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SUDAR SUSJEDNIH NESIMETRICNIH VISESPRATNIH ZGRADA USLED UTICAJA
ZEMLJOTRESA

POUNDING OF ADJACENT NON-SYMMETRIC MULTISTORY BUILDINGS DUE TO AN
EARTHQUAKE

Ljliana ZUGIC
Stanko BRCIC

1 UVODNE NAPOMENE

Mnogi gradovi u svijetu izgradeni su po sistemu
takozvanih "kontinualnih sistema zgrada" gdje se svaka
zgrada obi¢no sa dvije suprotne strane oslanja na
susjedne zgrade. U Solunu u Grékoj postoje Cak tri
gradska bloka u kojima nema dilatacionih razdjelnica
izmedu susjednih zgrada, [3]. Dilatacione razdjelnice
izmedu susjednih zgrada su potrebne da bi se:
obezbijedio slobodan prostor unutar koga zgrade mogu
vibrirati u sluaju pojave zemljotresa i omogucilo
nesprijeéeno  Sirenje  zgrada usled  sezonskih
temperaturnih uticaja. Svi savremeni tehnicki propisi
zahtjevaju dilatacionu razdjelnicu izmedu susjednih
zgrada. Medutim, to nije lako primjeniti jer postoji jako
protiviienje od strane vlasnika (investitora), izvodaca i
inZzenjera, [2]. To je posledica: visoke cijene placeva,
teznje da se dobije Sto veci korisni prostor, a time i Sto
veci profit, teSkoc¢e pri izvodenju dilatacionih razdjelnica
(izvodacgima radova najvise odgovara da postojeci zid
susjedne zgrade bude spoljaSnja oplata za zid nove
zgrade), kao i problemi kasnijeg odrzavanja razdjelnica.

Da su susjedne zgrade izgradene u skladu sa
postojecim tehnic¢kim propisima njihov sudar ne bi se
nikada dogodio, jer one usled zemljotresa nacelno
vibriraju medusobno nezavisno. Medutim, ako se njihove
relevantne dinamicke karakteristike (krutost, masa,
priguSenje) bitno razlikuju susjedne zgrade neée vibrirati
sinhrono i ako je pri tome dilataciona razdjelnica izmedu
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1 INTRODUCTION

Many towns in the world are built according to the
so-called "continuous buildings system" where buildings
are virtually connected, usually on both lateral sides,
even though the lateral walls for two buildings are not
the same. In Thessaloniki, Greece, there are even three
city blocks without any seismic separation between
buildings, [3]. Dilatation joints between buildings are
necessary in order to provide the empty space where
building may freely vibrate in the case of an earthquake
and also to provide unrestricted thermal dilatation due to
seasonal climate conditions. All current building codes
require the existence of dilatation joint between neigh-
boring buildings. However, it is not easy to implement
sufficient separation distances in evry case, because of
a strong opposition of the owners (or investors) and also
contractors, [2]. It is due to high prices of construction
lots, strong tendency to obtain as much usefull area as
possible, and therefore as much profit as possible, and
also due to difficulties in practical implementation of
dilatation joints (construction engineers much more
prefere to use the existing wall of the neighboring
building as the outter form for the new wall) and also
latter maintenance of the expansion joint.

If the two adjacent building were built strictly according
to technical building codes, the pounding between build-
ings would have never happened: they would vibrate
during earthquakes independently from each other. If the
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njih nedovoljnin dimenzija moze do¢i do njihovog
sudara. Iskustva steCena poslije mnogih vecih
zemljotresa pokazuju da se sudar susjednih zgrada
izlozenih ovoj prirodnoj pojavi zaista dogada, [3], [5] i
[13]. Poslije rusSenja stepeniSnog tornja bolnice "Olive
View Hospital" u Kaliforniji usled sudara sa glavhom
zgradom bolnice za vrijeme zemljotresa "San Fernando"
1971.godine prakti¢no i zapocinje razmatranje problema
sudara zgrada, [5]. Intezivnije se poc€inje raditi na ovom
problemu poslije zemljotresa u Mexico City 1985.godine
kada se sruSio neuobi¢ajeno veliki broj zgrada, a u
nekim sluajevima glavni uzrok ruSenja je bio sudar
susjednih zgrada, [13]. Od 330 viSespratnih zgrada koje
su bile znatno oStec¢ene ili se sruSile za vrijeme tog
zemljotresa, sudar sa susjednim objektima desio se u
preko 40% slu€ajeva, dok je 15% od svih sluajeva
doveo do rusenja, [2].

Analiza moguéeg sudara zgrada za vrijeme
zemljotresa je sloZena i nedovoljno ispitana oblast
primjenjene  mehanike.  Numericka i analiticka
istarZivanja tog problema su relativno rijetka. U osnovi
postoje dva pristupa u analizi. Prvi se zasniva na
uvodenju posebnih linearno viskozno - elasti¢nih
"udarnih” elemenata izmedu dvije susjedne zgrade koji
se aktiviraju tek po ostvarivanju kontakta izmedu dvije
vibrirajuée mase, [1], [4] i [15]. Pri tome se krutosti
ovakvih udarnih elemenata usvajaju u relativno velikom
iznosu (znatno veéem od krutosti zgrada), ¢ime se
simuliraju udarne sile, dok je konstanta viskoznog
priguSenja odredena prema procjeni disipacije energije
tokom sudara, dovodenjem u korelaciju sa koeficijentom
sudara. U radu [15] zgrade su tretirane kao ekvivalentni
sistemi sa po jednim stepenom slobode, dok je u
radovima [1] i [4] dat napredniji pristup gdje su zgrade
tretirane kao sistemi sa viSe stepeni slobode. U drugom
pristupu uslovi ostvarivanja sudara izmedu pojedinih
dijelova zgrada se namecu kao ograni¢enja jedna¢inama
kretanja zgrada primjenom metode Lagranzeovih
multiplikatora veza, [14]. U svim ovim radovima zgrade
su tretirane kao simetri¢ni sistemi, gdje svaka tavanica
vr§i samo translatorno kretanje sa jednim stepenom
slobode.

U ovom radu prikazana je analiza moguceg sudara
viSespratnih  nesimetricnih  zgrada usled dejstva
zemljotresa. Zgrade su tretirane kao trodimenzionalni
sistemi, gdje svaka tavanice vrSi ravno kretanje u svojoj
horizontalnoj ravni sa po tri stepena slobode (translacije
uivirotacijaj ), kao Sto je prikazano u radu [12]. Dakle,
zgrada sa N spratova ima 3N stepeni slobode kretanja.
KoriS¢éen je pristup koji je u osnovi radova [6] i [7], gdje je
analiziran moguc¢i sudar jednospratnih nesimetri¢nih
susjednih zgrada. Moguc¢i sudar zgrada analiziran je
kombinacijom direktne numeri¢ke integracije u
vremenskom domenu korak po korak i klasi¢ne analize
sudara dva kruta tijela pri ravnom kretanju.

relevant building's dynamic properties (stiffness, mass
and damping) are substantially mutually different, then
adjacent buildings will not vibrate in phase (in
sinhronous fashion), and if the separation distance is
insufficient, then the pounding may occur. Experiences
from many major earthquakes show that pounding of
neighboring buildings is really happening, see [3], [5] or
[13]. After the collapse of the staircase tower of the
"Olive's View Hospital", due to collisions of the tower
with the main building of the hospital during the San
Fernando earthquake in 1971, the analysis of the pound-
ing of buildings, as a subset of earthquake engineering,
practically started, [5]. More intensive analysis of
pounding started after the Mexico City earthquake in
1985, where the rather substanial number of buildings
was heavily damaged or crushed down and in some
cases the main reason for demolition was attributed to
pounding, [13]. Out of about 330 relatively multi-story
buildings that were heavily damaged or demolished
during that earthquake, pounding with neighboring
buildings occured in more then 40% of cases, while in
15% of demolition the pounding was direct cause, [2].

Analysis of the possible pounding of buildings during
earthquake is a rather complicated and still unexplored
field of the applied mechanics. Numerical and analytical
investigations of that problem are relatively rare. In the
essencee there are two main approaches to that
problem. One is based on the introduction of the special
linear visco-elastic impact elements between two
adjacent buildings, that are being activated after the
contact of the two vibrating masses, [1], [4], [15]. The
stiffness of such impact elements are assumed as
relatively high (much higher then the stiffness of the
buildings), so the impact forces are being simulated,
while the viscous damping is estimated according to
evaluation of dissipation of energy during collision, by
assuming some correlation with the impact coefficient. In
[15] buildings are treated as the equivalent single-
degree-of-freedom systems, while in [1] and [4] the
buildings are considered as multy-degree-of-freedom
systems. In the other approach the conditions of the
contact-impact problem between certain parts of neigh-
boring buildings are imposed as restrictions of the
differential equations of motion by the Lagrange multi-
plier method, [14]. In all of this papers buildings are
treated as symmetric systems, where each slab is
performing only a translation with one degree of freedom.

This paper is presenting the analysis of the possible
pounding of multi-story non-symmetric buildings in the
event of an earthquake. Buildings are treated as
trodimensional systems, where each floor slab is
performing the planar motion in its horizontal plane, with
three degrees of freedom each (translations u and v and
rotation ¢), as shown in [12]. Therefore, a building with
N stories has 3N degrees of freedom. The approach
used here is based upon the approach presented in [6]
and [7], where the possible pounding of single-story non-
symmetric buildings was analyzed. The possible
pounding is analyzed by the combination of direct
numerical integration in the time domain step-by-step
and the classical impact analysis of the two rigid bodies
in planar motion.
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2 MOGUCI SUDAR TAVANICA ISTOG NIVOA
SUSJEDNIH ZGRADA

Usled uticaja zemljotresa susjedne zgrade istih
spratnih visina, izgradene u skladu sa postojec¢im
tehni¢kim propisima, nacelno Vvibriraju nezavisno.
Medutim, ako se njihove relevantne dinamicke
karakteristike bitno razlikuju i ako je dilataciona
razdjelnica izmedu njih nedovoljnih dimenzija moze da
dode sudara tavanica susjednih zgrada na istom
visinskom nivou.

Na slici 1 prikazane su tavanice A i B istog nivoa
susjednih nesimetri¢nih zgrada. Za opisivanje polozZaja
tavanica tokom njihovog ravnog kretanja usvojeni su
referentni (globalni) koordinatni sistem Oxy i materijalni
(lokalni) koordinatni sistemi S1&1n1 i S2€2n2, postavljeni u
centru masa posmatranih tavanica. U pocetnoj
konfiguraciji (prije pojave zemljotresa) lokalni sistemi su
paralelni sa globalnim sistemom.

2 POSSIBLE IMPACT OF SLABS AT THE SAME
LEVEL OD ADJACENT BUILDINGS

In the case of an earthquake, neighboring buildings
with the same story heights, built in accordance to
technical building codes, will vibrate independently.
However, if their relevant dynamic characteristics are
substantiallly different and if the separation distance
between them is unsufficient, then it is quite possible
that pounding between slabs at the same level will
occur.

Fig. 1 is presenting two arbitrary slabs A and B at the
same level of the two neighboring non-symmetric
buildings. In order to describe slab positions during their
planar motion the common global (inertial) coordinate
system Oxy is adopted, as well as the two material (or
local) coordinate systems Si1&1n1 and S»&n., assumed in
the center of mass of each slab. In the initial
configuration (prior to the earthquake), local systems are
parallel with the global one.

Slika 1. Tavanice istog nivoa susjednih nesimetri¢nih zgrada u pocetnoj konfiguraciji

Figure 1. Slabs at the same level of adjacen

Tavanice A i B, kao posledica uticaja zemljotresa,
usled nastalog ravanskog kretanja svake tavanice, u
nekom trenutku vremena mogu da zauzmu jedan od
slede¢ih medusobnih poloZaja: da nisu u kontaktu, da se
dodiruju u jednoj tacki i da se preklapaju. U prvom
slu¢aju nema sudara tavanica. Ako je ostvaren kontakt
izmedu tavanica u jednoj tacki to ne znaci da je doSlo do
njihovog sudara, jer je ostvarivanje kontakta u jednoj
taCki samo potreban ali ne i dovoljan uslov sudara
tavanica. Moguce je da su tavanice tokom kretanja
ostvarile kontakt u jednoj tacki, ali tako da su pri tome
brzine taCaka dodira jedne i druge tavanice jednake nuli
ili su takvih smjerova koji ukazuju na medusobno
razdvajanje tavanica u slede¢em trenutku, pa zbog toga
nema sudara tavanica, ve¢ je samo ostvaren kontakt.
Ukoliko je doSlo do preklapanja tavanica onda to znadi
da se sudar dogodio u nekom ranijem trenutku vremena
koji treba odrediti.

2.1 Uslovi sudaratavanica

Potrebni i dovoljni uslovi sudara tavanica u nekoj
taCki Q tokom njihovog ravnog kretanja formulisani su
kao:

- uslov sudara po poloZaju: ostvaren kontakt
tavanica u jednoj tacki,

t non-symmetric buildings in the initial configuration

As a consequence of an earthquake, due to sudden
beginning of the planar motion of slabs, at any instant of
time the slabs A and B may occupy any of the following
mutual positions: to be without any contact, to have a
contact at a single point or to overlap with certain areas.
In the first case there is obviously no impact between
slabs. If the contact at a single point of the two slabs is
established, it does not necessarily mean the the impact
has occured, because a contact at a point is just the
necessary, but not the sufficient condition of an impact.
Namely, it is possible that the contact at a point has
occured, but in such a way that the velocities of that
common point of both slabs are either equal to zero, or
with such senses as to indicate the separation of slabs
at the next instance, so there is no impact, only
connection. If the slabe are overlapping, it means that
the impact has already occured in some previous instant
of time that has to be determined.

2.1 The conditions of impact of two slabs

The necessary and sufficient conditions of impact of
the two slabs at some point Q, during their planar motion
are formulated as:

- the position condition of impact: the contact of
slabs is established at a single point,
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- uslov sudara po brzinama: razlika projekcija brzina - the velocity condition of impact: the difference of

jedne i druge tavanice u tacki ostvarenog kontakta u projections of velocities of both slabs at the point of
pravcu normale na konturu u tacki dodira treba da contact must be such to indicate the tendency of
ukazuje na tendenciju preklapanja tavanica u slede¢em overlapping of slabs at the next instant of time, Fig. 2
trenutku vremena, slika 2 (a i b - tendencija ka preklapa- (a,b - tendency to overlapping of slabs, c - tendency of
nju tavanica, ¢ - tendencija ka razdvajanju tavanica u separation of slabs at the next instant of time).

slede¢em trenutku vremena).

—
(A) :
v ) R T .
V(A’ n
h Q Q A n
A v =(A) Q v (8)
m_‘(B) \') Q
T Va ™ Q v
A n m n
n (8 f
Vnz Q Q n2
B n B B
Vi =Vn,>0 Vm=Vnz >0 Vi1 =Vnz<0
a) b) c)
Slika 2. Uslov sudara izraZzen po brzinama
Figure 2. The velocity condition of impact
Ak AQI AOJ Ve e If the vectors [ and 1®, and also V& and
osesa I3 i Iy, odnosnosa Vg i Q e vectors Iy “and I5™, and also o an

oznace vektori polozaja i brzine tac¢aka Q tavanica A i B,

I
(B) . .
.. ) o . . ! \Y note th ition vect
koji se posmatraju ulodnosu na isti prostorni koordinatni Q denote the position vectors and the velocity

sistem i ako se sa N oznadi ort spoljasne normale na vectors of the point Q of both slabs A and B, expressed
konturu jedne od tavanica onda se uslovi sudara with respect t? the same inertial (global) coordinate
tavanica, u vektorskom obliku, mogu prikazati kao: system and if N denotes the unit vector of the outward

normal with reference to the contour of one of the slabs,
then the conditions of impact of slabs may be expressed
in the vector form as:

Ly Ly _
M- 1®=0 1)
I [ [
(A (B)
(Vg' - vg')n>0 @)
odnosno, u skalarnom obliku kao: or, in the scalar form as:
(A) (B) — (A) (B) —
X5 - Xg =0 Yo' - Yq =0 3)
V-V, >0 4)
1
Ako je N ort spoljasnje normale na konturu tavanice If Il‘lis the ort of the outward normal with respect to
A u tacki Q onda je: the contour of slab A at the point Q, then
[ [ [ [
Ve VS i v, = v n ()
a ako je ort h definisan kao spoljaSnja normala za and also, if I"]is defined as the outer normal for the
konturu tavanice B u tacki Q, onda se vn odnosi na contour of the slab B at the point Q, then vy is referring
tavanicu B, a vy na tavanicu A: to slab B and vn2to slab A:

[ [ [ [
— ,(B) —yv®
Vg SV XV, =VeT N

I (6)
Vektor brzine neke tacke P tavanice proizvoljnog The velocity vector of some point P of an arbitrary
oblika, ¢ije su materijalne koordinate date sa P(gp,np), po slab, whose material coordinates are given by P(Ep,np),

definiciji je: is given as:
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pri ¢emu su uzete u obzir slede¢e aproksimacije:
cosj »1 i Snj »j , imaju¢i u vidu da su
pomjeranja u i v i obrtanje tavanice j male vrijednosti,
dok je i’P vektor poloZaja tacke P prikazan u radu [12].

Kako je tacka kontakta Q tacka na konturi tavanice,
potrebno je odrediti brzine ove tacke u pravcima normale
i tangente na konturnu liniju tavanice, kao Sto je
prikazano na slici 3.

- 1o

U ]
al
ai

{ei
é-l j

NC

P

+k X 7
h, )

In Eq.(7) the approximations cosj »1 and sinj » |
are taken into account, having in mind that dis-
placements u and v and slab rotation j are small values,

1
while I, is the position vector of point P shown in [12].

Since the point of contact Q is located on the contour
of both slabs, it is necessary to determine the velocity
components of that point with respect to the normal and
tangent unit vectors defined for the contour of the slab,
as presented in Fig. 3.

Slika 3. Vektor brzine u tacki kontakta Q
Figure 3. Velocity vector of the point of contact Q

Ako je g ugao izmedu normale n i prostorne ose X
onda su komponente brzine u odnosu na pravce
normale i tangente na konturu tavanice u tacki Q date
sa:

Kao Sto se vidi na slici 3, ugao q jednak je zbiru
uglova a i j, pri ¢emu je a ugao izmedu materijalne ose
¢ i normale n i on je konstantan za datu konturnu tacku,
dok je j ugao izmedu referentne ose x i materijalne ose
¢, tj. ugao rotacije tavanice.

Kada se u relaciju (8) unesu poznate komponente
brzina ta¢ke Q u odnosu na prostorni sistem date sa
relacijom (7) dobija se:

cos)

sinf coseu, [\;

u_e
=é
=3

If g is the angle between the normal n and the global
axis X, then the components of velocity vector with
respect to normal and the tangent to the contour of the
slab at the point Q are given by:

smeul Vv, U
(8)

As may be seen in Fig. 3, the angle q is equal to the
sum of angles a and j, where a is the angle between
the local (material) axis ¢ and the normal n and for the
given point Q it has a constant value, while j is the
angle between the global axis x and the local (material)
axis &, i.e. it represents the angle of rotation of the slab.

When one inserts the known components of velocity
of the point Q, expressed with reference to the global
system and given by Eq.(7), into relation (8), one obtains:
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r iv.a écos® snopibg _i-h
Vo=1,V=é al YRy (©)
iv.p & sno coseuw[\; T hy
gdje je: where:
h = - £,Sina +n,cosu (10)
hy =E&,c0osu +n,Sina (11)

Na slici 4 prikazane su veli¢ine h i hy koje pred-
stavljaju projekcije duzi SQ na ose 1 in.

Fig. 4 presents the quantites h and hy which
represent the projections of the segment SQ on the axes
tand n.

Slika 4. Geometrija konture tacke Q
Figure 4. Geometry of the contour point Q

U tacki kontakta mora biti definisan, barem za jednu
od tavanica, pravac normale na konturu da bi se mogle
odrediti komponente brzine tacke kontakta u pravcu
normale na konturu tavanice. Postoje razne situacije
vezane za odredivanje pravca normale na konturu u
taCki kontakta i prikazane su na slici 5. Tavanice mogu
biti definisane kao glatke zatvorene konture ili kao
poligonalne oblasti. Ako su obje tavanice sa glatkim
konturama onda su tangenta i normala jednoznacno
definisane za obje konture, slika 5a. Za tavanice
poligonalnog oblika su moguce dvije situacije. Prva
situacija je da tjeme jedne od tavanica bude u kontaktu
sa glatkim dijelom konture druge tavanice, slika 5b. U
ovom slu€aju tangenta i normala su definisane u tacki
kontakta Q u odnosu na tavanicu sa glatkom konturom.
Druga situacija je slutaj kontakta dva tjemena
poligonalnih kontura tavanica, slika 5c. U ovom slu¢aju u
tacki kontakta nisu definisane tangenta i normala ni za
jednu od tavanica. Tada se, kao inZenjersko rjeSenje,
taCka Q jedne od tavanica zamijeni sa dvije bliske tacke
Q1 i Q2 koje su u maloj, odnosno e okolini tatke Q na
susjednim stranicama konture tavanice tj.

Q_Ql @2 @e, slika 5d. U ovom sluéaju pravac

tangente odreden je pravcem Q1Q», pri ¢emu se usvaja
smjer tangente u obilasku oko tavanice u smijeru

At the point of contact, at least for one of the slabs,
direction of the outward normal n with respect ot the
contour must be defined in order to be able to determine
the velocity components for the point of contact. There
might be various situations related to determination of
the direction of the outward normal, as presented in Fig.
5. The slabs may be difined as the smooth closed
curves, or as the closed polygonal areas. If both slabs
are with smooth contours, then the tangent and normal
lines are uniquely defined for both contours, Fig. 5a. For
the polygonal slabs two situations are possible. The first
one is when the corner point of one slab is in a contact
with the smooth part of the other slab, Fig. 5b. In this
case the tangent and tne normal are defined in the point
of contact with reference to the smooth surface. The
second situation is the contact of two corner points of
polygonal slabs Fig. 5c. In this case, the normal and the
tangent lines at the contact point are not defined for
neither of the slabs. As the engineering approach, the
corner point Q for one of the slabs is substituted with two
close points Q1 and Q2 which are in some small, or €
surrounding of the point Q on neighboring sides of the

contour, i.e. Q_Ql @2 @e, Fig. 5d. In this case,

the tangent is defined by direction Q1Q>, with the sense
adopted according to the counter-clock-wise direction.
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suprothnom od kazaljke na satu. Ovo “odbacivanje”
malog dijela tavanice moglo bi da se shvati kao
deformisanje tjemena jedne od tavanica usled sudara.

a) b)

This "cutting-off"* of the small part of the slab might be
considered as the deformation of the corner point of one
slab due to an impact.

QG2 Q0= E

c) d)

Slika 5. Tangenta i normala na konturu u tacki sudara
Figure 5. Tangent and normal lines defined for the contour of the slab at the point of impact

2.2 Analiza sudara dvije tavanice

Tokom sudara, koji se ostvaruje unutar beskona¢no
kratkog intervala vremena, smatra se, a u skladu sa
pristupom u klasiénoj mehanici, da nema pomjeranja
plo¢a koje se nalaze u sudaru ve¢ samo da dolazi do
nagle promjene njihovih brzina. U tacki sudara javljaju se
kao unutraSnje sile veze izmedu plo¢a odgovarajuce
udarne sile, koje su beskonac¢no velikog inteziteta i traju
beskonac&no kratko, jer one postoje samo tokom sudara,
pa je samo njihov impuls kona¢na veli¢ina. Za razliku od
toga, impulsi svih ostalih “neudarnih sila” su beskona¢no
male veli¢ine zbog njihovih konaénih intenziteta, a
beskona¢no kratkog vremenskog intervala. Eventualno
trenje tokom sudara se zanemaruje, pa zbog toga
udarne sile izmedu plo¢a imaju pravac koji se poklapa
sa normalom na konturu plo¢a, a suprotnog su smjera i
istih intenziteta u skladu sa aksiomom akcije i reakcije.

