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EKSPERIMENTALNO PROUCAVANJE POJACAVANJA AB STUBOVA
KORISCENJEM CELICNOG KAVEZA OPTERECENOG AKSIJALNOM SILOM |
MOMENTOM SAVIJANJA

EXPERIMENTAL STUDY OF RC COLUMNS STRENGTHENED USING STEEL CAGING
UNDER AXIAL LOADS AND BENDING MOMENTS

Julio GARZON-ROCA
Joaquin G. RUIZ-PINILLA
José M. ADAM*

Pedro A. CALDERON

1 uvoD

U mnogim slu€ajevima armiranobetonski (AB) stub
zahteva sanaciju ili pojaCanje. Razlozi za to mogu da
budu u patoloSkim problemima, kao $to su greSke u
projektovanju ili loSe izvodenje; problemi sa trajnoSéu,
kao Sto je korozija; potreba za prijemom novih
opterecenja; ili incidenti, kao Sto su zemljotresi ili pozari.

Jednu od najrasprostranjenijih tehnika saniranja/po-
jacanja AB stubova predstavlja njihovo pojacanje
Celicnim kavezom. Jedan od nacina saniranja/pojacanja
koji se koristi kod cetvorougaonih i pravougaonih
stubova, jeste upotreba €eli¢nih kaveza. Ova tehnika se
sastoji od stavljanja ¢eli¢nih ugaonika na svaki ugao AB
stubova i zavarivanja Celi¢nih traka za ugaonike. Prostor
koji ostaje izmedu kaveza i stuba popunjava se
cementom ili epoksi-malterom. Za problem u regionu
6évora greda-stub, reSenje moZe da bude (Ramirez,
1996; Adam i dr. 2009):

(a) da se ne doda nikakav dodatni element,

(b) da se na kontaktu sa stubom dodaju kapteli,

(c) da se za ugaonike zavare cevi koje prolaze kroz
¢vor greda-stub.

Pokazalo se da celi¢ni kavez predstavlja efikasnu,
ekonomi¢nu i lako primenljivu tehniku jaganja
Cetvorougaonih i pravougaonih stubova (CEB-FIB 2003;
Oey i Aldrete, 1996; Wu i dr. 2006). Celicni kavezi su
funkcionalni  zahvaljujuéi slede¢a tri mehanizmima
(Adam i dr. 2008):
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1 INTRODUCTION

In many times it is necessary to repair or strengthen
a reinforced concrete (RC) column. Reasons may be:
pathological problems, like design errors or bad
workmanship; durability problems, like corrosion; the
need to resist new loads; or accidents, like earthquakes
or fires.

Steel jacketing is one of the most common techni-
gues available to repair/strengthening a RC column. One
type of steel jacketing, used in square and rectangular
columns, is steel caging. This technique consists of
placing a steel angle at each corner of the RC column,
and steel strips welded to the angles. The space
remaining between the cage and the column is filled with
cement or epoxy mortar. In order to deal with the beam-
column joint region it could be possible (Ramirez 1996;
Adam et al. 2009):

(a) Not placing any additional element

(b) Adding capitals in contact with the beam

(c) Welding tubes to the angles, passing through the
beam-column joint.

Steel caging has proved to be an effective,
economical and easily applied strengthening technique
for square or rectangular columns (CEB-FIB 2003; Oey
and Aldrete 1996; Wu et al. 2006). Steel caging works
thanks to three mechanisms (Adam et al. 2008):
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(1) stezi koju kavez predstavlja,

(2) prenosu napona smicanja, zahvaljujuci trenju
izmedu kaveza, maltera i betona,

(3) direktnom prenosu optereéenja kroz ¢vor greda-
stub putem pomoc¢nih elemenata (u slu¢aju kada se ne
dodaje novi element, ovaj mehanizam ne postoji).

Mada je tehnika upotrebe ¢eli€nog kaveza u mnogim
zemljama, kao Sto su SAD (Oey i Aldrete, 1996),
Republika Ceska (Cirtek, 2001; Cirtek, 2001b), Japan
(Fukuyama i Sugano, 2000), Gréka (Dritsos i Pilakoutas,
1992) ili Spanija (Adam i dr. 2009) uobicajena,
istraZivanja u toj oblasti ipak su oskudna. Osim toga, u
vecini slu¢ajeva (Ramirez 1996; Adam i dr. 2009; Adam i
dr. 2008; Cirtek 2001a; Cirtek 2001b; Adam i dr. 2007;
Calderdn i dr. 2009; Giménez i dr. 2009a; Giménez i dr.
2009b) istrazivanja su usmerena na primenu aksijalnog
opterecenja bez ekcentriciteta. Istrazivaéi obi¢no
zanemaruju kombinaciju aksijalnog optere¢enja i
momenta savijanja, a kada se ovakva kombinacija sila
ipak razmatra (Montouri i Piluso, 2009), mehanizmi kao
Sto je prenos napona smicanja se ne proucavaju.

U ovom radu predstavljeno je istrazivanje koje je
sprovedeno u Institutu za nauku i tehnologiju betona
(ICITECH) sa Politehnickog fakulteta u Valensiji
(Spanija) i koje je vezano za jadanje AB stubova
upotrebom &eli€nog kaveza, uz kombinovanje aksijalnog
optereéenja i momenta savijanja.

2 EKSPERIMENTALNI PROGRAM
2.1 Testirani uzorci

Testirano je 12 uzoraka u prirodnoj veli¢ini koji
simuliraju oblast ¢vora greda-stub jednog tipi€nog
gradevinskog skeleta. Uzorci su se sastojali od dve
duzine AB stubova sa popre¢nim centralnim elementom
koji predstavlja gredu (Adam i dr. 2008; Watson i Park,
1994; Wu i dr. 2003; Li i dr. 2009). Na slici 1 prikazana je
geometrija uzoraka i armatura.

Poprecni presek stuba iznosio je 260x260 mm, Sto je
neSto vise od minimalnog preseka kojeg veéina
medunarodnih propisa dozvoljava (CEN 2004; CEB-FIB
1991). Uzduzna aramatura se sastojala od Getiri ¢eli¢ne
Sipke pre¢nika 12 mm, a popre€na armatura je bila Cisto
konstruktivna; uzengije su skoncentrisane na krajevima
stubova da bi se izbeglo moguce lokalno otkazivanje
zbog nanetog optere¢enja. Geometrija i armatura grede
bila je slicna onoj koja se obi¢no koristi u skeletima
stambenih zgrada.

Kod svakog uzorka, na krajeve stubova postavljene
su Celicne kutije kako bi se apsorbovalo aksijalno
opterec¢enje koje vrSi hidrauliéna test-maSina i kako bi
delovale kao veza izmedu uzorka i testiranog skeleta.
Uzduzne armaturne Sipke stuba zavarene su za ove
elemente.

Pojacanje je vrSeno samo duz stuba, dok je
pojacanje na ¢voru greda-stub prekinuto. Poja¢anje (vidi
sliku 2) je projektovano na osnovu drugih testova (Adam
i dr. 2009; Adam i dr. 2008; Adam i dr. 2007; Gimenez i
dr. 2009b) nastojeéi da se izbegne prerani lom zbog sila
smicanja. Proces pojacanja se sastojao od glaanja
Getiri ¢oSka stuba, stavljanja sloja cementnog maltera
izmedu betona i Celi€nog kaveza, instaliranja ugaonika i

(1) Confinement imposed the cage

(2) Shear stress transmission, due to friction
between cage, mortar and concrete

(3) Direct transmission of loads through the beam-
column joint by means of auxiliary elements (in case of
not placing any element, this mechanism will not exist).

Although steel caging is a common technique in
several countries like USA (Oey and Aldrete 1996),
Czech Republic(Cirtek 2001a; Cirtek 2001b), Japan
(Fukuyama and Sugano 2000), Greece (Dritsos and
Pilakoutas 1992) or Spain (Adam et al. 2009), research
on the topic is scarce. In addition, in most cases
(Ramirez 1996; Adam et al. 2009; Adam et al. 2008;
Cirtek 2001a; Cirtek 2001b; Adam et al. 2007; Calder6n
et al. 2009; Giménez et al. 2009a; Giménez et al. 2009b)
the studies are focused on the application of an axial
load without eccentricity. The combination of an axial
load and a bending moment has been usually neglected
by the researchers and when this combination of forces
has been taking into account (Montuori and Piluso
2009), mechanisms like shear stress transmission were
not studied.

This paper shows the study carried out at the
Institute of Concrete Science and Technology (ICITECH)
from the Universidad Politécnica de Valencia (Spain)
related to the strengthening of RC columns with steel
caging, under a combination of an axial load and a
bending moment.

2 EXPERIMENTAL PROGRAM
2.1 Test specimens

12 full-scaled specimens simulating the beam-
column joint region of a typical building frame were
tested. Specimens consisted of two lengths of RC
column with a crossing central element representing a
beam (Adam et al. 2008; Watson and Park 1994; Wu et
al. 2003; Li et al. 2009). Fig. 1 shows specimens geo-
metry and reinforcement.

The column had a cross section of 260x260 mm,
slightly greater than the minimum allowed by most
international codes (CEN 2004; CEB-FIB 1991). Its longi-
tudinal reinforcement consisted of 4 steel bars of 12 mm
of diameter and the transversal reinforcement was
merely constructive; stirrups were concentrated at the
end of the columns, to avoid a possible local failure due
to load application. Beam geometry and reinforcement
were similar to the normally used in residential-building
frames.

In each specimen, steel boxes were arranged at the
end of the two lengths of columns to absorb the axial
load applied by the hydraulic testing machine, and to act
as the connection between the specimen and the test
frame. The reinforcing longitudinal bars of the column
were welded to these elements.

Only the lengths of column were strengthened, leav-
ing interrupted the strengthening at the beam-column
joint. The strengthening (see Fig. 2) was designed fol-
lowing other tests (Adam et al. 2009; Adam et al. 2008;
Adam et al. 2007; Giménez et al. 2009b) trying to avoid
a premature failure due to shear forces. The strengthen-
ing procedure included: smoothing the four corners of

4
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traka, te zavarivanja elemenata ¢eli¢nog kaveza.

Ugaonici Celicnog kaveza su zavareni za CeliChe
kutije kako bi se izmedu kaveza i okvira testiranja
osigurao dobar prenos sila. Osim toga, za kraj ¢eli¢nog
kaveza, u dodirnu tacku sa gredom, zavareni su kapiteli
(takode sa ¢elicnim ugaonicima) (Adam i dr. 2009; Adam
i dr. 2008; Adam i dr. 2007; Ramirez i dr. 1997).

the column; placing a cement mortar layer between the
concrete and the steel cage; installing the angles and
strips; and finally, welding the steel caging elements.

Angles of the steel caging were welded to the steel
boxes to assure a good transmission of forces between
the cage and the testing frame. Additionally, capitals (made
with steel angles too) were welded at the end of the steel
caging, in contact with the beam (Adam et al. 2009; Adam
et al. 2008; Adam et al. 2007; Ramirez et al. 1997).
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Slika 1. Geometrija i pojacanje testiranih uzoraka (dimenzije su date u milimetrima)
Fig. 1. Geometry and reinforcement of the tested specimens (dimensions in mm)
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Slika 2. Elementi pojac¢anja uzoraka (dimenzije su date u milimetrima)
Fig. 2. Specimen strengthening elements (dimensions in mm)
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Pojacanje je bilo istovetno kod svakog uzorka. Da bi
se poboljSao direktan prenos, testirana su dva tipa
reSenja za ¢vor greda-stub: kod uzorka tipa A, kapiteli su
pricvrSéeni za gredu pomocu hemijskih ankera; kod
uzorka tipa B, kapiteli sa obe strane grede povezani su
pomocu cCelicne Sipke precnika 16 mm (vezivna Sipka).
Na slici 3 prikazana su dva tipa testiranih uzoraka.

TYpe & specimens
Chemical Anchor selutian

Chernica] Ancher

Rod spkal

= =

The strengthening was the same for all specimens.
In order to improve the direct transmission, two types of
beam-column joint solution were tested: in Specimens
type A, capitals were joined to the beam using chemical
anchors; in Specimens type B the capitals at the two
sides of the beam were linked with a steel bar of 16 mm
of diameter (linking bar). Fig. 3 show the two types of
specimens tested.

Type B specimens
Limkirg Bar salution

Steel Bar £15 i

Caprzl

a4 E
o |

Slika 3. Testiranje reSenja ¢vora greda-stub
Fig. 3. Beam-column joint solution tested

2.2 Materijali

Betonska meSavina (vidi Tabelu 1) koja je koriSéena
projektovana je tako da simulira stub sa niskom
otpornoscu na pritisak koji zahteva pojacanje (Adam i dr.
2008; Adam i dr. 2007; Calderon i dr. 2006; Gimenez i
dr. 2006). Otpornost betona na pritisak prilikom testiranja
uzorka iznosila je izmedu 10 12 MPa.

Tabela 1. Odnos elemenata beSavine betona
(kg na m® betona)

Cement Voda Fini agregat | Grubi agregat
150 200 1225 810

Napon popuStanja armaturnog celika, kako u
uzduznim Sipkama, tako i u uzengijama, iznosio je 500
MPa. Vezivne Sipke u ¢voru greda-stub napravljene su
od istog materijala. Celi¢ni kavez je napravljen od celika
¢iji napon popustanja iznosi 275 MPa. Odnos cementa i
peska u cementnom malteru kojim je popunjen prostor
izmedu kaveza i betona iznosio je 1:2.

2.3 Tok testiranja

Uzorci koji su testirani prikazani su u Tabeli 2. Uzorci
su testirani horizontalno (Adam i dr. 2009; Adam i dr.
2008; Gimenez i dr. 2009b) u celicnhom skeletu,
primenjujué¢i  prvo aksijalno opterecenje. Zatim, uz
odrzavanje aksijalnog optere¢enja na konstantnom
nivou, primenjen je momenat savijanja zbog ¢ega je
doSlo do vertikalnog pomeranja vrha grede. Ovo
pomeranje je primenjivano sve do lomljenja uzorka. Na
slici 4 prikazan je uzorak u laboratoriji, spreman za
testiranje.

Nivoi aksijalnog opterecenja iznosili su: 400 (L1), 800
(L2) i 1200 (L3) kN. Ovi nivoi su iznosili oko 25%, 50%,
odnosno 75% od konaénog optere¢enja pojacanog stuba

2.2 Materials

The concrete mix (see Table 1) used was designed
to simulate a column with low compressive strength
which need strengthening (Adam et al. 2008; Adam et al.
2007; Calderén et al. 2006; Giménez et al. 2006).
Concrete achieved a compressive strength between 10
and 12 MPa when the specimen were tested.

Table 1. Mix concrete proportions
(kg per m® of concrete)

Cement | Water | Fine aggregate Coarse
aggregate
150 200 1225 810

The yield stress of the reinforcement steel, both
longitudinal bars and stirrups, was 500 MPa. The linking
bars placed in the beam-column joint were made with
the same material. The steel caging was made with steel
of 275 MPa of yield stress. The cement mortar placed
between the cage and the concrete had a cement/sand
ratio of 1:2.

2.3 Test setup

The different specimens tested are shown in Table 2.
Specimens were tested horizontally (Adam et al. 2009;
Adam et al. 2008; Adam et al. 2007; Giménez et al.
2009b) in a steel frame, applying firstly the axial load.
Then, and remaining the axial load constant, a bending
moment was created imposing a vertical displacement
on the top of the beam. This displacement was applied
until the failure of the specimen. Fig. 4 shows a
specimen in the laboratory ready to be tested.

Three axial load levels were defined: 400 (L1), 800
(L2) and 1200 (L3) kN. These load levels were about
25%, 50% and 75% of the ultimate axial load of the
strengthened column (Adam et al. 2009). For each axial
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(Adama i dr. 2009). Za svaki nivo aksijalnog opterecenja,
testirana su bar dva uzorka. Aksijalno optereéenje je
primenjivano pomodu hidrauli¢ne test-masine
maksimalnog kapaciteta 2500 kN. Vertikalno (smicuce)
opterecenje primenjivano je pomocu hidrauliéne test-
masine kapaciteta 500 kN.

load, at least two specimens were tested. The axial load
was applied by a hydraulic testing machine with a
maximum capacity of 2500 kN. The vertical (shear) load
was applied by a hydraulic testing machine with a
maximum capacity of 500 kN.

Tabela 2. Testirani uzorci
Table 2. Specimens tested

Uzorak

Aksijalno opterecenje  Smicuée optereéenje

Moment savijanja,

: ' ial | hear | Bending moment”
Specimen fe AX|(?(IN§)ad S e(iN)oad e d(mg )
ALl 9.80 400 106,67 77,60
AL1-2 12.65 400 112,49 81,84
A-L2-1 12.43 800 136,99 99,66
A-L2-2 9.80 800 99,32 72,26
A-L31 9.80 1200 68,48 49,82
A-L3-2 12.43 1200 99,74 72,56
B-L1-1" 12.43 400 141,14 102,68
B-L1-2 10.68 400 134,09 97,55
B-L1-3 10.68 400 135,71 98,73
B-L2-1 12.43 800 146,18 106,35
B-L2-2 10.68 800 120,35 87,55
B-L3-1¢ 10.68 1200 ; -

_ Otpornost na pritisak na dan testiranja.
Compresswe strength at testing days.

.. Moment savijanja na dodirnoj tacki stuba i ¢vora greda-stub.
" Bending moment in the confluence of the column with the beam-column joint.

Otkaz ojacivaca kapitela.
i Capltal stiffener failed.

* Uvijanje se javilo pre primene smicuéeg optere¢enja.

i Buckling occurred before applying the shear load.

Axial baad /

Slika 4. Uzorak u laboratoriji, spreman za testiranje
Fig. 4. A specimen in the laboratory ready to be test
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3 REZULTATI | DISKUSIJA

Eksperimentalni rezultati za svaki uzorak prikazani
su u Tabeli 2. U ovoj tabeli, za svaki uzorak nabrojana
su aksijalna optere¢enja koja su primenjena,
maksimalno ostvareno opterecenje smicanja i momenat
savijanja koji je generisan opterecenjem smicanja pri
lomu u poslednjem odeljku stuba (u dodirnoj tacki stuba
sa ¢vorom greda-stub). Kod svih uzoraka do loma je
dolazilo na &voru greda-stub. Osim toga, pre primene
smicucéeg optereéenja, ni u jednom sluéaju nisu opazene
pukotine.

Tokom testiranja uzorka B-L1-1, doSlo je do
otkazivanja varova na ojaciva¢ima kapitela. Zbog toga
ovaj uzorak nije mogao da podnese toliko smicuce
opterecenje koliko bi trebalo da podnese. Osim toga,
kod uzorka B-L3-1 doSlo je do izvijanja odmah po
primeni aksijalnog opterecenja, a pre primene smicuceg
optere¢enja. Sledstveno tome, u analizi rezultata ova
dva uzorka nisu uzeta u obzir.

Razlike u krajnjem optereCenju za isti stepen
aksijalnog optereéenja i reSenja za ¢vor greda-stub (na
primer, razlika izmedu uzorka A-L1-1 i A-L1-2) mogu se
objasniti, izmedu ostalog, i razlikom u otpornosti betona
na pritisak, fc (u Tabeli 2 prikazana je otpornost betona
na pritisak koja je ostvarena na dan testiranja, oko dva
meseca po betoniranju uzoraka).

Iz rezultata u Tabeli 2 moguée je nacrtati
ekperimentalni dijagram aksijalnog optere¢enja/savijanja
(N-M) za betonski stub ojacan celiénim kavezom. Taj
dijagram je prikazan na slici 5. Nacrtan je i teoretski N-M
dijagram za onaj deo AB stuba koji nije ojaan (za
otpornost betona na pritisak od 12 MPa). Vidi se da se
koriS¢enjem ¢elicnog kaveza sa hemijskim ankerima ili
vezivnim Sipkama kao &vorovima greda-stub, otpornost
elementa u znatnoj meri povecava.

3 RESULTS AND DISCUSSION

The experimental results of each specimen are
summarized in Table 2. This table lists, for each
specimen, the axial load applied, the maximum shear
load achieved and the bending moment generated by
the shear load at failure in the last section of the column
(in the confluence of the column with the beam-column
joint). In all specimens the failure occurred at the beam-
column joint. In addition in no case was observed
cracking before applying the shear load.

During the test of specimen B-L1-1, welding of the
capital stiffeners failed. As a result, this specimen could
not achieve as much shear load as it could be. In
addition, specimen B-L3-1 buckled before applying the
shear load, just after the axial load was applied.
Consequently, these two specimens are not considered
in the analysis of the results.

Differences in the ultimate load for the same axial
load level and type of beam-column joint solution (for
example, difference between specimens A-L1-1 and A-
L1-2) can be explained, among others, by the difference
in the concrete compressive strength, f. (Table 2 shows
concrete compressive strength reached at the testing
days, about two months after the specimens cast).

From the results of Table 2 it is possible to draw an
experimental axial-bending (N-M) diagram for a concrete
column strengthened with steel caging. This diagram is
shown in Fig. 5. The theoretical N-M diagram for a RC
column section without strengthening is also plot (for a
compressive concrete strength of 12 MPa). It can be
seen that the use of steel caging with the solutions of
chemical anchors or linking bars for the beam-column
joint, increase significantly the resistance of the element.
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Slika 5. N-M dijagram za stub sa deonicom sa i bez ojac¢anja
Fig. 5. N-M diagram for the column section with and without strengthening
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Na slikama 6 i 7 pokazane su krive zavisnosti
smicuca sila ugib za uzorak A i B, respektivno. U svim
slu€ajevima, pre otkazivanja uzorka dolazilo je do velikih
deformacija, Sto ukazuje na visok stepen duktilnost ovih
elemenata. Kod uzoraka tipa A, maksimalno smicuce
opterecenje i vec¢a duktilnost ostvarena je kod aksijalnog
optereé¢enja od 800 kN (aksijalni nivo L2). Kod uzoraka
tipa B, dok je maksimalno vertikalno optereéenje takode
postignuto pri aksijalnom optereéenju od 800 kN,
duktilnost je ipak veéa kod uzoraka B-L1 (aksijalno
optere¢enje od 400 kN). Sa druge strane, za isti nivo
aksijalnog opterec¢enja, kod uzoraka tipa B ostvarena je
veca duktilnost nego kod uzoraka tipa A.

160 1

Shear load (kM)

Figs. 6 and 7 show the shear load — deflection
curves for specimens A and B respectively. In all cases
a great deformation is achieve before the failure of the
specimen, which denotes the high ductility of these
elements. For type A specimens, both the maximum
shear load and the greater ductility is reached for an
axial load of 800 kN (Axial level L2). Nevertheless, in
type B specimens, while the maximum vertical load is
also reached for an axial load of 800 kN, the ductility is
greater for B-L1 specimens (400 kN of axial load). On
the other hand, for the same axial level, type B speci-
mens achieved more ductility than type A specimens.

