije pomeranja vrha rama usled seizmi-
¢kog opterec¢enja zadatog preko akcelerograma zemljo-
tresa NorthRidge.
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The first part of the dynamic analysis is the calcula-
tion of structures response, more accurately the top
frame displacement due to seismic load specified by the
earthquake accelerograms in NorthRidge.
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Slika 8. Poredenje odgovora rama bez ukrucéenja i sa ukrucenjima za: a)Northridge i b)Kobe
Figure 8. Comparison of responses of frames with or without stiffening for: a) Northridge b) Kobe
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Ukoliko uporedimo odgovor konstrukcije (rama) bez
ukrucenja (slika 8) koji je predstavljen plavom bojom
dobicemo ocekivane rezultate. Evidentna razlika u
vrednostima pomeranja vrha srednjeg stuba pri prigu-
Senju od §=2%=0.02 pokazuje koliku energiju seizmickih
sila troSe Stapovi spregova i to u ovom sluéaju centri¢no
postavljeni. U nastavku su uporedeni odgovori modela
rama sa istim vrstama spregova, ali je razlika u zadatom
ekscenticitetu kod modela sa brojem 2 u indeksu.
Razmatrana su samo pomeranja jer se sliéni odnosi u
rezultatima dobijaju i za brzine i ubrzanja.
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If we compare the response of the structure (frame)
without stiffeners (fig. 8) that is presented in blue, we will
get the expected results. Evident difference in the values
of the central pillar top displacements during damping
period of £ = 2% = 0.02 demonstrates the amount of
seismic forces power that is used by bracings sticks, in
this case centrally placed. The following are compared
responses with the same model frame, with similar types
of bracings, the difference is in a given eccentricity on
models with number 2 in the index. Only movements
have been considered because of the similar proportions
in the results obtained for speed and acceleration.
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Slika 9. Odgovor modela sa centri¢nim i ekscentricnim spregovima, M1b-M1d za NorthRidge zapis
Figure 9. Response of the model with centric and eccentric bracings, M1b-M1d for NorthRidge record

Rezultati drugog dela analize nisu prikazani zbog
sliénosti sa rezultatima sa slike 9. U ovom slu¢aju
koriS¢en je zapis zemljotresa Kobe dat na slici 5.

5 ZAKLJUCAK

Odgovor i ponaSanje konstrukcija je jako slozeno u
toku dejstva zemljotresa pre svega zbog same prirode
pobude. Seizmi¢ko dejstvo je stohastiCkog tipa. Za
izu€avanje njegovog dejstva potrebna je teorija vibracija,
a za proracun konstrukcija postoje razlic¢ite metode koje
se mogu upotrebljavati shodno svojstvima konstrukcije.
Celiéne konstrukcije su veoma duktilne, imaju malu

Results of the second part of the analysis are not
presented due to similarities with the results in the figure
9. In this case we used the Kobe earthquake record
given in figure 5

5 CONCLUSION

Response and behavior of structures is very
complicated during an earthquake, primarily due to the
nature of excitation. Seismic activity is of stochastic type.
To study its effect the theory of vibration is required, and
for estimation of structures there are different methods
that can be used in accordance to the properties of the
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tezinu i kod njih postoji viSe varijanti za prijem seizmickih
sila. Ove konstrukcije se dele prema nacinu disipacije
energije proizvedene zemljotresom, a standardi i mnogi
autori su predstavili Sirok spekatar metoda kojima se
moZze konstrukcija seizmic¢ki poja¢ati. U ovom radu je
sprovedena paralelna dinami¢ka analiza poznata kao
Jime history* kojom se model tj. konstrukcija izlaze
zemljotresnom dejstvu u vidu akcelerograma. Za modele
su izabrani cCeliéni ramovi sa jednakim rasterima i
spratnim visinama i ¢ine ih jedan ram bez spregova i tri
rama sa razliitim oblicima spregova, centriéno i
ekscentriéno postavljeni. lako su prema karakteristikama
ovi modeli predstavnici regularnih konstrukcija, izabrana
je nelinearna analiza i o€ekivani odgovor konstrukcije u
vidu neelasti¢nih deformacija. Na osnovu uporedenih
rezultata odgovora dokazala se opravdanom upotreba
spregova kod ovakvih konstrukcija jer se najveéi deo
seizmicke energije potroSi na Stapove ispuna i u
plasti¢nim zglobovima formiranim na krajevima greda.
Tako su vertikalni noseCi elementi izlozeni manjim
silama zbog programirane distribucije sila. Svrha ove
metode i ostalih nelinearnih metoda jeste da se
konstrukcija izlozZi nelinearnom ponaSanju u toku dejstva
zemljotresa zbog smanjene nosivosti, ali da se sacuva
njena globalna stabilnost.

Pored ove analize uporedivani su i odgovori (pome-
ranje vrha rama) ramova sa centricnim i ekscentri€nim
spregovima. Na osnovu dejstva zemljotresa NorthRidge i
Kobe moze se zakljuéiti da se energija bolje disipira kod
ovih drugih jer je na taj nacin veStacki izaziva plastifi-
kacija u gredama pa su pomeranja i sile u stubovima
manje.

Ovaj vid projektovanja konstrukcija je svakako blizi
realnoj predstavi zemljotresa i njegovom dejstvu na
konstrukcije. Tako se dobijaju lakSe konstrukcije koje su
istovremeno otpornije na seizmicke aktivnosti. Ostaje
samo pitanje njihove prakticne primene u toku
projektovanja.
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REZIME

DIREKTNA DINAMICKA ANALIZA CELICNIH
RAMOVSKIH KONSTRUKCIJA UKRUCENIH

Mirsad TARIC
Enis SADOVIC
Emir MASLAK

Aseizmi¢ko projektovanje celiénih ramovskih kon-
strukcija podrazumeva iskoriS¢enje raspolozivih meha-
nickih i geometrijskih karakteristika materijala pri seizmi-
¢kom dejstvu uz dirigovanu disipaciju energije. U radu je
opisana dinami¢ka nelinearna analize vremenskog
odgovora nekoliko modela €elicnog rama sa kompara-
cijom rezultata. Akcenat je stavljen na upotrebu ukru-
¢enja tj. spregova razli¢itog oblika koji su postavljeni
centriéno i ekscentricno sa namerom da se ispita odgo-
vor konstrukcije i donese zaklju¢ak o boljoj disipaciji
energije paralelnih modela. Pri analizi su koriS¢eni zapisi
zemljotresa NorthRidge i Kobe koji su prouzrokovali
velika oStecenja u €eli¢nim konstrukcijama.
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SUMMARY

DIRECT DYNAMIC ANALYSIS OF STEEL BRACED
FRAME CONSTRUCTIONS

Mirsad TARIC
Enis SADOVIC
Emir MASLAK

Aseismic design of steel frame constructions defines
usage of capable mechanical and geometrical material
characteristics during the seismic action with controlled
energy dissipation. This paper presents dynamic
nonlinear time history analysis of several steel frame
models with comparison of results. The accent is pointed
on brace application with different shape which are
placed concentrically and eccentrically wit aim to
investigate construction response and make conclusions
about better energy dissipation of models. In this
analysis accelerograms of two earthquakes NorthRidge
and Kobe were used, which caused great damages in
steel constructions.

Kljuéne reéi: steel frames, braces, nonlinear
analysis, ductility, energy dissipation
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