Na slici 6 prikazane su razdvojene tavanice masalml

i m; tokom sudara i njihovi unutrasnji udarni impulsi Il i
1 1
I2 koji djeluju u pravcu normale N, definisane u odnosu

na jednu od tavanica, u tacki sudara Q. Udarni impulsi

su usmijereni uvijek tako da to odgovara pritisku na

plo¢e, jer su u pitanju reakcije jednostranlh
]

(nezadrzavajucih) veza, paje |, = -1 n a I = n

2.2 Impact analysis of two slabs

Duration of the impact is assumed to be infinitely
small, according to the classical rigid body approach,
and also, the main assumption is that there is no
displacement during impact, only the sudden change in
the velocity field. At the point of impact there are two
internal impact forces between slabs, whose intensities
are infinitely large, but their duration is infinitely small,
because impact forces exist only during the impact, so
only their impuls has the finite value. As opposed to that,
impulses of all other "non-impact” forces are infinitelly
small, due to their finite intensities and infinitelly small
time interval. The possible friction forces during the
impact are neglected, so the impact forces between
slabs have the known direction coinciding with the
normal to the contour line of the slabs and they are of
the opposite senses and equal intensities due to the Law
of Action and Reaction.

Fig. 6 presents two separated slabs, with masses m;
and my, during theI impact :amd the corresponding internal

impact impulses |, and |, whose line of action is the

1
normal N defined with reference to one of the slabs at
the point of impact Q. Impact impulses are oriented in
such a way that it corresponds to the pressure on the
slabs, because |mpact forces are reactlon forces of one-

sided restrains, so I =-1 n and I =1 n

Slika 6. Razdvojene tavanice u toku sudara
Figure 6. Separated slabs during the impact
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Sam proces sudara opisuje se pomoc¢u zakona o
promjeni koliine kretanja i o promjeni momenta kolicine
kretanja u konaénom obliku, koji su napisani za svaku
razdvojenu tavanicu posebno (i=1, 2), neposredno
poslije i neposredno prije sudara:

The process of impact is described by the Law of
momentum and the Law of the moment of momentum in
the finite forms, written for each separated slab (i=1,2),
immediatelly after and immediately before the impact:

I'<I I'<I :'Ii (12)

D -D=H =f"T,

I I I I
gdje su:
! §
- K, =m, xv, vektori koli¢ine kretanja tavanice
1
(mi je masa, a V; brzina centra mase tavanice i),

- D;=J. % vektori momenta koligine kretanja
1
tavanice (komponente upravne na ravan tavanice), pri
cemu je Jé centralni momenat inercije mase za osu
1

upravno na tavanicu, a j&i ugaona brzina rotacije
tavanice oko vertikalne ose,
1

- |, udarni impulsi izmedu tavanica,

- Hi impulsni momenti u odnosu na centre masa
tavanica, tj. u odnosu na centralne ose upravne na

tavanice Z; .

U relacijama (12) i (13) sa (...)' su oznacene sve
veli¢ine neposredno prije sudara, a sa (...) sve veli¢ine
neposredno poslije sudara.

Ako se navedeni zakoni (12) i (13) napiSu za svaku
od razdvojenih tavanica u skalarnom obliku u odnosu na
inercijalni sistem Oxy, dobija se:

p D, - D, =H, (13)

where:
' r
- K, =m, xv, are the vectors of the momentum of

1
the slab i (m; is the mass, and V, is the velocity of the
center of mass of the slab i),
- D, = ng >, are the vectors of the moment of mo-

mentum of the slab i (components that are perpendicular
to slabs), while Jé_ is the central mass moment of inertia

for the axis perpendicular to slab, andj&i is the angular
velocity of rotation of the slab around the vertical axis,
]

- |i are the impact impulses between slabs,

- H; are the impuls moments with respect to the
centers of mass of slabs, i.e. with respect to the central

axes perpendicular to slabs Z; .

In relations (12) and (13) the single prime (...)'
denotes a quantity immediately before the impact, while
the double prime (...) denoter a quantity immediately
after the impact.

If the Laws (12) and (13) are written for each of the
separated slabs in the scalar form, with respect to the
global system Oxy, one obtains:

Tavanica (A): Slab (A):
m,é, - m@, =-1cosq (14)
m¥, - m¥, =-1sing (15)
Jafty - Ity =1hy (16)

Tavanica (B): Slab (B):
m,8, - m,é, = 1cosq a7)
m¥, - m¥, =1lsing (18)
Jofz - Jof, =-1h, (19)

Sa h; (i=1, 2) oznaceno je rastojanje pravca normale
u tacki Q do odgovarajuéeg centra mase koje je dato
relacijom (10).

U ovih Sest jednagina (14)-(19), osim Sest
nepoznatih generalisanih brzina neposredno poslije
sudara, postoji i sedma nepoznata veli€ina, a to je
unutrasnji udarni impuls 1. Da bi se rjeSio ovaj sistem
jednacdina, uvodi se koeficijent sudara (ili koeficijent
restitucije) k definisan kao:

Symbols h; (i=1, 2) denote the distance of the normal
n in the point Q to the corresponding center of mass, as
given by the expression (10).

Presented six equations (14)-(19), besides the six
unknown generalized velocities immediately after the
impact, contain also the seventh unknown quantity,
which is the internal impact impulse I. In order to solve
this system of equations, the coefficient of impact (or the
coeffcient of restitution) k is introduced as:

10
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|Vn1 - Vn2

gdje su V'ni i V:“ (i=1, 2) komponente brzina tacke
sudara Q u pravcu normale jedne i druge tavanice
neposredno prije odnosno neposredno poslije sudara,
date sa relacijom (9) kao:

v, =@ cosq+¥ sing-

Vy =W cosq+¥ sing- §ih

Koeficijent sudara je realan broj u intervalu [0, 1].
Ukoliko je k=1, onda je u pitanju idealno elasti¢an sudar
tokom kojeg nema gubitka u ukupnoj kinetickoj energiji.
Slu¢aj k=0 predstavlja idealno plasti¢an sudar kod koga
je ostvaren najveci gubitak u ukupnoj kineti¢koj energiji
koji je utroSen na plastiéno deformisanje materijala obje
tavanice.

Ako se u relaciju (20) unesu izrazi (21) i (22), a zatim
se nepoznate generalisane brzine tavanica neposredno
poslije sudara izraze preko nepoznatog impulsa iz
relacija (14)-(19), dobija se slede¢a jednacina u kojoj
figuriSe samo nepoznati udarni impuls:

lal - b =
gdje su:
g 91
22 &,
b=v, -

MozZe da se konstatuje da su koeficijenti a i b dati sa
(24) i (25) pozitivni realni brojevi. To je ocigledno za
koeficijent a koji predstavlja zbir pozitivnih brojeva, a
koeficijent b je pozitivan jer predstavija uslov sudara
tavanica po brzinama, dat sa (4).

Nepoznati unutrasnji impuls |, kao rjeSenje jednacine
(23), moze se prikazati u obliku:

|:(1+k)E

UnoSenjem izraza (26) u izraze (14)-(19) dobijaju se
generalisane brzine za obje tavanice neposredno poslije
sudara.

Formalno bi postojalo i rjeSenje jednadine (23) u
obliku :

| =(1- k)—

Medutim, u ovom slu€aju za idealno elasti¢an sudar
(k=1) imuls bi bio jednak nuli, pa bi tada generalisane
brzine za obje tavanice neposredno poslije sudara ostale
iste kao i neposredno prije sudara, Sto nema fizickog
smisla.

|Vn2 -V

~

ki [0,1] (20)

where V'ni and V:“ (i=1, 2) are the velocity components

of the point of impact Q of both slabs in direction of the
normal, immediately before and immediately after the
impact, given by (9) as:

gho (=12
(i=12)

The coefficient of impact is the real number in the
interval [0,1]. The case of k=1 represents the ideally
elastic impact where there is no global loss of kinetic
energy. The case k=0 represents the ideally plastic
impact with the largest loss in the total kinetic energy
which is spent on the plastic deformation of the material
of both slabs.

If the expressions (21) and (22) are introduced into
relation (20), and if the unknown generalized velocities
immediately after the impact are expressed through the
unkonown impuls, using equations (14)-(19), one obtains
the following equation with the impact impuls as the only
unknown:

(21)

(22)

kb] (23)
where the coefficients a and b are given by:
h2c
+ (24)
‘]zi %]
Va2 (25)

It could be established that the coefficients a and b,
given by (24) and (25), are positive real numbers. It is
quite obvious for the coefficient a which is the sum of
positive numbers, and the coefficient b is positive
because it represents the velocity condition of impact,
given by (4).

The unknown internal impuls I, as the solution of
equation (23), may be presented in the form:

(26)
a

Introducing the expression (26) into (14)-(19) one
obtains the generalized velocities for both slabs
immediately after the impact.

The formal solution of Eq. (23) may be also
presented in the form:

b
27)
a

However, in this case for the ideally elastic impact
(k=1) the impuls would be equal to zero, so in that case
the generalized velocities of both slabs immediately after
the impact would be the same as immediately before the
impace, which does not have the physical sense.
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3 ANALIZA MOGUCEG SUDARA SUSJEDNIH
ZGRADA USLED ZEMLJOTRESA

lako, u toku zemljotresa dolazi do naglog, potpuno
nepravilnog oscilovanja povrSinskih slojeva zemljine
kore, njegov uticaj na zgradu, zbog relativno malih
dimenzija osnove zgrade u odnosu na talasnu duZinu
seizmi¢kih talasa u tlu, se posmatra kao prinudno
kretanje temelja zgrade u horizontalnoj ravni. Metode
analize zgrada usled dejstva zemljotresa, zavise od
vrste primjenjene analize (staticke ili dinamicke) i
usvojenog modela  konstrukcije  (linearnog  ili
nelinearnog), prikazane su u radovima [8] i [10].
Primjenom nelinearne dinamicke analize, koja je suviSe
komplikovana za praktiéhu primjenu, dobijaju se
najtacniji rezultati. U radu [9], primjenom nelinearne
dinamicke analize, je analizirano ponaSanje konstrukcije
na dejstvo standardnih i impulsnih zemljotresa. Za
razliku od standardnih (tipi¢nih) zemljotresa gdje dolazi
do kretanja tla koje je sli¢no oscilacijama, odnosno do
oscilacija zgrade, kod impulsnih zemljotresa dolazi do
iznenadnog i veoma velikog unosa energije u
konstrukciju zbog naglog trzaja podloge.

U ovom radu kao osnova, za analizu moguceg
sudara viSespratnih nesimetriénih zgrada u uslovima
zemljotresa, posluzio je matematicki model uticaja
zemljotresa na jednu viSespratnu nesimetri¢énu zgradu
(preko zadatog akcelerograma standardnog zemljotresa)
prikazan u radu [12].

Sada se posmatraju dvije susjedne viSespratne
nesimetri¢ne zgrade sa razliitim brojem spratova, Ni
odnosno Ny. Zgrade su istih spratnih visina i izlozene su
istoj seizmi¢koj pobudi koja je definisana sa

akcelerogramom @, (t) i sa dominantnim pravcem pod

uglom b, koji se mjeri u horizontalnoj ravni u odnosu na
osu x usvojenog globalnog koordinatnog sistema.
Diferencijalne jednacine kretanja zgrada date su kao:

3 ANALYSIS OF THE POSSIBLE IMPACT OF
NEIGHBORING SLABS DURING EARTHQUAKE

Even though during earthquakes a sudden and
completely nonregular vibrations of the surface layers of
the Earth's crust occure, its influence upon buildings,
due to relatively small dimensions in building's plan with
respect to the characterisctic wave length of seismic
waves in soil, is considered as the imposed motion of
building's foundation in the horizontal plane. The
methods of analysis of buildings during earthquakes
depend upon the applied approach (static or dynamic)
and adopted numerical model of a building (linear or
non-linear), are presented in papers [8] and [10].
Applying the non-linear dynamic analysis, which is too
complicated for practical everyday's engineering use,
one obtains the most accurate results. Applying the non-
linear dynamic analysis, paper [9] is considering
behaviour of structures under the influence of the
standard and impulsive earthquakes. As opposed to the
standard (typical) earthquakes, where the soil motion
dominantly looks like vibration, so the vibrations of
buildings are happening as a consequence, during
impulsive earthquakes, due to the sudden jerk or
impulse at the supporting soil, the sudden and large
input of energy into the structure occurs.

The present analysis of the possible pounding of
multistory non-symmetric buildings during earthquakes is
based upon the numerical model of dynamic analysis of
the multistory non-symmetric building exposed to an
earthquake, defined by the given accelerogram of the
standard earthquake, as presented in [12].

Now, two neighboring multistory non-symmetric
buildings, with different numbers of stories N; and N are
considered. It is assumed that story heights of both
buildings are the same and that both buildings are
exposed to the same earthquake excitation, defined by

the accelerogram @ (t) and the dominant direction

defined by the angle b measured in the horizontal plane
with respect of the axis x of the global coordinate
system.

Differential equations of motion of both buildings are
given by:

M8 +C8, +K.3, =-M b (t)=0,(t) (28)

M,8, +C,8, +K,8, =-M,b,i,(t)=g,(t) (29)

gdje su M;, K; i Ci matrice masa, krutosti i priguSenja, dok
d i gi predstavljaju vektor generalisanih pomjeranja i
vektor opterecenja za pojedine zgrade. Ove jednacine
su detaljnije prikazane u radu [12].

Proces analize moguéeg sudara zgrada zapocinje se
simultanim rjeSavanjem jednacina kretanja za obje
zgrade Koriste¢i a postupak direktne numericke
integracije. Znaci, u svakom intervalu vremena At
rjeSava se prvo za jednu, a zatim za drugu zgradu
ekvivalentni “stati¢ki” problem:

* *
K iai,n+l - gi,n+a

where M;, K; and C; represent the matrices of mass,
stiffness and damping, while di and gi represent the
vector of generalized displacements and the loading
vector for each building. This equations are presented in
more details in [12].

The process of analysis of the possible pounding of
buildings starts by the simultaneous solution of the
equations of motion of both buildings using the a method
of direct numerical time integration. It means that within
the each time interval At the equivalent "static" problem
is solved first for one, and then for the other building:

(i=1, 2; n=1, 2,..., N1) (30)

12
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gdie su K, efektivne matrice krutosti, a 0.,

efektivno optereéenje zgrada. RjeSavanjem jednadina
(30) dobijaju se vektori generalisanih pomjeranja obje
zgrade na kraju posmatranog intervala vremena. Sa
odredenim vektorima generalisanih pomjeranja odreduju
se vektori brzine i ubrzanja za obje zgrade na kraju
posmatranog intervala vremena prema relacijama:

_ 9 9 5 .

n+l bDt n+l " bDt
¥ 1 1

_76+-76n-7 n"~ €A
" pD2 ™ pD2 " bDt " &2b

Zatim se, od poslednjeg sprata nize zgrade pa sve
do prvog sprata, ispituje medusobni polozaj tavanica
susjednih zgrada koje se nalaze na istom visinskom
nivou. To znaéi da se prema dobijenim vektorima
pomjeranja na kraju posmatranog intervala vremena za
svaku zgradu odreduju prostorne koordinate oblasti u
kojima se nalaze tavanice istog nivoa, naravno, izrazeno
u odnosu na zajednicki globalni koordinatni sistem.

Ukoliko, na kraju posmatranog intervala vremena,
nijedan par tavanica istog nivoa nije u medusobnom
kontaktu nastavlja se sa simultanim rjeSavanjem
jednacina kretanja zgrada za sledeci interval vremena.
Pri tome se vektori brzine i ubrzanja obje zgrade na
kraju posmatranog intervala vremena tretiraju kao
pocetni vektori brzine i ubrzanja za naredni interval
vremena.

Ako se pri provjeri medusobnog poloZaja tavanica
konstatuje da je ostvaren njihov kontakt u jednoj tacki,
tada treba provjeriti provjeriti da li su tavanice u sudaru,
tji. da li je ispunjen i uslov sudara po brzinama. Nakon
ovoga treba joS provjeriti da li je doSlo do sudara izmedu
ostalih parova tavanica istih nivoa, jer sudar se moze
istovremeno ostvariti izmedu viSe parova tavanica. Tada
se svim tavanicama koje su se sudarile, umjesto brzina
koje su dobijene prema relaciji (31) nametnu brzine koje
su odredene prema klasi¢noj analizi ekscentri¢nog
sudara dvije krute plo¢e koje vrSe ravno kretanje prema
relacijama (14)-(19). Dakle, generalisane brzine
tavanica, odnosno brzine centara mase i ugaone brzine
tavanica koje su dobijene postupkom numeric¢ke
integracije prema relaciji (31) se tretiraju kao brzine
neposredno prije sudara, dok se brzine neposredno
poslije sudara, koje su odredene prema postupku
analize sudara prikazanom u dijelu 2, tretiraju kao
pocetne brzine za slededi interval vremena.

Ukoliko je, tokom provjere medusobnih poloZaja
tavanica istih nivoa, doslo do preklapanja tavanica, to
znaci da se sudar ve¢ bio dogodio unutar posmatranog
intervala vremena. U tom slu€aju ponovo se posmatra
trenutak na pocCetku posmatranog intervala vremena i
ponavlja se postupak, ali sada sa upola smanjenim
intervalom vremena u odnosu na prethodni, sa ciljem da
se iterativno odredi ba$ onaj trenutak kada je doSlo do
kontakta tavanica. Kada odredimo taj trenutak u kome
se na kraju intervala vremena dogodio sudar, onda
imamo prethodni sluaj i analiza sudara se vrsSi na
prethodno objaSnjeni nacin. Posle izvrSene analize

where Ki* are the effective stiffness matrices and gi*m

are the effective loading of buildings. By solving the
linear algebraic equations (30) one obtains the vectors of
the generalized displacements of both buildings at the
end of the considered time interval. With obtained
vectors of generalized displacemenst the vectors of
generalized velocities and accelerations for both
buildings, at the end of considered time interval, are
calculated as:

ay .0, &1 .0
> 138 - 6 - 138, (31)

b 5" & g
1 el ) lg@n (32)

7]

After that, starting with the top floor of the lower
building and down to the first floors, the mutual positions
of the corresponding slabs at the same level of both
buildings is established. It means that using the obtained
generalized displacements at the end of the time
interval, spatial coordinates of the slab areas for each
building are determined, of course, with respect to the
same global coordinate system.

If, at the end of considered time interval, not a single
pair of neighboring slabs at the same levels is not in a
contact, simultaneous solution of differential equations of
motion of both buildngs is continued for the next time
step (or time interval). Of course, obtained vectors of
generalized velocities and accelerations at the end of the
previous time interval are treated as the initial velocities
and accelerations at the beginning of the next time
interval.

If, while checking the positions of slabs at the same
level, one obtains that a contact at a point is established,
then one must check if also the velocity condition of
impact is satisfied too, which means that the collision of
considered slabs has occured at the end of considered
time interval. Of course, it is also necessary to check if
the impact has occured between any other pair of slabs
at the same level, because it is quite possible that
impact happens between several pairs of slabs at the
same time. In such a case, to all pair of slabs that are in
the condition of impact, instead of velocities obtained
according to relation (31), velocoties that are calculated
according to the classical collision of two rigid plates in
planar motion, as presented by (14)-(19), are imposed.
Therefore, the generalized velocities of slabs, i.e.
velocities of the centers of mass and the angular
velocities of slabs, obtained by numerical integration
according to relation (31), are treated as velocities im-
mediatelly before the impact, while velocities imme-
diately after the impact, which are calculated according
to analysis given in section 2, are considered as the
initial velocities at the beginning of the next time interval.

If, during the process of checking the positions of
pairs of slabs of the same level, at the end of the time
interval, one obtains the situation of interlapping of slab
areas, it means that the impact has already occured
sometimes within the considered time interval. In that
case, the beginning of previously considered time
interval is considered again and the time stepping
procedure is done again, but now with the time interval

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (3-22)

13



sudara za posmatrani interval vremena ponovo se vrSi
simultano rjeSavanje jednacina (30) sa prvobitnim, a ne
sa smanjenim intervalom vremena koji je dobijen u
slu¢aju preklapanja tavanica.

4 NUMERICKI PRIMJER

U ciliu numericke realizacije prikazane analize
moguceg sudara nesimetricnih viSespratnih zgrada
razviien je odgovarajuéi  kompjuterski  program
Sudar_3D, [11]. Program, osim Sto daje vremenske
odgovore viSespratnih nesimetri¢cnih zgrada usled
zadatog akcelerograma, moze da ima joS i praktiCnu
primjenu pri odredivanju potrebnih Sirina dilatacionih
razdjelnica izmedu susjednih zgrada.

Kao primjer razmatrane su dvije susjedne
viSespratne nesimetri¢ne zgrade istih spratnih visina, sa
sedam odnosno deset spratova. Osnove zgrada, sa
neophodnim geometrijskim podacima i podacima o
spratnim masama, prikazane su na slici 7, dok su 3D
modeli dobijeni primenom komercijalnog programa
Tower 6 dati na slici 8. Periodi oscilovanja prvog tona
razmatranih susjednih zgrada, dobijeni koriS¢enjem
komercijalnog programa Tower 6, iznose 0.765s,
odnosno 1.119s.

Prva zgrada
(The first building)

| 1 | |

1§ | 1§ 1|

| i | |

T T T T A T
250 |

fal

A0

1 .|
L -ﬂ} 1.1 ‘

reduced by half with respect to the previous time step, in
order to capture the moment of impact just at the end of
considered time step. If that is achieved, then it is the
previously considered situation of the iompact at the end
of the time interval, so the impact is considered as
previously explained. After the collision analysis for
considered (reduced) time interval is performed, the
usual simultaneous time integration of both buildings,
given by (30), is done again, but with the originally
selected time interval and not with the reduced one as
obatined in the case of overlapping of slabs.

4 NUMERICAL EXAMPLE

In order to implement presented analysis of the
possible pounding of non-symmetric multi-story
buildings, the corresponding computer code, called
Impact_3D [11], was developed. The code, besides
producing the time history response of multi-story non-
symmetric buildings due to a given accelerogram, may
have also the practical aspect in determination of the
necessary separation distance between neighboring
buildings.

As an illustrative example, two neighboring multi-
story non-symmetric buildings with seven and ten floors

Druga zgrada
(The second building)

1.

P
A

[

1R
I

[P
\

1 [

]

| &0 Gl

Podaci (Basic data)

Prva zgrada
(First building)

Druga zgrada
(Second building)

Broj spratova: N

(Slab thickness)

(Number of stories) ! 10
Dimenzije stubova: b/h [cm] 45/45 50/50
(Cross section of columns)

Dimenzije rigli: b/h [cm] 35/60 35/60
(Cross section of beams)

Debljina plo€e: dy [cm] 20 22

Modul elastiénosti: E [kN/m?]
(Modulus of elasticity)

3.15*10" (MB 30)

3.15*10" (MB 30)

Spratne mase: | m;=...=mp.1 [kNs*/m]

555

845

(Story masses) | my [kNs“/m]

530

810

Slika 7. Osnove susjednih nesimetri¢nih zgrada
Figure 7. Plan of the neighboring non-symetric buildings
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Slika 8. Modeli nesimetri¢nih susjednih zgrada (Tower 6)
Figure 8. 3D Models of non-symmetric neighboring buildings (Tower 6)

Na slici 9 prikazan je medusobni polozaj razmatranih
zgrada, sa d je oznacena dilataciona razdjelnica izmedu
njh. Takode su prikazani usvojeni koordinatni sistemi:
referentni Oxy i lokalni Si§in: i S2&n2, postavljeni u

centru masa (teziStu) tavanica, kao i polozaj
karakteristicnin taaka kontura razmatranih susjednih
zgrada.