Deflection (mm)

Slika 6. Kriva ugiba od smi¢uceg opterecenja za uzorke tipa A
Fig. 6. Shear load-deflection curves for type A specimens

Razlike izmedu dva tipa testiranih uzoraka mogu se
primetiti i prilikom testiranja u oblasti zatezanja (ispod
osovine stuba). Kao Sto je prikazano na slici 8, kod
uzoraka tipa A, zbog postojanja hemijskog ankera, u
betonu se formirala jedna prslina u obliku konusa. Za
razliku od ovoga, kod uzoraka tipa B, pukotina se
pojavila blizu dodirne tacke stuba i grede. U slucaju
uzoraka B-L1, ova pukotina je bila prili¢no velika.

Na kraju testa moglo se zakljuciti da su u svim
slu€ajevima kapiteli u regionu pritiska (iznad osovine
stuba) prodrli u &vor greda-stub, kako je to prikazano na
slici 9. Medutim, u oblasti zatezanja, kapiteli su se
odvojili od &vora greda-stub (slika 10). Ova pojava je
primetnija kod uzoraka B-L1.

Differences between the two types of specimens
tested could be also observed along the tests in the ten-
sion region (below the axis of the column). As it is show
in Fig. 8, in type A, due to the existence of the chemical
anchor, it was formed a breakout cone in the concrete.
In contrast, in type B specimens, a crack appeared near
the confluence of the column and the beam; this crack
was significantly great in case of B-L1 specimens.

At the end of the test it could be observed that in all
cases, capitals in compression region (above the axis of
the column) penetrated into the beam-column joint, as it
is shown in Fig. 9. However, in the tension region,
capitals (Fig. 10) suffered a separation with the beam-
column joint. This phenomenon was more noticeable in
B-L1 specimens.
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Slika 7. Kriva ugiba od smi¢uceg opterecenja za uzorke tipa B
Fig. 7. Shear load-deflection curves for type B specimens

LR TR

Slika 8. Pojava koja se javila u oblasti zatezanja; (a) Slika 9. Prodiranje kapitela pod pritiskom; (a) uzorak A-
konus prsline (uzorci tipa A); (b) priliéno velike L3; (b) uzorak B-L1.
pukotine (uzorci tipa B) ) ) ) o

Fig. 8. Phenomenon appeared in tension region; (a) Fig. 9.  Penetration observed in capitals in
Breakout cone (type A specimens); (b) Cracks of compression; (a) A-L3 specimen; (b) B-L1
significantly dimension (type B specimens) specimen

10 MATERIJALI | KONSTRUKCIJE 53 (2010) 3 (3-13)



Slika 10. Odvajanje kapitela u oblasti zatezanja; (a) uzorci A-L1; (b) uzorci A-L2; (c) i (d) dva pogleda na kapitele u
poslednjoj fazi kod uzoraka B-L1
Fig. 10. Separation suffered by capitals in tension zone; (a) A-L1 specimens; (b) A-L2 specimens; (c) and (d) Two sights
of the capitals in the final stage in B-L1 specimens

4 ZAKLJUCAK

U ovom radu predstavljeni su rezultati dobijeni
pojacanjem AB stuba ¢eli¢nim kavezom, uz istovremenu
primenu aksijalnog opterecenja i momenta savijanja. Na
kraj stuba, na dodirnu tatku sa gredom, montirani su
kapiteli, a da bi se osigurao dobar prenos optereéenja u
¢voru greda-stub, primenjene su dve tehnike: hemijski
ankeri i vezivne Sipke (Celicna Sipka koja povezuje
kapitele sa obe strane grede).

1z rezultata eksperimentalnog prou¢avanja moze se
zakljuciti da se primenom ¢eli€nog kaveza, uz hemijski
anker i vezivne Sipke, poboljSava kako otpornost, tako i
duktilnost AB stuba. Kada se uporedi primena hemijskog
ankera i vezivnih Sipki, zabelezeno je da kod elemenata
optereéenih istim aksijalnim optere¢enjem, vezivne Sipke
ostvaruju vecu duktilnost i veci krajnji momenat savijanja
nego hemijski ankeri.
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4 CONCLUSION

This paper has shown the good results obtained
strengthening a RC column with steel caging, when an
axial load and a bending moment are both present at the
same time. Capitals have been placed at the end of the
column, in contact with the beam, and, in order of
assuring a good transmission of loads in the beam-
column joint, two techniques have been used: chemical
anchors and linking bars (a steel bar linking capitals at
each side of the beam).

From the results of the experimental study, it can be
concluded that steel caging with chemical anchor and
linking bars improves both the resistance and the
ductility of the RC column. When it is compared the use
of chemical anchor and linking bars, it is observed that
for an element loaded at the same axial load, linking
bars achieve more ductility and more ultimate bending
moment than chemical anchors.
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REZIME

EKSPERIMENTALNO PROUCAVANJE
POJACAVANJA AB STUBOVA KORISCENJEM
CELICNOG KAVEZA OPTERECENOG AKSIJALNOM
SILOM | MOMENTOM SAVIJANJA

Julio GARZON-ROCA
Joaquin G. RUIZ-PINILLA
José M. ADAM

Pedro A. CALDERON

Osteéena konstrukcija, problem trajnosti i incidenti ili
potreba prijema povecanih opterecenja, uslovijavaju
sanacije ili pojatavanja armiranobetonskih (AB) stubova.
Jedna od najéeSce primenjenih tehnika, Siroko
kori§éenih u svetu za sanacije AB stubova je dodavanje
Celicnog kaveza. Uprkos ¢estom koriSc¢enju, istraZivanja
u ovoj oblasti su oskudna, a odnose se na primenu
samo kod aksijalnog optereéenija.

Serija uzoraka, u prirodnoj veli€ini, koji simuliraju
¢vorove greda-stub ispitivana je pod kombinovanim
optere¢enjem aksijalnom silom i momentom savijanja.
Uzorci su opterecivani sa tri stepena aksijalne sile (400,
800 i 1200 kN) i savijanjem do loma. U svim slu¢ajevima
koriS¢eni su kapiteli (od ugaonika) na spoju grede i
stuba. Prenos optere¢enja u ¢&vor greda-stub je
obezbeden koriSéenjem kapitela sa dva razli¢ita reSenja.
U radu je pokazano da se upotrebom c¢eli¢nih kaveza
povecava i duktilnost i maksimalna nosivost AB stubova.

Kljuéne reci: AB stub, Celina obujmica, €eli¢ni kavez
(skelt), ¢vor greda-stub

SUMMARY

EXPERIMENTAL STUDY OF RC COLUMNS
STRENGTHENED USING STEEL CAGING UNDER
AXIAL LOADS AND BENDING MOMENTS

Julio GARZON-ROCA
Joaquin G. RUIZ-PINILLA
José M. ADAM

Pedro A. CALDERON

Pathologies, durability problems, accidents or the
need to resist new loads, may lead to the repair or
strengthening of a reinforced concrete column. One of
the most common techniques widely used through the
world to repair/strengthening a reinforced concrete
column is steel caging. Despite it is highly used,
research in the area is scarce, and normally related to
the application of a pure axial load.

A series of full-scale specimens simulating the beam-
column joint were tested under a combination of axial
load and bending moment. Specimens were subjected to
three axial load levels (400, 800 and 1200 kN) and
loaded under bending until failure. In all cases, capitals
were place at the end of the column, in contact with the
beam. The transmission of load in the beam-column joint
was assured using capitals with two different solutions.
This paper shows that the use of steel caging increase
both the ductility and the maximum load of the reinforced
concrete columns.

Key words: RC Columns, Strengthening, Steel jacket,
Steel caging, Beam-column joint
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SPEKTRALNA MODALNA ANALIZA ZGRADA SA POLUKRUTIM | EKSCENTRICNIM
VEZAMA
SPECTRAL MODAL ANALYSIS OF BUILDINGS WITH SEMI-RIGID AND ECCENTRIC
CONNECTIONS

Spiro GOPCEVIC
Stanko BRCIC
Ljljana ZUGIC

1 uvoD

Skeletne zgrade predstavljaju najéeSc¢e primenjivane
konstrukcije u zgradarstvu. Jedan deo skeletnih zgrada
su zgrade sa Celi€nom konstrukcijom. Veza greda-stub
kod zgrada je medijum koji prenosi odgovarajuée sile i
momente sa elementa na element. Prilikom idealizacije
veza u ¢vorovima, polazi se od pretpostavke da su veze
idealne: krute ili zglobne. Veliki broj ispitivanja realnih
veza pokazao je da vecina krutih veza nije apsolutno
kruta, kao i da vecéina zglobnih veza nije idealna. Krute
veze pri opterecenju dozvoljavaju izvesnu relativnu
rotaciju na mestu veze, dok zglobne veze pri optere-
éenju pokazuju odreden stepen rotacione krutosti. Veze
koje po svome ponaSanju predstavljaju prelaz izmedju
zglobnih i krutih veza nazivaju se polukrute veze. Kao
Sto su celiéne veze viSe ili manje fleksibilne, tako su one
takode viSe ili manje ekscentricne. NajéeS¢e se eks-
centricitet veze zanemaruje, medutim u nekim slu-
Cajevima to nema opravdanja. To je slu¢aj kada su veze
ostvarene preko ¢vornog lima, tako da odnos ekscen-
triciteta i duzine linijskog elementa nije mali. Kod reSe-
tkastih nosa¢a odnos ekscentriciteta i duzine Stapa
moze da iznosi i do 20%, dok je kod ramovskih sistema
on znac¢ajno maniji i iznosi oko 5%. Zbog velikog zna¢aja
polukrutih i ekscentricnih veza na konaéne rezultate
proraéuna, poslednjih godina definisanje ponaSanja veze
je predmet mnogobrojnih nau¢nih radova [2,5,6,7].
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PREGLEDNI RAD
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1 INTRODUCTION

Framework buildings represent one of the very
frequent structural systems of buildings. Among framed
buildings, steel structures are an important part.
Connection beam-to-column is the medium to transfer
the corresponding forces and moments from element to
element. Numerical idealization of joint connections
usually assumes an ideal connection: either rigid or
pinned. A large number of investigations of the real
connections show that the majority of rigid connections
are not absolutely rigid, and also that the majority of
pinned connections are not ideally hinged. Rigid
connections, when loaded, allow some relative rotation
at a joint, while pinned connections exhibit some
rotational stiffness under loads. The connections that in
their behavior under loads represent an intermission
between the ideally pinned and rigid connections are
called semi-rigid or flexible connections. In the same
way as the connections in steel frames are more or less
flexible, they are also, more or less, eccentric. Usually,
the joint eccentricity is disregarded; however, in some
cases it is not justified. It is the case of joints with nodal
plates, when the ratio between eccentricity and element
length is not small. In steel trusses the ratio of ec-
centricity and the bar length may be up to 20%, while in
framed systems that ratio is substantially smaller and is
about 5%. Due to substantial effect of semi-rigid conec-
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U odnosu na prora¢un u stati¢koj analizi, dinamicki
proraun zgrada je ne samo obimniji, ve¢ i znatno
komplikovaniji. Razlog za to je veéi broj potrebnih
parametara, ukljuéujuéi i vremensku dimenziju, kao i,
inZzenjerski gledano, mnogo neizvesnija procena ulaznih
veli¢ina. Dinami¢ko optere¢enje zgrade moze da bude
dato kao: opterecenje nekom proizvoljnom dinami¢kom
silom, seizmi¢kim optere¢enjem datim preko dinami¢kog
pomeranja oslonaca ili seizmic¢kim optere¢enjem datim
preko krive spektra pseudoubrzanja. Pri opterecenju
zgrade spektrom pseudoubrzanja, u definisanom pravcu,
dobijaju se priblizne vrednosti maksimalnog odgovora jer
kombinacija modalnih odgovora uzima u obzir samo
maksimalne vrednosti odgovora za pojedine oblike ne
vezuju¢i se za vremenski trenutak u kojem su
maksimalne vrednosti nastale. Medutim, za svaki uticaj
moZe da se odredi pravac spektra pseudoubrzanja za
koji posmatrani uticaj ima ekstremnu vrednost i da se
tada nadu ekstremne vrednosti uticaja usled datog
spektra pseudoubrzanja [8].

Zgrade su kontinualni trodimenzionalni sistemi sa
kompleksnom raspodelom krutosti, mase i opterecenja.
Pri njihovom matematiCkom modeliranju obiéno se
usvaja linearno elasticno ponaSanje koje dozvoljava
princip superpozicije.

2 MATEMATICKJ MODEL STAPA SA POLUKRUTIM
| EKSCENTRICNIM VEZAMA

Na osnovu principa superpozicije, opsti slucaj
prostornog naponskog stanja Stapa u okviru linearne
analize, moze da se razdvoji na: aksijalno naprezanje,
torziju i savijanje u dve ortogonalne ravni i predstavlja
Cetiri nezavisna problema. Korektivha matrica, preko
koje se uzima u obzir uticaj polukrutih i ekscentri¢nih
veza, ima uticaja samo na C¢lanove matrice krutosti
elementa koji se odnose na savijanje. Posle odredivanja
matrice krutosti Stapa na savijanje, na osnovu principa
superpozicije, odreduje se kombinovana matrica krutosti
Stapa usled savijanja, torzije i normalnih sila.

Na slici 1 prikazan je obostrano ukljeSteni Stap u
ravni, sa polukrutim i ekscentricnim vezama, i sa
usvojenim generalisanim pomeranjima.

Slika 1 Stap u ravni sa polukrutim i ekscentri¢nim vezama

Fig. 1 Beam in a plane with semi-rigid and eccentric
connections

tions upon the final results of calculation, during the last
years many scientific research are devoted to analysis of
joint connections, see [2,5,6,7].

With regard to static analysis, dynamic analysis of
buildings is not only more extensive, but it is also more
complicated. The reason for that is the larger number of
necessary parameters, including the time dimension,
and also, in engineering sense, much more uncertain
estimate of the input values. Dynamic loading of
buildings may be given as: loading defined by some
time-dependent force, seismic loading given by dynamic
motion of supports, or seismic loading given by the
spectral pseudo-acceleration curve. When the seismic
loading of a building is defined by the spectral pseudo-
acceleration in a given direction, approximate values of
the maximum response are obtained, since the
combination of modal responses is taking into account
only the maximum values for various modes without
regard of the time instances when the maximum
occured. However, for every effect one can also obtain
direction of the spectrum of pseudo-acceleration for
which that effect has the maximum value and then to
obtain the extreme values of the effect due to a given
spectrum of pseudo-acceleration, [8].

Buildings are continuous three-dimensional systems
usually with complex distribution of stiffness, mass and
loading. In their mathematical modeling one usually
assumes the linear behavior which allows the principle of
superposition.

2 MATHEMATICAL MODEL OF A BEAM ELEMENT
WITH SEMI-RIGID AND ECCENTRIC CONNECTIONS

Due to the principle of superposition, a general case
of the spatial state of stress of a beam, within the linear
analysis, may be partitioned into the axial stresses,
torsion and bending in the two orthogonal planes, thus
representing the four independent problems. The
corrective matrix, which takes care of the effect of semi-
rigid and eccentric joints, has influence only upon the
elements of the stiffness matrix that correspond to
bending. After obtaining the stiffness matrix of a beam
with respect to bending, due to the principle of
superposition, the combined stiffness matrix of a beam
considering combined bending, torsion and axial forces
is determined.

Slika 2 Uglovi obrtanja deformisanog Stapa
Fig. 2 Angles of rotation of deformed beam
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Pona3anje polukrute veze, koje je definisano relaci-
jom izmedu momenta M i rotacije g na kraju elementa

koji je polukruto vezan, usvaja se da je linearno.

Polukruta veza krajeva Stapa modelirana je pomoc¢u
rotacionih opruga na krajevima, a ekscentri¢nost veze
predstavijena je kratkim beskonacno krutim elementima.
Formulacija elementa izvedena je tako da se moze
razdvoijiti uticaj usled polukrute veze i uticaj ekscentricne

veze.

2.1 Uticaj polukrutih veza na savijanje Stapa u ravni

Fig. 1 represents the both and fixed beam in a plane,
with semi-rigid and eccentric joints, displaying the
adopted generalized displacements.

The behavior of a semi-rigid connection, defined by
the bending moment M and rotation g, is assumed as
linear. Semi-rigid connection at beam's ends is
represented by the rotational springs at ends, while the
eccentric connection is modeled by infinitely rigid
elements. Formulation of the finite element is derived in
such a way to be able to separate effects of semi-rigid
and eccentric connections.

2.1 Effect of semi-rigid connections upon bending
of a planar beam

Razmatra se linearna polukruta veza. Veza izmedu

vertikalnog pomeranja ose Stapa Vv(Xx) i

da se prikaze preko interpolacionih funkcija kao

V=N NOO =[N, (x) N, ()

pri éemu se za interpolacione funkcije Ni(x) (i = 1,2,

usvajaju Hermite-ovi polinomi prve vrste.
Obrtanje ¢vorova sistema | i

Stapa j; i dodatnog obrtanja 6
kao posledica polukrute veze (slika 2):

vektora
generalisanih pomeranja Q, na krajevima 3tapa, moze

jednako zbiru obrtanja
kraja Stapa nastalog

Linear semi-rigid connection is considered. The
relation between the lateral displacement of a beam axis

and the vector of the generalized displacements ( at

beam's ends may be presented by the interpolation
functions as

N, (X)]

The interpolation functions Ni(x) (i 1,2,3,4) are
assumed as the Hermite's polynomials of the first kind.

Rotations of joints j , are equal to the sum of beam rota-

N, (x) q’ @)

3,4)

tion j, and the additional rotation 6 of beam's end, as a
consequence of the semi-rigid connection, see Fig. 2:

—

ji =1 +q; i1=12 (2)
Jednagcina (1), vodeéi racuna o jednadini (2), moze Equation (1), due to Eq. (2), may be written in the
se napisati kao form
(i}Vl u %Vl u é0ub
u 3 u é U_
2 1 & _
V(X Nxé‘}z La. e"ur= N(x = N(X
(9 =NOI S G =NOIEE i S == NI (8- 0) =N(a
e g5 .0 &,
d 20 d 20 d20g ®3)
T _ [ —
6 =[v, i, % i,
T _
0'=[0 g 0 g
Vektor 0, u jednacini (3), moze da se izrazi kao Vector 6, in Eq. (3), may be expressed as
€ M M, U M. e
0" =& -1 0 _20 g, =—- i=1,2 (4)
: K, K
e k1 2 U

gde je ki rotaciona krutost opruge, a |\/|i momenat u
évoru i Stapa. Veza sila i pomeranja na krajevima Stapa i

where k; represents the rotational spring stiffness, while

M

is the moment at joint i of the beam. The

je relationship between forces and displacements at
beam's ends is given by
16 MATERIJALI | KONSTRUKCIJE 53 (2010) 3 (14-31)



gde je: Komatrica krutosti na savijanje obostrano

ukljeStenog Stapa, E Young-ov moduo elasti¢nosti i |
moment inercije popreénog preseka. Momenti na
krajevima Stapa u jednacini (5) mogu da se izraze u
funkciji vektora (] . 1z jednacine (5), vodeci racuna o
jednaginama (3) i (4), dobijaju se momenti na krajevima
Stapa kao

l]_ El §6(1+292) 4'(1+392)

i D’&@+2g,) 2

&M,
&M,

4=1+4g, +4g, +129,0,

gde je g bezdimenzionalna rotaciona krutost opruge.

Vektor rotacije 8, dat jedna¢inom (4), vodeéi raéuna o
jednacini (6), moze sada da se napiSe u obliku

éT, U 612 6 -12 6y

é- U é 2 2U

@“ﬂl@:ﬂ{ea 42 -6 2 =K q o
eéT,u 1°é12 -6 12 -6lu

é_’

Mo &6 27 -6 47}

where: K0 is the bending stiffness matrix of both and

fixed beam, E is the Young's modulus of elasticity and |
is the moment of inertia of the cross section. Moments at
beam's ends in Eq.(5) may be expressed as a function

of the vector a . From Eq.(5), taking care about Egs.(3)
and (4), one obtains the moments at beam's ends as

- 6(1+2g,) 2 Ve
- 6(1+2g,) 4 (1+391)ul‘Iq
(6)

where g is the non-dimensional rotational spring
stiffness. Vector of rotation 6, given by Eq.(4) and taking
care about Eq. (6), may be written in the form

g 0 3 6 0 0 0 0 u
Mg S6 6 L"
e’1u A ]
é k1 u 1 g%(l"' 292) 491(1+3gz) - I_gl(1+292) 291 H )
0=¢ u=—=x ,(%l =G%
2'\; 3 D%G 0 0 ) 0 0 3
em, U e Y
Q_Zu é e (1+ 291) 292 - _gz(1+291) 492(1+ 391 )L’J
gk, I [ s

gde je G korektivna matrica Stapa sa polukrutim vezama
na oba kraja.

Obzirom da je vektor rotacije @ odreden i dat
jednaginom (7), moze se eliminisati iz jednacine (3), te
transverzalno pomeranje proizvoljne tacke ose Stapa
iznosi

where G is the corrective matrix of both and fixed beam
with semi-rigid connections at both ends.

Since the rotation vector 0 is determined by Eq.(7), it
may be eliminated from Eq.(3), so the lateral
displacement of an arbitrary point along the beam
element is given by

V() =NX)(I - G)4 ®)

Za slu€aj polukrutin centriénih veza je Vl =V, i

\72 =V,, a vektor &1] =(Q, pa je vektor interpolacionih

funkcija za Stap sa polukrutim centricnom vezama
jednak

In the case of semi-rigid connections one has
V=V, i V,=V,, and also vector ?A]:q, so the

vector of interpolation functions for a beam with semi-
rigid and centric connections is given as

N(X) =NX)(l - G) ©
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2.2 Uticaj ekscentri€énih veza na savijanje Stapa u 2.2 Effect of eccentric connections upon bending

ravni of a planar beam

Neka je sa ( oznaCen vektor generalisanih Let the vector (] denotes the vector of generalized

pomeranja u évorovima sistema tj. displacements in joints of the beam element, i.e.
T — - -
q"=[v j. V% i) (10)

Ekscentricil4tet évornih veza Stapa modeliran je Eccentricity of joint connections is represented by the
kratkim idealno krutim elementima konaéne duzine e; i short ideally rigid links of the finite lengths denoted as e;
ez (slika 1). Za male rotacije, veza izmedu pomeranja i e; (see Fig.1l). For small rotations, the relationship
krajeva Stapa i pomeranja &vorova veze moZe se between displacements of beam ends and displace-
napisati u obliku ments of joints, may be written in the form

evyu él ¢ 0 Oupévyu a8l 0 O Ou é0 ¢ 0O Owo
J.0 9 10 o0,¥ % 1009 %D 0 oY
g=¢€'u=¢ ue tu-¢e U € Ug=(+E)q @
&,0 & 0 1 -eUé,0 ¢ 0 1 00 & 0 0 -gur
€ u é Ué u gé u é U=
.0 0 00 10g,0 & 0015 D 0 0 0

Matrica E u izrazu (11) je korektivna matrica koja Matrix E in Eqg. (11) is the corrective matrix defining
definiSe krutu ekscentricnu vezu. Transverzalno the rigid eccentric connection. The lateral displacement
pomeranje proizvoljne tacke ose Stapa sa ekscentri¢nim of an arbitrary point along the axis of the beam element
vezama, stavljajuéi u jednacini (3) da je =0 i uzimajudi with eccentric connections, inserting into Eq. (3) that
u obzirizraz (11), iznosi 0 = 0 and taking into account Eq. (11), is given by

v(x) =N(X)8 = N(x)(I +E)q = N(x)q (12)
gde je N(X) vektor interpolacionih funkcija za where N(X) is the vector of interpolation functions for
ekscentri¢nu vezu. eccentric joints.