Posmatrane zgrade su izlozene zemljotresu Ciji
akcelerogram odgovara frekventnom zapisu zemljotresa
El Centro, iz decembra 1940. godine, komponenta NS,
sa dominantnim pravcem delovanja u pravcu globalne
ose x (b=0°). Akcelerogram je skaliran tako da
maksimalno ubrzanje tla iznosi 0.32g (g=9.81m/s?).
IzraGunavanje je uradeno dva puta: jednom sa
dilatacionom razdjelnicom dovoljnih dimenzija (d=0.5m),
tako da zgrade usled zemljotresa osciluju medusobno
nezavisno, a drugi put sa dilatacionom razdjelnicom
nedovoljnih dimenzija (d=0.2m), tako da dolazi do
sudara tavanica tokom vibriranja zgrada. U tom sluéaju
usvojen je koeficijent sudara u iznosu od k=0.5. Odgovor
zgrada je posmatran u ukupnom trajanju akcelerograma
zemljotresa El Centro (12.2s) sa usvojenim vremenskim
korakom Dt=0.05s.

and with the same story heights are considered. The
plan of both buildings, with the necessary geometric and
mass data, are presented in Fig. 7, and isometric views
obtained in the commercial computer code Tower 6, are
given in Fig. 8. Natural periods of the first mode of free
vibrations of considered adjacent buildings, using the
commercial code Tower 6, are obtained as 0.765s and
1.1109s.

Fig. 9 presents the mutual configuration in plan of
considered buildings, with d denoting the separation gap
between them. Also, adopted coordinate systems are
presented: the global system Oxy and the local ones
Si1&in1 and Sy&2n2, which are assumed in the center of
mass of floor slabs, as well as the characteristic points
on the contours of both adjacent buildings.

Considered buildings are exposed to the earthquake
whose frequency contents corresponds to the El Centro
record, from Dec. 1940, direction N-S, with the dominant
direction along the x axis (b=0°). The accelerogram is
scaled to the maximum acceleration equal to 0.32g
(9=9.81m/s?). Calculations are performed twice: once
with the separation distance of more then sufficient value
(d=0.5m), so the buildings are vibrating independently

A

s

RN

Slika 9. PolozZaj karakteristicnih tac¢aka kontura susjednih zgrada
Figure 9. Disposition of the characteristic points of the contours of adjacent buildings
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Sudar zgrada, u toku trajanja akcelerograma, se
desio 11 puta: osam puta su se sudarile tavanice
sedmog, dva puta tavanice Sestog i jednom tavanice
petog sprata. Kontakt izmedu tavanica sedmog sprata
ostvaren je jo$ jednom, ali pri tome nije doslo do sudara
jer nije bio ispunjen i uslov sudara po brzinama u tacki
kontakta doti¢nih tavanica. Prvi sudar se desio izmedu
tavanica sedmog sprata, Sto je bilo i ocekivati s obzirom
da je tavanica sedmog sprata poslednja za prvu (nizu)
zgradu, u trenutku t=3.1257s.

Na slikama 10-17, za zadati akcelerogram, prikazani
su vremenski odgovori razmatranih susjednih zgrada,
odnosno njihovih tavanica sedmog sprata (posledniji
sprat za prvu-nizu zgradu). Pri tome je sivom linijom
prikazan odgovor u sluéaju kada je dilataciona
razdjelnica dovoljnih dimenzija, pa ne dolazi do sudara
(d=0.5m), a crnom linijom u slu¢aju kada je dilataciona
razdjelnica nedovoljnih dimenzija, pa dolazi do sudara
zgrada (d=0.2m).

Vremenska promjena generalisanih pomjeranja us,

vz, j 7 i generalisanih brzina 8,,%, i . centra mase

tavanice sedmog sprata za obje zgrade prikazana je na
slikama 10-13.

Pri nezavisnom oscilovanju zgrada, tj. u slu€aju
dilatacione razdjelnica dovoljnih dimenzija (d=0.5m)
maksimalna pomjeranja centra mase tavanice sedmog
sprata u pravcu X i Y 0Se (U7max | Vrmax) Za prvu zgradu
iznose 20.1cm i 2cm (slika 10), a za drugu 16.2cm i
0.9cm (slika 12).

Na slikama 14 i 15 prikazana je vremenska promjena
pomjeranja karakterlstlcnlh tacaka 1'i 2 tavanice broj 7
prve zgrade u; *, vz -, U7 > i v7 2, a na slikama 16 i 17
vremenska promjena pomjeranja karakterlstlcnlh tacaka
5 6| 6 tavanice broj 7 druge zgrade ur>, vr o, ur
V7

during the earthquake, and the second time with
dilatation joint of a smaller value (d=0.2m), so the
pounding between slabs during earthquake may occur.
In this case, the coefficient of impact is assumed with the
value of k=0.5. The time response of buildings was
calculated during the complete duration of ElI Centro
earhquake (12.2s) and the adopted time step was
Dt=0.05s.

During the earthquake duration pounding has
occured 11 times: eight times between slabs at the
seventh floor, two times slabs at the sixth floor and once
slabs at the fifth floor. Also, the contact of slabs of the
seventh floor has occured once, but the pounding did not
happen, because the velocity condition at the point of
contact was not satisfied at the same time. The first
pounding occured, at the time t=3.1257s, between slabs
at the seventh floor, which was to be expected, since the
seventh floor is the top floor for the first (lower) building.

Figs. 10-17 are presenting the time response of both
buildings, due to considered earthquake excitation, or
rather, the time response of their slabs of the seventh
floor (which is the top floor for the lower building). The
gray line is used for the time history response for the
case when the separation distance is sufficient
(d=0.5m), so there is no pounding, while the black line
represents the second case when the separation
distance is unsufficient (d=0.2m), so the pounding
happened.

The time history response of the generalized
coordinates u;, vy, j7 and the generalized velocities

@,, ¥, and j, of the center of mass of the seventh

floor for both buildings is presented in Figs. 10-13.

In the case of independent vibrations of buildings, i.e.
in the case when the separation joint is sufficient
(d=0.5m), the maximum displacements of the center of
mass of the slab at the seventh floor with respect to axes
x and y (i.e. Ummax and vzmax) for the first building are
equal to 20.1cm and 2cm (Fig. 10), and for the second
building 16.2cm and 0.9cm (Fig. 12).

Figs. 14 and 15 are presenting the time history
response of displacements of the characteristic pomts 1
and 2 of the slab 7 of the first building, i.e. ust , 1,
u72 and v7 2, while Figs. 16 and 17 present the tlme
history response of characteristic pomts 5 and 6 of the
slab 7 of the second building, i.e. ur >, V7o, U and
V7

16
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€,,%, i j&, prve zgrade
Figure 11. Time history of generalized velocities
€,,%, and §, of the first building
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uz,v7ij 7 druge zgrade
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Figure 13. Time history of generalized velocities
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Slika 15. Vremenska promjena pomjeranja uz > i v,

(prva zgrada)

Figure 15. The time history response of displacements u; 2 and vy 2 (the first building)

Maksimalna pomjeranja karakteristiénih tacaka 1
2" tavanice sedmog sprata prve zgrade u pravcu X iy

ose ( U7max i V7max odnosno u7max i V7max) pri

nezavisnom vibriranju zgrada iznose 24.2cm i 8.3cm,
odnosno 18.8cm i 8.3cm (slike 14 i 15).

Maksimalna pomjeranja karakteristicnih tacaka 5
6 tavanice sedmog sprata druge zgrade u pravcu x iy

ose ( U7max i V7max odnosno u7max i V7max) pri

nezavisnom vibriranju zgrada iznose 21.2cm i 4.6cm,
odnosno 13.4cm i 4.6cm (slike 161 17).

Imajudi u vidu da je pri nezavisnom vibriranju zgrada
maksimalna vrijednost pomjeranja u pravcu Xx ose
tavanice sedmog sprata za prvu zgradu 20.1cm, a za
drugu 16.2cm i da se ta pomjeranja ostvaruju oko sedme
sekunde (t=6.7-7.3s), tj. u sliénim trenucima vremena,
zakljuCuje se da za ovaj slucaj Sirina dilatacione
razdjelnice treba da iznosi 37cm, da ne bi doSlo do
sudara razmatranih zgrada. Zbog toga su izvrSene
odgovaraju¢e dodatne analize, koje se ovdje ne
prikazuju, sa dilatacijama od d=35cm i d=37cm.

The maximum displacements of the characteristic
points 1" and 2" of the slab of the seventh floor of the

first building in directions of axes x and y (i.e. u7max and

v or uZ_and v?_) during the independent
vibrations of buildings are equal to 24.2cm and 8.3cm,
and also 18.8cm and 8.3 cm (Figs. 14 and 15).

The maximum displacements of the characteristic
points 5 and 6 of the slab of the seventh floor of the

second building in directions of axes x and y (i.e. u7max

and v:>_,or uf_ and Vy., ), during the indepen-
dent vibrations of buildings are equal to 21.2cm and
4.6¢cm, and also 13.4cm and 4.6cm (Figs. 16 and 17).
Having in mind that in the independent vibrations of
buildings the maximum values of displacements in
direction of x axis for the first building is 20.1cm and
16.2cm for the second building and also that the
maximum displacements are occuring about the seventh
second (t=6.7 to 7.3s), i.e. in the similar time, one may
conclude that for this case the separation joint should be
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Slika 17. Vremenska promjena pomjeranja u7° i v;° (druga zgrada)
Figure 17. The time history response of displacements u;° and v+ ° (the second building)

U slucaju kada je dilataciona razdjelnica izmedu
razmatranih zgrada iznosila 35cm sudar zgrada,
odnosno tavanica sedmog sprata, dogodio se dva puta i
to u trenucima vremena t=6.62s i t=6.72s, dok za
d=37cm nije bilo sudara zgrada.

5 ZAVRSNE NAPOMENE

Na osnovu prikazanog numeri¢kog modela mogucéeg
sudara susjednih nesimetriénih viSespratnih zgrada istih
spratnih visina usled uticaja zemljotresa prikazanog
preko zadatog akcelerograma, razvijen je kompjuterski
program Sudar_3D. Program, koji osim Sto daje
vremenske odgovore viSespratnih nesimetri¢nih zgrada
usled zadatog akcelerograma, ukljuCujuci i analizu
mogucéeg sudara zgrada, moZe da ima joS i prakti¢nu
primjenu pri odredivanju potrebnih Sirina dilatacionih
razdjelnica izmedu susjednih zgrada.

requal et least 37cm, in order to prevent pounding.
‘herefore, the corresponding analyses were also
onducted for dillatation joints of d=35cm and d=37cm,
it they are not presented here.

In the case when the separation joint was 35cm the
pounding of buildings, i.e. slabs of the seventh floor, has
occured two times, namely at times t=6.62s and t=6.72s,
while for the case of d=37cm there were no pounding.

5 THE FINAL REMARKS

In accordance with the presented analysis of the
possible pounding between buildings with the same
story heights during an earthquake, described by the
given accelerogram, the corresponding computer
program Impact_3D was developed. The code, besides
producing the time history response of multi-story non-
symmetric buildings due to a given accelerogram, may
have also the practical aspect in determination of the
necessary separation gaps between neighboring
buildings.

20
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U cilju ilustracije numeri¢kog postupka razmatrane
su dvije susjedne viSespratne nesimetri¢ne zgrade istih
spratnih visina, sa sedam odnosno deset spratova
(slike 7 i 8). Prikazani su vremenski odgovori
razmatranih zgrada usled djelovanja iste seizmicke
pobude (za zadati akcelerogram koji odgovara
frekventnom zapisu zemljotresa El Centro, iz decembra
1940. godine, komponenta NS) za dominantni pravac
zemljotresa b=0°. Pri tome su posebno posmatrane
dvije situacije, prva kada je dilataciona razdjelnica
dovoljnih dimenzija, pa zgrade osciluju nezavisno i
druga kada je dilataciona razdjelnica nedovoljnih
dimenzija, pa dolazi do sudara zgrada, odnosno
njihovih tavanica na istom visinskom nivou (slike 10-
17). Zatim je odredena potrebna minimalna Sirina
dilatacione razdjelnice pri kojoj ne bi doSlo do sudara
razmatranih zgrada usled zadatog zemljotresa.

Analizom navedenih primjera moze da se zakljuci
da vremenski odgovori susjednih nesimetri¢nih zgrada,
kao i potrebna Sirina dilatacione razdjelnice, zavise
kako od medusobnog polozaja zgrada, njihovih
krutosti, rasporeda masa, tako i prirode zemljotresa. To
znadi, od datog akcelerograma (frekventnog sastava i
maksimalnog ubrzanja) i njegovog dominantnog pravca
djelovanja, kao i od usvojene vrijednosti koeficijenta
sudara, tj. lokalne disipacije energije u zoni sudara.
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REZIME

SUDAR SUSJEDNIH NESIMETRICNIH
VISESPRATNIH ZGRADA USLED UTICAJA
ZEMLJOTRESA

Ljiliana ZUGIC
Stanko BRCIC

Usled dejstva zemljotresa susjedne zgrade
izgradene u skladu sa postoje¢im tehni¢kim propisima
nacelno osciluju nezavisno. Medutim, ako se njihove
relevantne dinamicke karakteristike bitno razlikuju i ako
je dilataciona razdjelnica izmedu njih nedovoljnih
dimenzija moze da dode do njihovog sudara, tj. sudara
tavanica susjednih zgrada na istom visinskom nivou ako
su susjedne zgrade istih spratnih visina.

U radu je analiziran mogu¢i sudar susjednih
viSespratnih zgrada istih spratnih visina usled djelovanja
iste seizmicke pobude sa zadatim dominantnim pravcem
djelovanja. Zgrade su nesimetri¢ne s obzirom na njihovu
krutost ifili masu, pa je njihov matematicki model
trodimenzionalan, tj. svaka tavanica vrSi ravno kretanje u
svojoj horizontalnoj ravni, sa po tri stepena slobode
kretanja.

Mogu¢i sudar zgrada je analiziran kombinacijom
direktne numericke integracije odgovarajucih
diferencijalnih jednacina kretanja i klasiéne analize
sudara dva kruta tijela pri ravhom kretanju. U sluéaju
sudara pojedinih tavanica susjednih zgrada nagla
promjena u kinematickom stanju neposredno prije i
neposredno poslije sudara odredena je rjeSavanjem
odgovarajucih jednacina sudara tavanica. Pri formiranju
jedna¢ina sudara tavanica KkoriS¢ene su uobicajne
pretpostavke teorije sudara u klasi¢noj mehanici, pri
¢emu je lokalna disipacija energije u zoni sudara uzeta u
obzir uvodenjem koeficijenta sudara.

U cilju numericke realizacije ovog problema razvijen
je odgovaraju¢i kompjuterski program, koji osim Sto daje
vremenske odgovore susjednih viSespratnih
nesimetriénih zgrada usled zadatog akcelerograma za
dominantni pravac zemljotresa, ukljucujuci i analizu
mogucéeg sudara zgrada, moZe imati joS i prakti¢nu
primjenu pri odredivanju potrebnih Sirina dilatacionih
razdjelnica izmedu susjednih zgrada sa ciljem
spre€avanja moguceg sudara za dati zemljotres.

Kljuéne rije€i: sudar zgrada, nesimetricna zgrada,
koeficijent sudara, vremenska analiza, uticaj zemljotresa

Note:

The second author (S. Bréi¢) is grateful for the
financial support by the Ministry of Science of the
Republic of Serbia in the scope of the project TR
16017 "Development and improvement of design of
building structures exposed to seismic and incident
actions".

SUMMARY

POUNDING OF ADJACENT NON-SYMMETRIC
MULTISTORY BUILDINGS DUE TO AN
EARTHQUAKE

Ljiljana ZUGIC
Stanko BRCIC

Adjacent buildings, if constructed in accordance with
the building codes, in event of an earthquake will
oscillate independently. However, if their relevant
dynamic characteristics are substantially different and if
the separation gap between them is insufficient, the
pounding between adjacent floor slabs at the same level
may happen.

The paper is analyzing a possible pounding of
adjacent multistory buildings with the same story heights
due to the same earthquake excitation with a given
dominant direction. Buildings are non-symmetric with
respect to their stiffness and/or mass distributions, so
the mathematical model is three-dimensional, i.e. each
floor slab is undergoing the planar motion in its plane
with three dofs each.

Possible pounding between buildings is analyzed by
combination of a direct numerical integration of the
corresponding differential equations of motion and the
classical analysis of an impact of two rigid bodies in
planar motion. In the case of pounding between adjacent
slabs the sudden change in kinematic state immediately
before and after the collision is determined by solution of
the corresponding collision equations. Formulation of
the impact equations is based upon the usual
assumptions of the impact theory in classical mechanics,
with introduction of the coefficient of impact to account
the local dissipation of energy in the zone of collision.

The corresponding computer code is developed in
order to perform numerical simulations. Besides
determination of the time history of adjacent multistory
non-symmetric buildings due to earthquake acceleration
with a given dominant direction, including the analysis of
the possible pounding, the code may also have the
practical application to determine the necessary
dilatation gap between buildings in order to prevent the
pounding for a given earthquake.

Key words: pounding between buildings, non-
symmetric buildings, coefficient of impact, time history
analysis, earthquake effect

22

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (3-22)



FUNDAMENTALNE KARAKTERISTIKE ASFALTNIH MESAVINA U POGLEDU
OTPORNOSTI NA TRAIJNU DEFORMACIJU

FUNDAMENTAL ASPHALT MIXTURES CHARACTERISTICS REGARDING
PERMANENT DEFORMATION RESISTANCE

Miomir MILJIKOVIC

1 uvoD

Postupak  projektovanja  asfaltnih  meSavina,
Superpave® koji se zasniva na analizi zapreminske
strukture meSavina, je razvijen u okviru StrateSkog pro-
grama istraZivanja puteva (Strategic Highway Research
Program, SHRP) sredinom devedesetih godina proslog
veka. Za razliku od metode projektovanja meSavina po
MarSalu, Superpave zapreminskim postupkom projekto-
vanja nije obuhvaceno ispitivanje mehanickih karakteri-
stika, radi provere ponaSanja meSavine nakon zavrSetka
zapreminskog postupka projektovanja. Iskustvo iz postu-
pka implementacije tokom proteklih godina je pokazalo
da zapreminski postupak projektovanja, bez ispitivanja
mehanickih karakteristika, nije adekvatan za osiguranje
prihvatlivog ponaSanja meSavine. Istrazivanja koja su
vodila ka razvoju ,jednostavnog opita ponaSanja“ (simple
performance test, SPT) su obavljana u okviru NCHRP
projekta 9-19: ,Superpave podrSka i upravijanje mode-
lima ponaSanja“ na Univerzitetu drzave Arizona [1], [2].

Postupak razvoja SPT opita je bio usredsreden na
merenje fundamentalnih inZenjerskih karakteristika
materijala koje povratno mogu biti povezane sa
karakteristikama materijala potrebnim za detaljnu analizu
procesa nastanka oStec¢enja. Tri glavna vida oStecenja
asfaltnih meSavina koja su uzeta u obzir su trajne
deformacije, pukotine usled zamora i termi¢ke pukotine.
Glavni cilj celokupnih istrazivanja je bio da se od
nekoliko mogucih opita, da preporuka o fundamentalnim

Miomir Miljkovi¢, dipl. inZ. grad., asistent

Univerzitet u NiSu, Gradevinsko-arhitektonski fakultet,
Aleksandra Medvedeva 14, 18000 Ni$

e-mail: miomir.miljkovic@hotmail.com;
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UDK: 625.85:620.1 = 861

1 INTRODUCTION

Superpave® asphalt mixture design procedure, which
is based on mixture volumetric structure analysis, was
developed in Strategic Highway Research Program
(SHRP) in the 90s of the last century. Unlike the
Marshall mixture design method, testing of mechanical
characteristics for controlling of mixture performance
after completing the volumetric design procedure is not
covered by Superpave volumetric mixture design
procedure. Experience from the implementation process
during past years showed that volumetric design
procedure without testing of mechanical characteristics
is not adequate for acceptable mixture performance
assurance. Researches that led to the development of
simple performance test (SPT) were carried out in
NCHRP Project 9-19: “Superpave Support and
Performance Models Management” at Arizona State
University [1], [2].

SPT test development process was focused on
measuring fundamental engineering material
characteristics that could be correlated to material
characteristics needed for detailed deterioration
occurrence process analysis. Three major deterioration
types of asphalt mixtures which were considered are
permanent deformation, fatigue cracking and thermal
cracking. The main goal of overall researches was to,
based on several possible tests, give a recommendation
about fundamental tests which were the most suitable for

Miomir Miljkovic, MScCE, Research Assistant

The University of Nis, The Faculty of Civil Engineering and
Architecture, Aleksandra Medvedeva 14, 18000 Nis
e-mail: miomir.miljkovic@hotmail.com;
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opitima koji su najpogodniji za primenu uz Superpave
zapreminski postupak projektovanja meSavina. Razma-
trani SPT opiti se mogu svrstati u opite vezane za
krutost, opite deformabilnosti, i opite vezane za nastanak
pukotina [1], [2].

Jednostavni opit ponaSanja (SPT) se definiSe kao:
Metoda (metode) ispitivanja koja taéno i pouzdano meri
karakteristiku ili parametar odgovora meSavine koja je u
dobroj korelaciji sa pojavom osStec¢enja kolovoza (npr. sa
pukotinama i trajnim deformacijama)* [1], [3].

Kako je ovom definicjom dato, za SPT nije
neophodno da predvidi celokupan tok pojave oSte¢enja
ili da prati ponaSanja asfaltne meSavine kroz vreme, ali
rezultati ispitivanja moraju da omoguée odredivanja
sposobnosti meSavine da se odupre lomu ili trajnoj
deformaciji u definisanim uslovima tokom eksploatacije.

Pri formiranju uzeg izbora ovih opita, radi pribavljanja
prakti¢nih informacija direktno od potencijalnih korisnika,
koriS¢en je, izmedu ostalog, i posebno pripremljeni
upitnik. Namena prvog dela tog upitnika je bila da se
proceni zna¢aj sposobnosti SPT-a da meri odgovore u
korelacii sa pojedinim  oSteéenjima  kolovozne
konstrukcije. Uzeta su u obzir sledeca tri tipa oStecenja,
a vrednosti u zagradama predstavljaju prose¢nu ocenu
njihovog relativnog znacaja:

1. kolotrazi (1,1)

2. pukotine usled zamora (1,8)

3. termicke pukotine (2,2)

Vrednost ,1“ ukazuje da oSte¢enje mora da bude
uzeto u obzir od strane ovog opita, ,2", da je uzimanje u
obzir srednjeg znacaja, a ,3", da je uzimanje u obzir
oSteéenja relativno nevazno. Ovim se uocava da su
kolotrazi rangirani kao najvaznije oSteéenje koje je SPT
trebalo da uzme u obzir, zatim slede pukotine usled
zamora, a termicke pukotine su na kraju. Drugim delom
upitnika je obuhvacen stav privrednih subjekata u
pogledu vrednosti pocetnih investicija u opremu (rezultat
je 36 800 dolara) i vremena potrebnog za ispitivanje
(rezultat je 8,6 h) [3].