2.3 Uticaj polukrutih i ekscentriénih veza na 2.3 Effect of semi-rigid and eccentric connections
savijanje Stapa u ravni upon bending of a planar beam

Zamenom izraza (11) u (8), deformaciona linija Substituting expression (11) into Eq. (8), deformed
Stapa, sa polukrutim i ekscentriénim vezama, moZze da axis of a beam element with semi-rigid and eccentric
se konacno izrazi kao connections may be finally expressed as

v(x) =N(x) (1 +G,)a =N(x)q G,=(-G+E- GE) 13)
2.4 Matrica krutosti na savijanje Stapa u ravni 2.4 Bending stiffness matrix of a planar beam

Matrica krutosti Stapa na savijanje, sa polukrutim Bending stiffness matrix of a beam element with
ekscentricnim vezama, moze se izvesti preko semi-rigid and eccentric connections may be derived
deformacionog rada Stapa koji iznosi through deformational work of a beam given by

i I 2
11 i
A=_1El viix)] dx+ka? +kazy (14)
t o
I=L-(e+e)

Prvi ¢lan jednacine (14) predstavlja potencijalnu The first term in Eq. (14) represents the potential
energiju elasticne deformacije Stapa, a drugi i tre¢i ¢lan energy of elastic deformation of a beam, while the
potencijalnu energiju rotacionih opruga u polukrutim second and the third terms represent the potential
vezama Stapa. Jednacina (14), vodeci rauna o izrazima energy of rotational springs at the semi-rigid connections
(7), (11) i (13), moZe da se izrazi u matricnom obliku at beam ends. Eqg. (14), considering expressions (7),
kao (11) and (13), might be expressed in the matrix form as
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z | 2

Je ~ A

ue u

1 Te £z T\2 T "u 1 T
A==q gEIEN(X) U EN(X)U dx+G SG,g==q Kq
20 & & 72

G =G(l +E)

U jednacini (15) K predstavlja matricu krutosti Stapa
sa ekscentri¢nim i polukrutim vezama na savijanje. lzraz

K iz jednagine (15), vodedi raguna o izrazu za N(X) u
jednacini (13), moZe da se napiSe kao

© 0 0 oy

@ k0 0 (15)
© 0 0 04
D 0 0 kg

In Eq. (15) K represents the bending stiffness matrix
of a beam with eccentric and semi-rigid connections.
Expression for K in Eg.(15), having in mind the

expression for N(X) in Eq.(13), may be written as

K=(1+G,)"K,(I+G,)+G"SG

K, =El IdN"]T [N"Jaix

gde je K o Matrica krutosti Stapa sa krutim centri¢nim
vezama.

3 MODALNA ANALIZA

Ova metoda je primjenjiva ako je vremenska
zavisnost sila pobude svih masa ista ili srazmerno ista,
Sto u sluéaju seizmickog optereéenja zadovoljava uslov.

Pretpostavlja se da je seizmi¢ko optereéenje dato
preko vektora generalisanog dinami¢kog pomeranja
oslonaca a(t). Ovaj vektor sastoji se od vektora
dinami¢kog pomeranja oslonaca ad(t) i vektora
dinami¢kog obrtanja oslonaca a@(t). U proraéunu se
pretpostavlja da je vektor dinami¢kog obrtanja oslonaca
jednak nula vektoru. Vektor dinami¢kog pomeranja
oslonaca ad(t) ima proizvoljan pravac u prostoru (slika
4). Vrh vektora ad(t) jedne tacke na povrsini zemlje za
vreme zemljotresa opisuje proizvoljnu krivu u prostoru.
Vektor ad(t) moze da se razlozi u pogodnom
koordinatnom sistemu 123 na tri komponente, te vektor
generalisanog dinami¢kog pomeranja oslonaca iznosi

(16)

where K0 represents the stiffness matrix of a beam
with rigid and centric connections.

3 MODAL ANALYSIS

This method may be applied if the time dependance
of excitation forces of all masses is the same or
relatively the same, which, in the case of an earthquake
is satisfied.

It is assumed that the seismic loading is given by the
vector of generalized dynamic displacement of support
a(t). This vector consists of a vector of dynamic support
displacements aq(t) and a vector of dynamic support
rotations ay(t). It is assumed that the vector of support
rotations is equal to a zero vector. Vector of dynamic
support displacements aq(t) has an arbitrary direction in
space (Fig. 4). The tip of the vector aq(t) of a point on the
earth's surface during earhquake is inscribing an
arbitrary curve in space. Vector aq(t) may be projected
into three orthogonal components with respect to a
convenient coordinate system 123, so the vector of
generalized dynamic support displacements may be
presented as

a'®=lal®) a'®|=ll®) o

a ) =[a, a a]
a'®=[0 0 0]=0

Kretanje konstrukcije usled seizmickog opterecenja
tretira se kao slozeno kretanje. Ukupni  vektor

pomeranja qj,abs svake mase j (j=1,2,...,N), sastoji se

od vektora prenosnog pomeranja qj«(t) koje je jednako
seizmiCkom pomeranju tla i vektora relativhog
pomeranja g;(t) (slika 3), iiznosi

17

The motion of the structure due to seismic excitation
is considered as the compound motion. The absolute

displacement vector qj,abs of each mass j (j=1,2,...,N),

consists of the vector of imposed displacement qjx(t)
which is equal to the seismic soil displacement at the
base of the building, and the vector of relative
displacement q;(t) (Fig. 3), so, itis

qj,abs:qj,k+qj (18)
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Neka osa 1 koordinatnog sistema 123 u kojem je dat
vektor dinami¢kog pomeranja oslonaca zaklapa ugao a
sa globalnom osom X, a osa 3 je u pravcu ose Z (slika
4). Ako se pretpostavi da je broj generalisanih
pomeranja ¢vora Sest, vektor prenosnog pomeranja
¢vora j u pravcu osa globalnog koordinatnog sistema
iznosice

ér

0
Qix = & oY

gde je I' matrica transformacije prenosnog pomeranja
¢vora iz koordinatnog sistema 123 u koordinatni sistem
XYZ. Vektor ukupnog (apsolutnog) pomeranja sistema
sada iznosi

0. (1) =Ba(t) +q(t)

r

Let the axis 1 of the coordinate system 123, which is
used as the reference frame for support displacement,
forms the angle a with the global X axis, and the axis 3
is in direction of the vertical Z axis (Fig. 4). If one
assumes that the number of generalized displacements
of a joint is six, the vector of imposed displacements of
joint j with respect to the axes of the global coordinate
system may be given as

égosa -sha U

= € U 19
gSina  cosa G (19)
g 14

where I" represents the transformation matrix of imposed
motion at considered joint from the coordinate system
123 into the coordinate system XYZ. The vector of the
total (i.e. absolute) displacement is given as

q;bs:gqlabs K q-jr,abs K qL,absH
B"=|B] K B K Bj|

(20)

a' =g K g K o

U slu€aju seizmickog opterecenja, inercijalne sile
zavise od apsolutnog ubrzanja, sile priguSenja od
relativne brzine i restitucione sile od relativhog
pomeranja, a spoljaSnje dinami¢ke sile u &vorovima
sistema su jednake nuli. Dinami¢ka jednacina ravnoteze
sistema, odn. diferencijalna jednacina kretanja, usled
seizmi¢kog optereéenja, glasi

Mmabs-i-ca-*_Kq:O

gde je: M matrica masa, C matrica viskoznog prigusSenja
i K matrica krutosti sistema. Jednacina (21), vodedi
racuna o izrazu (20), glasi

cvor f

q; i

A

\m 4 ___..."'——_ i
I | \kl"::L__."- 0

Slika 3 Pomeranje objekta pri zemljotresu

Fig. 3 Displacement of a structure due to an earthquake

In the case of a seismic loading, the inertial forces
depend upon the absolute acceleration, viscous dis-
sipative forces upon the relative velocity and the resti-
tution forces upon the relative displacement, while the
external dynamic nodal forces are equal to zero.
Dynamic equilibrium equations, i.e. differential equations
of motion, due to seismic loading, are given in the matrix
form as

(21)

where: M is the mass matrix, C the matrix of viscous
damping and K the stiffness matrix. Eq. (21), considering
expression (20), becomes

' Z

43

Slika 4 Razlaganje vektora dinami¢kog pomeranja
oslonaca agq
Fig. 4 Decomposition of the vector of dynamic
support displacement aq

20
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M§+Cg+Kqg=-MB& (22)

Matrica priguSenja C usvojena je, na uobic¢ajen
nacin, kao linearna kombinacija matrice masa i matrice
krutosti:

C=aM + K a

U jednacini (23) se koeficijenti o i p obi¢no racu-
naju tako Sto se za dve svojstvene frekvencijew; i w,,,

za dva razli¢ita svojstvena oblika, usvaja da je relativho
priguSenje isto: X =X; =X .

Sistem simultanih diferencijalnih jednacina (22), pri-
menom metode modalne analize, moze se transformi-
sati u sistem medusobno nezavisnih jednacina od kojih
je svaka sa jednim stepenom slobode. Da bi se izvrSila
ova transformacija, prvo je potrebno uraditi linearnu
transformaciju vektora nepoznatih generalisanih pome-
ranja q(t), koriste¢i glavne forme sopstvenih neprigu-
Senih oscilacija sistema, preko modalne matrice F, koja
je nezavisna od vremena, te se dobija da je

Damping matrix C is assumed in the usual way as
the linear combination of the mass and stiffness
matrices:

X W, W, X
w, +Ww,

b=—"—"_
w, +W, (23)

The coefficients o and g in EQ.(23) are usually
determined in such a way that for the two natural freque-
nciesW, andw_, corresponding to two different natural

modes, an equal relative damping is adopted:
X =X =X, -

The system of simultaneous equations (22), using
the modal analysis, may be transformed into the system
of mutually independent equations, each one
corresponding to one degree of freedom. In order to
preform the modal analysis, the corresponding modal
transformation is done, that is the generalized displace-
ments q(t) are expressed as the linear combination of
the modal matrix F, which is independent of time, and
the new modal, or normal, coordinates n;(t):

q(t) = @n(t) (24)

gde je mM(t) vektor normalnih koordinata. Modalna
matrica F jednaka je

o=[0, K ® K @]

gde je (I)i svojstveni (karakteristi¢ni, modalni) vektor

za svojstvenu frekvenciju wi. Unosedi izraze (24) u jedna-
ginu (22) i mnoZedi je sa leve strane sa F ' dobija se

where1|(t) is the vector of normal (or modal)
coordinates. Modal matrix F is given as

i=12,..n (25)

where (I)i is the natural vector (eigen vector, or modal
vector) corresponding to the eigen-frequency w;
Inserting expressions (24) into Eq. (22) and
premultiplying by F " one obtains

O'M D(t) + ' COR() + D' KDn(t) =- ' MB& (26)

Imajuci u vidu proporcionalnost (23) i ortogonalnost
svojstvenih vektora, dobija se da je

®'C® =diag(2xw,)

pri €emu su modalni vektori joS i ortonormirani u odnosu
na matricu mase, tako da je

O MD =1
Sistem jednacina (26), vodec¢i racuna o jedainama

(27) i (28), prelazi u skup nezavisnih jednacina po
normalnim koordinatama (i=1,2,...,n):

Having in mind the linear combination (23) and
orthogonality of eigen-vectors, one obtains
(27)

while the modal vectors are also orthonormalized with
respect to the mass matrix, so

®'K® =diag(w?’) (28)

The system of equations (26), having in mind
relations (27) and (28), becomes the set of indepenedent
modal (or normal) equations (i=1,2,...,n):

1% +2x, w.h, +w’h, =- ® MB#& (29)
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ReSenje ove jednadine moze da bude prikazano
preko integrala konvolucije

® MB !

h, =- (ﬁ(t )e

U jednacini (30), vodeéi racuna o jednacinama (23),
(27) i (28), priguSenje i-tog tona oscilovanja iznosi

4 SPEKTRALNA ANALIZA

Spektar odgovora moZe se upotrebiti samo sa
modalnom analizom. Detaljniji prikaz spektralne analize,
ali i drugih savremenih postupaka analize uticaja zemljo-
tresa, dat je u radu [9], dok je analiza vrednovanja
aseizmic¢kog projektovanja data u [10]. O pristupu
seizmiCke analize u skladu sa odredbama Evrokoda 8,
dato je u [12], dok rad [11] posebno posmatra analizu
vremenskog odgovora za zadati akcelerogram. Pri
izvodenju izraza koji slede, pretpostavljeno je da
pobudivanje konstrukcije moze da bude samo u
horizontalnoj ravni i to u pravacu samo jedne od osa 1 ili
2. Ovo ograniCenje pojednostavijuje izvodenje, ali ne
ograniCava metodu. PoSto se radi u elasticnom
podrugiju, vazi zakon superpozicije i rezultati proracuna
za pojedine pravce pobudivanja mogu da se sabiraju.
Pretpostavlja se da je pobuda (odn. ubrzanje) u pravcu

ose 1 idaiznosi 8(t).Izraz (19) se transformige u

B &(t) =b &(t)

Jednagcina (30) moze, vodeci racuna o izrazu (32),
da se napiSe kao

T t
hiz_(I)Mb

"=gh; K bj K by

Sa D; je oznacen integral. GI je faktor participacije

definisan izrazom
G

U slucaju opterecenja konstrukcije spektrom odgovo-
ra, kod sistema sa jednim stepenom slobode pomeranija,
vrede izrazi

bl =[cosa sna 0 0 0 0

oﬁ(t)eXth snw,(t-t)dt =-

=®'Mb

The solution of each modal equation may be given
with use of the convolution integral in the form

WD sinw (t- t)dt (30)

Keeping in mind equations (23), (27) and (28), the
relative damping of the mode i in Eq.(30) is given by

J—— (31)
W, + W,

4 SPECTRAL ANALYSIS

The response spectrum may be used only in the
context of the modal analysis. More detailed presen-
tation of the spectral analysis, and also other con-
temporary methods of seismic analysis, is given in [9],
while the analysis of evaluation of aseismic design
solutions is given in [10]. Seismic analysis according to
Eurocode 8 provisions is given in [12], while [11] is
addressing the time history response for a given
accelerograms. In derivation of the following expressions
it is assumed that the seismic excitation of the structure
is acting only in the horizontal plane and in direction of
only one axis, 1 or 2. This restriction simplifies deriva-
tion, but does not restrict the method itself. Since the
elastic behavior is assumed, the principle of super-
position is valid, so the results obtained separetely for
various directions may be added. It is assumed that the
excitation (i.e. acceleration) is acting in direction of the

axis 1 and is given as #(t). Expression (19) is trans-
formed into

(32)

Eq. (30), having in mind expression (32), may be
written as

D D) (33)

The integral in Eq. (33) is denoted as D; while G is

|
the participation factor defined by

(34)

When the structure is loaded by the response
spectrum, for the system with one degree of freedom,
the folowing relations hold

22

MATERIJALI | KONSTRUKCIJE 53 (2010) 3 (14-31)



S S
— — v _ “pa
A0 =S == 9
W W
gde je Sq spektar relativnih pomeranja, S,y spektar where Sy is the spectrum of relative displacements, Spy
pseudobrzine i Spa spektar pseudoubrzanja. Svi  spektri the spectrum of pseudovelocity and Spa the spectrum of
S su funkcije kruzne frekvencije i priguSenja S=S(w,x), pseudoacceleration. All spectrums S are the functions of
ali, alternativno, mogu da budu izrazeni i u funkciji the circular frequency and the relative damping
svojstvenog perioda i priguSenja. S=S(w,x), but, alternatively, may be expressed as the
Maksimalna veli¢ina koli¢nika Di(t)/w; po analogiji sa functions of the natural period and damping.
sistemom sa jednim stepenom slobode, jednaka je The maximum value of the ratio Di(t)/w; in analogy
veli¢ini u spektru pomeranja, za kruznu frekvenciju w; i with the system with one degree of freedom, is equal to
za prigusenje x; the corresponding value in the displacement spectrum,
for a given modal circular frequancy w and for a modal
damping x;
D, (t)
—_— — I
S =S (W, %) =——= (36)
i max
Na taj nacin, maksimalna veli¢ina h; data izrazom Therefore, the maximum value of h; given by
(33), vodeci racuna o izrazu (36), moZe da se napiSe u expression (33), and having in mind expression (36),
obliku may be written in the form
N e =135 (37)
Vektor maksimalnih generalisanih pomeranja i vektor Due to transformation (24), the vector of maximum
maksimalnih unutrasnjih sila (doprinos vibracija u tonu i) generalized displacements and the vector of maximum
u osnovnom koordinatnom sistemu su, imajuéi u vidu internal forces (contribution of the natural mode i), in the
(24), dati sa initial generalized coordinates, are given, having in mind
transformation (24), as
Ui rex = PN e = @G S (38)
— — 2 — T
SI - in,max - IVIWi qi,max =M (I)iq)i M bSpai (39)

Veli¢ina Spa je veliCina u spektru pseudoubrzanja.
Indeks i odnosi se na ton vibracija i. Vektor unutrasnjih
sila S; koristi se kao ekvivalentno statiCko opterecenje
(seizmicke sile) statickog modela konstrukcije.

Kao krajnji rezultat analize, potrebno je poznavati
ukupan uticaj (presecne sile, pomeranja) usled svih
tonova vibracija. Kombinacije uticaja pojedinih tonova,
kod primene spektra odgovora, moguce je naciniti samo
priblizno. Kao jedna od metoda kombinacije upotrebljava
se kompletna kvadratna kombinacija (eng. Complete
Quadratic Combination) ili skraéeno CQC. Ukupni vektor
uticaja u (prese¢ne sile, pomeranja) u konstrukciji
usled svih modova oscilovanja, iznosi

The quantity Spa is the value in the spectrum of
pseudoaccelerations and the index i corresponds to the
natural mode number i. The vector of internal forces S; is
used as the equivalent static loading (i.e. seismic forces)
in the static model of the structure.

As the final result of the analysis, it is necessary to
obtain the complete effects (internal forces, displace-
ments) due to all natural modes. The proper combina-
tions of the contributions of particular natural modes in
the overall response, using the spectral approach, may
be determined only approximately. As one of the modal
combinations, the Complete Quadratic Combination (or
CQQC), is used here. The complete vector of some effect
in the structure (internal forces, displacements), denoted
as u, as the corresponding contribution of all natural
modes, is given as

, . e[ T U u =gy, K u, K u,H
il gt o
< - ~ M 7
gllg € U (40)
_a n_er—= 1
u = U=gsjuAu, g
e u e a
ellg x W =
&4 &
5 = "
U &Ju Au H
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gde je U, vektor k-tog uticaja u konstrukciji usled svih
modova oscilovanja, a ¢lan U, , vektora U, je vrednost

uticaja k za i-ti ton oscilovanja i ¢lan U, vektorau je

ukupni k-ti uticaj usled svih modova oscilovanja. A je
matrica korelacije, prema Der Kiureghian-u [3], i iznosi

where u, is the vector of the k-th effect in the structure
due to all modal contributions, and the term U, , of the
vector u, is the value of the effect k for the i-th mode of

oscillation and the term U, of the vector u is the total k-

th effect due to all modes of vibrations. Finally, A is the
corelation matrix, according to Der Kiureghian [3], and is
given by

€pn L Pim U o = 8,/¢i¢ (& ¢ )re'? r _%
_€ u i
A—éM I’” M l:l ] (1_ rz)z +4§i§jr(l+r2)+4(§i2+§j2)r2 a)i (41)
goml L pmmH OEI'”- £1

Izraz (41) nije upotrebljv kada je x = 0,r =1i tada se
uzimadaje My =1.

5 EKSTREMNE VREDNOSTI UTICAJA

Pretpostavice se da spektralno optereéenje, dato
preko krivih S; i S, deluje na konstrukciju u dva
ortogonalna pravca, u horizontalnoj ravni, istovremeno.

Vektor rezultujuc¢ih uticaja U, &ije su komponente
vrednosti uticaja U1 usled opterecenja S; koje deluje
pod uglom a i Uz usled optere¢enja S, koje deluje pod

uglom a +90, iznosi

__ €& u_étcosa tsina
U=é& a=¢
ahg e

gde je u?

. vrednost uticaja

u usled spektralnog
optere¢enja S; (i=1,2) koje deluje pod uglom a
(a =0,90) i raéuna se prema izrazima datim u
poglaviju 4. Predznak * u jednacini (42) je neohodan
poto vrednosti U7
kombinaciji. Posto su S; i S; staticki nezavisni, ukupna
vrednost uticaja u je

gube predznake u modalnoj

u@)=,u'

Ugao za koji ¢e neki uticaj Uimati ekstremnu

vrednost, nalazi se iz uslova [8]

fu@)
fa

=0

Expression (41) may not be used when x =0,r =1,
so in that case, one uses r, =1

5 EXSTREME VALUES OF EFFECTS

It is assumed that the spectral loading, defined by
curves S; and Sy, is acting upon the structure in the
horizontal plane, along the two orthogonal directions,
simultaneously.

The vector of the

components are denoted as U, due to loading S; which
is acting along the anglea (with respect to X axis) and

resulting effect U, whose

U, due to loading S which is acting along the

anglea +90, is given as

Uy

D> D~
8

(o Jeny ey eny exy end

k=

(42)

I+
(28
]
Q

+ cosa

o ey end
(‘E)CD) [
N © ,\,CO

o

where uf‘ is the value of the effect u due to spectral
loading S; (i=1,2) which is acting along the
anglea (& =0,90) and is determined according to
expressions given in the section 4. The sign + in Eq. (42)
is necessary since the values uf‘ are losing their signs

in the modal combination. Since S; and S; are statically
independent, the total value of the effect u is given as

(43)

The angle that corresponds to the case when some
effect u has an extreme value may be obtained from the
condition, see [8],

(44)
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1z izraza (44) dobija se, vodec¢i rauna o izrazima
(42) (ispred sinusa i kosinusa ugla uzima se predznak

+) i (43), izraz iz kojega se racuna kriticni ugao a . za
koji uticaj u ima ekstremnu vrednost i iznosi

0, ,90
2(ulu1 +u2u2

Using expression (44), taking care about expressions
(42) (in front of sine and cosine terms the sign + is
assumed) and also (43), one obtains the expression

from which one might determine the critical angle a

that corresponds to the extreme value of the effect u and
is given by

0 90)

tan(2a cr )

Svaki uticaj moze da ima razli€itu vrednost kriticnog
ugla usled spektralnog opterecenja. Zamenom ugla a .,

u izrazu (42), iz izraza (43) moze da se izrauna
ekstremna vrednost uticaja.