Nakon obimnog programa laboratorijskih ispitivanja
izvrSeno je vrednovanje brojnih opita u cilju odredivanja
mogucnosti da se pomocu njih razlikuju meSavine sa
prihvatljivim i neprihvatljivim ponaSanjem i predvidi
pojava kolotraga [1] Zbog svog najveceg potencijala u
pogledu  korelacije  laboratorijskih  rezultata sa
ponaSanjem na terenu, kao konaéni SPT kandidati za
dalje vrednovanje, odabrana su sledeca tri opita:

1. dinamicki (kompleksni) modul (E*)

2. opit trajne deformacije sa
optere¢enjem — flow number, (Fy)

3. opit trajne deformacije sa statiCkim tecenjem —
flow time (Fy) [1], [2], [3], [4], [5].

Takode, kao potencijalni kandidati za SPT u pogledu
loma (pukotina usled zamora) preporu¢ena su slede¢a
dva opita:

1. dinamicki (kompleksni) modul (E¥)

2. indirektna <&vrstoca na zatezanje (koja ovim
radom nije obuhvacena)

Kako se vidi, dinami¢ki modul (E*) je prepoznat kao
opit sa zna¢ajnim potencijalom da bude SPT za dva
vazna oStecenja asfaltnih meSavina - kolotrage i lom [1]

Paralelno sa NCHRP projektom 9-19 tekao je i razvoj
Uputstva za mehani¢ko-empirijsko projektovanje kolo-
voznih konstrukcija (Mechanistic-Empirical Pavement
Design Guide, MEPDG) (NCHRP projekti 1-37A i 1-40)

ponavljanim

application with Superpave volumetric mixture design
procedure. Considered SPT tests could be classified into
stiffness related tests, deformability tests, and tests
related to cracking occurrence [1], [2].

Simple performance tests (SPT) is defined as:
sJ1esting method (methods) that correctly and reliably
measures mixture response characteristic or parameter
which is in good correlation to pavement distress
occurrence (e.g. cracking or permanent deformation)”
(11, [3].

As given by this definition, for SPT is not to be able
to predict overall flow of deterioration occurrence or to
follow the performance of asphalt mixture during the
time, but the results of the testing have to enable
determination of mixtures ability to resist failure or
permanent deformation in defined conditions during
performance.

During the making of narrow selection of tests, in
order to obtain practical information directly from
potential users, among others, specially prepared
questionnaire was used. The purpose of the first part of
guestionnaire was to estimate the significance of SPTs
ability to measure responses in correlation to the
distresses of pavement. The following three types of
distresses were considered, and the values in brackets
represent their average grade of relative significance:

1. rutting (1,1)

2. fatigue cracking (1,8)

3. thermal cracking (2,2)

Value “1” indicates that the distress has to be
considered by this test, “2”, that considering is of a
medium significance and “3”, that consideration of the
distress is relatively insignificant. Here, it could be seen
that rutting is ranked as the most important distress that
SPT should consider, followed by fatigue cracking, with
thermal cracking at the end. The second part of the
questionnaire covered the attitude of the industry in
terms of amount of the equipment initial investment cost
(the results was 36 800 dollars), and time needed for
carrying out the testing (the result was 8,6 hours) [3].

After the extensive laboratory testing program, an
evaluation of numerous tests was performed to
determine their ability to differentiate mixtures with
acceptable and inacceptable performance and to predict
rutting [1] Because of the greatest potential in correlation
of laboratory results to field performance, the following
three tests were selected as final SPT candidates for
further evaluation:

1. dynamic (complex) modulus (E*)

2. repeated load permanent deformation test - flow
number, (Fn)

3. static load permanent deformation test - flow time
(Fy) [1], 2], [3], [4], [3].

Also, as a possible candidate for SPT for failure
(fatigue cracking) the following two tests are
recommended:

1. dynamic (complex) modulus (E¥)

2. indirect tensile strength (which is not covered in
this paper)

As it could be seen, dynamic modulus (E*) is
recognised as a test with significant potential to be SPT
for two important distresses of asphalt mixtures - rutting
and failure [1]

Simultaneous with  NCHRP Project 9-19 the
development of the Guide for mechanistic-empirical
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[6], [7]. U razvoj MEPDG bilo je uklju¢eno vrednovanije i
modeliranje glavnih oSte¢enja fleksibilnih kolovoznih
konstrukcija / trajnih deformacija (kolotraga), i pukotina
usled zamora (mrezastih i poduznih pukotina). Razvijeni
su analiticki modeli za predvidanje ponaSanja kolovoznih
konstrukcija koji su kalibrisani koriS¢éenjem baze poda-
taka sa opitnih deonica Programa dugoro¢nog ponasa-
nja kolovoza (Long-Term Pavement Performance,
LTPP).

Od tri moguéa SPT opita, dinami¢ki modul (E*) je
jedina karakteristika materijala koja je trenutno imple-
mentirana u modelima uklju¢enim u MEPDG. Dinamicki
modul je, takode, i glavni ulazni podatak o materijalu za
spravljanje asfaltnih meSavina. Primena ovog opita, kako
za vrednovanje meSavine, tako i za strukturno projek-
tovanje, daje potencijalnu vezu izmedu projektovanja
meSavine i strukturne analize, Sto je bio cilj u osnovi
znatnog broja istrazivanja fleksibilnih  kolovoznih
konstrukcija u proSlosti [1], [5], [8].

Slika 1 prikazuje izgled SPT opreme za ispitivanje i
otvorenu c¢eliju sa probnim telom.

pavement Design Guide (MEPDG) (NCHRP Projects 1-
37A and 1-40) was running [6], [7]. The development of
MEPDG included evaluation and modelling of major
distresses of flexible pavements - permanent
deformation (rutting), and fatigue cracking (alligator and
longitudinal cracking). Analytical models for pavement
performance prediction, which were calibrated by using
the database from pit sections of Long-Term Pavement
Performance (LTPP) program, were developed.

Of three possible SPT tests, dynamic modulus (E¥*) is
the only material characteristic that is implemented in
models included in MEPDG at the moment. Dynamic
modulus is, also, the main asphalt mixture preparation
material input. Application of these tests provides a
potential link between mixture design and structural
analysis, that was an underlying goal of considerable
number of past flexible pavement researches [1], [5], [8].

Figure 1 shows view of SPT testing equipment and
open chamber with specimen.

..l |

!

T |

Slika 1 — Postavka SPT opreme za ispitivanje [5]
Figure 1 -SPT test equipment setup [5]

U daljem tekstu detaljnije su opisani opiti za
odredivanja dinami¢kog modula, i opiti trajne deformacije
sa ponavljanim (flow number) i statickim opterecenjem
(flow time).

Below, the test for determination of dynamic
modulus, and repeated load (flow number), and static
load permanent deformation test (flow time), are
described in more detail.
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2 DINAMIGKI MODUL (E¥)

Za linearno viskoelasticne materijale kao S$to su
asfaltne meSavine, kompleksni broj koji daje vezu napo-
na i dilatacije pod kontinualno nanoSenim sinusoidnim
optere¢enjem u odredenom rasponu frekvencija, pred-
stavlja kompleksni dinami¢ki modul (E*). Kompleksni
modul je definisan kao odnos sinusoidnog napona (u bilo
kom trenutku vremena, t, i pri bilo kojoj ugaonoj
frekvenciji optereéenja, w), o = 0o sin(w t), i sinusoidne
dilatacije, € = & sin(w t — @), u istom trenutku vremena i
pri istoj frekvenciji, koji daje ustaljeni odgovor (slika 1):

iwt

o_ og,e

2 DYNAMIC MODULUS (E*)

For linear viscoelastic materials such as asphalt
mixtures, a complex number that gives stress-to-strain
relationship under continuously applied sinusoidal
loading in the frequency domain, represents complex
dynamic modulus (E*). Complex modulus is defined as
relationship of sinusoidal stress (at any given time, t, and
angular load frequency, w), ¢ = 0o sin(w t), and
sinusoidal dilatation, € = & sin(w t — @), at the same time
and frequency, that results in a steady-state response
(Figure 1):

o, sin(w t) @

gde je

0o - amplituda (maksimalni) napon

& - amplituda (maksimalna) dilatacija

¢ - fazniugao, [°]

w - ugaona brzina

t - vreme, [s]

Matematicki, dinami¢ki modul je definisan kao
apsolutna vrednost kompleksnog modula, ili:

g gel-d - & sinlwt — @)

where:

0Op - peak (maximum) stress

& - peak (maximum) strain

@ - phase angle, [°]

w - angular velocity

t- time, [9]

Mathematically, the dynamic modulus is defined as
an absolute value of complex modulus, or:

|E*|=T0 @)

dok je fazni ugao definisan kao:

o

while the phase angle is defined as:

0= ti 360 3)

gde je:

ti- vremenska razlika izmedu javljanja amplitude
napona i amplitude dilatacije, [S]

tp - vremenska razlika izmedu dva ciklusa napona, tj.
dilatacije (period), [s]

i - imaginarni broj.

Izrazeno preko realnog i imaginarnog dela:

where:
ti - time lag between peak stress and peak strain, [s]
t, - time lag between two cycles of stress, e.g. strain
(period), [s]
i - imaginary number
Expressed by real and imaginary part:

E*=E(+i EC=|E*|cos¢g +i|E*|sing (4)

E' se kao komponenta kompleksnog modula obi¢no
naziva modulom elastiénosti ili skladiStenja (storage
modulus), dok se E" naziva modulom gubitka (loss
modulus), ili modul viskoziteta. Fazni ugao, ¢ je ugao za
koji € kasni za o0o. On je indikator viskoznih
karakteristika datog materijala.

Za Gisto elastiGan materijal, ¢ = 0°, mozZe se uociti da
je kompleksni modul (E*) jednak apsolutnoj vrednosti, tj.
dinami¢kom modulu. Za d&isto viskozan materijal, ¢ =
90°. Ispitivanje dinamiékog modula asfaltnih meSavina
se normalno sprovodi koriSéenjem Seme jednoosno
nanetog sinusoidnog napona kao Sto je to prikazano na
slici 2.

E'as a complex modulus component is usually called
elasticity or storage modulus, while E" is called loss or
viscosity modulus. The phase angle, ¢, is the angle by
which & lags behind oo. It is an indicator of viscous
characteristics of the material being evaluated.

For a purely elastic material, ¢ = 0°, it can be seen
that the complex modulus (E*) is equal to the absolute
value, i.e. to the dynamic modulus. For purely viscous
material, ¢ = 90°. Testing of asphalt mixtures dynamic
modulus is performed by using a pattern of uniaxial
applied sinusoidal stress as it is shown in Figure 2.
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Slika 2 - Tipi¢an izgled dijagrama napona i dilatacija u toku ispitivanja dinami¢kog modula [8]
Figure 2 - Typical appearance of stress-strain diagram during a dynamic modulus testing [8]

2.1 Skraceni postupak ispitivanje master kriva
dinami¢ékog modula

Skraceni postupak ispitivanje za dobijanje master
kriva dinami¢kog modula je razvijeno radi olakSanja
samih ispitivanja i smanjenja koStanja opreme prilikom
strukturnog projektovanja kolovoznih konstrukcija. Ovaj
postupak se sastoji od ispitivanja na najmanje dva
probna tela na temperaturama od — 10, + 4,4, 21,1, 37,8,
i 54,4 °C i na frekvencama opterecenja od 25, 10, 5, 1,
0,5, i 0,1 Hz. Ovim ispitivanjima se formira baza
podataka od 60 merenja dinami¢kog modula od kojih se
numerickom optimizacijom odreduju parametri za master
krive [5].

Da bi ovaj protokol mogao da se koristi za rutinska
ispitivanja, ukupno vreme potrebno za obavljanje opita je
moralo da bude skraceno [9]. Prihvatljive master krive se
mogu razviti i ispitivanjem na samo tri temperature: — 10,
21,1,i 54,4 °C, pri frekvencama opterecenja od 33, 2,22,
0,15, i 0,01 Hz. Takav skraéeni postupak i dalje zahteva
ispitivanje na temperaturi od — 10 °C Sto se smatra
komplikovanim s obzirom na kondenzaciju vlage i
stvaranje leda [5]. Uz to, ispitivanje na niskoj temperaturi
znaCajno povecava cenu klimatizacione komore i
opreme za ispitivanje, i zahteva veée opterecenje [5].
Ukoliko bi ispitivanje na ovoj temperaturi moglo da se
izostavi, pomenuti troSkovi bi bili zna¢ajno smanjeni.

Ovaj skraceni postupak razvoja master kriva uzima u
obzir prednost Ccinjenice da sva bitumenska veziva
dostizu priblizno isti staklasti modul na veoma niskim
temperaturama [5]. KoriS¢éenjem ovog modula veziva i
nedavno razvijenih veza za predvidanje dinamickog
modula meSavine preko modula bitumena i podataka o
zapreminskim karakteristkama meSavine, moze se
napraviti procena granicnog maksimalnog modula
meSavine i upotrebiti u razvoju master krive dinami¢kog
modula [5].

2.1 Abbreviated Dynamic Modulus Master Curve
Testing Procedure

Abbreviated testing procedure for obtaining dynamic
modulus master curves has been developed in order to
facilitate the testing and reduce equipment costs during
structural design of pavement structures. This procedure
consists of testing on at least two specimens at tempe-
ratures of — 10, + 4,4, 21,1, 37,8, and 54,4 °C and on the
loading frequencies of 25, 10, 5, 1, 0,5, and 0,1 Hz. By
these tests, a database of 60 measurements of dynamic
modulus is formed, from which parameters for master
curves are determined by numerical optimisation [5].

To use this testing protocol in routine practice, total
time needed for performing the test had to be reduced
[9] Acceptable master curves could also be obtained by
testing at just three temperatures: — 10, 21,1, and 54,4
°C, at loading frequencies of 33, 2,22, 0,15, and 0,01 Hz.
That reduced procedure also requires testing at the
temperature of — 10 °C what is considered complicated
regarding the moisture condensation and ice formation
[5]. Additionally, low temperature testing significantly
increases the price of the environmental chamber and
the testing equipment, and requires increased loading
capacity [5]. If testing at this temperature could be
excluded, the mentioned costs would be significantly
reduced.

This reduced master curve development procedure
considers the advantage of the fact that all bituminous
binders achieve approximately the same glassy modulus
at very low temperatures [5]. By using of this binder
modulus and recently developed relationships for
mixture dynamic modulus prediction from binder
modulus and mixture volumetric characteristics data, an
estimation of limiting maximum mixture modulus can be
made and used in dynamic modulus master curves
development [5].
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2.1.1 MEPDG master kriva dinami¢kog modula

Radi uvodenja u proracun temperature i brzine
optere¢enja, MEPDG koristi module asfaltne meSavine
dobijene sa master krive konstruisane za referentnu
temperaturu od 21,1 °C [6]. Master krive se konstruiSu
koriSéenjem principa vremensko-temperaturne super-
pozicije. Prvo se odabere standardna referentna tempe-
ratura, u ovom sluéaju 21,1 °C, zatim se podaci na
razli¢itim temperaturama pomeraju u odnosu na
frekvencu opterecenja, sve dok se krive ne spoje u
jedinstvenu glatku funkciju. Napravijena na ovaj nacin,
master kriva modula u funkciji od frekvence opisuje
ponaSanje materijala samo u zavisnosti od frekvence.
Veli¢ina pomeranja za svaku temperaturu potrebna za
formiranje master krive opisuje temperaturnu zavisnost
ponaSanja materijala. Stoga su za potpuno opisivanje
uticaja brzine opterecenja i temperature potrebni i
master kriva i faktori pomeranja. Na slici 3 je dat primer
konstruisanja master krive na ovaj nacin.

2.1.1 MEPDG Dynamic Modulus Master Curve

For taking into account the temperature and loading
rate, MEPDG asphalt mixture moduli obtained from the
master curve constructed at a reference temperature of
21,1 °C [6]. Master curves are constructed by using
time-temperature superposition principle. First, standard
reference temperature is selected, in this case 21,1 °C,
then the date at the various temperatures are shifted
with respect to loading frequency, until the curves merge
into a single smooth function. Made this way, modulus
master curve as a function of the frequency describes
material behaviour depending only on the frequency.
Amount of shifting for each temperature needed for the
construction of the master curve describes temperature
dependent material behaviour. Hence, for complete
description of impact of loading rate and temperature
both master curve and shift factors are needed. Figure 3
gives an example of master curve construction in this
way.
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"
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i
1O0E+D5 -2
— -4 W
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100 44 2.1 ITE 544
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1.0E-07 1,0E-05 1,0E-03 1,0E-01 1.0E+D1 1,0E+03 1,0E+05 1.0E+07
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Slika 3 - Primer master krive dinamickog modula sa dijagramom faktora pomeranja (ispitivanje na pet razli¢itih
temperatura) [5]
Figure 3 - Example of dynamic modulus master curve with shift factor diagram (testing at five different temperatures) [5]

U MEPDG se za opisivanje frekventne zavisnosti
master krive modula koristi sigmoidalna funkcija data
jednaginom 5.

Sigmoidal curve given by Equation 5 is used for
describing modulus master curve frequency dependence
in MEPDG.

(of
x| = 0 5
IOgIE I 6+1 +eﬁ+ylogw, ( )
gde je: where:
|E*| - dinamic¢ki modul |E*| - dynamic modulus
wr-  redukovana frekvenca, [Hz] wr- reduced frequency, [Hz]
0 - minimalna grani¢na vrednost |E*| 0 - limiting minimum value of |E*|
0 + a - maksimalna grani¢na vrednost |E*| 0 + a - limiting maximum value of |E*|
B, y- parametri koji opisuju oblik sigmoidalne B,y - parameters hat describe shape of the
funkcije sigmoidal function
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Istrazivanja su pokazala da parametri & i a zavise od
granulometrijskog sastava agregata, sadrzaja veziva, i
Supljina. Parametri B8 i y zavise od karakteristika
bitumenskog veziva i veli€¢ina 6 i a [5]. U jednagcini 5,
temperaturna zavisnost modula je ugradena u parametar
redukovane frekvence, w. Jednacina 6 definiSe redu-
kovanu frekvencu kao stvarnu frekvencu optereéenja

Researches have shown that the parameters 6 and a
depend on aggregate gradation, binder content, and
voids. Parameters 8 and y depend on bituminous binder
characteristics and the values of 6 and a [5]. In Equation
5, temperature dependence of modulus in implemented
in reduced frequency parameter, w;. Equation 6 defines
the reduced frequency as the exact loading frequency

pomnozenu vremensko-temperaturnim faktorom multiplied by time-temperature shift factor, a(T).
pomeranja, a(T).
w =al) w (62)
logw, =logw +loga(T) (6b)

gde je:

w - frekvenca opterecenja, [Hz]

a(T) - faktor pomeranja kao funkcija temperature

T- temperatura

U pokuSaju davanja racionalnog objasnjenja tempe-
raturne zavisnosti faktora pomeranja, preporucivane su
razli¢ite jednacine kao Sto su Arenijusova (Arrhenius)
funkcija i Viliams-Landel-Ferijeva (Williams-Landel-Ferry,
WLF) jednacgina. U MEPDG, radi omoguc¢avanja uzima-
nja obzir starenja tokom Zivotnog veka kolovozne
konstrukcije faktori pomeranja su izrazeni u funkciji
viskoziteta veziva. Jednadinom 7 je data veza faktora
pomeranja primenjena u MEPDG.

where:

w - loading frequency, [Hz]

a(T) - shift factor as a function of temperature

T- temperature

In the attempt to give rational explanation of shift
factor temperature dependence, various equations have
been recommended such as Arrhenius function and
Williams-Landel-Ferry (WLF) equation. In MEPDG, in
order to facilitate consideration of ageing during the
pavement life cycle shift factors are expressed in terms
of binder viscosity. Shift factor relationship applied in
MEPDG is given by Equation 7.

log a(T) =c ('0917 —log r’70,RTFOT) ()

gde je:

n - viskozitet pri posmatranoj ostarelosti i temperaturi

Nro, rTeOT - Viskozitet na referentnoj temperaturi od
21,1 °C veziva ostarelog u RTFOT uredaju

C - regresioni parametar

Viskozitet u funkciji od temperature se moze izraziti
koriS¢enjem veze viskoziteta i temperature date u ASTM
D2493 [10].

where:

n - viscosity at age and temperature of interest

N7o, rTFOT - Viscosity at the reference temperature of
21,1 °C RTFO aged binder

C - regression parameter

Viscosity as a function of temperature could be
expressed by using the relationship of viscosity and
temperature provided in ASTM D2493 [10].

loglogn = A +VTS logT, (8)

gde je:

n-  viskozitet, [cP],cP =1 - 10°%Pa-s

Tr- temperatura u rankinima, [R], R = 1,8 (°C+
273,15)

A - regresioni parametar (presek sa ordinatom)

VTS - regresioni parametar (nagib linije zavisnosti vi-
skoziteta od temperature)

Kombinovanjem jednacina 7 i 8 sledi faktor pomera-
nja kao funkcija temperature koji se koristi u MEPDG za
konstruisanje master krive. Zamenom tako dobijene
jednacine u jednacinu 5, sledi funkcija zavisnosti master
krive dinami¢kog modula od podataka dobijenih
laboratorijskim ispitivanjem.

log|E*|=0 +

where:

n- viscosity, [cP],cP=1-102Pa-s

Tr - temperature in Rankine, [R], R = 1,8 (°C +
273,15)

A - regression parameter (intercept)

VTS-regression parameter (slope of viscosity-
temperature relationship)

Combining Equations 7 and 8, yields a shift factor as
a temperature function that is used in MEPDG for
dynamic modulus master curve construction. Beplacing
such obtained equation into Equation 5, vyields the
dynamic modulus master curve dependence function
from laboratory testing obtained data.

a )

Regresioni parametri (a, B8, 0, y, i c) se odreduju kroz
numeriéku optimizaciju jednaCine 9 koriS¢enjem
podataka iz laboratorijskih ispitivanja. Zbog ograni¢enja
u pogledu opreme, ni graniéni najveéi ni grani¢ni
najmanji modul se direktno ne mogu izmeriti, pa se
stoga moraju proceniti u postupku regresione analize.

1+e” +y[|ogw+c (10

\
ArVISlogTe _ IOgr’m,RTFOT J

Regression parameters (a, 8, 0, y, and c) are
determined through numerical optimization of Equation 9
using the data from the laboratory testing. Because of
limitations in equipment, neither limiting maximum nor
limiting minimum modulus could directly be measured,
therefore they have to be estimated in the process of
regression analysis.
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2.1.2 PredloZzena modifikacija postupka odredivanja
master krive dinami¢kog modula

PredloZzena modifikacija se sastoji u tome da se na
osnovu krutosti veziva i zapreminskih karakteristika
meSavine pomoc¢u HirSovog (Hirsch) modela proceni
graniéni maksimalni modul meSavine [5]. Za poznati
graniéni maksimalni modul, MEPDG veza master krive
data jednacinom 6 se redukuje na:

2.1.2 Proposed Modification of Dynamic Modulus
Master Curve Determination Procedure

The proposed modification is to estimate the limiting
maximum mixture modulus based on binder stiffness
and mixture volumetric data using the Hirsch model [5].
For known limiting maximum modulus, MEPDG master
curve relationship given by Equation 6 reduces to:

Max — &

log|E*|=0&

gde je:

Max - dati maksimalni graniéni modul

Cetiri nepoznata regresiona parametra se i dalje
procenjuju numerickom optimizacijom na osnovu
podataka sa ispitivanja, ali, kako je graniéni maksimalni
modul dat, podaci sa niskih temperatura viSe nisu
potrebni.