6 PARAMETARSKA ANALIZA

Za parametarsku analizu koriS¢en je razvijeni
program ELAN [2] koji je napisan u jeziku C++ i
omogucéava linearnu i nelinearnu analizu konstrukcija
usled stati¢kog i dinami¢kog opterecenja.

Da se u analizi uticaja (pomeranja i preseCne sile),
usled promene fleksibilnosti i ekscentri€nosti veza na
seizmiCki odgovor konstrukcije, ne bi koristile stvarne
numeric¢ke vrednosti uticaja, uvode se bezdimenzionalne
veli¢ine: koeficijenat krutosti, koeficijenat ekscentri¢nosti
i normalizovani uticaj. Pri tome se definiSu dve vrste
dijagrama [8]:

- Dijagram A: Koeficijlent  krutosti  (Kx) -
Normalizovani uticaj usled promene koeficijenta krutosti

( Nk’u ). Uticaji u konstrukciji su dati kao funkcije koefici-
jenta krutosti veze koja je definisana kao

(W) - UP))+ (WD) (D))

(49)

Every effect may have the different value of the
corresponding critical angle due to spectral loading.

Substituting the anglea ., in expression (42), using (43),

one might determine the corresponding extreme value of
considered effect.

6 PARAMETRIC ANALYSIS

For the parametric numerical analysis, the cor-
responding computer code ELAN [2] is used. The code,
developed using C++ language, enables the linear and
non-linear static and dynamic analysis of framework
building structures.

When analyzing effects (displacements and cross-
sectional forces) due to change of flexibility and
eccentricity of joints under seismic loading, in order to
avoid the real numerical values, the corresponding non-
dimensional values are introduced: coefficient of joint
rigidity, coefficient of joint eccentricity and normalized
considered effect. Two types of diagrams are defined,
according to [8]:

- Diagram A: Coefficient of rigidity (Kk) - Normalized

effect due to change of coefficient of rigidity (N, ).

Structural effects are given as functions of the coefficient
of joint rigidity, which is defined as

1
K, =——— (46)
k 3El
1+ —
Ik
gde je k krutost veze. Uticaji kod ovog dijagrama se where k is the joint rigidity. Effects are normalized by
normalizuju deljenjem njihovih vrednosti sa vrednostima dividing their values by the value of the same effect in
dobijenim za konstrukciju sa krutim vezama. Normali- the case of a structure with rigid connections.
zovani uticaj je dat kao Normalized effect is given as
_ Uk
Nk,ut - (47)
U=1

gde je ukk posmatrani uticaj (oznaka ut=U za
pomeranja, ut=F za sile) za koeficijenat krutost veze K,
a Ukk=1 je istitaj uticaj za Ky =1.

- Dijagram B: Koeficijent ekscentricnosti (Ke) -
Normalizovani uticaj usled promene koeficijenta

ekscentri¢nosti ( Ne’u). Uticaji u konstrukciji su dati kao

funkcije koeficijenta ekscentricnosti veze. Koeficijent
ekscentri¢nosti veze dat je kao

where ukx is considered effect (notation ut=U for
displacements, ut=F for forces) for the coefficient of joint
rigidity Ky, while ukk=1 is the same effect for Ky =1.

- Diagram B: Coefficient of eccentricity (Ke) -
Normalized effect due to change of the coefficient of

eccentricity (Neu). Structural effects are given as

functions of the coefficient of joint eccentricity. The
coefficient of joint eccentricity is given as
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e

K, = Il_k (48)

gde je Ik duZina krute zone u ¢&voru, a | duZina Stapa.
Uticaji kod ovog dijagrama se normalizuju deljenjem
njihovih vrednosti sa vrednostima dobijenim za
konstrukciju bez ekscentriciteta. Normalizovani uticaj
iznosi

N

gde je u,, posmatrani uticaj za koeficijenat ekscentri-
¢nosti Ke, a u,_, isti taj uticaj za Ke=0.

U parametarskoj analizi se, kao uticaji, analiziraju
ekstremni uticaji u konstrukciji, koji se ra¢unaju prema
postupku datom u poglavlju 5. Normalizovane vrednosti
ekstremnih uticaja dobijaju se iz izraza (47) odnosno (49).

Kao primer, na kojem je uradena parametarska
analiza, razmatrana je nesimetricna zgrada sa tri kule
razliCite spratnosti. Glavna kula ima deset spratova, dok
sporedne kule imaju ¢etiri, odnosno Sest spratova (slika
5). Osovinski razmak stubova u X i Y pravcu je 8 metara,
a meduspratna visina je 4 metra. Karakteristike popre-
¢nih preseka su: grede: povrSina F=0.306m’, momenat
inercije oko lokalne ose paralelne ravni XOY | =
0.002569 m*; stubovi: povrSina F=0.1224m’ , momenat
inercije oko obe lokalne ose | = 0.001798 m”. Young-ov

moduo elastiénosti materijala je E =2.1x10FkNm 2
(Celik). Ekscentricitet i krutost veza uzimana je samo na
spoju greda i stubova.

Uticaji u konstrukciji su analizirani za opterecenja
data preko krivih spektra pseudoubrzanja (slika 6a):
kriva Sec1 prema [1], sa parametrima: #&=1.2ms?,
srednje tlo (tip B), faktor ponaSanja g=1, {=0%.; kriva
Skc2 prema [1], sa parametrima: & =1.2ms 2, srednje tlo
(tip B), faktor ponaSanja q=1, £€=5%.; kriva Sy, prema
[4], sa parametrima: Il kategorija tla, 1l kategorija objekta,
tip konstrukcije 1 i IX seizmi¢ko podrucije. Posto su, pri
analizi preko dijagrama Ki- N, , | Ke- Ny od interesa

samo normalizovane vrednosti uticaja, kao opterecenje
mogu da se koriste normalizovane vrednosti spektara
pseudoubrzanja (slika 6b). Ova normalizacija je izvrSena
u odnosu na maksimalnu vrednost pseudoubrzanja za
svaki dijagram posebno. Osim normalizovanih krivih
spektara pseudoubrzanja Sgci, Sec2 | Syu  uveden je i
jediniéni spektar pseudoubrzanja Sc, da bi se iz prora-
¢una eliminisao uticaj oblika krive spektra pseudo-
ubrzanja, i na taj nacin dobile graniéne vrednost norma-
lizovanih uticaja u konstrukciji sa fleksibilnim i ekscen-
triénim vezama.

Uticaji u konstrukciji traZze se za Cetiri slu¢aja optere-
¢enja, data preko Cetiri spektralne krive. Prilikom odre-
divanja uticaja, za svaki slu¢aj opterecenja posebno, isti
spektar pseudoubrzanja deluje u pravcu osa 1 i 2
istovremeno.

Tavanice konstrukcije su krute betonske ploce.
Obrtanje ¢évorova Celicne konstrukcije nije spre¢eno. Za
proraéun uticaja u konstrukciji, u radu je koris¢en model
zgrade sa krutim tavanicama - pseudo trodimenzionalni
model, opisan u radu [2]. Mase konstrukcije su koncen-
trisane u teZistima tavanica i vrednosti su date u tabeli 1.

e,ut

where ¢ is the length of the rigid zone in a joint, while |
is the length of a beam element. The effects in this
diagram are normalized by dividing their values with the
corresponding values obtained for the structure without
eccentricity. The normalized effect is given as

Uy

=__Rre (49)
l'IKe:0

where Uy, is considered effect for the coefficient of

eccentricity Ke, while u,._, is the same effect for Ke=0.

0

The effects calculated in the parametric analysis are
the extreme effects in the structure, determined
according to the procedure outlined in section 5.
Normalized values of extreme effects are obtained
according to expressions (47), or (49).

As an example structure, used in the parametric
analysis, a non-symmetric framed building with three
towers of different number of stories is considered. The
main tower has ten stories, while the other two towers
have four and six stories, (Fig. 5). The bay distance of
columnsin X and Y directions is 8m, and the story height
is 4m. Cross-sectional properties are, for beams: area
F=0.306m? moments of inertia | = 0.002569 m* and for
columns: area F=0.1224m” moments of inertia in both
directions | = 0.001798 m*. Young's modulus of elasticity
of material is E = 2.1x10°kNm 2 (steel). Eccentricity and
rigidity of joint connections is considered only at beam-
to-column connections.

The structure is analyzed for loadings that are
defined as given curves of pseudo-acceleration (Fig. 6a):
the curve Sgc1 according to [1], with parameters:

#=1.2ms 2, soil type B (middle soil), behavior factor
g=1, £&=0%.; curve Sgc2 according to [1], with parameters:

&:1.2ms'2, soil type B (middle sail), behavior factor
g=1, &€=5%.; and curve Sy, according to [4], with
parameters: soil type |Il, category of structure II,
structural type 1 and the seismic zone IX. Since the
results of parametric analysis are presented by the
normalized diagrams K- Nk,ut and Ke- Ne.u i.e. only

normalized effects are of interest, it is possible to use the
normalized values of the pseudo-acceleration spectrums
(Fig. 6b). The normalization is performed with respect to
the maximum value of pseudo-acceleration for each
curve separately. Besides the normalized curves of
pseudo-acceleration spectrums Sgci, Secz and Syy  the
unit pseudo-acceleration spectrum Sc is introduced too,
in order to eliminate the influence of the shape of the
spectral curve in the calculation and to obtain the limit
values of normalized effects in the structure with the
flexible and eccentric joint connections.

Effects in the structure are determined for the four
loading cases, given by four spectral curves. Deter-
mination of extreme effects was done for simultaneous
pseudo-acceleration spectrum in both axes 1 and 2, for
each loading case.

Floor slabs of the structure are rigid concrete plates.
Rotations of joints of the steel part of the structure is not
prohibited. Numerical model of a building was assumed
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as the pseudo tridimensional model with rigid floors, as
described in [2]. The mass of the structure is
concentrated in the centers of mass of each slab and is
given in the Table 1.

Tabela 1: Mase po spratovima
Table 1: Floor masses

ékN sec’ U kN sec” U 2
Tavanica my & g m, g ( m; [kNmseC J
e M g e M g

Floor
1-4 120 120 7263
5-6 80 80 2133
7-10 40 40 426

X

Presek osnove prvog sprata

Slika 5 Izgled zgrade i osnove sa oznakama
¢vorova u kojima su trazeni uticaji
Fig. 5 3D view and plan of a building with node
numbers where the effects are determined

618 palm/s ]

S'Ect

a)

129 8pafm/s™]

b)

Slika 6 a) Krive spektra pseudoubrzanja, b)
Normalizovane krive spektra pseudoubrzanja
Fig. 6 a) Pseudo-acceleration spectrum curves b)
Normalized pseudo-acceleration spectrum curves
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Na slici 7 prikazan je uticaj promene koeficijenta kru- Fig. 7 is presenting the influence of the change of the

tosti na normalizovana ekstremna pomeranja ¢vorova 1, coefficient of rigidity upon the normalized extreme dis-
11 i 19 u pravcu ose X. Normalizovana ekstremna po- placements of nodes 1, 11 and 19 in direction of the
meranja rastu sa opadanjem koeficijenta krutosti. Za isti global X axis. The normalized extreme displacements are
o [Ny 1.00 -
71 0.90 -
5 4
0.80 -
3 -
D Ky Ke
1 _\_—I_\__\_I_“_‘T_\__\_I_ T T T T 1 0.70 T T T T !
01 02 03 04 05 06 07 08 09 10 0 0.02 004 0.08 0.08 0.1
a) a)
N 100 7
g VKU M,
'h"r'.'_l.l? B :";:_-.._\__‘
7 aso - TR
T,
5 1 R
00 1 T
3 |
- T Ke K,
1 . . e ey . AT , , ,
01 02 03 04 05 06 07 08 09 10 v] [l 13 .04 a.06 0.04 i
b)
1.00 -
g 1 Niu
T 1 0.90 -
5 -
0.30
3 7 .
R K
1 h“’“"—h—_—_________ ki ‘\,Ke
' ' ' ' ' ' ' ' ' 070 . . : : =
01 02 03 04 05 06 07 08 09 10 0 0.02 0.04 0.06 0.08 04
c) c)
1 Niu 100 - Ngus
0.90 +
0.80 -
Ke
K‘j 0.70 . . . . .
10 0 0.02 0.04 0.06 0.08 0.1
d) d)
— U1 - Mt —=—=wms - Kk=01 — —Kk=05 ——kk=1.10
Slika 7 Uticaj krutosti veze na normalizovane Slika 8 Uticaj ekscentriciteta veze na nor -
ekstremne vrednosti pomeranja ¢vorova u pravcu X malizovane ekstremne vrednosti pomeranja ¢vora 1
usled a) Sgc1 b) Sec2 €) Svu d) Sc usled a) Sgc1 b) Sec2 €) Svu d) Sc
Fig. 7 Influence of the joint rigidity upon the Fig. 8 Influence of the joint eccentricity upon the
normalized extreme displacements in X direction due  normalized extreme displacements of node 1 due to:
to:a) Sgc1 b) Sec2 €) Svu d) Sc a) Sgc1 b) Sec2 €) Svy d) Sc
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koeficijenat krutosti, normalizovano ekstremno pomera-
nje se uvectava sa uvecanjem sprata. Normalizovana
ekstremna pomeranja, data na slikama 7a-c, ne prelaze
odgovarajuce grani¢ne vrednosti pomeranja date na slici
7d.

Na slici 8 prikazan je uticaj promene koeficijenta
ekscentriCnosti, a za tri vrednosti koeficijenta krutosti
K¢=0.1, 0.5, 1.0, na normalizovano ekstremno pomera-
nja ¢vora 1 u pravcu ose X. Sa slike se vidi, da Sto je
veci koeficijent ekscentri¢nosti, za bilo koji koeficijenat
krutosti, normalizovano ekstremno pomeranje se
smanjuje priblizno linearno. Za istu vrednost koeficijenta
ekscentricnosti, a za razliCite koeficijente krutosti,
normalizovana ektremna pomeranja su priblizno ista.

Normalizovana ekstremna pomeranja, data na slika-
ma 8a-c, ne prelaze odgovaraju¢e grani¢ne vrednosti
date slici 8d.

Na slici 9 prikazan je uticaj promene koeficijenta
krutosti na normalizovane ekstremne vrednosti prese-
¢nih sila u oslona¢kom ¢&voru 21. Transverzalna sila T je
data u pravcu globalne ose Y, a momenat savijanja M je
dat oko globalne ose X. Na dijagramima se vidi, da sa
smanjenjem koeficijenta krutosti normalizovane ekstre-
mne transverzalne sile ravhomerno opadaju. Normalizo-
vani ekstremni momenti savijanja, sa smanjenjem koe-
ficijenta krutosti, i u zavisnosti od primenjenog spektra
psudoubrzanja, mogu da opadaju pa da rastu (slika 9c).
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increasing with decrease of the coefficent of rigidity. For
a given coefficient of rigidity normalized extreme
displacement is increasing with increase of floor level.
Normalized extreme displacements, given in Figs. 7a-c,
do not overcome the limit values of displacements given
in Fig. 7d.

Fig. 8 is presenting the influence of the change of the
coefficient of eccentricity, for the three values of the
coefficient of rigidity Kyg=0.1, 0.5, 1.0, upon the
normalized extreme displacement of node 1 in direction
of the axis X. It may be seen from the figure that with
increase of the coefficient of eccentricity, for any
coefficent of rigidity, normalized extreme displacement is
decreasing approximately linearly. For the same value of
the coefficent of eccentricity, normalized extreme
displacements are approximately the same.

Fig. 9 is presenting the influence of the change of the
coefficent of rigidity upon the values of the cross-
sectional forces at the support joint 21. Transverse force
T is in direction of the global axis Y, while the bending
moment M is about the global axis X. From the given
diagrams, it may be seen that the normalized extreme
transverse forces are uniformly decreasing with
decrease of the coefficient of rigidity. Normalized extre-
me bending moments, with decrease of the coefficient of
rigidity and depending on the applied spectrum of
pseudo-acceleration, may decrease and then increase
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Slika 9 Uticaj krutosti veze na normalizovane ekstremne vrednosti presecnih sila u ¢voru 21 usled a) Sgc1 b)
Sec2 C) Syu d) Sc
Fig. 9 Influence of joint rigidity upon the normalized extreme values of cross-sectional forces in joint 21 due to
a) Sec1 b) Sec2 €) Svy d) Sc
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Normalizovane ekstremne prese¢ne sile, date na
slikama 9a-c, ne prelaze odgovaraju¢e grani¢ne
vrednosti date slici 9d.

Iz dijagrama na slikama 7 i 9 mozZe da se vidi da
promena krutosti veze ima dosta veceg uticaja na
pomeranja nego na presecne sile.

7 ZAKLJUCAK

Matrica krutosti za gredne elemente sa polukrutim i
ekscentricnim vezama, kao i postupci modalne i
spektralne analize, prikazani su u radu i implementirani
su u razvijenom programu ELAN, napisanom u jeziku
C++. Program je namenjen za linearnu staticku i
dinamiku analizu prostornih ramovskih konstrukcija, a
samim tim i za analizu prostornih i nesimetri¢nih zgrada,
ukljuéuji¢i i seizmiCku analizu datu preko spektralnog
optereéenja.

U cilju ilustracije numeri¢kog postupka razmatrana je
nesimetri¢na zgrada, gde glavna kula zgrade ima deset
spratova, dok sporedne kule imaju Cetiri, odnosno Sest
spratova. Za analizu uticaja u zgradi, koriS¢en je model
zgrade sa krutim tavanicama — pseudo trodimenzionalni
model. Uticaj polukrute i ekscentriéne veze u proracun je
uveden preko korektivne matrice. Primenom korektivhe
matrice modifikovana je konvencionalna matrica krutosti
elementa sa krutim i centri€nim vezama.

Analiziran je uticaj ekscentriciteta i krutosti veza na
ekstremne vrednosti uticaja (pomeranja i prese¢ne sile)
usled optereéenja zgrade spektralnim optereéenjem.

Na osnovu analize dobijenih rezultata, moze da se
zakljuéi da: promena koeficijenta krutosti veze ima dosta
veceg uticaja na normalizovana ekstremna pomeranja
nego na normalizovane ekstremne presecne sile; sa
smanjenjem koeficijenta krutosti: normalizovana eks-
tremna pomeranja se poveéavaju, normalizovana
ekstremna transverzalna sila u osloncu ravnomerno
opada, a normalizovani ekstremni momenat savijanja u
osloncu moze na jednom delu dijagrama da opada a
zatim da raste u zavisnosti od primenjenog opterecenja;
sa povecanjem koeficijenta ekscentri¢nosti, za bilo koji
koeficijenat krutosti, normalizovana ekstremna pomera-
nja linearno opadaju.

(Fig. 9c). Normalized extreme cross-sectional forces,
given in Figs. 9a-c, do not overpass the corresponding
limit values given in Fig. 9d.

From diagrams given in Figs. 7 and 9 it may be
concluded that the change of joint rigidity has sub-
stantially greater influence upon displacements then
upon the cross-sectional forces.

7 CONCLUSION

The stiffness matrix for beam elements with semi-
rigid and eccentric connections, modal and spectral
earthquake analyses, are presented in the paper, and
also implemented in the computer code called ELAN,
see [2], which is developed in C++. The program is
devoted to linear static and dynamic analysis of spatial
frames, therefore also to 3D and non-symmetric
buildings, including also seismic analysis defined by
spectral loading.

As an illustration of the numerical procedure, a non-
symmetric framed building is considered. The building
consists of three parts, or towers, of unequal heights: the
main one is 10 stories high, while the other two are 6
and 4 stories. The building is modelled as a structure
with rigid floors - shear building pseudo tridimensional
model. The influence of semi-rigid and eccentric con-
nections is introduced by the corresponding corrective
matrix which is modifying the classical stiffness matrix
for beam elements with rigid and centric connections.

The influence of eccentricity and rigidity of joint
connections upon the extreme values of effects (displa-
cements and cross-sectional forces) is analyzed, due to
seismic loading of a building defined by the spectral
curves.

Based upon the analysis of obtained results, in may
be concluded that the change of coefficient of rigidity in
joints has much larger influence upon the normalized
extreme displacements then upon the normalized ex-
treme cross-sectional forces. When the coefficient of
joint rigidity is decreased, normalized extreme displace-
ments are increasing, while the normalized extreme
transverse force (at considered support joint) is uniformly
decreasing. Also, the normalized extreme bending
moment (at support joint) is partially decreasing and also
increasing, depending on applied loading. Finally, when
the coefficient of joint eccentricity is increasing, for any
coefficient of joint rigidity, the normalized extreme
displacements are linearly decreasing.
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SPEKTRALNA MODALNA ANALIZA ZGRADA SA
POLUKRUTIM | EKSCENTRICNIM VEZAMA

Spiro GOPCEVIC
Stanko BRCIC
Ljiliana ZUGIC

U radu su analizirane ekstremne vrednosti uticaja u
nesimetriénoj Celi€noj zgradi sa polukrutim i ekscentri-
¢énim vezama usled optereéenja datog preko multikom-
ponentnog spektra pseudoubrzanja. Polukruta veza
krajeva Stapa modelirana je pomocu rotacionih opruga,
na krajevima Stapa, koje imaju linearnu vezu moment-
rotacija. EkscentriCnost veze predstavijena je kratkim
beskona¢no krutim elementima na krajevima Stapa.
Uticaj polukrute i ekscentricne veze u proracun je
uveden preko korektivne matrice. Primenom korektivhe
matrice modifikovana je konvencionalna matrica krutosti
elementa sa krutim i centri€nim vezama.

Kao dinami¢ko optereéenje konstrukcije razmatrano
je optereéenje konstrukcije dato preko multikomponen-
tnog spektra pseudoubrzanja. Primenom metode spek-
tralne modalne analize odreden je kriti€ni ugao pod
kojim deluje opterecenje, dato preko multikomponentnog
spektra pseudoubrzanja za svaki uticaj, i za taj ugao su
odredene ekstremne vrednosti uticaja.