Jednacine (11) i (12) prikazuju HirSov model koji omo-
gucava procenu modula meSavine na osnovu podatka o
krutosti veziva i zapreminskih karakteristika meSavine.

+1+e‘3+y[logou+c(1

1
OA +VTS logTy ( 0)

- lOQ '770, RTFOT )]

where:

Max - given limiting maximum modulus

Four unknown regression parameters are still being
estimated by numerical optimization based on testing
data, but, as the limiting maximum modulus is given, the
low temperature data are not needed any more.

Equations (11) and (12) show Hirsch model that
enables mixture modulus estimation basted on binder
stiffness and mixture volumetric data.

VMA 6 /FA X/MA QU
E* | = P, 84200000 ++3|G* ARt LAl
| m|>< e4 gl O p | |bmder 10000 %
11
1-P (11)
+ ~
¢ _VMAG u
g% 100 g, VMA 3
84200000 3VFA|G* |, U
g H
gde je: where:
% VFA >G |G |b|nder .0 *
0+ ———— 1 —‘binder 12
b= g VMA o (12)
c .0,58
650 + ?FA >G |G |bmder +
e VMA g
|E*|mix - dinamic¢ki modul meSavine |E*|mix - mixture dynamic modulus

VMA - Supljine u mineralnom agregatu, [%)]

VFA - Supljine ispunjene bitumenom, [%)]

|G*|binder - dinamicki modul smicanja veziva, [psi],
(psi = 6,894 757 kPa)

Na osnovu istraZivanja sprovedenih tokom SHRP,
sva veziva dostizu maksimalni modul smicanja od
priblizno 1 GPa [5]. Zamenom ovih vrednosti u jednacine
11 i 12 sledi preporu¢ena jednacina za procenu grani-
¢énog maksimalnog modula asfalthe meSavine na osnovu
podataka o zapreminskim karakteristikama.

VMA - voids in mineral aggregate, [%]

VFA - voids filled with bitumen, [%]

|G*|binder - dynamic shear modulus of binder, [psi],
(psi = 6,894 757 kPa)

According to the researches conducted during the
SHRP, all binders achieve approximately the same
dynamic shear modulus of about 1 GPa [5]. Replacing
these values into Equations 11 and 12 yields proposed
equation for estimation of limiting maximum modulus of
asphalt mixture based on volumetric characteristics data.

¢
|E*|,,, =P, 4200000 8- YMAQ, 435000 YFAVMAT,
g €100 g € 10000
(13)
1-P,
+ 7 . ~
én_VMAG N
&~ 100 s, vva ¢
54200000 435 000VFA(
g §
gde je: where:
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%0 435000VFAS

0,58

b & VMA g (14)
c .0,58
650+8er135000VFA9
& VMA g
|E*lmax - graniéni  maksimalni dinami¢ki modul |E*lmax - limiting maximum dynamic modulus of
meSavine asphalt mixture

Na slici 4 je prikazan grani¢ni maksimalni modul
sracunat koriS¢enjem jednacine 13 za VMA u rasponu
od 10 do 20 % i VFA u rasponu od 55 do 85 %. Za
ovako Sirok raspon zapreminskih karakteristika, grani¢ni
maksimalni modul se kreée u granicama od oko 20 do
oko 27 GPa. Za uslove sa malim udelom Supljina u
mineralnom agregatu (VMA) i velikim udelom Supljina
ispunjenih bitumenom (VFA), graniéni maksimalni modul
se priblizava vrednostima koje su bliske vrednostima
tipi€nim za cementni beton.

Figure 4 shows limiting maximum modulus
calculated by using Equation 13 for VMA in the range of
10 to 20 % and VFA in the range of 55 to 85 %. For such
a wide range of volumetric characteristics like this,
limiting maximum modulus values ranges from about 20
to about 27 GPa. For conditions with low voids in mineral
aggregate (VMA) and high voids filled with bitumen
(VFA) content, limiting maximum modulus is
approaching values that are near to values typical for
portland cement concrete.
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Slika 4 - Vrednosti graniénog maksimalnog dinami¢kog modula dobijene HirSovim modelom [5]
Figure 4 - Limiting maximum dynamic modulus values obtained by Hirsch model [5]

3 OPIT TRAIJNE DEFORMACIJE SA PONAVLJANIM
OPTERECENJEM - FLOW NUMBER (Fn)

Jedan od pristupa u odredivanju karakteristika u
pogledu otpornosti na trajne deformacije asfaltnih
materijala je nanoSenje ponavljanog opterec¢enja sa
nekoliko hiljada ponavljanja i pracenje kumulativne trajne
deformacije u funkciji od broja ponavijana (ciklusa)
optere¢enja. Tokom ispitivanja u trajanju od oko 3 h,
naizmenicno se  primenjuje  sinusoidno  pulsno
optereéenje tokom 0,1 s i rastere¢enje od 0,9 s (vreme
relaksacije). Rezultat ovakvog pristupa je priblizno 10
000 ciklusa opterecenja nanetih na probno telo [2], [11].
Na slici 5 je prikazana Sema ponavljanog opterec¢enja
koje se koristi pri ovom ispitivanju.

3 REPEATED LOAD PERMANENT DEFORMATION
TEST - FLOW NUMBER (Fn)

One of the approaches in determination of asphalt
materials permanent deformation resistance
characteristics is the application of repeated load with
several thousand repetitions and observation of
cumulative deformation as a function of load repetition
number (cycles). During the about 3 h testing, sinusoidal
pulse 0,1 s loading is alternately applied with 0,9 s
relaxation (relaxation time). The result of such approach
is approximately 10 000 loading cycles applied on a
specimen [2], [11]. Figure 5 shows repeated load pattern
that is used in this test.
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Slika 5 - Sema optereéenja i dobijeni podaci o ugibu (defleksiji) pri opitu trajne deformacije
sa ponavljanim opterecenjem (Fy) [8]
Figure 5 - Load pattern and obtained results about deflection during the repeated load permanent deformation
test (Fn) [8]

Putem F, opita se mozZe dobiti nekoliko parametara
koji opisuju trajnu deformaciju.

Istrazivanjima je wuo€eno da se, generalno,
ponaSanje asfaltnih materijala u pogledu trajne
deformacije pod datim uslovima materijala, opterecenja,
i okoline, moze se posmatrati u okviru tri razlicite faze
[11, [2], [3]:

1. Primarna faza - Pocetan visok nivo trajnih defor-
macija (kolotraga) sa opadajuéim prirastom, preva-
shodno povezano sa promenom zapremine

2. Sekundarna faza - Konstantan mali prirast trajnih
deformacija (kolotraga) koji je povezan sa zapreminskim
promenama, dok medutim, deformacije usled smicanja
imaju sve vedi prirast

3. Tercijarna faza - Visok nivo trajnih deformacija
prevashodno povezanih sa plasti¢nim deformacijama
usled smicanja u uslovima nepromenjene zapremine

Slika 6 ilustruje tipicnu vezu kumulativne trajne
dilatacije i broja ponavljanja opterecenja. Broj ponavlja-
nja optereéenja, pri kojem nastaje tercijarno te€enje
naziva se broj te€enja (flow number) i oznacava sa F.
Na dijagramu je ovo mesto ozna¢eno kao tacka te€enja.

Kumulativna trajna dilatacija, €,, u odnosu na broj
ciklusa N se moZe okarakterisati koriSéenjem stepenog
modela:

gp
gde su a i b regresione konstante koje zavise od
materijala i uslova ispitivanja, i koje, redom, predstavljaju
presek sa ordinatom i nagib tangente pri transformaciji
log € = log a + b log N. Mora se naznaciti da se
parametri a i b dobijaju sa linearnog (sekundarnog) dela
krive kumulativne plasti¢ne dilatacije u odnosu na broj
ciklusa opterecenja koja se crta u log-log razmeri. Pri

Several parameters describing permanent deforma-
tion could be obtained by F, test.

Research has identified that, generally, permanent
deformation performance of asphalt mixtures under
given material, loading, and environmental conditions
could be observed in three different stages [1], [2], [3]:

1. Primary Stage - High initial level of permanent
deformation (rutting) with decreasing rate, predominantly
associated with change in volume

2. Secondary Stage - Constant low permanent
deformation(rutting) rate which is associated with
volumetric changes, while however, shear deformation
rate increases

3. Tertiary Stage - High level of permanent
deformation predominantly associated with plastic
deformations due to shear in unchanged volume
conditions

Figure 6 illustrates typical relationship between
cumulative permanent deformation and load repetitions
number. Load repetitions number, in which tertiary flow
occurs is named flow number and is assigned as Fn. On
the diagram, this place is marked as flow point.

Cumulative permanent strain, &, in terms of cycle
number N could be characterized by using power law

=aN" (15)

where a and b are regression constants that depend on
material and testing conditions, and which respectively
represent intercept with ordinate, and tangent slope due
to transformation log € = log a + b log N. It should be
noticed that parameters a and b are obtained from the
linear (secondary) part of cumulative plastic strain curve
as a function of load repetitions cycle number which is
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ovom se zanemaruje pocetni primarni prolazni odgovor i
konacna tercijarna nestabilnost. Parametar a predstavlja
trajnu dilataciju kada je N = 1, a b, prirast promene trajne
dilatacije u funkciji od broja ciklusa optereéenja, log N.
Za karakterizaciju porasta plastine dilatacije pri jednom
ponavljanju opterecenja, €np, MoZe se koristiti alternativni
matematic¢ki model:

drawn in log-log scale. In this, initial primary passing
response and final tertiary instability are omitted.
Parameter a represents permanent strain when N = 1,
and b, the rate of permanent strain increase as a
function of number of loading cycles, log N. For the
characterization plastic strain increase during one load
repetition, &np, an alternative mathematical model could

be used:
b
de, _ _dfan’) (16)
dN " dN
ili or
— b-1
€n=abN (17)
L
Primarna . Sekundarna Tercijarna
- faza : faza :  faza
iE ;
o [
o |
E ! Tatka tedenja
E {Flow Point)
i >

Broj ponavljanja opteratenja

Slika 6 - Tipi¢na zavisnost izmedu kumulativne trajne deformacije i broja ponavljanja opterecenja [8]
Figure 6 - Typical relationship between cumulative permanent deformation and load repetitions number [8]

Generalno se pretpostavlja da je povratna dilatacija,
& hezavisna u odnosu na broj ponavljanja optereéenja,
N, pa se odnos plastiCne i elasticne dilatacije moze

Generally, it is assumed that the recoverable strain,
& is independent from the number of load repetitions, N,
so the plastic-to-elastic strain ratio could be expressed

izraziti kao as:
fon _BBDONb - (18)
gl’ gl’ Tﬂ

Smenom |, - ab j4=1_p, dobijase: Replacing |, = ab and g=1-p, yields:
£ £
o = yN© (19)
r
gde je: where:

&pn - prirast plastiéne dilatacija usled N-tog nanoSenja
optereéenja

U - odnos plasti¢ne i elasti¢ne dilatacije kada je N=1

a - stopa opadanja prirasta trajne deformacije sa
povecanjem broja ponavljanja optereéenja

Na slici 7 je prikazana trajna dilatacija u funkciji broja
ponavljanja optere¢enja u opitu trajne deformacije sa
ponavljanim optereéenjem (flow number).

&pn - Pplastic strain rate due to N-the load application

- plastic to elastic strain ratio when N =1

a- permanent deformation decrease rate with
increase of load repetitions number

Figure 7 shows permanent strain as a function of
load repetitions number in repeated loading permanent
deformation test (flow number).
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Slika 7 - Kriva trajne dilatacije i njenog prirasta pri opitu trajne deformacije sa ponavljanim opterec¢enjem [8]
Figure 7 - Curves of permanent strain and its rate in repeated loading permanent deformation test [8]

4 OPIT TRAJNE DEFORMACIJE SA STATICKIM
OPTERECENJEM - FLOW TIME (Fr)

Na slici 8 je prikazana Sema statickog opterec¢enja
koje se koristi pri opitu trajne deformacije sa statickim
opterecenjem, a na slici 9 su prikazani tipini rezultati
ispitivanja reciprocne vrednosti modula, D(t) = £(t) / 0, u
funkciji od vremena. Slicno kao u slu€aju opita sa
ponavljanim optereéenjem, ovde se moze uoditi da se
kriva reciprocne vrednosti modula moze podeliti na tri
osnovne faze: primarno, sekundarno, i tercijarno teenje.
Za uslove konstantnog napona od opterecenja, tokom
faze primarnog te€enja, prirast dilatacije teCenja i promene

4 STATIC LOADING PERMANENT DEFORMATION
TEST - FLOW TIME (F~)

Figure 8 shows static loading pattern which is used in
static loading permanent deformation test, and Figure 8
shows typical results of creep compliance testing, D(t) =
&(t) / o, as a function of time. Similar to the repeated
loading test, here can be seen that the creep compliance
curve can be divided into three basic stages: primary,
secondary, and tertiary flow. For constant loading stress
conditions, during the primary stage, flow strain rate and
creep compliance rate decrease with time, they are
approximately constant during the secondary stage, and

KONTAKTNI DEVUJATORSKI NAPON £ 2 %

| _ DEVLIATORSKI NAPON TECENJA £ 2%
Y

PRITISAK [kPa]

VREME [s]

2t

it

t = interval ofitavanja

Slika 8 - Sema statiékog opterecéenja pri opitu trajne deformacije sa statickim optereéenjem (Fy) [8]
Figure 8 - Static loading pattern in static loading permanent deformation test (F;) [8]
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Slika 9 - Primer rezultata ispitivanja trajne deformacije (reciprocne vrednosti modula) u funkciji od vremena pri opitu
trajne deformacije sa statickim tecenjem [8]
Figure 9 - Example of permanent deformation (creep compliance) testing as the function of time in static loading
permanent deformation test [8]

recipro¢ne vrednosti modula opadaju sa vremenom,
priblizno su konstantni tokom faze sekundarnog, a rastu
tokom faze tercijarnog teCenja. Pri niskim nivoima
opterecenja, asfaltni beton mahom ispoljava primarno
tecenje, tj., prirast teCenja polako opada do nule kako se
ukupna dilatacija asimptotski tezi granié¢noj vrednosti.
Ovo takode ukazuje da se prirast te€enja u sekundarnoj
fazi takode moze pribliZiti nuli pri malim naprezanjima.
Na viSim nivoima naprezanja, konstantni prirast tecenja
sekundarne faze c¢e zavisiti od veli€ine nanetog
optereéenja.

Veliki porast reciproéne vrednosti modula u toku
tercijarne faze tecenja se, generalno, deSava pri
konstantnoj zapremini. Stoga je vreme tecCenja, F,
definisano kao vreme na pocetku deformacija usled
smicanja pri konstantnoj zapremini. Vreme teCenja se
takode moze uoditi i kao tacka minimuma na dijagramu
prirasta recipro¢ne vrednosti modula u odnosu na vreme
trajanja optereéenja.

Vreme te€enja se u opitu sa statiCkim opterecenjem
moZe odrediti na sledeéi nacin. Tacka najmanjeg nagiba
krive se na vremenskoj osi, koja je u logaritamskoj
razmeri, se uoCi kao vreme t. Zatim se za dato vreme t
uodi vedi broj tacaka na krivi, za koje se, u cilju dobijanja
glatke krive, izvrSi regresija. Oblik regresione krive je:

are increasing during the tertiary stage flow. In low stress
conditions, asphalt concrete experiences primary flow
mostly, i.e., flow rate slowly decreases to zero as the
total strain asymptotically aims to limit value. This also
suggests that in low stress flow rate in secondary stage
can also reach zero. On higher stress levels, constant
secondary flow rate will depend on applied load.

Cohsiderable creep compliance rate during the
tertiary stage flow, generally, occurs in constant volume.
Therefore, flow time, F, is defined as a time at the
beginning of shear deformation in constant volume. Flow
time could also be noticed as the point of minimum at
creep compliance in terms of loading time diagram.

Flow time can be determined in static load test as
follows. Point at minimum curve slope is on the time
axis, which is in log scale, identified as time t. Then, for
given time t a larger number of points is identified on the
curve, for which, in order to obtain a smooth curve, a
regression analysis is performed. The form of the
regression curve is:

Dt)=a+bt+ct? (20)
gde je: where:
t - vreme t-time
D(t) - recipro€na vrednost modula u okolini tacke t na D(t) - creep compliance surrounding the point t on
glatkoj krivi the smooth curve

a, b, c - regresioni parametri

a, b, c - regression parameters
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NalaZzenjem izvoda:

d(D(t)

dt

prirast recipro¢ne vrednosti modula u tacki ti na glatkoj
krivi je jednak b + 2 ¢ t;. Ovim postupkom se moZze dobiti
prirast reciproCne vrednosti modula kroz Citav
posmatrani vremenski opseg. Vreme u kome je ovaj
prirast jednak nuli, tj. vreme kada pocinje da raste, je
definisano kao vreme tecenja, F:.

5 ZAKLJUCAK

U okviru NCHRP projekta 9-19 (PodrSka Superpave-
u i upravljanje modelima ponaSanja) su predloZena tri
SPT opita kao dopuna Superpave metodi zapreminskog
projektovanja meSavina. U ova ispitivanja spadaju: dina-
mic¢ki modul (E*), opit trajne deformacije sa ponavljanim
optere¢enjem - flow number (F,), i opit trajne deforma-
cije sa statickim optere¢enjem - flow time (F;). Predlo-
Zena ispitivanja se sprovode pri jednoaksijalngj ili triaksi-
jalnoj kompresiji na cilindriénim probnim telima dobijenim
isecanjem i jezgrovanjem uzoraka vecih dimenzija dobi-
jenih ziroskopskim sabijanjem. Podaci sa sva tri ispitiva-
nja pokazuju dobru korelaciju sa ponaSanjem kolovoznih
konstrukcija terenu, a kada je u pitanju dinamic¢ki modul,
uoCena je i mogucnost primene za karakterizaciju otpor-
nosti na pukotine usled zamora [3]. Dinami¢ki modul je
takode i glavni ulazni parametar materijala u okviru
MEPDG, razvijenog u okviru NCHRP projekta 1-37A [6],
[7]. U ovakav pristup ispitivanjima fundamentalnih meha-
nickih karakteristika asfaltnih meSavina se uklapa i pri-
stup kod drugih materijala kao Sto je, na primer, ce-
mentni beton [12]. Primena ovog ispitivanja kako za
vrednovanje meSavine, tako i za strukturno projektova-
nje, daje potencijalnu vezu izmedu projektovanja meSa-
vine i strukturne analize, Sto je bio cilj u osnovi znacaj-
nog broja ranijih istraZivanja fleksibilnih kolovoznih
konstrukcija.

6 LITERATURA
REFERENCES

[1] Witczak, M. W. NCHRP Report 580: Specification
Criteria for Simple Performance Tests for Rutting:
Volume I: Dynamic Modulus (E*); Volume II: Flow
Number and Flow Time. Transportation Research
Board, Washington, DC, 2007.

[2] Kim, Y. R.. Modeling of Asphalt Concrete. The
American Society of Civil Engineers Reston, VA,
20009.

[3] Witczak, M. W., Kaloush, K., Pellinen, T., El-
Basyouny, M., Von Quintus, H.. NCHRP Report
465: Simple Performance Test for Superpave Mix
Design. Transportation Research Board - National
Research Council, Washington, DC, 2002.

[4] Bonaquist, R. F, Christensen, D. W., Stump, W., Ill.
NCHRP Report 513: Simple Performance Tester for
Superpave Mix Design: First-Article Development
and Evaluation. Transportation Research Board,
Washington, DC, 2003.

Finding the derivation:

=b+2ct (21)

Creep compliance rate at point t; on the smooth
curve is equal to b + 2 c t;. By this procedure creep
compliance rate could be obtained through the complete
time range observed. The time in which this rate is equal
to zero, e.g. the time when it starts increasing, is defined
as flow time, F..

5 CONCLUSION

In NCHRP Project 9-19 (“Superpave Support and
Performance Models Management”) three SPT tests
were proposed as a supplement to Superpave
volumetric mixture design. These tests include: dynamic
modulus (E*), repeated load permanent deformation test
- flow number (F,), and static load permanent
deformation test - flow time (F;). Proposed tests are
conducted in uniaxial or triaxial compression on
cylindrical specimens obtained by sawing and coring of
bigger dimensions samples obtained by gyratory
compaction. The data from all three tests show good
correlation to pavement field performance, and in case
of dynamic modulus, the possibility for fatigue cracking
resistance characterization is also noticed [3]. Dynamic
modulus is also the main material input parameter in
MEPDG, developed in NCHRP Project 1-37A [6], [7]. In
this approach to testing of fundamental mechanical
characteristics of asphalt mixtures fits also the approach
for other materials as, e.g., Portland cement concrete is
[12]. Application of these tests for mixture evaluation as
for structural design provides a potential link between
mixture design and structural analysis, that was an
underlying goal of substantial amount of past flexible
pavement researches.

[5] Bonaquist, R. NCHRP Report 614: Refining the
Simple Performance Tester for Use in Routine
Practice.  Transportation Research Board,
Washington, DC, 2008.

[6] ARA, Inc., ERES Consultants Division.Guide for
Mechanistic-Empirical Design of New and Reha-
bilitated Pavement Structures: Final Report. Trans-
portation Research Board, Washington, DC, 2004.

[7]1 Milicevi¢, A., Miljkovié, M. Pregled vodi¢a za
mehani¢ko-empirijsko  projektovanje  novih i
rehabilitovanih kolovoznih konstrukcija NCHRP 1-
37A. Zbornik radova Gradevinskog fakulteta, NiS,
broj 23, 2008, str.105 — 117.

[8] Bonaquist, R. NCHRP Report 629: Ruggedness
Testing of the Dynamic Modulus and Flow Number
Tests with the Simple Performance Tester.
Transportation Research Board, Washington, DC,
2008.

36

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (23-37)



[9] Dougan, C. E., Stephens, J. E., Mahoney, J,
Hansen, G. E* - Dynamic Modulus Test Protocol -
Problems and Solutions. Connecticut Department
of Transportation, . Rocky Hill, CT, 2003.

[10] ASTM International. ASTM D2493-01, Standard
Viscosity-Temperature Chart for Asphalts. West
Conshohocken, PA, 2001.

REZIME

FUNDAMENTALNE KARAKTERISTIKE ASFALTNIH
MESAVINA U POGLEDU OTPORNOSTI NA TRAJNU
DEFORMACIJU

Miomir MILJKOVIC

Kao dopuna Superpave® metodi zapreminskog
projektovanja meSavina, predloZzena su tri, takozvana,
SPT opita. Ovim opitima je obuhvaéeno odredivanje
dinami¢kog modula, opit trajne deformacije sa pona-
vljanim optereéenjem, i opit trajne deformacije sa sta-
tickim opterecenjem. Cilj ispitivanja je dobijanje boljeg
uvida u ponasanje meSavina u fazi eksploatacije. Svako
od ovih ispitivanja se sprovodi pri jednoaksijalnoj ili
triaksijalnoj kompresiji cilindri€nih probnih tela dobijenim
obradom Ziroskopski sabijenih uzoraka. Kada je u pita-
nju dinami¢ki modul, uo€ena je i moguénost njegove pri-
mene za karakterizaciju otpornosti na pukotine usled
zamora. S obzirom da se prvobitna verzija opita koji je
ukljucivao i ispitivanja na niskim temperaturama pokazao
komplikovanim za izvodenje, razvijen je postupak kojim
se merenja na ovim temperaturama mogu izbe¢i. Dina-
mic¢ki modul je takode i glavni ulazni parametar materi-
jala u okviru mehani¢ko-empirijskog pristupa projekto-
vanju kolovoznih konstrukcija razvijenog u okviru
NCHRP projekta 1-37A. Konaéno, primena ovih ispiti-
vanja daje potencijalnu vezu izmedu projektovanja
meSavine i strukturne analize, Sto je bio cilj u osnovi zna-
¢ajnog broja ranijih istrazivanja fleksibilnih kolovoznih
konstrukcija.