U cilju numeri¢ke realizacije ovoga problema, prika-
zane metode ugradene su u razvijeni kompjuterski pro-
gram, pomoc¢u kojega je sprovedena parametarska ana-
liza ekstremnih uticaja i rezultati analize su dati u radu.
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SUMMARY

SPECTRAL MODAL ANALYSIS OF BUILDING WIDTH
SEMI-RIGID AND ECCENTRIC CONNECTIONS

Spiro GOPCEVIC
Stanko BRCIC
Ljiljana ZUGIC

The paper is analyzing extreme values of effects
(displacements and cross-sectional forces) in the non-
symmetrical 3D steel frame buildings with semi-rigid and
eccentric joint connections, due to seismic loading given
by the multi-component pseudo-acceleration spectrum.
Semi-rigid connections at beam ends are modeled by
the rotational springs at beam ends, which are posesing
the linear moment-rotation relationship. Eccentricity of
joint connections is represented by the short infinitely
rigid links at beam ends. The influence of semi-rigid and
eccentric connection is introduced into analysis by the
corrective matrix. The corrective matrix is modifying the
conventional stiffness matrix of beam elements with rigid
and centric joint connections.

Dynamic seismic loading of the structure was con-
sidered as the corresponding multi-component pseudo-
acceleration spectrums. Aplying the spectral modal
analysis the critical angle of loading direction is deter-
mined, for each case of multi-component pseudo-accele-
ration spectrum, and for obtained critical angle the cor-
responding extreme values of influences are determined.

In order to perform numerical analyses, all presen-
ted methods are implemented in developed computer
code, which is used for conducted parametric analyses
of the influence of rigidity and eccentricity of joint
connections upon the extreme effects (displacements
and cross-sectional forces). Obtained results and
conclusions are given in the paper.

Key words: linear dynamic analysis, spectral analysis,
modal analysis, semi rigid connections, eccentric con-
nections
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KARAKTERISTIKE PORTLAND CEMENTA SA DODATKOM METAKAOLINA
DOBIJENOG KALCINACIJOM DOMACE KAOLINSKE GLINE

CHARACTERISTICS OF PORTLAND CEMENT WITH ADDITION OF METAKAOLIN
OBTAINED BY CALCINATION OF DOMESTIC KAOLIN CLAY

Aleksandra MITROVIC
Dragica JEVTIC
Ljiliana MILICIC
Biljana ILIC

1 uvoD

Cement je jedan od najznacajanijin gradevinskih
materijala, ¢ija godiSnja proizvodnja u svetu prelazi 2.7
milijardi tona. Uprkos uspeSnosti koju ima, industrija
cementa je suoCena sa izazovima u pogledu povecanja
trajnosti objekata i poboljSanja njihovih performansi, uz
istovremeno povecanje odrZivosti proizvodnje.

Proizvodnja cementa odvija se u nekoliko faza
tehnoloskog procesa:

- priprema sirovine (usitnjavanje, mlevenje, susenje,
homogenizacija),

- pecenje klinkera,

- hladenije klinkera,

- mlevenje i meSanje cementa,

- skladistenje i pakovanje cementa.

Sirovina za proizvodnju portland cementa uglavnom
se sastoji od kre€njaka, laporca ifili gline, uz dodatak
komponenata za korekciju sastava klinkera (kvarcni
pesak, ruda gvozda, boksit i dr.).

Nakon procesa usitnjavanja, mlevenja, suSenja i
homogenizacije meSavine sirovina, dobija se sirovinsko
brasno za pecenje klinkera. Da bi se proizveo klinker,
sirovinsko brasno se zagreva na 1450°C.

U temperaturnom intervalu od 100°C do 600°C
odvijaju se reakcije dehidratacije sirovinskih komponenti,
uz isparavanje vlage hemijski vezane u mineralima gline.
Izmedu 600°C i 1100°C odvijaju se reakcije
dekarbonizacije:
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1 INTRODUCTION

Cement is one of the most important building
materials which annual worldwide production exceeding
2.7 billion tons. Despite the success it has, the cement
industry is facing challenges in terms of increasing
durability of structures and improving their performance
and sustainable production.

Cement production is carried out in several stages of
technological process:

Preparation of raw materials (crushing, grinding,
drying, homogenization),

Burning clinker,
Cooling clinker,
Grinding and mixing cement,
Storage and packing cement.

Raw materials usually used for the production of
Portland cement are limestone, marl and/or clay, with
the addition of components to correct the composition of
clinker (quartz sand, iron ore, bauxite, etc.).

Raw meal for burning clinker is obtained, after the
process of crushing, grinding, drying and homogenizing
a mixture of raw materials. In order to produce clinker,
raw meal is heated to 1450°C.

During the heating clinker, in the temperature range
from 100°C to 600°C, dehydration of raw materials and
the evaporation of moisture from clay minerals occur.
Between 600°C and 1100°C materials proceeds through
the decarbonificaton:

Ljiljana Mili¢i¢, dipl. hem. Institut za ispitivanje materijala,
Beograd, ljiljana.milicic@institutims.rs

Mr Biljana lli¢, Institut za ispitivanje materijala, Beograd,
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MgCO3 — MgO + CO, (1)

U temperaturnom intervalu od 1100°C do 1300°C
dolazi do egzotermnih reakcija, a u intervalu od 1300°C
do 1450°C (zona sinterovanja) dolazi do vezivanja
slobodnog CaO sa SiO,, AlOs i Fe;Os, gde se, osim
reakcija u ¢vrstoj fazi, odvijaju i heterogene reakcije:

CaCO3 — CaO + CO, )

In the temperature range from 1100°C to 1300°C
exothermic reactions occurs, while in the range from
1300°C to 1450°C (sintering zone) free CaO is binding
with SiO, AlO3 and Fe»Os, where, in addition to the
solid phase reactions, heterogeneous reactions taking
place:

2Ca0 + SiO2 + CaO — 3Ca0 - SiO2 3)

Kvalitet klinkera zavisi od sadrzaja osnovnih
minerala, a na proces stvaranja minerala klinkera uticu i
minorne komponente (MgO, SiOsz;, KO, NaxO i dr.),
naro¢ito kod nastajanja nekih polimorfnih oblika glavnih
minerala klinkera. Konaéni fazni sastav klinkera zavisi od
postupka hladenja, koji zapocinje u izlaznoj zoni peéi i
nastavlja se u hladnjaku klinkera, gde dolazi do
ravnotezne ili nezavisne kristalizacije rastopa uz
nastajanje staklaste faze.

Cement, kao konaéni proizvod, je smeSa klinkera,
gipsa (regulatora vezivanja) i drugih primesa (dodataka)
koje pri hidrataciji cementa ispoljavaju hidrauli¢ka
svojstva. Takva smeSa, u zadatom odnosu za svaku
klasu cementa, melje se u cementhom mlinu na
odredenu finocu Cestica.

1.1 Uticaj proizvodnje cementa na zivotnu sredinu

Priblizno 5% ukupne globalne emisije CO; potice iz
proizvodnje cementa. Emisija gasova je posledica
sagorevanja goriva i hemijskih reakcija koje se
odigravaju u pojedinim fazama procesa, prvenstveno u
fazi peCenja klinkera (jedn. 1 i 2). Proizvodnja cementa
spada u red industrijskih grana s najve¢om specifi€nom
potroSnjom elektricne i toplotne energije po jedinici
proizvoda.

U toku procesa proizvodnje cementa, oslobada se
oko 0.92 t CO, po toni proizvedenog klinkera. Ova
emisija uglavnom potie od dekarbonizacije kre¢njaka
(0.53 t) i koriS¢enja ugljeni¢nih goriva za grejanje (0.39
t). Srednja emisija CO- koja poti¢e od procesa mlevenja
je reda veli¢ine 0.1 t CO; po toni cementa i pretezno
potice od proizvodnje elektri¢ne energije.

Na slici 1. prikazan je pojednostavljen proces
proizvodnje cementa sa posebnim naglaskom na emisiju
CO:[10].

Za smanjenje emisije CO; koja potice iz proizvodnje
cementa, u svetu su opSte prihvac¢ena dva pristupa: (1)
smanjenje emisije CO, u procesu proizvodnje Kklinkera i
(2) smanjenje sadrzaja klinkera u cementu.

Zbog znacaja koji u svetu ima cementna industrija,
mnoge studije se bave procenama za buduénost,
usmeravajuéi se uglavnom na potencijalno smanjenje
emisije CO, i povecanje energetske efikasnosti prema
ocekivanim varijacijama u proizvodnji cementa.

Pored zahteva koji se namecu industriji cementa u
pogledu zastite Zivotne sredine, ona kao i svi drugi
industrijski sektori, tezi povecanju ekonomiénosti koja se
moZe postiéi:

- uStedom energije,

- koriSéenjem jeftinijih  sirovina pri  proizvodniji
klinkera,

- smanjenjem klinkera u cementu.

Clinker quality depends on the content of primary
(main) minerals. The process of formation clinker
minerals is affected by content of minor components
(MgO, SiO3, K20, Naz0, etc.), especially for appearance
of some polymorphic shapes of main clinker minerals.
The final phase composition of clinker depends on the
cooling process, which begins at the exit zone of the
furnace and continue to the clinker cooler, where
reaches equilibrium or the independent crystallization of
the melt suived, with appearance of glass phase.

Cement, as final product, is a mixture of clinker,
gypsum (setting regulator) and other additives, which,
during the cement hydration, exhibits hydraulic properties.
Such a mixture, in the given relation to each class of
cement, grinds in the mill to obtain appropriate fineness.

1.1 Influence of cement production on the
environment

Approximately 5% of global CO, emissions come
from cement production. Gas emission is the result of
fuel combustion and chemical reactions that take place
in different stages of the process, primarily in the clinker
burning stage (eq. 1 and 2). Cement production is one of
the leaders among the industrial sectors with highest
consumption of electricity and thermal energy per unit of
product.

During the process of cement manufacturing, around
0.92 t of COy, is released per tonne of clinker produced.
This emission mainly comes from decarbonization of
limestone (0.53 t), and the use of carbon fuels for
heating (0.39 t). Average CO, emissions associate with
milling processes are 0.1 t of CO; per tonne of cement
and comes from production of electricity.

Fig. 1 shows the simplified process of cement pro-
duction, with special emphases on CO, emissions [10].

To reduce CO, emissions, originated from the
production of cement, in the world are generally
accepted two approaches: (1) reducing CO, emissions
in the production of clinker and (2) reduction content of
the clinker in cement.

Owing to importance that worlds cement industry
has, many studies dealing with estimates for the future,
focusing mainly on the potential reduction in CO;
emissions and increasing energy efficiency by the
expected variations in the production of cement.

In addition to requirements imposed to the cement
industry in terms of environmental protection, it tends,
like all other industrial sectors, to increase cost-
effectiveness, which may be obtained by:

- Saving energy,

- Using cheaper raw materials in the production of
clinker,

- Reducing clinker in cement.
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Slika 1. Pojednostavljen proces proizvodnje cementa, sa posebnim naglaskom na emisiju CO,. Debljina strelica je
proporcionalna koli¢ini materijala
Figure 1 Simplified process of cement production, with special emphases on CO, emissions. The thickness of the arrows
is proportional to the amount of material

1.2 Smanjenje udela klinkera u cementu

Poslednjih 20-30 godina, za parcijalnu zamenu
klinkera u cementu koriste se industrijski nus-proizvodi
lete¢i pepeo, granulisana zgura visoke peci i silikatna
praSina. Pored njih primenjuju se i kre¢njaci i prirodni
pucolanai. Na slici 2. prikazana je procena zamenjenog
klinkera mineralnim dodacima u periodu 1973. do 2007.
godine [10].
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1.2 Reduction the clinker in cement

In the last 20-30 years, for the partial replacements
of clinker are used industrial by-products, such as fly
ash, granulated blast furnace slag and silica fume.
Beside them, natural pozzolanas and limestone are
used. Figure 2. shows estimated replaced clinker with
most common used mineral additions in the period 1973.

to 2007. [10].
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Slika 2. Procena zamene klinkera od 1973. do 2007.
Figure 2 Estimates of replaced clinker from 1973. to 2007.
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KoriSc¢enje navedenih, tzv. konvencionalnih
dodataka, ima ograni¢enja i zato se danas u svetu
intenzivno istrazuju mogucnosti  koriS¢enja novih
materijala &ijom bi se primenom, pored smanjenja
potroSnje energije i emisije gasova, postigla poboljSanja
karakteristika cementa, maltera i betona kojima se
dodaju, uz snizenje cene finalnog proizvoda. Jedan od
mineralnih dodataka nove generacije, koji zadovoljava
zahteve odrzivog razvoja i poboljSava svojstva cementa,
maltera i betona, je metakaolin.

Pored toga, sa stanoviSta kvaliteta mineralnog
dodatka, metakaolin je konzistentan proizvod jer se
proizvodi pri kontrolisanim uslovima u pogledu:
hemijskog sastava, raspodele veli¢ine Cestica,
pucolanske reaktivnosti i boje.

U Srbiji se godiSnje proizvede priblizno 2.5 miliona
tona portland cementa sa dodacima (granulisana zgura
visoke peci, pepeo iz proizvodnje uglja, prirodni
pucolani) - CEM II. Udeo dodataka u ovim cementima se
kre¢e od 5-35 % tezinskih i prvenstveno zavisi od
zahteva trziSta za pojedinim vrstama cementa, a
definisan je odgovarajuéim standardima [9, 16]. Cement
se u Srhiji proizvodi u tri cementare, pri ¢emu nijedna od
cementara ne koristi metakaolin kao dodatak cemen-
tima, jer se metakaolin ne proizvodi u naSoj zemlji.

1.3 Metakaolin, dopunski cementni materijal nove
generacije

Od sredine 1990, visoko reaktivni metakaolin (HRM)
se proizvodi u nekoliko fabrika Sirom sveta: AGS
Mineraux - Francuska, CLUZ a.s - CeSka, BASF - USA,
Advanced Cement Technologies, LLC — USA, Whitmund
- Kanada, itd. HRM se konvencionalno proizvodi
termi¢kom aktivacijom/kalcinacijom prethodno
preciscenih kaolinskih glina sa visokim sadrzajem
kaolinita, i njegova primena u betonima standardnih
¢vrsto¢a je ograni¢ena zbog relativno visoke cene
proizvodnje (500%/t). TroSkovi proizvodnje metakaolin se
mogu znatno smanjiti kada se primeni postupak termicke
aktivacije kaolinske gline sa nizim sadrzajem kaolinita uz
izostanak faze preciS¢avanja polazne sirovine, ¢ime je
primena takvog dodatka opravdana ¢ak i u cementima i
betonima standardnih &vrstoca.

Supstitucijom dela klinkera u cementu ili dela
cementa u betonskim meSavinama, postizu se znacajne
tehnicke, ekoloSke i finansijske prednosti [15]. Tako se,
zamenom portland cementa sa 8 - 20% (masenih)
metakolina u betonu, postiZe niz tehnickih prednosti:

povecanje Evrstoce pri pritisku i pri savijanju,

- smanjenje propustljivosti (ukljuéujuci propustljivost
hIorlda)

smanjenje eflorescenciju,

- povecanje otpornosti na dejstvo hemijskih agenasa,

- povecanje trajnosti,

- smanjenje alkalno-silikatne reaktivnosti (ASR),

. povec’:anje obradivosti betona i

smanjenje ekspanzije zbog guSceg pakovanja
Cestica.

Zbog nabrojanih tehnic¢kih prednosti, materijali na
bazi cementa sa dodatkom metakaolina, imaju Siroku
primenu za pripremu: betona visokih performansi, visoke

Using these, so called conventional additives, have
limitations and that is why in the world today, intensively
explore the possibility of using new materials which
application would, in addition to reducing energy
consumption and gas emission, improve the
characteristics of cement, mortar and concrete, and
reduce the price of the final product. One of a new
generation of mineral additives, which meets the
requirements of sustainable development and improving
the properties of cement, mortar and concrete, is
metakaolin.

Besides, from the standpoint of quality mineral
additive, metakaolin is a consistent product, because it is
produced in controlled conditions in terms of: chemical
composition, particle size distribution, pozzolanic activity
and color.

In Serbia, the annual production of composite
Portland cement (CEM II) with blast furnace slag, coal
ash and natural pozzolana is approximately 2.5 million
tons. Content of additions in these cements range from 5
to 35 % by mass. It primarily depends on market
demand for certain types of cement and it is defined by
the appropriate standards [9, 16]. Cement is produced in
Serbia in three cement plants, where none of metakaolin
uses, because it is not produced in our country.

1.3 Metakaolin, supplementary cementitious
material of new generation

Since mid-1990, a highly reactive metakaolin (HRM)
has produced in several factories around the world: AGS
Mineraux - France, CLUZ a.s - Czech, BASF - USA,
Advanced Cement Technologies, LLC — USA, Whitmund
- Canada, etc. Conventionally HRM has produced by
thermal activation/calcination of previously refined kaolin
clay, with a high content of kaolinite, and thus application
in the regular concrete is limited, because of the
relatively high cost of production (500%/t). Metakaolin
production cost can be significantly reduced, by applying
thermal activation process on kaolin clay with low
kaolinite content, without raw materials refining, allowing
use of such additive, even in the regular cement and
concrete.

Substitution of clinker in cement or the cement in
concrete mixes, leads to significant technical,
environmental and financial benefits [15]. Thus,
replacement of Portland cement with 8 - 20% by mass
metakaolin in concrete, achieved a number of technical
advantages

Increased compressive and flexural strengths,
Reduced permeability,

Reduced potential for efflorescence,

Increased resistance to chemical attack,
Increased durability,

Reduced effects of alkali-silica reactivity (ASR),
Enhanced workability of concrete, and
Reduced shrinkage due to particle packing.

Because of the enumerated technical advantages of
cement-based materials with addition of metakaolin,
these materials are widely used for preparation: high-
performance concrete, high strength and lightweight
concrete, precast concrete, glass fiber reinforced
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Svrstoce i lakih betona, prefabrikovanih betona, pred-
napregnutih betona sa staklenim vlaknima, umetni¢kih
skulptura, i maltera.

Pri primeni metakaolina ekoloske prednosti se u
najvecoj meri manifestuju kroz:

- smanjenje  potroSnje  energije u  procesu
proizvodnje cementa: u procesu kalcinacije kaolinske
gline troSi se manje energije, jer se proces kalcinacije
odvija na nizim temperaturama od onih koje treba
primeniti za proizvodnju portland cementa (izmedu 600-
800 °C za metakaolin, 1450 °C za portland cement),

- izostanak emisije CO,, jer na temperaturama
kalcinacije ne dolazi do dekarbonizacije polaznih
sirovina,

- smanjenje koriSéenja prirodnih resursa, jer
gradevinski materijali koji sadrze metakaolin poseduju
povecanu trajnost [14], kao i konstrukcije u koje su
ugradeni, i time smanjuju zahteve u pogledu odrZzavanja,

- povecéane trajnosti materijali, kao Sto su cement i
beton sa dodatkom metakaolina, smanjuju probleme
vezane za odlaganje ¢vrstog otpada.

1.4 Ciljistrazivanja

U okviru projekta TR 19206, finansiranog od strane
Ministarstva za nauku i tehnoloSki razvoj, u Institutu IMS
razvijena je tehnologija za proizvodnju metakaolina iz
domace kaolinske gline.

Polazna glina Vrbica klasifikuje se u kategoriju
sirovina visokog kvaliteta, jer je sadrZzaj kaolinita oko
80% i gubitak zarenjem 12.30%.

Osnovne karakteristike proizvedenog metakaolina
su: zbir oksida SiO;+Al,O3+Fe,03= 94,68%, pucolanska
aktivnost odredena prema Chapelle metodi 0.76 g
Ca(OH)2/g MK, i srednji pre¢nik Cestica dsp= 5.236 pm.
Karakteristike proizvedenog metakaolina uporedene su
sa tipiénim karakteristikama HRM
(SiO2+AlL,03+Fe,03=290%, srednji precnik Cestica dso =5
pm, specificna masa 2.5 g/cm, bela boja) [13], na
osnovu kojih se proizvedeni metakaolin moze svrstati u
kategoriju visoko reaktivhog metakaolina.

U istrazivanjima vezanim za primenu dodataka
cementu neophodno je ispitati uticaj dodatka na fizi¢ko-
mehani¢ke karakteristike. U ovom radu prikazani su
rezultati ispitivanja fizicko-mehanickih karakteristika
portland cementa sa dodatkom 5-20% proizvedenog
metakaolina.

2 EKSPERIMENTALNI DEO
2.1 Polazne sirovine

Za pripremu portland cementa sa dodatkom
metakaolina koriSéeni su Portland cement (CEM |
42 5R), proizvoda¢a Lafarge BFC iz Beolina i
metakaolin, dobijen termi¢kom aktivacijom/kalcinacijom
kaolinske gline Vrbica.

Hemijski sastav i fizicke karakteristike polaznih
sirovina (cementa i metakaolina) prikazane su u
tabelama 1. 2.

concrete, art sculptures, and plaster.

In applying metakaolin, environmental benefits are
largely manifested through:

- Reduction of energy consumption in cement
production process: the process of calcination kaolin
clay uses less energy, because calcination process
takes place at lower temperatures than those that should
be applied for the process for production for Portland
cement (between 600-800 °C for metakaolin, 1450 °C
for Portland cement),

- Absence of CO; emission, because the calcination
temperature are low to affect decarbonization of raw
materials,

- Reduce the use of natural resources, because
building materials with metakaolin has increased
durability [14], as well as structures in which they are
installed, thereby reducing the requirements in terms of
maintenance,

- Increased durability of materials such as cement
and concrete with the addition of metakaolin, reduce the
problems associated with disposal of solid waste.

1.4 The aim of the research

The result of project TR 19206, funded by the
Ministry for Science and Technological Development, is
technology for obtaining metakaolin from domestic kaolin
clay.

The starting clay Vrbica classifies into the category of
high-quality raw materials, with content of kaolinite about
80% and loss of ignition 12.30.

The main characteristics of the produced metakaolin
are: the sum of oxides SiO+Al;O3+Fe,0s= 94,68%,
pozzolanic activity (Chapelle method) 0.76 g Ca(OH)./g
MK, and medium particle diameter dso = 5.236 pm.
Characteristics of the produced metakaolin are
compared with typical characteristics of HRM
(SiO2+Al,03+Fe,03=290%, medium particle diameter dsg
= 5 pm, specific density 2.5, and white color) [13].
According obtained characteristics, produced metakaolin
may classify into the category of high reactive
metakaolin.

In researches related to the application of cement
additives is necessary to examine the influence of the
addition to the physical and mechanical characteristics.
This paper presents the results of the physical and
mechanical characteristics of Portland cement with
addition of 5-20% produced metakaolin.

2 EXPERIMENTAL
2.1. Starting materials

Portland cement (CEM | 42,5R) of the producer
Lafarge BFC and metakaolin, obtained by thermal
activation/calcination of kaolin clay Vrbica, were used for
the preparation of the samples.

Chemical composition and physical properties of the
starting materials (cement and metakaolin) are shown in
Table 1. and Table 2.
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Tabela 1. Hemijski sastav i fizicke karakteristike cementa
Table 1 Chemical composition and physical properties of the cement

Hemijski sastav (%, m/m)
Chemical composition (% by mass)

Gubitak Zarenjem

SIOz 20,36 Loss of ignition 3,00
Nerastvorni ostatak u HCI/Na;CO3

Al20s 583 Insoluble residue in HCI/Na,CO3 L1
Nerastvorni ostatak u HCI/KOH

Fez0s 2,96 Insoluble residue in HCI/KOH 0,62

CaO 62,36 CO; 1,04
Slobodan CaO

MgO 1,32 Free CaO 0,43
Zbir:

SOs 2,80 Sum: 99,70
Fizicke karakteristike

Naz0 0.15 Physical properties
R (%), ostatak na situ 0,09 mm

K20 0,79 R on sieve 0.09 mm (%) 0.3

MnO 0,127 Sy (cm?/g) 4430

cr 0,007 vs (g/cm®) 3,10

Tabela 2. Hemijski sastav i fizicke karakteristike metakaolina
Table 2 Chemical composition and physical properties of the metakaolin
Hemijski sastav
(%, m/m) Fizi€ke karakteristike
Chemical composition Physical properties
(% by mass)
Si02 25.08 R (%) ostatak na situ 0,43
0) ostatak na situ 0,43 mm

Al20s 34,50 R(%) on sieve 0,43 mm 45

Fe O3 5,10

CaO 0,67 S, (Blaine), (m“/g) 0.88

MgO 1,20 ys (g/cm®) 2.61

N 2 .

220 0,29 Pucolanska aktivnost (Chapelle),

K0 124 (g Ca(OH)2/ g MK) 0,76

Gubitak Zarenjem 173 Pozzolanic activity (Chapelle)

Loss of ignition : (g Ca(OH)2/ g MK)

Zbir: 99.45 dso srednji pre€nik Cestica, (um) 5236

Sum:

2.2 Primenjene eksperimentalne metode

Hemijski sastav portland cementa odreden je u skla-
du sa standardnim metodama [19], dok je hemijski
sastav metakaolina odreden klasiénom silikathom
analizom.

Fizicke karakteristike cemenata, kao Sto su
standardna konzistencija, vreme vezivanja, finoéa mliva,
zapreminska masa i specificna povrSina su odredene
prema standardima [20, 21]. MehaniCke karakteristike
cemenata odredene su u skladu sa standardnim
metodama [18], a linearne deformacije prema standardu
[17].

dso mean particle diameter, (um)

2.2 Applied experimental methods

The chemical composition of Portland cement was
determined by standard methods [19], while the
chemical composition of metakaolin was determined by
silicate analysis.

Physical properties of cement, such as standard
consistence, setting time, fineness, specific gravity and
specific surface were determined according to the
standards [20, 21]. Mechanical characteristics of the
cement were determined according to the standards [18]
and shrinkage of the mortar — linear deformations
according to standard [17].
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Pucolanska aktivnost metakaolina odredena je
Chapelle metodom [12].
Raspodele veli¢ine Cestica metakaolina odredena je
laser granulometrijskom metodom.

2.3 Priprema cementa sa dodatkom metakaolina

U cilju odredivanja karakteristika portland-cement sa
dodatkom metakaolina pripremljeni su uzorci cementa
sa dodatkom 5, 10, 15i 20 % (m/m) metakaolina.

Za ispitivanje C¢vrstoca pri savijanju i pri pritisku
malterne meSavine su pripremlijene prema standardu
[18], vodo-cementni faktor (v/c) 0,5; standardni pesak
(odnos vezivo : pesak=1: 3).

3 REZULTATI | DISKUSIJA

Uticaj dodatka 5, 10, 15 i 20% metakaolina portland
cementu i karakteristike portland cementa odredeni su
kroz ispitivanje vremena vezivanja, ¢&vrstoce pri
savijanju, ¢vrstoée pri pritisku i skupljanja maltera, u
svemu prema [17], [18] i [20].

3.1 Vreme vezivanja

Uticaj dodatka metakaolina na vreme vezivanja
kompozita portland cement - metakaolin prikazan je na
slici 3.

Pozzolanic activity was determined by Chapelle
method [12].

Particle size distribution of metakaolin was
determined by laser granulometry.

2.3 Preparation of the cement with addition of
metakaolin

In order to determine the characteristics of Portland
cement with the addition of metakaolin, cement samples
were prepared with the addition of 5, 10, 15 and 20% by
mass metakaolin.

Mortar mixes, for the test of the flexural and
compressive strengths, were prepared according to
standard [18], with water-cement ratio (w/c) 0,5 and the
ratio of binder : sand=1: 3.

3 RESULTS AND DISSCUSION

The influence of addition 5, 10, 15 i 20% by mass
metakaolin to the Portland cement were determined
through examination of setting time, flexural and
compressive strengths and shrinkage of the mortars,
according [17], [18] and [20].

3.1 Setting time
The influence of the metakaolin on setting time of

composites Portland cement - metakaolin is shown in
Fig. 3.
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Slika 3. Uticaj metakaolina na vreme vezivanja kompozita portland cement — metakaolin
Figure 3 Influence of metakaolin on the setting time of the composites Portland cement-metakaolin

Dobijeni rezultati ukazuju da kompoziti portland cement -
metakaolin zahtevaju veéu koli¢inu vode za postizanje
standardne konzistencije od referentnog portland
cementa (CEM | 42,5R), Sto je u saglasnosti sa
istraZivanjima drugih autora [1, 2].

The results indicate that composites Portland cement
- metakaolin require a larger amount of water to achieve
a standard consistence of the control Portland cement
(CEM 1 42,5R), which is in line with research by other
authors [1, 2].
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Svi kompoziti portland cement - metakaolin pokazali
su skraéeno vreme vezivanja (poc¢etak i kraj vezivanja) u
poredenju sa referentnim portland cementom, odnosno
ubrzavaju pocetak i kraj vremena vezivanja. Najvece
ubrzanje vezivanja se javlja dodatkom 15% metakaolina
(MK 15), gde je pocetak vremena vezivanja krac¢i oko 40
min u odnosu na referentni uzorak.

Dobijeni rezultati su u skladu sa rezultatima istra-
Zivanjima do kojih je doSao Justice [11], koja ukazuju da
dodatak metakaolina ubrzava vreme vezivanja, kao i da
vreme vezivanja kompozita portland cement - metakao-
lin zavisi od koli¢ine dodatog metakaolina.

U istrazivanjima [4, 22] razlika izmedu pocetka i kraja
vezivanja za kompozite portland cement — metakaolin je
veca i iznosi 60 min i viSe.

3.2 Cvrstoée pri savijanju
Rezultati uticaja metakaolina na ¢vrsto¢e pri savija-

nju kompozita portland-cement - metakaolin prikazani su
na slici 4.

All composites Portland cement - metakaolin were
showed shorter setting time (initial and final) in
comparation to the control Portland cement, in other
words, they accelerate initial and final setting time. The
greatest acceleration occurs by adding 15% by mass
metakaolin (MK 15), where the initial setting time is less
than 40 minutes compared to the control sample.

The results are in line with the results of Justice [11],
which indicate that addition metakaolin accelerates
setting time, and that setting time of Portland composite
cement depends on the amount of added metakaolin.

In researches [4, 22] difference between initial and
final setting time of Portland composite cements is
higher, about 60 min or more.

3.2 Flexural strengths

The influence of added metakaolin on flexural
strengths of composite Portland cement - metakaolin is
shown in Fig. 4.
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Slika 4. Uticaj metakaolina na ¢vrstoce pri savijanju kompozita portland-cement — metakaolin
Figure 4 Influence of the metakaolin on the flexural strengths of the Portland composite cements

Dodatak metakaolina neznatno uti¢e na smanjenje
¢vrsto¢e pri savijanju kompozita portland-cement -
metakaolin tokom prvih dana odlezavanja (2 dana).
Nakon 7 dana odlezavanja kompoziti portland-cement sa
dodatkom 5 % i 10 % metakaolina pokazuju viSe vred-
nosti od referentnog uzorka, dok su rezultati sa dodat-
kom 15 % i 20 % metakaolina identi¢ni. Nakon 28 dana,
rezultati ¢évrsto¢a pri savijanju su ujednaceni, Sto je u
saglasnosti sa rezultatima istrazivanja Courard i dr [7].

Procenat dodatka metakaolina se nije pokazao kao
znacgajan parametar za pravljenje razlike u rezultatima.

The addition of metakaolin slightly decreases flexural
strengths of Portland cements composite after 2 days of
curing. After 7 days, composites Portland cement with
the addition of 5 and 10 % by mass metakaolin, have
higher values than control sample, while the results with
the addition of 15 and 20 % by mass metakaolin are
identical. After 28 days, results for flexural strengths are
balanced, which is in accordance with the results of
Courard at all [7].

Percent of addition metakaolin did not show as a
relevant parameter for making differences in the
obtained results.
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3.3 Cvrstoéa pri pritisku

Naucna literatura jasno pokazuje da, zahvaljujuéi
svojim pucolanskim svojstvima, metakaolin kao dodatak
portland-cementu pozitivno uti¢e na njegove mehanicke
karakteristike.

Rezultati uticaja metakaolina na &vrstoce pri pritisku
kompozita portland-cement - metakaolin prikazani su na
slici 5.

Rezultati ukazuju da dodatak metakaolina ima
negativan efekat na ¢vrstoée pri pritisku nakon 2 dana.
Ovo se objaSnjava c¢injenicom da pucolanska reakcija
jo$ uvek nije pokazala svoj efekat. Najmanji uticaj na
smanjenje ¢&vrstoéa pri pritisku nakon 2 dana ima
dodatak metakaolina od 5 %, dok se dodatak 20 %
metakaolina pokazao kao najnepovoljniji.

3.3 Compressive strengths

Scientific literature clearly shows that, owing to its
pozzolanic properties, metakaolin addition to Portland-
cement has positive influence on the mechanical
characteristics.

The influence of the metakaolin addition on
compressive strengths of Portland composite cements is
shown in Fig. 5.

After 2 days of curing, all Portland composite
cements show lower compressive strengths in
comparation to the control cement. This might be
explained by the fact that pozzolanic reaction still did not
show its effect. After 2 days, the lower influence on
compressive strength is observed with addition of 5%,
while addition of 20% metakaolin is shown unfavorable.
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Slika 5. Uticaj metakaolina na évrstoce pri pritisku kompozita portland-cement — metakaolin
Figure 5 Influence of the metakaolin on the compressive strengths of the Portland

Nakon 7 dana, svi kompoziti portland-cement -
metakaolin pokazuju veée <&vrstoée pri pritisku od
referentnog uzorka. Sa porastom dodatka metakaolina,
povecava se ¢vrstoca pri pritisku, pa dodatak od 20 %
metakaolina povecava ¢&vrstoce za 15 % u odnosu na
referentni uzorak (Slika 6).

Svi kompoziti portland-cement - metakaolin pokazali
su vece ¢vrstoce pri pritisku nakon 28 dana u odnosu na
referentni uzorak. Najbolje rezultate ¢vrstoéa pri pritisku
pokazali su kompoziti portland-cementa sa 10 % i 15 %
dodatka metakaolina koji povecavaju ¢vrstoée pri pritisku
do 15 %. Vec¢ pri dodatku 20 % metakaolina, évrstoée pri
pritisku opadaju.

Dobijeni rezultati su u saglasnosti sa rezultatima
drugih autora [3, 22] i podacima da dodavanje
metakaolina cementu smanjuje rane ¢vrstoée pri pritisku,
da nakon 7 dana svi uzorci pokazuju veée &vrstoce pri
pritisku od referentnog uzorka (bez dodatka
metakaolina), kao i da se trend rasta nastavlja i nakon
28 dana. Isti autori [3, 5] su zakljucili da je optimalna
koli¢ina 10 %, odnosno 15 % metakaolina.

After 7 days, all composites Portland cement -
metakaolin have higher compressive strengths than
control cement. The increase of addition metakaolin,
increases compressive strength, so the addition of 20 %
metakaolin increase compressive strength for 15 %
compared to the control sample (Fig. 6).

After 28 days, all composites Portland cement -
metakaolin showed higher compressive strengths than
control sample. Best results of compressive strengths
are showed composites with addition of 10 and 15 % by
mass metakaolin, where compressive strengths
increases up to 15 %. The addition of 20 % leads to
compressive strengths decrease.

The results are consistent with the results of other
authors [3, 22] and data, which show reduction of early
compressive strengths with addition metakaolin. After 7
days all samples showed higher strength than control
sample, as well as the trend of increase continues after
28 days. The same authors [3, 5] have concluded that
the optimal content of metakaolin are 10% and 15%.
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Slika 6. Relativhe ¢vrstoce (u odnosu na CEM | 42,5 R) kompozita portland-cement - metakaolin u zavisnosti od koli¢ine
dodatog metakaolina
Figure 6 Relative strengths of Portland composite cement (in regard to CEM | 42,5 R) dependence on added metakaolin

3.4 Skupljanje maltera

Skupljanje predstavlja deformacije koje se ispoljavaju
u vidu smanjenja dimenzija u toku vremena, priblizno
proporcionalno u svim pravcima usled zapreminskih
razlika izmedu reaktanata i proizvoda reakcije hidratacije
cementa, usled isparavanja vode tokom perioda
vezivanja cementa ili skupljanja nakon zavrSetka
procesa vezivanje cementa.

Rezultati skupljanja usled suSenja u zavisnosti od
vremena odlezavanja uzoraka prikazani su na slici 7.

Rezultati uticaja dodatka metakaolina na skupljanje
maltera ukazuju da se skupljanje smanjuje sa poveca-
njem udela metakaolina do maksimalnih 10 % u odnosu
na referentni uzorak (CEM | 42,5R), dok dalje poveéanje
udela metakaolina izaziva poveéanje skupljanja.

Primetno je da u ranim danima odleZzavanja, svi
kompoziti portland-cement - metakaolin pokazuju manje
skupljanje u odnosu na referentni uzorak.

Ovi rezultati su u saglasnosti sa istrazivanjima do
kojih su dosli Caldarone i dr. [6], a koji su smanjuje
skupljanja sa dodatkom 10 % metakaolina, objasnili
¢injenicom da metakaolin utroSi mnogo viSe slobodne
vode iz sistema, ostavljajuéi manje vode koja bi
isparavala tokom skupljanja.

Povecanje skupljanja sa porastom dodataka
metakaolina (15 % i 20 % metakaolina) moze se
objasniti relativnim povecanjem zapremine reakcionih
proizvoda, Sto je u skladu sa rezultatima [23].

Svi kompoziti portland-cement - metakaolin pokazuje
vecu brzinu skupljanja tokom prve nedelje, nakon ¢ega
dolazi do smanjenja brzine skupljanja, Sto je u
saglasnosti sa rezultatima istrazivanja Ding i Li [8].

3.4 Shrinkage of the mortars

Shrinkage represents deformations that are
manifested in the form of reduced dimensions in the
course of time, roughly proportional in all directions due
to the volume difference between reactant and products
of cement hydration reaction, by evaporation of water
during the period of cement setting or shrinkage after the
finishes of cement binding.

Shrinkage, as result of drying, vs. curing time is
shown in Fig. 7.

The results of the mortar shrinkage indicate that
shrinkage decreases with increasing metakaolin share
up to maximum of 10 %, compared to the control sample
(CEM | 42,5R), while further increase of metakaolin
addition, causes increased shrinkage.

It is notable that in early days of curing, all
composites Portland cement —metakaolin show less
shrinkage compared to the control sample.

These results are consistent with studies of
Caldarone and others [6], in which decrease in
shrinkage with addition of 10 % metakaolin, is explained
by fact that metakaolin consumes more free water from
system, living less water to evaporate during shrinkage.

Increase in shrinkage with increase metakaolin
addition (15 % and 20 %) can be explained by the
relative increase in volume of reaction products, which is
in line with the results [23].

All composites Portland cement -metakaolin show
larger shrinkage rate during the first week, after which
there is a reduction in shrinkage rate, which is in
accordance with the results of research of Ding and Li

[8].
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Slika 7. Skupljanje kompozita portland-cement - metakaolin u zavisnosti od vremena negovanja i koli¢ine dodatog
metakaolina
Figure 7. Shrinkage of composite Portland cement vs. Curing time and added metakaolin

4 ZAKLJUCAK

Kompoziti portland-cement - metakaolin zahtevaju
vecéu koli¢inu vode od referentnog portland-cementa za
postizanje standardne konzistencije.

Dodatak metakaolina skracuje vreme vezivanja
kompozita portland-cement - metakaolin, neznatno uti¢e
na &vrstoce pri savijanju, poveéava ¢vrstoce pri pritisku
(do 15%) i smanjuje skupljanje kompozita portland-

cement - metakaolin (sadrzaj metakaolina do
maksimalnih 10 %).
Optimalna  koli¢ina metakaolina u kompozitu

portland-cement - metakaolin je izmedu 10 15 %.
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REZIME

KARAKTERISTIKE PORTLAND CEMENTA SA
DODATKOM METAKAOLINA DOBIJENOG
KALCINACIJOM DOMACE KAOLINSKE GLINE

Aleksandra MITROVIC
Dragica JEVTIC
Ljiliana MILICIC
Biljana ILIC

U Institutu za ispitivanje materijala IMS-Beograd
razvilena je tehnologija za dobijanje pucolanskog
dodatka - metakaolina iz domace kaolinske gline Vrbica.
Verifikacija pucolanskog ponaSanja proizvedenog
metakaolina izvrSena je odredivanjem karakteristika
portland cementa sa dodatkom 5 - 20 % metakaolina i
uporedenjem sa karakteristikama portland cementa.
Uporedenjem karakteristika portland cementa (CEM 1) i
cementa sa dodatkom metakaolina (CEM II) utvrdeno je
da se dodatkom metakaolina skracuje vreme vezivanja
(pocetak i kraj) i postizu nize vrednosti ¢vrstoca pri
pritisku nakon 2 dana. Nezavisno od udela metakaolina,
Svrstoca pri pritisku nakon 7 i 28 dana je veca od
¢vrstoca portland cementa. Utvrdeno je da se pri
dodatku 10 i 15 % metakaolina cementu, évrsto¢a pri
pritisku povec¢ava priblizno 15 %.
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SUMMARY

CHARACTERISTICS OF PORTLAND CEMENT WITH
ADDITION OF METAKAOLIN OBTAINED BY
CALCINATION OF DOMESTIC KAOLIN CLAY

Aleksandra MITROVIC
Dragica JEVTIC
Ljiliana MILICIC
Biljana ILIC

The technology for obtaining pozzolanic additive —
metakaolin, from domestic kaolin clay Vrbica, is
developed in the Institute for testing of materials IMS-
Belgrade. Pozzolanic behavior of the produced
metakaolin is verified by determining the characteristics
of Portland cement made with addition of 5 to 20 % by
mass metakaolin. The characteristics of Portland cement
made with addition of metakaolin (CEM II) were
compared with Portland cement (CEM 1), which was
used as a control sample. The composite cements have
lower setting time (initial and final) as well as
compressive strengths after 2 days. Compressive
strengths after 7 and 28 days are greater than
compressive strengths obtained for the control cement,
independently on the metakaolin content. The addition of
10 and 15 % by mass metakaolin increases compressive
strengths for approximately 15 %.

Key words: kaolin clay, metakaolin, cement,
mechanical characteristics.
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ENERGETSKA EFIKASNOST | TEHNOLOGIJE PRIMJENE STAKLA U
ARHITEKTONSKOM PROJEKTOVANJU

ENERGY EFFICIENCY AND GLASS TECHNOLOGY USED IN
ARCHITECTURAL DESIGNS

Ratko MITROVIC

1 uvoD

Pocetak primjene stakla datira joS od 5000. godine
prije nove ere, kada su u Egiptu poceli praviti dekora-
tivne predmete i nakit od ovog materijala. Prvi prozor od
stakla je napravljen oko 100. godine nove ere u Rimu, a
600. godine je proizvedeno poznato normadijsko staklo,
maksimalnih dimenzija do 2 m i neravne povrSine. U
Francuskoj je oko 1670. godine pocela primjena valjaka
u proivodnji stakla, pa su se mogle dobiti ravnije
povrsine veéih dimenzija. Belgijanac Furko 1904. godine
patentira svoj revolucionarni izum proizvodnje stakla
izvlaCenjem. U Francuskoj se 1910. godine prvi put pro-
izvodi viSeslojno staklo, 1920 godine armirano staklo,
1928 godine pocinje proizvodnja stakla sa ojacanim
mehani¢kim karakteristikama, a 1930 godine se pocinje
proizvoditi kaljeno staklo. To su poceci u tehnologiji pro-
izvodnje i mogucnosti primjene stakla, a pravi razvoj ovih
tehnologija vezan je za posledenjih nekoliko decenija. U
savremenom arhitektonskom projektovanju tehnoloske
moguénosti primjene stakla u projektovanju su daleko
vece nego kada su u pitanju drugi materijali. TehnoloSki
napredak je u ovom periodu toliko dinami¢an i zanajan
da je prilicno tesko pratiti razvoj i moguénosti primjene
ovog materijala kod arhitektonskog projektovanja. Ade-
kvatna primjena stakla u arhitektonskom projektovanju
sve viSe dobija na znacaju, jer primjena principa ener-
getske efikasnosti postaje osnova za izradu projektnih
rijeSenja kod objekata visokogradnje. Tim novim tehno-
logijama u proizvodnji stakla koje omogucéavaju projekto-
vanje objekata sa elementima energetski efikasnih zgra-
da i inteligentnih objekata, a, sa druge strane, dobro
arhitektonsko  oblikovanje objekata visokogradnje,
posvecen je ovaj rad.

Prof.dr Ratko Mitrovi¢ , Ahitektonski fakultet, ul. DZzordza
VasSngtona b.b. Podgorica

STRUCNI RAD
UDK: 624.012.6 = 861

1 INTRODUCTION

The history of glass use dates from 5000 B.C. in
Egypt when decorative objects and jewels were first
made of this material. The first glass window was made
around the year 100 AD in Rome, and in 600 the famous
Norman glass was produced, with maximum dimensions
of up to 2 m and with uneven surface. In France, around
1670, the roller was first used in glass production;
therefore more even surfaces with bigger dimensions
could have been obtained. Belgian Furko in 1904
patented his revolutionary invention of glass production
by pulling. In 1910 in France the multilayer glass was
produced for the first time, and the reinforced glass in
1920. In 1928 the glass production with reinforced
mechanical characteristics was developed, while in 1930
the tempered glass was produced. These are the
beginnings of the production technology and possibility
of glass use, and the real development of these
technologies has been associated to the last few
decades. In modern architectural designs the technologi-
cal possibilities of glass use in designs are higher
compared to other materials. The technological progress
in this period has been so dynamic and important that it
is hard to follow the development and possibility of use
of this material in architectural designs. Adequate glass
use in architectural designs is becoming more and more
important, because the use of the principles of energy
efficiency is becoming the basis for the design of project
solutions for buildings. This paper is dedicated to these
new technologies in glass production which enable the
design of objects with the elements of energetically
efficient buildings and intelligent buildings, and, on the
other hand, good architectural design of buildings.