Kljuéne recdi: kolovozne konstrukcije, asfaltne
meSavine, trajne deformacije, kolotrazi, fundamentalne
karakteristike, dinami¢ki modul, master kriva, broj
te€enja, vreme tecenja.

[11] Witczak, M. NCHRP Report 547: Simple Perfor-
mance Tests: Summary of Recommended Methods
and Database. Transportation Research Board,
Washington, DC, 2005.

[12] Vuckovi¢, B. Samougradujuéi betoni - ReoloSka
svojstva i upotreba. Materijali i konstrukcije, vol. 51,
broj 3, Drustvo za ispitivanje i istrazivanje materija-
la i konstrukcija Srbije, Beograd, 2008, str. 45 — 50.

SUMMARY

FUNDAMENTAL ASPHALT MIXTURES
CHARACTERISTICS REGARDING PERMANENT
DEFORMATION RESISTANCE

Miomir MILJKOVIC

As an addition to Superpave® volumetric mixture
design method, three, so called, SPT tests are
proposed. These tests include determination of dynamic
modulus, repeated load permanent deformation test, and
static load permanent deformation test. The objective of
the testing is to get better insight into field mixture
performance. Each of these tests is carried out in
uniaxial or triaxial compression of cylindrical specimens
obtained by preparation of gyratory compacted
specimens. In case of dynamic modulus, a potential of
its application for characterisation of fatigue cracking is
noticed. As the original version of the test, that also
included testing at low temperatures, was found
complicated to perform, a procedure was developed by
which testing at these temperatures could be avoided.
Dynamic modulus is also main material input parameter
in mechanistic-empirical pavement design approach
developed in NCHRP Project 1-37A. Finally, application
of these tests provides a potential link between mixture
design and structural analysis, that was an underlying
goal of substantial amount of past flexible pavement
researches.

Key words: pavement structures, asphalt mixtures,
permanent deformation, rutting, fundamental
characteristics, dynamic modulus, master curve, flow
number, flow time.
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ZABORAVLJENE TEHNOLOGIJE GRADENJA

FORGOTTEN CONSTRUCTION TECHNOLOGIES

Ratko MITROVIC

1 uvoD

NajljepSi objekti koji su izgradeni na podrucju
Sredozemnog mora su palate i drugi reprezentativni
objekti kod kojih je kao osnovni materijal koriSéen
kamen. Takvi objekti su drevne kamene palate u starom
gradu Kotoru, Dubrovniku, Budvi, Ulcinju, a posebno
predivha kamena zdanja u kapetanskom gradu Perastu.
Fasciniraju¢e kamene fasade peraskih palata su gradili
uzorni pomorci i kapetani koji su Zivjeli u ovom gradu u
razlicitim epohama. Njihovo stalno kretanje Sirom svijeta,
bogastvo i slava su im omogucéavali da grade
najkvalitenije i naprestiznije objekte u periodu u kojem su
Zivjeli. Takvi objekti su: zgrada muzeja u Perastu, Palata
Vickovi¢a, Palata Smekja, Palata Mazarovic i druge.

Osnovni cilj ovog rada je da prezentira javnosti ovu
veoma interesantnu, a gotovo zaboravljenu tehenologiju
gradenja kod koje se kao osnovni materijal koriste
kameni blokovi od kre¢njackih stijena, da bismo je, ne
samo zastitili od zaborava, nego i pokuSali da prou¢imo
moguénost njene primjene u savremenim uslovima
privredivanja, tj. kod izgradnje objekata visokogradnje.

Nakon analize osnovnih  karakteristika ove
tehnologije i mogucénosti njene primjene u danasnjim
uslovima gradenja, da¢emo predlog orginalne
tehnologije gradenja koja ¢e sadrzati savremene
tehnoloSke procese, a zadrzati primjenu tradicionalnih
alata i zanata , da bi se dobili oblici i forme drevnih
kamenih fasada i unutraSnje dekoracije, a ujedno
omogucila brza i ekonomié€nija izgradnja ovakve vrste
objekata.

Prof.dr Ratko Mitrovi¢ , Ahitektonski fakultet, ul. DZzordza
VaSingtona b.b. Podgorica, Crna Gora

STRUCNI RAD
UDK: 693.21 = 861

1 INTRODUCTION

The most beautiful buildings constructed in the
Mediterranean are the palaces and other representative
buildings which used stone as a basic material. These
buildings are ancient stone palaces in the old town of
Kotor, Dubrovnik, Budva, Ulcinj, and particularly
beautiful stone buildings in the captain’s town of Perast.
The fascinating stone frontages of the palaces of Perast
were constructed by sailors and captains who lived in
this town in different eras. Their continuous movement
around the world, as well as their wealth and glory,
enabled them to construct the most quality and the most
prestigious buildings during their lifetime. These
buildings are: the museum building in Perast, Vickovi¢
Palace, Smekja Palace, Mazarovi¢ Palace and others.

The basic aim of this paper is to present to the public
this very interesting, almost forgotten construction
technology which used stone blocks from limestone
rocks as a basic material, not only to protect them from
oblivion, but also to study the possibility of its usage in
contemporary industrial conditions, i.e. in building
construction.

After the analysis of basic characteristics of this
technology and the possibilities of its usage in present
construction conditions, we will propose the original
construction technology which will contain modern
technological processes, and retain the usage of
traditional tools and trades to obtain shapes and forms of
ancient stone frontages and interior decorations, and at
the same time enable faster and more economic
construction of these types of buildings.

PhD Ratko Mitrovi¢, Faculty of Architecture, DZordza
VaSingtona b.b. Podgorica
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2 PRIKAZ | ANALIZA OVE DREVNE TEHNOLOGIJE
GRADENJA

Kada se posmatraju stare kamene fasade stice se
utisak da one imaju dusu koju su im uklesali oni koji su
utkali svoj znoj da bi objekat dobio Zeljene i projektovane
forme. Obradivanje kamena zasnivalo se na ru¢noj eks-
ploataciji u majdanima i ruénoj obradi uz koriStenje tradi-
cionalnih alata koji se nijesu mijenjali hiljadama godina.

Za izgradnju pomenutih reprezentativnih objekata na
ovim prostorima koriSéene su karbonantne stijene od
kojih su klesani kameni blokovi projektovanih dimenzija.
Karakteristika ove tehnologije je da su se blokovi
obradivali u neposrednoj blizini majdana gdje je vrSena
eksploatacija materijala.

Sama tehnika eksploatacije kamena u majdanima je
stara gotovo koliko i ljudska civilizacija i nije se znatno
mijenjala do pojave eksploziva. Eksploatacija kamena se
zashivala na cijepanju prirodnih stijena putem metalnih
klinova ili klinova od drveta koji su ubadani u rupe i
natapani vodom, S$to je izazivalo povecanje zapremine
drvenog klina a zatim cijepanja kamenih stijena u
blokove Zeljenih dimenzija.

Kamen je eksploatisan i obradivan na tradicionalan
naCin na ostrvima Bra¢, Kor€ula i td. i brodom
transportovan do Perasta, Kotora i drugih mjesta na
Primorju u kojima su se gradili objekti od ovog
materijala. Ova tehnologija je bila veoma interesantna za
stanovnike tih mjesta jer su svi oni, uglavnom, bili uzorni
pomorci, pa im je transport brodom bio najprikladnije
rieSenje.

Na slici 1. je prikazan alat koji se Kkoristio za
ekploataciju kamena iz majdana i ru¢nu obradu.

2 PRESENTATION AND ANALYSIS OF THIS
ANCIENT CONSTRUCTION TECHNOLOGY

When you observe the old stone frontages, you get
the impression that they have souls of the persons who
sweated to give to the buildings the desired and
projected forms. Stone dressing was based on manual
exploitation of quarries and manual dressing using
traditional tools which haven't been changed for
thousands of years.

For the construction of mentioned representative
buildings in these areas carbonate rocks were used of
which stone blocks with projected dimensions were
carved. The characteristic of this technology is dressing
of the blocks nearby the quarry where the exploitation of
material was done.

The technique of exploitation of quarries is almost as
old as human civilization and it hasn't changed
significantly until the discovery of explosive. Stone
exploitation is based on splitting of natural stones using
metal wedges or wooden wedges stuck into the holes
and soaked with water, which caused the increase of the
size of wooden wedge, and then splitting of the stone
into blocks with desired dimensions.

The stone was exploited and dressed in traditional
way on the islands of Bra¢, Kor&ula etc. and transported
by ships to Perast, Kotor and other places at the seaside
where the buildings were constructed using this material.
This technology was very interesting for the inhabitants
of those places, because they were mostly model
sailors, and, as a result, the transport by ship was the
most appropriate solution.

In Figure 1 tools used for stone exploitation of the
qguarry and manual dressing are shown.

Slika 1.
Figure 1.

Alat se sastojao od: c¢uskija, klinova, malja, macole,
odbija¢a, Skvadra, glijeta, matelina, cokade, raznih vrsta
bruseva i drugog. Cuskije, maljevi i klinovi su kori¢eni
za eksploataciju kamena u majdanima, a za transport su
se koristile oble cijevi, poluge, i konjska zaprega. Gruba
obrada kamena je vrSena raznim vrstama grubljih glijeta,
odbija¢ima, martelinima sa viSe vrsta razli¢itih zubaca i
ugaonim Skvadarima, a finija obrada cokadama sa viSe
vrsta razli¢itih zubaca i glijeta. Kod elemenata kod kojih
je zatijevana preciznija obrada vrSeno je fino ru¢no

The tools consisted of: bars, wedges, ram, beetle,
bumper, square, chisel, stone hammer, “cokada’,
different types of grinders and others. Bars, rams and
wedges were used for stone exploitation of the quarries,
while round pipes, levers and horse-car were used for
transport. Dressing of rough stone was done using
different types of rough chisels, bumpers, stone
hammers with several types of teeth and angle squares,
while finer dressing was done using “cokada” with
several types of teeth and chisels. The elements which
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bruSenje i poliranje. Na slici 2 je prikazan tehnoloski
proces proizvodnje elemenata od kamena i izgradnje
objekata u ovoj drevnoj tehnologiji.

Ova tehnologija je, u stvari, bila prete¢a savremenih
industrijskih metoda gradenja. Da bi se izgradio jedan
ovakav objekat, prije obrade kamena se morala obraditi
kompletna fasada i unutrasnji eneterijer, a projekti su bili
tako detaljni da je svaki kameni blok koji se obradivao
imao precizno definisane dimenzije, formu i kamenu
plastiku. Prije utovara u brod svaki kameni element je bio
zavrSno obraden, jed se na licu mjesta vrSila samo
montaza i zidanje. Ova tehnologija je omogucavala
projektantima da ostvare Zeljena arhitektonska rjeSenja,
korista¢i klesarske vjeStine poznatih brackih i drugih
majstora ovog zanata.

Osnovna karakteristika ove tehnologije gradenja i
njena originalnost je u tome Sto su se kameni blokovi od
kre¢njacke stijene medusobno povezivali negaSenim
kreCom i na taj nacin su zidani svi zidovi na objektu.
Tako ozidani kameni zidovi su ostavljani godinu dana da
kisnu jer su se tako kameni blokovi isklesani od stijena
kalcijumkarbonata medusobno spajali u jednu cjelinu.

need more precise dressing were exposed to fine
manual grinding and polishing. In Figure 2 it is shown the
technological production process of stone elements and
construction of buildings using this ancient technology.

This technology, in fact, was the antecedent of
contemporary industrial construction methods. In order
to construct such building, before stone dressing the
frontage and the interior should have been dressed and
the projects were so detailed that each stone block for
dressing had precisely defined dimensions, form and
marble dimensions. Each stone element was finally
dressed before the shipment, because only the assem-
blage and masonry works were done on the spot. This
technology enabled the planners to realize the desired
architecture solutions, using stonemason abilities of
famous craftsmen from Brac and other places.

The basic characteristic of this construction
technology and its originality is the fact that the blocks of
limestone rock were bound with quicklime and all the
walls of the building were built in that way. These stone
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Slika 2. Prikaz starog tehnoloSkog procesa izvodenja objekata od kamena
Figure 2 Demonstration of the old technological process for the construction of stone buildings
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Za isto to vrijeme se prirodno osuSena drvena grada
za krovnu konstrukciju objekta ostavljala da odlezi
potopljena u more. Na ovaj nacin su se uniStavali svi
insekti u drvetu i trajno Stitila drvena konstrukcija od
njihovog dejstva. Nakon toga drvena konstrukcija se
morala dobro osusiti u adekvatnim uslovima, a zatim su
se izvodili krovopokrivacki radovi.

Nakon zavrSenih grubih izvodeni su zanatski radovi
na tradicionalan nacin: malterisanje, postavljanje
stolarije, izrada podova, ograda i drugi zanatski radovi.

3 PREZENTACIJA OBJEKATA KOJI SU GRADENI
U OVOJ TEHNOLOGUJI

Tako su nastale kamene palate u Persatu i drugim
primorskim mjestima koje i danas izazivaju divljenje kod
svakog posjetioca ovih naSih dragulia uz obalu
Jadranskog mora. Na slikama 1,2,3 su prikazani objekti
koji su gradeni od kamena, uz primjenu opisane
tehnologije u Perastu.

walls were exposed to rain for a year, because the stone
blocks carved from the calcium-carbonate rocks were
bonded to form the whole.

Meanwhile naturally dried wood for the roof
construction of the building was left soaked into the sea.
In this way all the insects in the wood were destroyed
and the wooden construction was permanently protected
from their effect. Afterwards the wooden construction
had to be dried well in appropriate conditions, and then
the covering of the roof could start.

After rough works the artisan works were performed
in traditional way: rendering, cabinet making, floor
making, fence making and other artisan works.

3 PRESENTATION OF THE BUILDINGS
CONSTRUCTED USING THIS TECHNOLOGY

The stone palaces in Perast and other seaside
places, which even today arouse admiration in visitors of
the Adriatic Sea coast, were built in this way. The
buildings made of stone using the described technology
in Perast were shown in Figures 1, 2 and 3.

Slika3. Prikaz objekata i palata koji su izgradeni uz koristenje starog tehnoloSkog procesa
Figure 3 Presentation of the buildings and palaces built using old technological process
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4 PREDLOG ORGINALNE TEHNOLOGIJE
GRADENJA

4.1 Opis predlozene tehnologije gradenja

Opisana drevna tehnologija gradenja se teSko moze
realizovati u danasnjim uslovima zbog velikog uceS¢a
fizickog rada i neekonomicnosti procesa eksploatacije,
obrade i gradenja. U periodu u kojem se veoma brzo
razvija oprema, mehanizacija i tehnologija, evidentan je
nedostatak zanatskih majstora za ruénu obradu kamena,
tako da bi bilo neracionalno eksploatisati, ru¢no obra-
divati kamen i graditi objekte kao u drevna vremena.
Zato predlazemo tehnologiju gradenja koja ¢e sadrzati
stare alate za zavrSnu obradu, a za eksploataciju, mon-
tazu i pripremu blokova koristiti savremene alate, meha-
nizaciju i opremu. Osnovna karakteristika predlozene
tehnologije gradenja je ubrzan proces izgradnje, uz
zadrzavanije kvaliteta izvedenih radova i ljepote kamenih
fasada i enterijera. Ovim tehnoloSkim procesom treba
posti¢i da obradeni kamen posle zavrSenog ciklusa
obrade izgleda kao da je to radeno u drevna vremena i
da izvedeni objekti imaju patinu starih fasada i enterijera
u kojima je osnovni materijal kamen.

4.2 AnalizatehnoloSkog procesa savremenih
tehnologija gradenja

Na slici 4. je prikazan tehnoloski proces realizacije
predlozene tehnologije gradenja. Za eksploataciju
kamena u majdanima je predloZzena tehnologija bez
miniranja, to jest vadenje Zeljenih blokova kamena
procesom cijepanja. Ovaj proces eksploatacije je u
sustini isti kao i u davna vremena, osim Sto se vadenje
rupa ne odvija ruéno céuskijama, ve¢ specijalnim
opremom i alatima za izvodenje buSotina, a cijepanje
blokova se ne vrSi klinovima i maljevima, ve¢ specijalnim
hidrauli¢kim klinovima, ili uz koriSéenje druge opreme za
ovu namjenu, poSto ¢ée izbor opreme zavisiti od
karakteristika samog nalaziSta kamena.

Transport do mjesta obrade se odvija kranom ili
drugom mehanizacijom koja je najprikladnija za date
uslove, a gruba obrada u kamene blokove vrSi se gate-
rima i frezama za reazanje kamena, te drugim savre-
menim alatima koji sluze za grubo skidanje i obradu
povrSina kamena .

Fina obrada kamenih blokova se obavlja istim ala-
tima (materelini, cokade, Skvadar, razne vrste glijeta) |
na isti nacin kao u to drevno vrijeme, jer finalno obra-
deni kamen mora tako da izgleda kao da je ruéno
obraden, sa patinom starih fasada, bez vidnog uceSc¢a
mehanizovanog rada. Zbog nedostatka majstora za
klesarske radove, predlozeno je da se u sklopu tehno-
loSkog procesa organizuje Skola za edukaciju mladih
zanatlija, koja bi omogucila postizanje kvalitetne finalne
ruéne obrade i montazu i zidanje sa elementima od
kamena, odnosno to bi predstavljalo klju¢nu aktivnost u
tehnoloSkom procesu.

Transport blokova i elemenata od kamena nije
precizno odreden jer zavisi od lokacije na kojoj se izvodi
objekat i mjesta majdana u kojem se vrSi eksploatacija i
obrada kamena, odnosno od ekonomske analize oprav-
danosti odredene vrste transporta.

4 PROPOSITION OF THE ORIGINAL CONSTRUC-
TION TECHNOLOGY WITH THE POSSIBILITY OF
ITS USAGE IN PRACTICE

4.1. Description of the proposed construction
technology

The described ancient construction technology can
hardly be carried out in today’s conditions because of
great physical work and uneconomic exploitation process,
dressing and construction. In the era when the equip-
ment is rapidly developed, as well as the mechanization
and technology, it is evident the lack of craftsmen for
manual stone dressing, so it would be irrational to exploit,
manually dress and construct buildings as it was in
ancient times. Therefore we propose the construction
technology which will use old tools for final dressing and
modern tools, mechanization and equipment for exploita-
tion, assemblage and preparation of the blocks. The
basic characteristic of the proposed construction techno-
logy is the accelerated construction process, keeping the
quality of works and beauty of stone frontages and
interior. Using this technological process, the dressed
stone, after dressing, should look like it was made in
ancient times and the constructed buildings should have
the patina of the old frontages and interiors, when stone
was used as a basic material.

4.2 Analysis of the technological process of the
new construction technology

In Figure 4 the technological process of the realiza-
tion of the proposed construction technology is shown.
For stone exploitation of the quarries it was proposed the
non-mining technology, i.e. extraction of desired stone
blocks by splitting. This exploitation process is basically
the same as it was in ancient times, apart from the fact
that the hole excavation is not done manually with bars,
but with special equipment and tools for bore holes, and
block splitting is not performed with wedges and beetles,
but with special hydraulic wedges, or using other equip-
ment for this purpose, since the equipment choice
depends on the characteristics of the quarry itself.

The transport to the dressing site is performed by
building crane or other mechanization which is the most
appropriate for actual conditions, while rough dressing of
stone blocks is performed using mills and power saws
for cutting of the stone, and then using other modern
tools for rough removal and dressing of the stone surface.

Fine dressing of stone blocks is done using the same
tools (stone hammers, “cokada”, square, different types
of chisels), the same way as in ancient times, because
the dressed stone has to look like manually dressed,
with the patina of the old frontages, without obvious
mechanized work. Because of the lack of masons, it is
suggested the organization of the school for education of
young artisans, which would enable to obtain quality
manual dressing, as well as the assemblage and
masonry with stone elements i.e. it would represent the
key activity in technological process.

The transport of the blocks and stone elements is not
precisely specified, because it depends on the construc-
tion site of the building and quarry, where the exploita-
tion and stone dressing are done, i.e. it depends on the
economic analysis of the justification of particular
transport mode.
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Figure 4 Presentation of the technological process of the new proposed construction technology

Kod izgradnje objekata zidanje i montaza kamenih
elemenata se planira uz koriS¢enje savremene mehani-
zacije i tradicionalnih materijala i alata, a sve u funkciji
ostvarivanja Zeljenog izgleda izvedenih radova. Predvi-
dena je montaZa sa tockova ili sa broda i skladistanje
materijala na deponiju, Sto ¢e zavisiti od uslova na
gradilistu. 1zbor tipa montaze ée se definisati posebnim
projektom plana montaze, koji ¢e zavisiti od uslova na
gradilistu, dinamike izvodenja radova i karakteristika
samog gradiliSta na kojem se izvodi predmetni objekat.
Prije montaze elemenata neophodno je na licu mjesta
iskontrolisati da li je svaki kameni detalj i elemenat ura-
den prema projektnoj dokumentaciji i da li je doSlo do
oSteéenja prilikom transporta. Posle izvrSene kontrole
obradenih elemenata od kamena, vrsi se njihova monta-
Za prema uradenom projektu montaze i dinamic¢kom
planu izgradnje objekta. Neophodne dorade i obrade
kamena na licu mjesta se izvode na klasi¢an nacin i uz
koriStenje pomenutih starih alata. Spojevi montaznih
elemenata se izvode sa savremenim materijalima, ali uz
zavrSnu ruénu obradu i koriS¢enje starih materijala.

Preporuka je da se krovna konstrukcija, koja nije
vidna, izvede uz koriSéenje savremenih tehnoloskih pro-
cesa (izbor kvalitetne grade, suSenje u suSarama, kvali-

In the construction of a building, for masonry and
assemblage of stone elements it is planned to use
modern mechanization and traditional materials and
tools, in order to obtain the desired result of the work. It
is planned the assemblage from the wheels or ships and
storage of the material at the waste disposal site, which
will depend on the conditions at the construction site.
The right choice of the assemblage type will be defined
by special assemblage project, which will depend on the
conditions at the construction site, dynamics of the
works and characteristics of the construction site itself
where the building is constructed. Before the
assemblage of the elements it is necessary to control on
the spot if each stone detail and element is done
according to the project documentation and whether
there were damages during transportation. After the
control of dressed stone elements, their assemblage is
done according to the assemblage project and dynamics
plan of the building construction. The necessary
refinement and stone dressing on the spot are done in
classical way using mentioned old tools. The
assemblage elements are joined using modern
materials, but with final manual dressing and using old
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tetno impregniranje i zavrSna obrada i montaza). Mate-
rijal za pokrivanje krova je crijep, zatim ¢eramida, bakar i
drugo, sli¢no kao nekada.

4.3 Osnovni elementi informacionog sistema za
proizvodnju kamena, nadgledanje i gradenje

Kompletan proizvodni proces je podrZzan adekvat-
nim informacionim sistemom koji prati sve faze radova,
od projektovanja, eksploatacije kamena, do izgradnje
objekta (uradeni projekat u predlozenoj tehnologiji
predvida da svaki kameni elemenat ili kamena plastika
imaju precizne dimenzije, na osnovu kojih se vrSi eks-
ploatacija i obrada, i dalje transport i montaza). Komple-
tan proces se planira, realizuje i kontroliSe na osnovu
uradenog informacionog sistema, kao logisticke podrske
boljoj implementaciji predloZzene tehnologije u praksi.
Ovaj informacioni sistem treba da omoguéi da se u
svakom trenutku zna koji se kameni elementi obraduju, u
kojoj su fazi izvodacki radovi, kada ¢e se kompletirati
odredena faza radova i ko je odgovoran za njihovu
realizaciju, odnosno kada ¢e se zavrSiti kompletni radovi.
Prednost takvog informacionog sistema je i mogucnost
sveobuhvatnog planiranja, realizacije, kontrole po para-
metrima vremena izvodenja akativnosti, definisanja
odgovornosti, kvaliteta izvedenih radova i utroSka finan-
sijskih sredstava. Ukoliko se desi da neki od obradenih
elemenata nije kvalitetno uraden, preko informacionog
sistama se automatski dostavlja zahtjev za njegovu
doradu, uz definisanje parametara koji su heophodni da
bi elemenat imao potreban oblik, formiui trazeni kvalitet.
Informacioni sistem treba da omogué¢i konstantnu
komunikaciju izmedu projektanta i obradivaca kamenih
elemenata koji se proizvode na licu mjesta, zbog
eventualnih izmjena u projektnom rjeSenju, ili zbog
nemogucnosti obrade odredenih projektovanih detalja.
On takode treba da omoguci uskladenost transporta
elemenata i montaze na samom gradiliStu, pogotovo
kada se planira montaza sa transportnog sredstva.
Ovdje je jako interesantna primjena softvera koji omo-
gucavaju pracenje realizacije u Cetiri dimenzije, gdje se
vizuelno, uz koristenje kamera, prati realizacija obrade
kamena na licu mjesta i izvodenje radova na gradilistu,
dok se sa druge strane takode prati realizacija izgradnje
objekta prema utvrdenoj dinamici. Ovi softverski paketi
joS omoguéavaju da se na osnovu planirane dinamike i
unosa izvrSenih pozicija radova na racunaru dobije
vizuelni prikaz uradenih pozicija, Sto je jako znacajno za
koordinaciju, informisanost i donoSenje adekvatnih
upravljackih odluka.

4.4 Analiza moguénosti koriSéenja ovih tehnologija

Da bi se predlozena tehnologija gradenja mogla
uspjesSno primijeniti u praksi i da bi se objekti kvalitetno,
brzo i ekonomi€no izvodili neophodno je obezbijediti
radnu snagu za ruénu obradu i doradu kamenih ele-

materials as well.

It is recommended that the roof construction, which
is not visible, should be done using modern technolo-
gical processes (quality material, drying in ash-dryers,
quality impregnation and final dressing and assem-
blage). The material for roof covering is tile, then hollow
tile, copper and others, similar to what it was used before.

4.3 Proposition of basic elements of the informa-
tion system for stone production monitoring
and construction

The complete production process is supported by
adequate information system which follows all the
phases of works, from projecting and stone exploitation
to building construction (the project in proposed techno-
logy predicts precise dimensions of each stone element
or marble, on the basis of which the exploitation and
dressing are done, as well as the transport and
assemblage). The whole process is planned, realized
and controlled by the information system as a logistic
support to better implementation of the proposed
technology in practice. This information system should
provide in each moment the information about the stone
elements which are dressed, the work phases, the
completion time of certain work phase and information
about the person responsible for its realization, i.e. to
inform when the whole work is going to be finished. The
advantage of such information system is the possibility
of entire planning, realization, control according to time
parameters of the activity, responsibility definition,
quality of works and financial expenses. If one of the
dressed elements is not of good quality, the demand for
its further dressing is presented automatically through
the information system, with the definition of parameters
necessary to give to the element necessary shape, form
and demanded quality. The information system should
enable constant communication between planner and
processor of stone elements produced on the spot,
because of possible changes in the project, or because
of the impossibility of dressing of certain projected
details. It should also enable the coordination between
the transport of the elements and assemblage at the
construction site, especially when the assemblage from
the means of transport is planned. It is very interesting
the software application which enables to follow the
realization in four dimensions. The realization of stone
dressing on the spot and works at the construction site
can be followed visually, with cameras, while on the
other side it can also be followed the realization of the
construction of the building according to determined
dynamics. These software packages also enable visual
presentation of the positions on the basis of planned
dynamics and entry of performed work positions to the
computer, which is very important for coordination,
information and adequate management decisions.

4.4 Analysis of the possibility of usage of this
original technology in practice

In order to apply successfully in practice the
proposed construction technology and to construct
quality buildings, rapidly and economically, it is neces-
sary to provide the labour for manual dressing and
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menata, prema veé uradenom projektnom rjeSenju. Kako
zanati, kao Sto su ru¢na obrada kamena, polako izumiru
i kako je sve manje majstora koji mogu kvalitetno da
izvode ovu vrstu radova, ili iako ih ima, obiéno nemaju
kompletan alat koji je naeophodan za obradu, veoma je
teSko organizovati kvalitetno izvodenje ovakve vrste
radova. Stoga je predlozeno osnivanje Skole za eduka-
ciju majstora za ruénu obradu kamena, koja bi bila
sastavni dio tehnoloSkog procesa, Sto bi omogucilo bolju
i kvaliteniju obradu. Povoljna okolnost je Sto je ovaj tip
zanatlija deficitaran pa je za organizaciju ovakvih Skola
moguée nadi finansijska sredstva i pomoé. Stvaranjem
dobrih majstora za obradu kamenih elemenata imali
bismo dobru osnovu za implementaciju predloZene
tehnologije gradenja u praksi i izgranju objekata sa
velelepnim kamenim fasadama.

5 ZAKLJUCAK

Prelijepe kamene fasade, detalji kamene plastike i
uklopljenost u pejzaZz objekata od kamena u Perastu i
drugim mjestima uz crnogorsku obalu proizvode utisak
kao da su iznikle iz kamena i Bokokotorskog zaliva.
Stoga smo ovim radom Zeljeli da izanaliziramo moguc-
nost izgranje ovakvih i sli¢nih objekata i danas, ali na
savremeniji nacin, uz koriS¢enja savremenih tehnologija,
masina, alata i informacionih sistema [1], [2], [3], [5].

Analizirani tehnoloski proces nam omugucava da
obradeni kamen u zavr$noj fazi izgleda kao da je sve
ruéno radeno, kao nekad, zbog ¢ega je i predlozeno
koriS¢enje istih alata za finalnu obradu. Da bi se ova
faza radova realizovala, predloZzeno je da se u sklopu
tog tehnoloskog procesa organizuje manja Skola za
edukaciju zanatskih majstora, pogotovo mlade populacije
(4], 6], [7].

MiSljenja smo da je organizacija jednog ovakvog
tehnoloSkog procesa u praksi veoma interesantna, jer
raste zainteresovanost investitora za gradnju ovakve
vrste objekata, pogotovo u priobalnom podrudju.

Dosadasnja praksa kod nas je pokazala da iako ima
investitora koji Zele da izgrade objekte od kamena kao
osnovnog materijala, oni teSko mogu naéi organizovanu
kompaniju koja moze kvalitetno izvesti ove radove i sve
se, uglavnom, zavrSava na improvizacijama, i pored du-
gog perioda izgradnje i velike cijene koStanja radova.
Cesto se, pak, pristupa oblaganju veé¢ postojeéih ele-
menata konstrukcije, Sto je u sustini samo imitacija. Uto-
liko predloZena tehnologija dobija na znac¢aju, jer rjieSava
ove probleme iz prakse i veoma je interesantna za mate-
rijalizaciju, jer investitorima koji Zele gradnju objekata uz
koriStenje kamena kao osnovnog materijala, omogucava
brzu i ekonomiéniju gradnju. PredloZena tehnologija je
posebno interesantna za podrucje Jadrana i Sire gdje se
povecao obim gradenja, a u okruzenju postoji veliki broj
potencijalnih majdana za eksploataciju kamena.

Ova tehnologija takode podrzava gradnju objeklata
uz koriScenje prirodnih materjala i uz minimalni negativni
uticaj na zivotnu sredinu, o ¢emu ée se u buducnosti
morati voditi racuna.

refinement of stone elements, according to already
presented project solution. Since trades, such as manual
stone dressing, slowly vanish, and since there are less
craftsmen which can do this type of work well, or even if
they exist, they usually do not have the necessary tools
for dressing, it is very difficult to organize quality works.
The activity of manual stone dressing using ancient tools
in suggested technological process represents the key
activity. The quality of the construction of buildings in
proposed new construction technology mostly depends
on the quality of work. Therefore the foundation of the
school for education of craftsmen for manual stone
dressing was suggested, which would enable better and
more quality dressing. The favourable circumstance is
that there are not much of these artisans, so it is
possible to find the financial means and help for the
organization of these schools. The education of good
craftsmen for stone dressing would be a good basis for
the implementation of this original building technology in
practice and construction of the buildings with monu-
mental stone frontages.

5 CONCLUSION

Beautiful stone frontages, marble details and
insertion into the landscape of the stone buildings in
Perast and other places on the Montenegrin coast give
the impression that they came out of the stone of the
Bay of Boka Kotorska. Therefore in this paper it was
presented the analysis of the possibility for construction
of these and similar buildings even today, but in more
modern way, using modern technologies, machines,
tools and information systems [1], [2], [3], [5]-

The analyzed technological process enables dressed
stone to look as it was done manually, as in past times,
and as a result the same tools for final dressing are
proposed for usage. In order to realize this phase of
work, in the context of this technological process it was
suggested the organization of a small school for
education of craftsmen, especially younger population
(4], (6], [7].

We think that the organization of such technological
process in practice is very interesting, because the
investors are more and more interested in the
construction of the buildings of this type, especially in the
littoral area.

Previous practice in our country demonstrated that,
although there are investors who want to construct
buildings of stone as basic material, they can hardly find
organized company which can do quality works of this
type, almost every attempt is improvisation, regardless
the long period of construction and high prices of works.
However, it is often done the covering of already existent
construction elements, which is basically only imitation.
The proposed technology is particularly interesting for
the area of the Adriatic Sea and widely, where the
construction has grown, and in the surroundings there is
great number of potential quarries for stone exploitation.

This technology also supports the construction of
buildings using natural materials with minimum negative
influence on the environment, which should be taken
care of in the future.
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ZABORAVLJENE TEHNOLOGIJE GRADENJA
Ratko MITROVIC

Na pocetku ovog rada prezentiratemo tehnologije
gradenja koje su se koristile u periodu prije dvadesetog
vijeka za gradnju luksuznih vila i palata, a u meduvre-
menu su u potpunosti izumrle. Ova tehnologija je kao
osnovni materijal koristila sedimentne kre€njacke stijene,
koji su obradivani u kamene blokove Zeljenog oblika i
forme. Vadenje kamena iz stijenskog masiva je bilo
ruéno i uz primjenu drevnih metoda za eksploataciju
kamena. Obrada kamena je takode bila ru¢na, uz kori-
Séenje veoma starih alata i metoda za obradu kamena i
izradu umjetni¢kih detalja. Transport obradenih kamenih
elemenata je vrSen brodovima, a na mjestu gradnje je
radena samo montaza ve¢ zavrSno obradenih blokova.
Da bi se ova tehnologija realizovala neophodno je bilo
uraditi projektnu dokumentaciju, gdje su se za vaki
kameni blok morale dati precizne dimenzije i forma, jer
se obrada obavljala u majdanu na stotine kilometara
udaljenom od mjesta montaze. Ova drevna tehnologija
izgradnje predivnih palata i drugih reprezentativnih obje-
kata na prostorima Sredozemlja, koja se viSe ne koristi,
je pretea najsavremenijih industrijskih tehnologija gra-
denja, gdje se gotovi elemeti proizvode u fabrikama, a
na gradiliStu se vrSi samo montaza. Ovaj rad ima za cilj
da podsjeti na te zaboravljene tehnologije, uz savre-
meniji pristup eksploataciji i montazi obradenih kamenih
blokova, a zadrzavanju koriS¢enja starih alata i ruéne
zavrSne obrade. Na osnovu analize starih i najsavreme-
nijih tehnologija predloZi¢emo novu orginalnu tehnologiju
gradenja objekata sa kamenim fasadama, kod kojih se
elementi od kamena koriste kao osnovni materijal. Ta
tehnologija ¢e zadrzati ljepotu starih kamenih fasada uz
tradicionalnu finalnu obradu kamenih blokova, ali ¢e, sa
druge strane, omoguditi efikasnije i ekonomic¢nije grade-
nje, pa tako biti konkurentna na trzistu.

Kljuéne rijeci: stare tehnologije, kamen, tehnoloski
proces, informacioni sistem
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SUMMARY

FORGOTTEN CONSTRUCTION TECHNOLOGIES
Ratko MITROVIC

At the beginning of this paper there will be presented
the technologies used during the 20" century for the
construction of luxury villas and palaces, which have
completely disappeared. These technologies used lime-
stone sedimentary rocks, split into stone blocks of
desired form and shape, as a basic material. Stone
extraction from the rock massif was done manually using
ancient methods for stone exploitation. Stone dressing
was manual as well, performed using very old tools and
methods for stone dressing and artistic details produc-
tion. Dressed stone elements were transported by ships
and at the construction site only the assemblage of
dressed blocks was done. In order to realize this techno-
logy it was necessary to prepare the project documen-
tation, where for each stone block should have been
presented the precise dimensions and form, because
dressing was done in the quarry hundred kilometers far
from the place of assemblage. This ancient construction
technology of beautiful palaces and other representative
buildings in the Mediterranean, which is not used any
more, is the antecedent of the most modern industrial
construction technologies, where the finished elements
are produced in factories and only assemblage is
performed at the location site. The aim of this paper is to
remind of the forgotten technologies, with more modern
approach to the exploitation and assemblage of dressed
stone blocks and with the usage of old tools and manual
final dressing. On the basis of the analysis of old and the
most modern technologies we will suggest the new,
original construction technology for buildings with stone
frontage, where the stone elements are used as a basic
material. This technology will keep the beauty of the old
stone frontages with traditional final dressing of the
stone blocks, but, on the other hand, it will enable more
efficient and economic construction, therefore it will be
competitive at the market.

Klju€ne rijeci: old technologies, stone, technological
process, information system

46

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (38-46)



POUZDANOST AB MONTAZNIH VEZA

RELIABILITY OF RC PRECAST JOINT

Damir ZENUNOVIC
Radomir FOLIC

1 uvoD

Osnovna funkcija gradevinskog inZinjerstva je
adekvatno rjeSenje prihvatanja i provodenja sila kroz
sistem (konstrukciju). U tu svrhu se vrSi analiza, koja
predstavlja idealizaciju  konstrukcije u  smislu
jednostavnijeg, ali logicnog matematickog rjeSenja, koje
sadrZzi osnovne elemente stvarne konstrukcije. Kod
tradicionalnog pristupa analizi, dejstva na konstrukciju su
modelirana kao potpuno definisani, jednostavni

geometrijski ili analiti¢ki izrazi. Isto tako svojstva
materijala su usvojena kao nepromjenljiva unutar
konstrukcije i u vremenu. Naravno, dejstva na

gradevinske konstrukcije nisu nikada u potpunosti
poznata u smislu njihovog intenziteta i ucCestalosti
pojave. Usvojene proracunske veli€ine dejstva su
slu¢ajne i svaka konstrukcija moZze biti izlozena dejstvu
veceg intenziteta od projektovanog. Savremeni pristup
uspostavljanja zavisnosti promjenljivin ulaznih veli¢ina i
izlaznih veli€¢ina primjenom vjeStackih neuronskih mreza
prezentiran je u radu [25]. Ovakav pristup je pokazao
zadovoljavaju¢u preciznost u slu¢ajevima kada postoji
dovoljan broj izmjerenih eksperimentalnih podataka.

Svi gradevinski materijali sadrze mikrokristalne
imperfekcije ili lokalne nedostatke. MozZe se reci da je
svaki materijal zbir raznih defekata i za upotrebu se
smatra prihvatljivim ako je zbir defekata predvidljiv. Ne
postoje, ni do danas, razvijene teorije koje uspostavljaju
odnose izmedu ¢vrstoée i deformacije tijela. Takode, ne
postoje uokvirena istrazivanja fenomena kao Sto su:
plasticno teCenje i krti lom metala, zamor i puzanje,
elasticni i postelasti¢ni odgovor i sl.

Damir Zenunovi¢, Docent Univerziteta u Tuzli

Fakultet za rudarstvo, geodeziju i gradevinarstvo, Tuzla
e-mail:damir.zenunovic@untz.ba

Radomir Fali¢, Profesor, Departman za gradevinarstvo
Fakultet tehic¢kih nauka Novi Sad

e-mail: folic@uns.ac.rs

PREGLEDNI RAD
UDK: 624.014.7.046:519.213 = 861

1 INTRODUCTION

The basic function of building design is adequate
acceptance and implementation of loads through the
system (construction). For this purpose performs the
analysis, which represent of structures idealization in
terms of simpler, but the logical mathematical solution,
which contains the basic elements of the real structures.
With the traditional approach to the analysis, the actions
on the structure are modeled as fully defined, simple
geometrical or analytical expressions. Also, material
properties are adopted as fixed within the structure in
time. Of course, the actions on civil structures have
never fully known in terms of their intensity and
frequency of occurrence. Adopted design values of the
actions are random, and each structure can be exposed
to the actions with greater values than design values.
Modern approach to establishing the dependence of
variable input and output values using artificial neural
networks is presented in the paper [25]. This approach
has proved sufficiently precise in cases where a
sufficient number of measured experimental data.

All  building materials contain microcrystalline

imperfections or local defects. It can be said that each
material is sum of various defects and for the use is
considered acceptable if the sum of defects are
predictable.
Not today, developed theories that relate the strength
and deformation of the body not exist. Also, there are no
framed research of phenomena such as plastic creep
and brittle fracture, fatigue, and elastic and post-elastic
response etc.
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Nacini na koje dolazi do otkaza gradevinskih kon-
strukcija, njihova ucestalost, ekonomske i socijalne
posljedice, pokazuju priliénu razliku izmedu hipotetic¢kih ii
realnih konstrukcija. Proracunsko opterecenje, uslovi na
gradiliStu, svojstva materijala, razvijene proraéunske
procedure i adekvatnost predvidenih veli¢ina i oblika
konstrukcije i njenih elemenata je ponekad daleko od
stvarnih parametara. Navedeni parametri su rezultat
kompleksnih medusobnih odnosa, defekata materijala,
strukturalnih  odstupanja, ljudskih greSaka, i imaju
karakter slu¢ajno promjenljivih. Stoga je za kvantifikaciju
sposobnosti konstrukcije da ispuni o¢ekivane zahtjeve
neophodno odredivanje mjere uspjeSnosti, koja se
naziva pouzdanost.

Uobi¢ajena definicija pouzdanosti je:

Pouzdanost je vjerovatnoca da c¢e objekat (sistem)
adekvatno ispuniti njegovu zahtijevanu funkciju, u
definisanom vremenskom periodu, pod odredenim
okolnostima.

Prvi korak u ocjenama konstrukcije koriStenjem
teorije pouzdanosti jeste pribavijanje svih neophodnih
ulaznih podataka koji opisuju konstrukciju. Analiza
pouzdanosti zapoc€inje sa identifikacijom razli¢itih izvora
rizika na konstrukciji. U radu [21] prezentirano je stablo
slu€aja, koje razmatra sve moguce uzrocnike otkaza
elementa i podsistema koji vodi otkazu sistema. Za svku
komponentu u stablu slu¢aja mora se definisati grani¢no
stanje. Analiza pouzdanosti uklljuéuje proracun i pred-
vidanje vjerovatnoc¢e naruSavanja grani¢nog stanja u bilo
kojem trenutku eksploatacionog vijeka konstrukcije.
Vjerovatno¢a pojave dogadaja kao Sto je naruSavanje
graniénog stanja je numeri¢ka vrijednost mogucnosti
pojave. Iz jednacine graniénog stanja moze se za svki
parametar proracunati vjerovatnoc¢a otkaza pr i indeks
sigurnosti b. Kada se odredi vjerovatnoéa, slijedeci korak
je odabir alternative proraéuna koja poboljSava pouzda-
nost konstrukcije, a minimizira rizik od otkaza. Pri tome
je odgovaraju¢e opazanje nepouzdanosti kljuéno za
sigurnost i efikasnu odluku. Probabilisticka proracunska
procedura je analiza konstrukcije koja uzima u obzir
informacije probabilistiCkog karaktera o kapacitetu |
zahtjevima. Ovakav pristup uslovljava sveobuhvatnu
analizu konstrukcije sa svrhom optimaliziranja zahtjeva
sigurnosti i ekonomi¢nosti.

Koncept pouzdanosti je danas opSte prihvaéen za
projektovanje konstrukcija, iako je dobro poznato da je
¢esto potrebno znagajno pojednostavijenje proracun-
skog problema da bi se ovaj koncept efikasno primijenio.
Ovo je prije svega iz slijede¢a dva razloga:

(1) U svojoj najjednostavnijoj formulaciji procedure
zasnovane na pouzdanosti zahtjevu prikaz performansi
konstrukcije u eksplicitnim relacijama izmedu varijabli
(promjenljivin) dejstava i otpornosti. Ali kada je
ponaSanje konstrukcije uslovljeno nelinearnostima viSe
varijabli, kao Sto je uvijek slu¢aj sa betonom, ovakve
relacije opcenito su dostupne samo u implicithom obliku.

(2) Kod konstruktivnih sistema sa viSe komponenti,
potpuna analiza pouzdanosti podrazumjeva analizu
pouzdanosti dijelova sistema i sistema. Zavisno od broja
i rasporeda dijelova ocjena pouzdanosti sistema moze
postati vrlo komplikovana pa ¢ak i prakticno nemoguca
za velike konstruktivne sisteme.

Ways to come to the failure of civil structures, their
frequency, economic and social consequences, show a
reasonable difference between the hypothetical and real
structures. Design actions, site conditions, material
properties, developed design procedures and the
adequacy of the anticipated size and form of structures,
and its elements, are sometime far from the real
parameters. The mentioned parameters are the result of
complex mutual relations, material defects, structural
differences, human errors, and have the character of
random variable. Therefore, for the quantification of
structural capacity to meet expected requirements it is
necessary to define measures of success, which is
called reliability.

The usual definition of reliability is:

Reliability is the probability that the building (system)
is adequate to meet its desired function in the defined
time period, under certain circumstances.

The first step in reliability-based assessment is to
acquire all necessary input data describing the structure.
The reliability analysis starts with the indentification of
the different sources of risk of the structure. In the paper
[21] is presented fault tree, which regards all possible
causal sequences of component and subsystem failures
that lead to system failure. For all components in a fault
tree a limit-state has to be defined. Reliability analysis
includes the calculation and prediction of the probability
of limit-state violation at any stage during a structure’s
life. The probability of the occurrence of an event such
as a limit-state violation is a numerical measure of the
chance of its occurring. From the limit state equation can
be calculated for each parameter probability of failure ps
and safety index b. When the probability determined, the
next goal is to choose design alternatives that improve
structural reliability and minimize the risk of failure.
Where appropriate perceptions of uncertainty are
essential for safe and efficient decisions. Probabilistic
design procedures is the analysis of structures which
take into account probabilistic-based information about
capacities and demands. This provides a comprehensive
analysis of structures with the aim of optimizing the
requirements of safety and economy.