PhD Ratko Mitrovi¢, Faculty of Architecture, DZordza
VaSingtona b.b. Podgorica
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2 OBLASTI PRIMJENE STAKLA U
ARHITEKTONSKOM PROJEKTOVANJU
OBJEKATA VISOKOGRADNJE

Savremena arhitektura je, prije svega, arhitektura
svijetla i  svjetlosnih  efekata. Transparentne,
svjetlopropustljive gradjevine sa ostakljenim fasadama
velikih  povrSina omogucéavaju idealno povezivanje
spoljne sa unutraSnjom svetloS¢éu, ¢&ime je ostvaren
jedan od najvaznijih uslova za ljudsko zdravlje — prirodno
dnevno svijetlo, odnosno udobnost Zivljenja u prostoru
[1-2].

Savremene tehnologije su omogucile primjenu stakla
u svim segmentima projektovanja, a kod nas se najviSe
primjenjuje u obradi strukturalnih i polustrukturalnih
fasada, izradi prozora, ostakljavanja atijuma, izradi
sigurnosnih stakala, ograda kod stepenista i terasa i dr.
Ali ni izbliza nijesu iskoriSéene mogucnosti ovog
materijala kod izrade eneterijera i eksterijera, pa ¢ak i
kod izrade nekih konstruktivnih detalja. Nove tehnologije
su omogucéile izradu stakala u razlicitim bojama,
nijansama i obradama, pocev od sitoStampe, dodavanja
raznih folija Zeljenih boja, pa sve do softiciranog
upravljanja bojom i prozirnoS¢u staklenih povrSinag) )
- Staklo moZze da se primjenjuje za izradu eneterijera,
pregradnih zidova i panela u Zeljenom dizajnu, zatim u
izradi vrata, stepenista, nastreSnica, podova i plafona, i
to u kombinaciji sa svjetlosnim efektima koji postaju
mocan alat arhitekte. Treba pomenui i primjenu ovog
materijala kod izrade polica, detalja namjesStaja,
sanitarija i ekskluzivnog eneterijera u Zeljenim
nijansama, jer je staklo od proizvodnje ukrasnih detalja i
pocelo da se razvija, a ne samo da moze zadovoljiti sve
kriterjume termicke i zvuéne izolacije, nego i omogucéava
da se dobije Zeljena forma, to jest da se oblikuje u oble
forme prema postavljenom projektnom rjeSenju.

Primjena stakla kod izrade konstruktivnih elemenata
objekata visokogradnje je oblast koja se u poslednje
vrijeme brzo razvija, uglavnom zahvaljujuéi razvoju
tehnologija proizvodnje stakla i dobijanju stakala vecéih
mehanickih karakteristika [8-10]. Ova konstruktivha
rjeSenja su nesto skuplja od klasi¢nih rjeSenja, ali kod
eneterijera ¢esto preovladaju i estetski efekti prostora u
odnosu na cijenu koStanja izrade detalja.

Kada je u pitanju energetska efikasnost, najvazniji
detalj je projektno rjeSenje fasade objekta, odnosno
kolika ¢e biti potroSnja energije projektovanog objekta u
eksploataciji. Kod rjeSavanja ovih detalja projektant se
Cesto nalazi u velikoj dilemi koliki obim staklene fasade
da predvidi, koju transparentnost stakla da usvoji i koji
stepen refleksije, te kakve termiCke karakteristike, koje
boje i nijanse i kakve mehnicke karakteristike. Da bi
mogao da odluéi o vrsti i obimu stakla na fasadi objekta,
neophodno je dobro poznavanje novih tehnologija stakla
i njihovih karakteristka po svim gore pomenutim
parametrima sa ciliem ostvarivanja osmiSljenog
arhitektonskog rjeSenja.

U daljem izlaganju akcenat je stavljen na
projektovanje enegetski efikasnih zgrada, iako su i drugi
pomenuti detalji i mogucnosti stakla veoma znacajni za
arhitektonsko projektovanje objekata visokogradnje, ali
e to biti tema za neki drugi rad i istrazivanje.

3 AREAS OF GLASS USE IN ARCHITECTURAL
DESIGN OF BUILDINGS

The contemporary architecture is primarily the
architecture of light and light effects. Transparent, light-
permeable structures with glass facades with big
surfaces enable ideal connection of the external with the
internal light, which enables the achievement of the one
of the most important conditions for human health —
natural day light, i.e. the comfort of living in space [1-2].

Contemporary technologies enabled the use of glass
in all the segments of design, and in our country it is
mostly used in the treatment of structural and semi-
structural facades, windows production, atrium glazing,
production of safety glasses, stair and terrace fences
etc. But the possibilities of this material are not even
closely used enough in the interior and exterior design,
or in the design of some construction details. New
technologies enabled the production of glass in different
colours, shades and treatment, starting from screen
printing, adding of different foils with desired colours, to
sophisticated colour management and permeability of
glass surfacesg) ) (7). Glass can be used for the interior
design, walls design and panels in the desired design,
then doors, stairs, penthouses, floors and ceilings, in
combination with light effects which become a powerful
architect’'s tool. The material is used as well in the
production of shelves, furniture details, sanitations and
exclusive interior in desired shades, because the glass
was first produced as decorative detail. It can satisfy all
the criteria for thermal and acoustic isolation, but it also
enables to obtain the desired form, i.e. round forms
according to the prescribed design solution.

The use of glass in the production of structural
elements of buildings is the area which has been rapidly
developed lately, mostly due to the development of glass
production technologies and obtaining of glass with
greater mechanical characteristics [8-10]. These
construction solutions are more expensive then the
classical ones, but in the interior often prevail esthetical
elements of the space with regard to the price of the
production of details.

As to energy efficiency, the most important detail is
the design solution of the building facade, i.e. the energy
consumption of the projected building in exploitation. In
resolution of these details the designer often has a
dilemma how to predict the glass facade volume, which
glass transparency, reflection degree, thermal
characteristics, colours and shades and mechanical
characteristics to choose. In order to decide about the
type and volume of glass in the facade of the facility, it is
necessary to know new glass technologies and their
characteristics for all the above-mentioned parameters in
order to achieve the designed architectural solutions.

Further in this paper the accent will be on the design
of energetically efficient buildings. Although the other
above-mentioned details and glass possibilities are very
important for the architectural design of the buildings as
well, they will be the subject of another paper and
research.
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3 TEHNOLOGIJE STAKLA ZA IZRADU FASADNIH
ELEMENATA OBJEKATA VISOKOGRADNJE

Klasi¢no staklo je veoma transparentan materijal sa
velikom ¢&vrstoéom i malom otpornoSéu na udar, a
njegove karateristike, uglavnom, zavise od hemijskog
sastava, tehnologije proizvodnje, nacina prerade i
dorade. Sve ove osobine mogu se pojaviti u razli¢itima
oblicima i kombinacijama $to omoguéava dobijanje Sire
lepeze proizvoda koji se mogu primjenjivati u
arhitektonskom projektovanju.

3.1 Optickei energetske karakteristike stakla
Solarno elektromagnetno zraéenje je dio opti¢kog
zragenja koje se krec¢e u talasnim duzinama od 290 do

2100 nm i obuhvata vidljivo, ultraljubi¢asto i infracrveno
zracenje. Vidljivi dio spektra je od 400 do 780 nm slika 1.

2.0 —

3 GLASS TECHNOLOGIES FOR THE PRODUCTION
OF FACADE ELEMENTS OF THE BUILDINGS

Classical glass is a very transparent material, very
strong and slightly resistant to impacts, and its
characteristics mostly depend on the chemical content,
production technology, and the way of processing and
finishing. All these properties can appear in different
forms and combinations, which enables high variety of
products that can be used in architectural design.

3.1 Optical properties and energy of glass

Solar electromagnetic radiation is the part of optical
radiation within the wave lengths from 290 to 2100 nm. It
includes visible, ultraviolet and infrared radiation. The
visible part of the spectra is from 400 to 780 nm, Figure 1.

AMBKTPOMAIHOTHO Ipied W om

SO
TAMTSCHE JUW TS e

Slika 1. Prikaz solarnog elektromagnetnog zracenja, prema [3]
Figure 1. Presentation of solar electromagnetic radiation, after [3]

Za arhitektonsko projektovanije je od velikog znac¢aja
propustanje svjetlosti, posebno ako se uzme u obzir
znacaj svjetlosti kao fenomena za percepciju u prostoru.
Opticke osobine podrazumijevaju sve karakteristike
materijala u odnosu na opticko elektromagnetno
zracenje, a posebno u odnosu na vidljivi dio spektra Sto,
u sustini, zavisi od vrste stakla.

Kod obi¢nog Ggistog stakla debljine 6 mm, kada
svjetlost padne na njega reflektuje se 4%, od 1.6 do 2.5
% bude absorbovano, a ostatak (od 91 do 92 %) biva
propusten u prostor.

Osnovne karakteristike stakla se mogu definisati u
odnosu na koli¢inu propustene svjetlosti i energije u
prostor, koli¢inu refleksije svjetlosti i energije od staklene
povrsine i koli¢inu svjetlosne energije koju akumulira,
Sto je prikazano na slici 2.

Toplotno i svjetlosno zraenje sunca snazno utiGu
na klimu nekog prostora, kao i na energetske potrebe
objekata, tako da je u fazi arhitektonskog projektovanja
potrebno ostvariti sledece ciljeve:

1. zastititi pretjerano zagrijevanje unutrasnjeg
prostora,

2. sprijeciti rashladjivanje prostora pri niskim spoljnim

For architectural design the light transparency is very
important, particularly considering the importance of light
as a phenomenon for perception in space. Optical
properties imply all the properties of the material with
regard to optical electromagnetic radiation, and
particularly with regard to the visible part of the spectra
which basically depends on the type of glass. When the
light falls on ordinary clear glass with thickness of 6 mm,
4% is reflected, 1.6 - 2.5% is absorbed and the rest (91-
92 %) is released in space. The basic characteristics of
glass can be defined with regard to the amount of the
released light and energy into space, amount of light
reflection and energy from glass surface and amount of
accumulated light energy, shown in Figure 2.

Thermal and light radiation of the sun have high
influence on the climate of an area, as well as on the
energy demands of the facilities. Therefore in the
architectural design phase it is necessary to achieve the
following objectives:

1. protect the interior from excessive heating,

2. protect the space from cooling with low exterior
temperatures,

3. ensure pleasant and uniform climate,
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temperaturama,

3. osigurati prijatnu i ujednacenu klimu,
4. znatno smanijiti troSkove energije ( zimi i ljeti)

4. significantly reduce energy consumption (in winter
and summer).

Slika 2. Prikaz svjetlosnih i energetskih karakteristika stakla [3]
Figure 2. Presentation of lighting and thermal characteristics of glass [3]

Transmisija, odnosno propustljivost

vrste stakla. Na slici 3 je prikazana transmisija svjetlosti
kod obi¢nog stakla i kod stakala razli¢itih boja. Tu se

moZze vidjeti da je za razliCite boje stakla i koeficijent
transmisije razlicit.

svjetlosti je
jedna od najvaznijig karateristika stakla i u izradi
arhitektonskih projekata €esto je odlu€ujuéa kod izbora
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The transmission, i.e. transparency of light is one of
the most important glass characteristics and it is often
crucial in selection of the type of glass for the design of
architectural projects. Figure 3 shows the transmission
of light in ordinary glass and glasses with different
colours. It is evident the difference in transmission
coefficient for different glass colours.
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Slika 3. Zavisnost transmisije sunceve svjetlosti u prostor od boje stakala [3]
Figure 3. Dependence of the sun light transmission within certain area on the colour of glass [3]

Sa druge strane, veoma bitne osobine stakla su
termi¢ke osobine, koeficijent specificne toplote i koefi-
cijent prolaza toplote koji je posebno zna¢ajan. Koefici-
jent prolaza toplote (U) je vrijednost po DIN EN 673, a
oznacava jediniéni gubitak toplote koju uzrokuje gra-
devinski element. Danas je optimalna vrijednost Ug=1.0
w/m2K (Sto je vrijednsot manja, toplotna izolacija je
bolja).

Staklo spada u grupu gradevinskih materijala koji su

On the other hand, very important glass properties
are thermal properties, specific heat coefficient and
particularly heat transfer coefficient. Heat transfer
coefficient (U) is the value according to DIN EN 673, and
it represents the unit heat loss caused by the
construction elements. Today the optimal value is
Ug=1.0 w/m2K (if the value is lower heat isolation is
better).

Glass belongs to the group of construction materials
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dobri provodnici toplote i iz tih razloga predstavljaju
Gesto kriti€na mjesta po pitnju toplotnih gubitaka.

4 DILEME | PREPORUKE KOD IZBORA TIPA
STAKLA

Za staklene fasade vrijede specijalni zahtjevi iz
Pravilnika EU EnEV o usStedi energije od 2002. godine,
gdje kod zagrijevanja gradevina treba uzimati u obzir
energetski bilans, ako povrSina stakla na objektu prelazi
30 % fasade, unos sunca ne smije prelaziti maksimalne
vrijednosti S max propisane ovim pravilnikom.

Zahvaljuju¢i bojama i razli¢itim refleksijama stakla,
stakla za zaStitu od sunca pruzaju brojne moguénosti u
oblikovanju fasada. Stakla sa izrazitom refleksijom
posebno ¢ée naglasiti jedinstven izgled i odsjaj okolnih
objekata i okruZenja na staklenoj fasadiu). Kod onih sa
manjom refleksijom ne moZe se izbjeéi razliciti izgled
transparentnog i neprovidnog stakla. Osnovna dilema
koja se postavlja kod izbora tipa stakla je, ako se zeli
veca transmisija svjetlosti u prostor, kako izbjeéi ulazak
toplotne energije putem sunéevog zracenja u prostor u
ljetnjem periodu. Drugi problem je kada se Zzeli veca
prolaznost svjetlosti u prostor kako izbje¢i povecane
toplotne gubitke iz prostora prema vani. Ovim
problemima su se u posljednje vrijeme bavile savremene
tehnologije proizvodnje stakla, pogotovo kada su u
pitanju izgradnja fasada objekata visokogradnje gdje je
dominantno uceSc¢e strukturalne i polustrukturalne
fasadee. U principu, traZilo se staklo koje ima veliku
transmisiju, koje spre€ava poviSeni ulazak toplote u
prostor u ljetnjem periodu i koje ima manji keoficijent
toplotne provodljivosti (u), a uz sve to omoguéava
ostvarenje Zeljenih estetskih zahtjeva. Put razvoja ovih
tehnologija je bio veoma dug, ali sada imamo moguc¢nost
da izaberemo vrste stakla koje ¢ée nam najviSe
odgovarati u projektnom rjeSenju i koja ¢e omoguditi
izgranju energetski efikasnog objekta.

Da bi se lakSe rjeSavale pomenute specifi¢nosti,
proizvodaci su razvili tehnologije proizvodnje sledeée
grupe stakala:

Low-E-STAKLA (stakla za kontrolu izlaska toplote),
Solar Control Glass (stakla za kontrolu ulaska svjetlosti i
toplote) i COOL-LITE (stakla koja imaju karakteristike i
Low-E stakla i stakla za kontrolu ulaska svjetlosti i
toplote).

Parametri koji definiSu SVJETLOSNO-TOPLOTNU
kontrolu stakla:

TL% = transmisija svijetla

RL% = refleksija svijetla

g-vrijednOst  solarni faktor

U-vrijednost W/ m?K = koef.toplotne provodljivosti

Selektivnost = odnos primljene svjetlosti/absorb.
energije , TI/ g-vrijednsot (60/32= selectivity 1,88) .

Stepen transmisije svjetlosti po DIN EN 410
oznaCava koliko posto vidljive svetlosti kroz staklo
dospijeva u prostor. Danas je pravilo, Sto viSe to bolje.

Vrijednost stakla oznadava toplotnu energiju koja
putem suncevog zracenja dospijeva u prostor. Po DIN
EN410 g-vrijednost se sastoji od dva faktora: od direktne
energije zraCenja sunca i absorbovane energije koju
staklo propuSta unutar prostora putem toplotnog
zraCenja.

which are good heat conductors, and therefore critical
places regarding heat losses.

4 DILEMMAS AND RECOMMENDATIONS FOR THE
SELECTION OF THE TYPE OF GLASS

There are special requirements for glass facades
from the Regulations of EU EnEV on the energy saving
from 2002, where the heating of buildings should take
into account the energy balance. If the glass surface in
the building exceeds 30% of the facade, the entry of the
sun should not exceed maximum values S max
prescribed by these Regulations.

Due to colours and different glass reflections,
glasses for sun protection give numerous possibilities in
facade design. Glasses with distinct reflection will
particularly emphasize the unique exterior and reflection
of the surrounding facilities and environment on the
glass facade 4. The glasses with lower reflection cannot
avoid different appearance of transparent and opaque
glass. The basic dilemma in the selection of the type of
glass in case of demanding for higher transmission of
light in space is how to avoid the entry of thermal energy
of the sun in space during summer. The other problem in
case of demands for higher light permeability in space is
to avoid higher heat losses from the space to the out-
side. These problems have been lately the subject of
contemporary technologies of glass production, especi-
ally regarding the construction of building facades where
structural and semi-structural facades are dominant.
Generally, the glass with higher transmission was
demanded in order to protect the space from the exces-
sive heat entry during summer with lower coefficient of
heat conductivity (U), and enable the achievement of the
desired esthetical demands. The development of these
technologies had a very long way, but now we have the
possibility to choose the type of glass which will be more
appropriate in design solution and which will enable the
construction of energetically efficient building.

In order to resolve the named particularities more
easily the producers have developed the production
technologies of the following glass types:

Low E-glasses (glasses for the control of heat
release), Solar Control Glass (glasses for the control of
light and heat entry) and COOL-LITE (glasses with both
characteristics of the Low E-glasses and glasses for the
control of light and heat entry).

The parameters which define LIGHT AND HEAT
control of the glasses are:

TL% = light transmission
RL% = light reflection
g-value solar factor

U-value W/ m2K = heat conductivity coefficient

Selectivity = received light/absorbed energy ratio, Tl/
g-value (60/32 = selectivity 1,88) .

The degree of light transmission according to DIN
EN 410 indicates the percentage of visible light which
reaches the space through the glass. Nowadays the rule
says: “the more, the better”.

The value of the glass indicates the thermal energy
which reaches the space through the sun radiation.
According to DIN EN 410 g-value consists of two factors:
direct sun radiation energy and absorbed energy let
through glass inside the space by thermal radiation.

48

MATERIJALI | KONSTRUKCIJE 53 (2010) 3 (44-53)



4.1 LOW-E-stakla (stakla za kontrolu izlaska
toplote)

Kod ove grupe proizvoda debljina stakla se krece od
4 do 16 mm, u vazduSnom prostoru se dodaje gas,
uglavnom argon, koeficijent toplotne provodljivosti (U) je
od 1.1 do 1. 4 W/ m3K, transmisija od 60 do 80%,
refleksija od 10 do 30 %, i solarni faktor (g) od 0.4 do
0.7. Kakve c¢e konkretne karakteristike imati
odredeno staklo zavisi od vrste stakla i
proizvodaca. U svakom slu€aju, u ovu grupu
stakala spadaju transparentna stakla, Sto je za
arhitektonska rjeSnja, koja zahtijevaju vecu
prozirnost i vidljivost spljneg i unutrasnjeg prostora,
jako znagajno. Takode zan€ajna osobina ovih
stakla je da se mogu kaliti i laminirati.

4.2 SOLAR CONTROL GLASS (stakla za kontrolu
ulaska svetlosti i toplote)

Osnovna karakteristika ovog tipa stakla je kontrola
ulaska svjetlosti i toplote u prostor, i moguénost
nanoSenja tvrdih filmova na povrSinu stakla, kaljenje,
savijanje, laminiranje, emajliranje i obrada stakla.

4.1 LOW E-GLASSES (glasses for the control of
heat release)

Within this group of products glass thickness ranges
from 4 to 16 mm; in the air space gas is added, mostly
argon; heat conductivity coefficient (U) is 1.1- 1.4 W/
mZ2K, transmission is 60 - 80%, reflection is 10 - 30% and
solar factor (g) is 0.4 - 0.7. Which properties will certain
glass have depends on the type of glass and producer.
In any case, this group of glasses includes transparent
glasses, which is very important for architectural
solutions that require higher transparency and visibility of
the exterior and the interior. Also the important
characteristic of these glasses is that they can be
hardened and laminated.

4.2 SOLAR CONTROL GLASS (glasses for the
control of light and heat entry)

The basic characteristic of this type of glass is the
control of heat and light entry in space, and the
possibility of applying solid films on glass surface,
hardening, bending, laminating, emailing and processing
of glass.

Tabela 1. Osnovne karakteristike stakla tipa Solar Control Glass [12]
Table 1. Basic characteristics of the Solar Control Glass type are shown [12]

TL RL g U Selectivity
SGG ANTELIO silver 59 31 0,48 11 1,23
SGG ANTELIO clear 41 27 0,38 11 1,08
SGG ANTELIO emerald 48 21 0,31 11 1,55
SGG ANTELIO bronze 21 12 0,24 11 0,88

Iz tabele 1. se moze vidjeti da ovaj tip stakala ima
manju transparentnost do 60%, zatim da je toplotna
provodljivost dobra (oko 1.1 W/ m?K), dok je solarni
faktor neSto nizi, te da je refleksija kod odredenih vrsta
znaajna. Koji ¢e se tip stakla usvojiti uglavnom zavisi
od potrebe arhitektonskog rjeSenja za transparentnoScu i
refleksijom.

4.3 COOL-LITE (stakla koja imaju karakteristike i
Low-E stakla i stakla za kontrolu ulaska
svjetlosti i toplote).

Ova stakla spadaju u red stakala savremenije
tehnologije i ¢esto daju rjeSenja, kada druge pomenute
vrste stakala ne mogu da zadovlje potrebe
arhitektonskog projekta. Ova vrsta stakala omogucava
dobru zaStita od sunca i toplote i daje velike
arhitektonske mogucnosti, a s obzirom na izuzetnu

In Table 1 it can be seen that this type of glass is
less transparent, up to 60%, heat conductivity is good
(around 1.1 W/ m3K), while solar factor is a bit lower, and
the reflection of certain types is significant. Which types
of glass will be used depends mostly on the needs of
architectural solutions for transparency and reflection.

4.3 COOL-LITE (glasses with both characteristics
of Low — E glass and glass for the control of
light and heat entry).

These glasses belong to the group of contemporary
technology glasses and they are often good solution
when other named types of glass can not satisfy the
needs of architectural design. This type of glass enables
good sun and heat protection and the ability of
adaptation. It can be used on large facade surfaces
which are intensively exposed to the sun. The colours of
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zaStitu od sunca i sposobnost prilagodavanja, moze se
koristiti i na velikim povrSinama fasada koje su
intenzivno izloZzene suncu. Boje ovih stakala se mogu
individualno definisati, stakla se takode mogu
individualno oblikovati i tako omoguéiti savijanje i

zaobljene frontove fasada. Ova vrsta stakla se bazira na
slojevima plemenitog metala koji se nalazi unutar stakala
i nije izlozen vremenskom uticaju. Taj sloj filtrira svjetlost
koja pada na staklo, tako da ne dolazi do pretjeranog
zagrijevanja prostora, istovremeno propusta svijetlo u
mjeri potrebnoj za ugodnu atmosferu, uz minimalno
znacajno u

propustanje energije, Sto je jeko
arhitektonskom projektovanju.

these glasses can be individually defined, glasses can
be also individually shaped and therefore they can
enable bending and shaping of the facade fronts. This
type of glass is based on the layers of precious metals
contained within the glass and it is not exposed to
weather influence. The layer filters the light that falls on
the glass, so there is no excessive heating of the area,
and at the same time it lets the light in amounts
necessary for comfortable atmosphere, with minimum
energy leak, which is very important in architectural
design.

Slika 4. Prikaz objekta izvedenog od Low-E-STAKLA i Solar Control Glass tipa SGG ANTELIO od istog proizvodaca

Figure 4. Presentation of the building made of Low E glass and Solar Control Glass SGG ANTELIO type of the same
manufacturer [12]

Razlike u transparentnosti svjetlosti i solarnog
faktora kod ovog tipa stakala najbolje se moze uogiti na
slici 4. gdje se radi o istom renomiranom proizvodacu,
¢iji je cilj da svojim proizvodnim programom omogudi Siri
izbor proizvoda kod izrade arhitektonskih projekata.

The differences in light transparency and solar factor
for this glass type can be noticed most easily in Figure 4,
the same renowned manufacturer, whose objective is to
enable with its production program wider selection of the
products in design of architectural projects.

Tabela 2. Osnovne karakteristike za razli¢ite vrste stakla tipa COOL-LITE [12]
Table 2. Basic characteristics of different types of glass COOL-LITE [12]

T|_ R|_ g U S
s66 COOL-LITE SKN 172 67 | 9 |0,40[1,2|1,68
sec COOL-LITE SKN 174
sec COOL-LITE SKN 17411 | 68 | 11 |0,41| 1,1 /1,66
sec COOL-LITE SKN 165
see COOL-LITE SKN 165ll 60 | 15 [0,32| 1,1/1,88
SGG COOL-L|TE SKN 154 50 17 0,27 1’1 1,85
se COOL-LITE SKN 1541*
se6 COOL-LITE SKN 144+ | 40 | 17 10,211 1,1 1,90

Iz tabele 2. se vidi da ovaj tip stakala omogucava
vecu transparentnost (¢ak do 70 % ), dok je refleksija

In Table 2 it can be seen that this type of glass
enables higher transparency (even up to 70%), while the
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svjetlosti znatno manja nego kod prethodne vrste stakla.
Solarni faktor je znatno ve¢i nego kod prethodno
opisanih vrsta, §to ukazuje na to da ovaj tip stakla
omogucava veéu transparentnost stkala, a da pri tome
ima vecéu vrijednost solarnog faktora, Sto je jako
znagajno, pogotovo kada se zeli postiéi veca
energetska efikasnost arhitektonskih rjeSenja (Sto je
veci solarni faktor, veca je transmisija stakla, a samim
tim i manji gubici energije).

Na slici 5. je prikazan primjer izbora stakla kod koga
arhitektonsko rjeSene zahtijeva vecu transparentnost
unutrasSnjeg prostora  pri pogledu na objekat iz
okruZenja. Zelja autora projekta je bila da se istaknu
elementi nosec¢e konstrukcije i da unutrasnjost objekta
bude vidna za posmatraca koji se nalazi van objekta,
kao i to da posmatra¢ iz objekta moze bolje vidjeti
okruzZenje oko njega. U sustini, Zeljela se ostvariti bolja
veza unutrasnjosti objekta sa okruZzenjem. Da bi se ovi
efekti postigli projektant je usvojio staklo tipa ,SGG
COOL-LITE SKN 172¢ , Cije se karakteristike mogu vidjeti
u tabeli 2. Ovo staklo karakteriSe velika trnsparentnost
(TL= 0.67) i mala refleksija (RI= 9), $to omogucava
ostvarivanje pomenutih efekata. Usvojeni tip stakla ima
znaCajnu vrijednost solarnog faktora (g= 0.40) jer
staklena fasada sa slike 5. nije okrenuta direktno prema
jugu i ne postoji mogucénost pregrijavanja prostora u
lietnjem periodu. Selektivnost izabranog tipa stakla S =
1.68 je prilicno dobra, s obzirom na njegovu zancajnu
transparentnost.

light reflection is lower than in the previous type of glass.
Solar factor is considerably higher than in previously
described types, which indicates that this type of glass
enables higher glass transparency, and it has higher
value of solar factor, which is very important, particularly
when higher energey efficiency in architectural solutions
is to be achieved (with higher solar factor, glass
transmission is lower, as well as energy losses).

In Figure 5 it is presented the example of glass
selection where architectural solution requires higher
transparency of the interior looking at the building from
the outside. The author of the project wished to
emphasize the elements of the supporting structure and
make the interior visible to the observers outside the
building, so that they can see better the surroundings.
Basically, better connection between the interior and the
surroundings is desired. In order to achieve these effects
the designer used the glass type “SGG COOL-LITE
SKN 172", which characteristics can be seen in Table 2.
This glass is characterized by high transparency
(TL=0.67) and small reflection (R1=9), which enables the
realization of the named factors. The used type of glass
has significant value of solar factor (g= 0.40) because
the glass facade in Figure 5 does not face directly south
and there is no possibility of overheating of the space
during summer. The selectivity of the chosen type of
glass S = 1.68 is quite good, considering its significant
transparency.

Slika 5. Prikaz objekta izvedenog od stakla tipa SGG COOL-LITE SKN 172 [12]
Figure 5. Presentation of the building made of the type of glass SGG COOL-LITE SKN 172 [12]

Konacni izbor stakla ée, na kraju, zavisiti od Zeljenog
cilja arhitektonskog projekta, vrste i lokacije objekata i
tehnoloSkih mogucnosti, karakteristika i performansi
stakla koje su na raspolaganju, kao i od ekonomske
analize razli¢itih cijena stakala, koja ¢e projektantu
omoguciti izbor optimalnog rjeSenja.

Korisno je napomenuti da ukoliko projektant
Zeli stakla sa velikom propustljivoS¢u svjetlosnih zraka,
problem pretjeranog sunéevog zraCenja u ljetnjem
periodu moze rijesiti vjeStackim zazorima, pa ¢e samim
tim i izbor stakla biti razli¢it. Pojedini proizvodaci nude
rieSenje u vidu zazora sa koncentriénim prizmama, &ijim

The final choice of glass will finally depend on the
desired objective of the architectural project, type and
location of the building, technological possibilities,
characteristics and performances of available glass, as
well as on the economic analysis of different prices of
glass which will enable the selection of optimal solution
for the designer.

It is useful to mention that, unless the designer wants
glasses with high permeability of light rays, the problem
of excessive solar radiation in summer can be solved by
artificial clearances; therefore the selection of glass itself
will be different. Certain manufacturers offer the solution
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radom se moze softverski upravljati, tako da u zimskom
periodu ulazi toplota u prostor, a u ljetnjem periodu samo
u planiranom obimuyy, 12).

Cesti su zahtjevi da izbor stakla zavisi i od stepena
refleksije (uglavnom kad arhitektonskih rjeSenja gdje se
na staklenoj fasadnoj povrSini Zeli imati odsjaj objekata u
okruzZenju- jezgra starih gradova, gradski trgovi idr. ). U
ovom sluéaju prednost se daje staklu koje ima ovu
osobinu u odnosu na transparentnost, karakteristike
soloranog faktora pri izboru tipa stakla.

Arhitektonska rjeSenja na fasadi ¢esto zahtijevaju
primjenu razli¢itih vrsta stakla, ali izbor mora biti u
skladu sa solarnim karakteristikama stakla, tj. da gubici
energije budu Sto manji i usaglaSeni sa zakonskom
regulativom iz ove oblasti.

Kada se kod izrade fasada predvidi staklo u boji koje
nije transparentno, kao dekorativni materijal, ispod njega
se postavlja nezavisna teremicka izolacija, tako da u tom
slu€aju transmisija i solarni faktor nijesu bitni, ve¢ samo
kvalitet proizvoda i mehani¢ke karakteristike.

5 ZAKLJUCAK

Nijedan gradevinski materijal nije toliko tehnoloski
napredovao kod izgradnje objekata visokogradnje, kao
staklo. Veoma je mali broj savremenih arhitektonskih
objekata kod kojih staklo nije znacajno zastupljeno.
Istrazivanje karakteristika stakla je jako interesantno i sa
stanoviSta toplotnih gubitaka na objektima, koji su po
pravilu najveéi na fasadnim elementima koji su obradeni
od stakala. Ipak jedan broj arhitekata nije detaljno
upucen u najnovije tehnoloSke mogucénosti stakla, u
moguénost izbora osnovnih  karateristika, boja,
transmisije, solarnog faktora, mehanickih karateristika,
programiranog mijenjanja svojstava i dr. Stoga je i cilj
ovog rada bio da se promoviSe ova veoma interesantna
oblast, jer se adekvatnim izborom staklenih fasadnih
elemenata moZe znacajno doprinijeti vecoj energetskoj
efikasnosti objekata visokogradnje, Sto je veoma
znacéajno i sa stanoviSta smanjenja misije Stetnih gasova
i efekta staklene baste, s obzirom na veliki obim utroSka
energije koju koristi ova vrsta objekata u eksploataciji.
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in the form of clearance with concentric prisms, which
operation can be controlled by software, so that in winter
the heat enters the space, and in summer only in
planned amount (11), (12).

The demands for the glass selection on the basis of
reflection grade are often (mostly for architectural
designs where on a glass facade surface the reflection
of the surrounding buildings is desired — core of old
cities, city squares etc.) In this case the priority is given
to the glass with this property regarding the transparency
and solar factor characteristics in the selection of the
type of glass.

The architectural designs on the facade often require
the use of different types of glass, but the selection has
to be in accordance with solar characteristic of the glass
i.e. the energy losses should be smaller and coordinated
with law regulations in this field.

When non-transparent coloured glass is predicted for
facade design as decorative material, the independent
thermal isolation is set below. In that case the
transmission and solar factor are not important, but the
quality of the product and its mechanical characteristics.

5 CONCLUSION

None of the building materials advanced
technologically in building construction as glass did.
There is a very small number of modern architectural
buildings where glass is not significantly present. The
investigation of the glass characteristics is very
interesting from the aspect of heat losses of the
buildings, which by the rule are highest in the facade
elements made of glass. However, a number of
architects are not well informed about the technological
possibilities of glass, the possibility of the selection of its
basic characteristics such as colours, transmission, solar
factor, mechanical characteristics, programmed change
of properties etc. Therefore the aim of this paper was to
promote this very interesting area, because the
appropriate selection of glass fagcade elements can give
important contribute to better energy efficiency of the
buildings, which is very important from the aspect of
harmful gases reduction and greenhouses, considering
high energy consumption used for these buildings in
exploitation.
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REZIME

ENERGETSKA EFIKASNOST | TEHNOLOGIJE
PRIMJENE STAKLA U ARHITEKTONSKOM
PROJEKTOVANJU

Ratko MITROVIC

U radu je dat prikaz mogucnosti primjene stakla u
projektovnju i izgranji objekata visokogradnje, u funkciji
energetske efikasnosti. S obzirom na obimnost i
kompleksnost ove materije, prikazani su samo osnovni
elementi ovih tehnologija koje projektant treba da zna
kod izrade arhitektonskih projekata. Dat je i prikaz
Siroke lepeze mogucnosti primjene stakla kod
projektovanja energetski efikasnih objekata
visokogradnje. Na konkretnom primjeru je prikazana
metodologija izbora stakla za ostvarivanje Zeljenih
arhitektonskih rjeSenja. U zakljucku rada su date
preporuke, tendencije razvoja i naglaSen znacaj
poznavanja tehnoloSkog razvoja stakla u projektovanju
savremenih arhitektonskih projekata.

Kljuéne rije€i: energetska efikasnost, tehnologije,
staklo, materijali

SUMMARY

ENERGY EFFICIENCY AND GLASS TECHNOLOGY
USED IN ARCHITECTURAL DESIGNS

Ratko MITROVIC

The paper presents the possibility of glass use in
design and building construction as a function of energy
efficiency. Considering the volume and complexity of the
matter, only basic elements of these technologies, which
should be known to the designer for architectural
projects, are presented. High variety of possibilities of
glass use in the design of energetically efficient building
constructions is presented. The concrete examples
demonstrate the methodology of glass selection for
realization of the desired architectural solutions. The
conclusion presents recommendations, as well as
development tendencies and emphasized importance of
the knowledge of technological development of glass in
the design of contemporary architectural projects.

Key words: energy efficiency, technology, glass,
materials.

MATERIJALI | KONSTRUKCIJE 53 (2010) 3 (44-53)

53



UPUTSTVO AUTORIMA’

Prihvatanje radovai vrste priloga

U Casopisu Materijli i konstrukcije Stampace se neobja-
vljeni radovi ili ¢lanci i konferencijska saopstenja sa odre-
denim dopunama ili bez dopuna, prema odluci Redakcionog
odbora, a samo izuzetno uz dozvolu prethodnog izdavaca
Erihvatiée se i objavljeni rad. Vrste priloga autora i saradnika

oji ¢e se Stampati su: originalni nau¢ni radovi, prethodna

saopsStenja, pregledni radovi, struéni radovi, konferencijska
saopstenja (radovi sa naucno-strucnih skupova), kao i ostali
prilozi kao Sto su: prikazi objekata i iskustava - primeri,
diskusije povodom objavljenih radova i pisma urednistvu,
prikazi knjiga i zbornika radova, kao i obaveStenja o
naucno-strucnim skupovima.

Originalni naucni rad je primarni izvor naucnih informa-
cija i novih ideja i saznanja kao rezultat izvornih istraZivanja
uz primenu adekvatnih nau¢nih metoda. Dobijeni rezultati
se izlaZzu kratko, jasno i objektivno, ali tako da poznavalac
problema moZe proceniti rezultate eksperimentalnih ili
teorijsko numerickih analiza i tok razmisljanja, tako da se
istraZzivanje moZe ponoviti i pri tome dobiti iste ili rezultate u
okvirima dopustenih odstupanja, kako se to u radu navodi.

Prethodno saopStenje sadrZi prva kratka obaveStenja o
rezultatima istraZivanja ali bez podrobnih objaSnjenja, tj.
krace je od originalnog nau¢nog rada. U ovu kategoriju
spadaju i diskusije o objavljenim radovima ako one sadrze
naucne doprinose.

Pregledni rad je naucni rad koji prikazuje stanje nauke u
odredenoj oblasti kao plod analize, kritike i komentara i
zakljucaka publikovanih radova o kojima se daju svi neop-
hodni podaci pregledno i kritiCki ukljuéujuci i sopstvene
radove. Navode se sve bibliografske jedinice koris¢ene u
obradi tematike, kao i radovi koji mogu doprineti rezultatima
daljih istrazivanja. Ukoliko su bibliografski podaci metodski
sistematizovani, ali ne i analizirani i raspravljeni, takvi
pregledni radovi se klasifikuju kao struéni pregledni radovi.

Strucni rad predstavlja koristan prilog u kome se iznose
poznate spoznaje koje doprinose Sirenju znanja i prila-
godavanja rezultata izvornih istrazivanja potrebama teorije i
prakse. On sadrZi i rezultate razvojnih istraZivanja.

Konferencijsko saopstenje ili rad sopSten na naucno-
struénom skupu koji mogu biti objavljeni u izvornom obliku ili
ih autor, u dogovoru sa redakcijom, bitno preradi i proSiri. To
mogu biti naucni radovi, naroCito ako su sopstenja po
pozivu Organizatora skupa ili sadrze originalne rezultate
prvi put objavljene, pa ih je korisno uz odredene dopune
ucinitidostupnim Siroj struénoj javnosti. Stampace se i
strucni radovi za koje Redakcioni odbor oceni da su od Sireg
interesa.

Ostali prilozi su prikazi objekata, tj. njihove konstrukcije i
iskustava-primeri u gradenju i primeni razli¢itih materijala,
diskusije povodom objavljenih radova i pisma urednistvu,
prikazi knjiga i zbornika radova, kao i obaveStenja o
naucno-strucnim skupovima.

Autori uz rukopis predlazu kategorizaciju ¢lanka. Svi
radovi pre objavljivanja se recenziraju, a o prihvatanju za
publikovanje o njihovoj kategoriji kona¢nu odluku donosi
Redakcioni odbor.

Da bi se ubrzao postupak prihvatanja radova za
publikovanje, potrebno je da autori uvaZzavaju Uputstva za
pripremu radova koja su navedena u daljem tekstu.

Uputstva za pripremu rukopisa

Rukopis otkucati jednostrano na listovima A-4 sa
marginama od 31 mm egore i dole) a 20 mm (levo i desno),
u Wordu fontom Arial sa 12 pt. Potrebno je uz jednu kopiju
svih delova rada i priloga, dostaviti i elektronsku verziju na
navedene E-mail adrese, ili na CD-u. Autor je obavezan da
¢uva jednu kopiju rukopisa kod sebe zbog eventualnog
oStecenja ili gubitka rukopisa.

Od broja 1/2010, prema odluci Upravnog odbora
DruStva i Redakcionog odbora, radovi sa pozitivnim
recenzijama i prihvaéeni za Stampu, publikovace se na
srpskom i engleskom jeziku.

! Uputstvo autorima je modifikovano i treba ga, u pripremi
radova, slediti.

Svaka stranica treba da bude numerisana, a optimalni
obim ¢lanka na jednom jeziku, je oko 16 stranica (30000
slovnih mesta) uklju€ujuci slike, fotografije, tabele i popis
literature. Za radove vec¢eg obima potrebna je saglasnost
Redakcionog odbora.

Naslov rada treba sa $to manje reci (pozZelijno osam, a
najvise do jedanaeset) da opiSe sadrzaj clanka. U naslovu
ne Kkoristiti skracenice ni formule. U radu se iza naslova daju
ime i prezime autora, a titule i zvanja, kao i ime institucije u
podnoznoj napomeni. Autor za kontakt daje telefone, faks i
agresu elektronske poste, a za ostale autore poStansku
adresu.

Uz sazetak (rezime) od oko 150 do 200 reci, na
srpskom i engleskom jeziku daju se klju¢ne reci (do deset).
To je jezgrovit prikaz celog ¢lanka i Citaocima omogucuje
uvid u njegove bitne elemente.

Rukopis se deli na Eoglavlja i potpoglovlja uz numera-
ciju, po hijerarhiji, arapskim brojevima. Svaki rad ima uvod,
sadrzinu rada sa rezultatima, analizom i zaklju¢cima. Na
kraju rada se daje popis literature.

Kod svih dimenzionalnih veli¢ina obavezna je primena
medunarodnih S| mernih jedinica.

Formule i jednacine treba pisati paZljivo vodeci ratuna o
indeksima i eksponentima. Autori uz izraze u tekstu definSu
simbole redom kako se pojavijuju, ali se moze dati i
posebna lista simbola u prilogu.

Prilozi (tabele, grafikoni, sheme i fotografije) rade se u
crno-beloj tehnici, u formatu koji obezbeduje da pri
smanjenju na razmere za Stampu, po Sirini jedan do dva
stupca (8cm ili 16.5cm), a po visini najviSe 24.5cm, ostanu
jasni i Citljivi, tj. da veli¢ine slova i brojeva budu najmanje
1.5mm. Originalni crtezi treba da budu kvalitetni i u
potpunosti pripremljeni za presnimavanje. Mogu biti i dobre,
ostre i kontrastne fotokopije. Koristiti fotogrfije, u crno-beloj
tehnici, na kvalitetnoj hartiji sa oStrim konturama, koje
omogucéuju jasnu reprodukciju. Skracenice u prilozima
koristiti samo izuzetno uz obaveznu legendu. Prilozi se
posebno oznaCavaju arapskim brojevima, prema redosledu
navodenja u tekstu. Objasnjenje tabela daje se u tekstu.

Potrebno je dati spisak svih skrac¢enica koriS¢enih u
tekstu.

U popisu literature na kraju rada daju se samo oni
radovi koji se pominju u tekstu. Citirane radove treba
prikazati po azbuénom redu prezimena prvog autora.
Literaturu u tekstu oznaciti arapskim brojevima u uglastim
zagradama, kako se navodi i u Popisu citirane literature,
napr [1]. Svaki citat u tekstu mora se naci u Popisu citirane
literature i obrnuto svaki podatak iz Popisa se mora navesti
u tekstu.

U Popisu literature se navode prezime i inicijali imena
autora, zatim potpuni naslov citiranog €lanka, iza toga sledi
ime Casopisa, godina izdavanja i poCetna i zavrSna stranica
od - do). Za knjige iza naslova upisuje se ime urednika (ako
ih ima), broj izdanja, prva i poslednja stranica poglavlja ili
dela knjige, ime izdavaca i mesto objavljivanja, ako je
navedeno vise gradova navodi se samo prvi po redu. Kada
autor citirane podatke ne uzima iz izvornog rada, vec¢ ih je
pronaSao u drugom delu, uz citat se dodaje «citirano

rema...». Neobjavljeni ¢lanci mogu se pominjati u tekstu
ao «usmeno saopsStenje»

Autori su odgovorni za izneseni sadrZzaj i moraju sami
obezbediti eventualno potrebne saglasnosti za objavljivanje
nekih podataka i priloga koji se koriste u radu.

Ukoliko rad bude prihva¢en za Stampu, autori su duZzni
da, po uputstvu Redakcije, unesu sve ispravke i dopune u
tekstu i prilozima.

Za detaljnija tehnicka uputstva za pripremu rukopisa
autori se mogu obratiti Redakcionom odboru ¢asopisa.

Rukopisi i prilozi objavljenih radova se ne vracaju. Sva
eventualna objaSnjenja i uputstva mogu se dobiti od
Redakcionog odbora.

Radovi se mogu slati i na e-mail: folic@uns.ac.rs ili
miram@uns.ac.rs
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