Reliability-based concepts are nowadays widely
accepted in structural design, even if it is well known
that, before such concepts can be effectively
implemented, the actual design problem often needs to
be considerably simplified. This is mainly due to the two
following reasons:

(1) In their simplest formulation, reliability-based
procedures require the structural performance to be
represented by explicit functional relationships among
the load and the resistance variables. But, unfortunately,
when the structural behavior is affected by several
sources of non-linearity, as always happens for concrete
structures, such relationships are generally available
only in an implicit form.

(2) For structural systems with several components,
a complete reliability analysis includes both component-
level and system-level estimates. Depending on the
number and on the arrangement of the components,
system reliability evaluations can become very
complicated and even practically impossible for large
structural systems.

48

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (47-70)



2 OSNOVE TEORIJE VJ ERpVATNOCE |
MJERODAVNI STATISTICKI PARAMETRI

Vjerovatnoc¢a odredenog dogadaja u trenutku vreme-
na T se definiSe izrazom:

P(T £1)=F(t);

Vrijednost vjerovatnoée moze biti u granicama
0f P(A)£1. Prema tome, sigurnost se moze definisati

kao P[C] =1,0. Isto tako mora vrijediti jednakost:

2 BASIS OF THE THEORY OF PROBABILITY AND
THE RELEVANT STATISTICAL PARAMETERS

The probability of particular events in the moment of
time T is defined expression:

t3 0 (0]

The value of probability can be inside0 £ P(A)£1.

Accordingly, security can be defined as P[C] =10. Also
must be valid equality:

P[success+ failure]=1 b P[success|+ P[ failure] =1 @
Vjerovatno¢a uspjeSnosti konstrukcije je njena The probability of structure success is its reliability
pouzdanost i mozZe se definisati izrazom: and can be defined by expression:
R+P(f)=1 ®)
UvrStavanjem (1) u (3) dobije se funkcija Substituting (1) to (3) obtain the reliability function:
pouzdanosti:
R(t)=1- F{t)=P(T >t) ()

F(t) je funkcija raspodjele otkaza, koja pokazuje
vjerovatnocu otkaza sistema do trenutka vremena t. F(t)
se jo§ zove kumulativha funkcija raspodjele. Derivaci-
jom funkcije raspodjele otkaza dobije se funkcija gustine
otkaza,

f()=9E0)

F (t) is a function of the failure distribution, which
quantify probability of system failure until moment of time
t. The function F (t) is also called cumulative distribution
function. With derivation of function of failure distribution
obtain the function of failure density.

®)

dt

Prema tome izraz (4) dobija oblik:
t

R(t) =1- F(t)=1- ¢¥ (t)dt =Y (t)et

0

Promjena intenziteta otkaza u eksploeatacionom
vijeku sistema (konstrukcije) moze se iskazati pomocu
funkcije intenziteta otkaza date izrazom [19]:

| (t) =

0}

Thus expression (4) gets the form:

¥
(6)
t

Change of failure intensity during system (structure)
service life can be expressed using a function of failure
intensity expressed as [19]:

™

R(t)

Funkcija pouzdanosti se moze izraziti preko funkcije
intenziteta otkaza u obliku:

Reliability function can be expressed through the
functions of the failure intensity with form:

t
- d (t)at

Rt)=e?°

Kljucni statisti¢ki parametri diskretizovane raspodjele
slu¢ajno promjenljivih, oCekivana vrijednost i varijacija,
definiSu se iz analogije krutog Stapa optere¢enog nizom
vertikalnih koncentri¢nih sila fi na udaljenostima x;, kako
je pokazano na slici 1.

Iz uslova ravnoteZze je poznato da je sila koja
uravnoteZuje vertikalne sile f; jednaka

®

Key statistical parameters discrete distribution of
random variable, expected value and variation, can be
defined by analogy from solid beam loaded with a series
of concentric vertical forces f; at distances x;, as shown
in Fig. 1.

From the condition of equilibrium is well known that
the force that balances the vertical forces f; equal to,

n
o]
M=q fi (©)]
i=1
dok se njen poloZaj odreduje izrazom, while its position is determined expression,
g
a % fi
;( == 10
M (10)

Ako se pretpostavi da su diskretne koncentrisane sile
sa slike 1 vjerovatno¢e mogucih dogadaja Xi, X2,...,Xn i

If we assume that the discrete concentric force
(Fig.1) are probability of possible events xi, Xz ,..., X, and
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vrijedi jednadina (2) (M=1), izraz (9) se moZe napisati u equation (2) is valid (M = 1), expression (9) can be
obliku: rewritten in the form:

E[x]=x= éﬂ x f; (11)

i=1

f(x)

f. f. f fa

A

X1 Xz Xi Xn X

X M

Sl.1. Koncentisane sile na krutoj gredi
Fig.1. Concentric forces on solid beam

Mijera varijabilnosti (rasipanja) slucajnih varijabli se defi- Analogy with the moment of inertia can be defined
niSe takode iz statike, analogijom sa momentom inercije, measure of variability (dispersion) of random variables
3 -\ & -
=8 (- %P (12) Vix]=4 (s - xf f (13)
i=1 i=1
Na osnovu izraza (10) i (11) varijanca se moze On the basis of expression (10) and (11) the
izraziti kao oCekivanje, variance can be expressed as an expectation,
— 2 2
vix]=E[x?|- (Elx) (14)
Standardna devijacija je: S [X,] = ,N |xi | Standard deviation is: S [X,] = ,N |xi |
Drugi vazan parametar rasipanja rezultata je Another important parameter of random variables
koeficijent varijacije, koji predstavlja mjeru odstupanja od scattering is the coefficient of variation, which is a
centralne osi, measure of deviation from the central axis,
s (x)
Vix)= X100 (% 15
(=720 (%) (15)
Za analizu kontinuirane raspodjele slu¢ajno promjen- For the analysis of continuous distribution of random
liive moze se primjeniti analogija sa jedankopodijeljenim variable can be applied analogy with distributed vertical
vertikalnim optere¢enjem na krutoj gredi od x(a) do x(b) load on solid beam, from x(a) to x(b) [14], presented in
[14], prikazano na slici 2. Fig.2.
f(x)
//\
X@/
Xa dx
<> <
X7 X2
—
A X
X M

Sl.2 - Jenoliko podijeljeno vertikalno opterecenje na krutoj gredi
Fig.2 - Continuous distribution of vertical load on solid beam

U ovom sluéaju, izraz (9) je oblika, In this case, expression (9) has the form,
x(b)
M = c‘)f (X)dx (16)

x(a)
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aizraz (10), and expression (10),

x(b)
c‘)d‘ (X)dx
Y = X@
X= 17)
M

PovrSina ispod krive f(x) za interval dx je vjero- Area under the curve f(x) for interval dx is the proba-

vatnoca da ¢e vrijednost x biti u intervalu od x; do xz: bility that the value of x will be in the interval from X1 to x2:
Xz
Of (dx = P[x £ X£ X, ] (18)
X

PovrSina ispod krive u intervalu x(a) do x(b) mora biti Area under the curve in the interval of x(a) to x(b)

1 (jedan). must be 1 (one).
X(b)
c‘)f (X)dx =1 (19)
X(@
Za kontinuiranu raspodjelu o¢ekivana vrijednost je, For continuous distribution expected value is
x(b)
E[x= ) (x)ax (20)
x(a)
a varijanca, and variance,
x(b)
< -\
V[x] = O(x- x) f (X)dx (21)
x(a)
3 FUNKCIJA GUSTOCE VJEROVATNOCE 3 PROBABILITY DENSITY FUNCTION

Teorija vjerovatno¢e razmatra vjerovatnocu odrede- Probability theory treats the likelihood of a given
ne pojavnosti dogadaja i kvantificira mjere nesigurnosti event's occurrence and quantifies uncertain measures of
slu¢ajnih dogadaja. Metodologija, kojom se mogu random events. Methodologies, which can consider the
razmotriti slu€ajnosti ili nesigurnosti u podacima ili mode- randomness or uncertainty in the data or model, are
lima, poznata je kao analiza nesigurnosti ili stohasticka known as uncertainty analysis or stochastic analysis.
analiza. Na slici 3 pokazane su razne metode analize Figure 3 shows various methods of uncertainty analysis
nesigurnosti zasnovane na prikazu nesigurnosti. based on the representation of uncertainties.

Uncertainty Analysis
|
I 1
Probabilistic | MNon-Probabilistic
Approach Approach
1 1
Stochashic Finile Ekement Method Intarval Analysis
Firgt- and Second-Order Rekability Mathod FLIZY 'l""E""fr
Monte Carlo / Latin Hypercube Sampling Fossibility £ heory
Random Process [ Random Fiekd Evidence Theary
S1.3 - Kategorije analize nepouzdanosti[7]
Fig.3 - Uncertainty Analysis Categories[7]

Probabilisticki pristup zasnovan je na teoretskim The probabilistic approach is based on the theo-
osnovama funkcije gustoée vjerovatnoée i uvodenju retical foundation of the probability density function
kori§'enja slu¢ajno promjenljivin za prikaz nesigurnosti, information and introduces the use of random variables
dok deterministicki (ne-probabilisti¢ki) pristup Kkoristi to represent uncertainty, while the non-probabilistic
neprecizno znanje o stvarnim vrijednostima parametara. approach manages imprecise knowledge about the true

Funkcija gustoce vjerovatnoée reprezentira relativhu value of parameters.
uCestalost odredene realizacije sluajne promijenljive. The probability density function represents the
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Osnova statisticke obrade podataka jeste definisanje
zakonitosti (funkcije) raspodijele slucajno promjenljivih.
Podaci utvrdeni analizom rezultata eksperimenata imaju
odredenu zakonitost raspodjele. U postupku analize
raspodjela utvrdenih podataka se uporeduje sa poznatim
teorijskim zakonitostima raspodjele. Izbor najpovoljnije
zakonitosti raspodjele zapocinje postavljanjem hipoteze
0 moguéem teorijskom zakonu raspodjele. Ocjena
postavljene hipoteze se vrSi preko statistickih testova
zasnovanih na maksimalno dozvoljenom odstupanju
empirijskog i teorijskog zakona raspodjele. Aproksimaci-
ja eksperimentima utvrdene raspodjele nekom poznatom
teorijskom raspodjelom omogucéava koriStenje analize
poznate teorijske raspodjele, Sto znacajno pojednostav-
ljuie postupak ocjene pouzdanosti sistema (kons-
trukcije).

Nekoliko kontinuiranih raspodjela igra znacajnu
ulogu u gradevinarstvu. Najvaznije su jednolika, ekspo-
nencijalna, gama, beta, Weibull-ova, binomna, lognor-
malna i normalna raspodjela. Najjednostavniji oblik konti-
nuirane raspodjele je jednolika sa funkcijom gustoce
vjerovatnoce, srednjom vrijednosti i varijancom,

f(x):b_—la,a£x£b 22)
E[><]='°;a (23)

Kod eksponencijalne raspodjele vjerovatno¢a da se
nec¢e desiti sluéajno promjenljiva X u vremenskom
intervalu t je,

relative frequency of certain realization for random
variables. The basis of statistical data processing is to
define the probability density function. Data determined
during analysis of the experiments results have
particular laws of distribution. In the process of analysis
the distribution of determined data comparisons with
known theoretical laws of distribution. Selecting the best
laws of distribution begins by setting the hypotheses
about the possible theoretical distribution law. Evaluation
of set hypothesis is done by statistical tests based on the
maximum permitted deviations of the empirical and
theoretical laws of distribution. Approximation of the
distribution determined by experiments with a known
theoretical distribution analysis allows the use of well-
known theoretical distribution, which greatly simplifies
the process of assessing the reliability of the system
(structure).

Several continuous distribution play useful roles in
civil engineering. The more important ones are the
Uniform, Exponential, Gamma, Beta, Weibull, Binom,
Lognormal and Normal distribution.

The simplest type of continuous distribution is the
uniform with probability distribution function, mean and

variance
(b- af

12

By exponential distribution the probability of no
occurrences of the random variable X during a time
interval tis

V[x|= (24)

P(X =0)=¢"t (25)

a kumulativna funkcija raspodjele je,

and cumulative distribution function is

PTE)=F(t)=1-¢&"" (26)

Ova raspodjela je primjenljiva za elemente koji ne
mijenjaju svoje karakteristike u veoma dugom eksploa-
tacionom vijeku. Pogodna je za betonske konstrukcije.

Sa fizikalnog stanovista, inzZinjeri i naucnici su
ustanovili da empirijske raspodjele mnogih prirodnih
procesa i procesa u konstrukciji priblizno odgovaraju
gama raspodjeli. Standardna gama funkcija raspodjele
vjerovatno¢e moze se napisati,

3 tr-l -t

e

This distribution is applicable for elements that do not
change their characteristics in a very long period of
exploitation. It is suitable for concrete structures.

From the physical viewpoint, engineers and
scientists have found that the empirical distributions of
many natural and structural processes closely resemble
the gamma. The standard gamma probability distribution
function is written as

—— for Oftand r >0

I\

I
f0=1"an
|

Q(r) je standardna gama funkcija definirana kao,

¥

Gr)=¢y ‘e 'dt, for r>0

0

(27)

0 otherwise

Q(r) is complete (standard) gamma function defined as

(28)

=0 otherwise

Parametar r je poznat kao parametar oblika.

Beta raspodjela se koristi kod eksperimenata koji se
ponavijagju N puta sa odvojenim izlazima za svaki
eksperiment, gdje je x broj uspjeSnih eksperimenata.
Modeli sa beta raspodjelom imaju posebnu ulogu kod
metoda odlucivanja. Raspodjela slu¢ajno promijenljive
koja poprima vrijednosti u odredenom intervalu. Beta
funkcija raspodjele vjerovatnoée data je izrazom,

The parameter r is known as the shape parameter.

The beta distribution is used in the experiments
repeated N times with independent output for each
experiment, where x is the number of successful
experiments. The beta distribution models plays a
special role in decision methods. The distribution of
random variable that takes value in the interval. The beta
probability distribution function is given by

52

MATERIJALI | KONSTRUKCIJE 53 (2010) 2 (47-70)



1.0

N7 A [ a0 A0 4w

Sl.4 - Standardna gamma funkcija gustoce vjerovatnoce [16]
Fig.4 - Standard gamma probability density functions [16]

f(xla,b) :ﬁxa‘l(l- x)b'l, for 0<x<la >0,b >0

(29)
=0 otherwise
sa beta funkcijom, with beta function
1
Bla,b)= A (1- x)° dx (30)
0
4

Bata 4, 4)

SL5 - Standardna beta funkcija gustoce vjerovatnoce [16]
Fig.5 - Standard beta probability distribution functions [16]

Weibull-ova raspodjela se koristi u praksi za sisteme

Weibull distribution is used in practice for systems
koji pokazuju porast tendencije ka otkazu u vremenu.

that show a growing tendency to failure over time. The
Weibull-ova funkcija raspodjele vjerovatnoce data je Weibull probability distribution function is given by
izrazom,
-1 & b
10=280 ope B0 4 for x>0 >0
I el g gélog (31)
=0 otherwise

Ly —

S1.6 - Weibull-ova funkcija gustoce vjerovatnoce [16]
Fig.6 - Weibull probability distribution functions [16]

Dok se duktilni otkaz armiranobetonskog konstruk-
tivnog elementa deSava simultano duz povrSine otkaza,

While ductile failure of reinforced concrete structure
okarakterisan Gauss-ovom raspodjelom ¢vrsto¢e kon-

elements occurs simultaneously along the failure surface
and is characterized by Gaussian distribution of
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strukcije, bez uzimanja efekta veli¢ine elementa, na
kvazikrti otkaz zna€ajno utiCe veli¢ina elementa i za
velike elemente se pojavljuju ekstremne statisticke vrije-
dnosti po modelu najslabije karike, Sto vodi, prema [2],
do Weibull-ve raspodjele &vrstoce konstrukcije (uz
pretpostavku da se otkaz deSava sa pocetkom mikro
prslina).

Lognormalna raspodjela je vrlo dobar model za
proucavanje otkaza uslijed zamora i njegove znacajne
primjene u podrucju odrzavanja. Lognormalna funkcija

structural strength with no size effect, quasibrittle failures
propagates, exhibits a strong size effect and, at large
sizes, follows extreme value statistics of the weakest-link
chain model, which leads, according to [2], to Weibull
distribution of structural strength (provided that failure
occurs at macro-crack initiation).

Lognormal distribution is a very good model for
studying the failure of which is the cause of fatigue and
has significant application in the field of maintenance.
The Lognormal probability distribution function is given

raspodjele vjerovatnocée data je izrazom, by
€ (Inx-1)%u
5 2?2 4
f(x)=———¢€® d (32)
S XXX%/2p
Normalna funkcija raspodjele vjerovatnoée data je The Normal probability distribution function is given
izrazom, by
RN
SR
e 2s u
f(x) = e® u (33)

U radovima [7], [14], [16], [19], [20] i [22] opisane su
detaljnije funkcije raspodjele slu¢ajno promjenljive, koje
se koriste za analizu pouzdanosti tehni¢kih sistema.

Za analizu pouzdanosti gradevinskih konstrukcija
obiéno se koristi normalna raspodijela vjerovatno¢e u
obliku,

svV2p

In the papers [7], [14], [16], [19], [20], and [22] are
described in some detail the functions of distribution of
random variable, which is used to analyze the reliability
of technical systems.

For reliability analysis of civil structures commonly
used normal probability distribution in form

. leemd
f(x)= e 25 0 (34)
SV2p
f(x) f(x)
f(t) @
0,9+
0,8
0.7+ 12
s(x)=(2)/12
-m _t-m
s 0 Z= S
T f } t
6 7 X 0 m

SL.7 - Neki oblici krive normalne raspodjele

Fig.7 - Some forms of normal distribution curves

Kumulativna funkcija normalne raspodjele moze se
ocijeniti samo numeri¢kim metodama. U svrhu evaluacije
u praksi se koristi standardizovana kriva sa transforma-
cijom promjenljive X u Z:

(39)

S1.8 — Funkcija gustoce vjerovatnoce za standardnu normalnu

raspodjelu
Fig.8 — Probability density function for standardized normal
distribution

Cumulative distribution function of normal distribution
can only be evaluated by numerical methods. In practice
one uses the standardized curve for the purpose of
evaluation with the transformation of the variate X to Z
as follows:

ZZ

1 _
J(Z)—Fp>e ;

.
N~

- ¥ <z<¥ (36)
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4 MJERE POUZDANOSTI

Normativi po kojima se vrSi analiza nosivosti grade-
vinskih konstrukcija zasnovani su na deterministickim i
semi-probabilistickim proracunskim procedurama, sa
usvojenim faktorima sigurnosti. Odabrani faktori sigur-
nosti za pojedine proraéunske situacije su rezultat pret-
hodno provedene analize uticajnih parametara primje-
nom teorije pouzdanosti.

(S
f(R)

4 MEASURES OF RELIABILITY

Standards in use to perform analysis of civil
structures capacity are based on deterministic and semi-
probabilistic design procedures, with the adopted safety
factors. Selected safety factors for the individual design
situations are the result of a previously performed
analysis of influential parameters using the theory of
reliability.

f(R)

A2

f(Sl)T

St

#+dS
v

SR

g

SI.9 — Definicija pouzdanosti
Fig.9 — Definiton of reliability

Vjerovatnoca da je uticaj S; u intervalu ds jednaka je
povrsini A, , i moZze biti izraZzena kao,

PR,- Beses+
& 2

Vjerovatno¢a da je otpornost veéa od uticaja S;
jednaka je povrsini A:

w

P(R- 5)= Of (RlR=4,

Pouzdanost je proizvod vjerovatnoce (37) i (38),

Probability that the action S; is in the interval ds,
equal to the area Ay, , can be expressed:

f(S)ds=A

Probability that the resistance is greater than the
action S; is equal to the area Ay:

dso_

£y (37)

(38)

Reliability is the product of probability (37) and (38),

¥
dR= (s )dsc) (R)dR (39)
s
odnosno opsti izraz za pouzdanost je oblika: and the general expression for the reliability is:
¥ & u ¥ éRr u
R=(yR= §f (s)gc‘)f (R)dRéus i R=(§R= ¢)f (R)g of (S)dSEIUR (40)
-¥ s -¥ ¥

Uvodenjem smjenex = R- S(x >0) i standardizi-

With the introduction of X =R- S(x >0) and

. I X -X . . . X-X I
rane slu¢ajno promjenljive Z = funkcija pouzda- standardized random variable Z = reliability
X S X
nosti ima oblik: function has the form:
1 a7
R= 6; 2 dz (42)
v2p b
sy
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f(2)

Z<0 | Z2>0
e

|

|

|

|

|

|

\
4 m

SI.10 — Standardizirana

funkcija gustoce vjerovatnoce

Fig.10 — Standardized probability density function

Neadekvatnost sistema da ispuni zahtjeve, mjerena
kao pr, vezana je sa dijelom raspodjele gdje mjera
sigurnosti Z poprima negativne vrijednosti, a odovara-
juéa pouzdanost je,

R

Vazna mjera adekvatnosti inzinjerskog projektovanja
je indeks pouzdanosti, definisan kao odnos izmedu
srednje vrijednosti i standardne devijacije mjere
sigurnosti sistema.

Opsti izraz za indeks pouzdanosti u odnosu na prva
dva momenta kapaciteta i funkciju zahtjeva moze se
napisati kao,

ProGability of failure, o,
[=
=

D000 =
Y

The inadequacy of the system to meet the demand,
as measured by py, is associated with that portion of the
distribution of the safety margin wherein Z takes
negative values, and corresponding reliability is

=1- p; (42)

An important measure of the adequacy of an
engineering design is the reliability index, defined as the
ratio between the mean and standard deviation of the
safety margin of the system.

(43)

A general expression for the reliability index in term
of the first two moments of the capacity and the demand
function can be written as

1— () |

ek

1 ? 3
Raliakility index, 3

Sl.11 — Snaga aproksimacije vjerovatnoce otkaza kao funkcija indeksa pouzdanosti za normalnu raspodjelu S i R [16]
Fig.11 — Power approximation of the probability of failure as a function of the reliability index for normally distributed S
and R [16]

b

Mg- g

\/SRZ'

Ocjena pouzdanosti podrazumjeva usporedbu prora-
¢unatog indeksa pouzdanosti b sa vrijednosti indeksa
pouzdanosti koji se smatra adekvatnim na osnovu pret-
hodnih iskustava na datom sistemu. U tom smislu, mora
se uspostaviti odnos izmedu kapaciteta sistema i zahtje-
va (uticaji). Ukoliko su kapacitet i uticaji jednaki sistem je
u graniénom stanju, koje se moZze pisati u obliku,

(44)
2r RS RS 5 +S §

The assessment of reliability mean comparing the
calculated reliability index b with that found to be
adequate from previous experience for the given
system. For this purpose, one must establish a
relationship between the capacity of the system and the
demand (load). If the capacity and load equal, this is a
limit state, which can be written in the form
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g(R S)=R- S=0

A

a1

!_TI.-’('.'I’-_ = &=

Lafe sate

(49)

Wi

0

X=Vall

Failurz state
DAV =50

[
¥

S1.12 — Stanje otkaza, stanje sigurnosti i grani¢no stanje [20]
Fig.12 — Failure state, safe state and limit state [20]

Opéenito su u gradevinarstvu svi problemi funkcija
vise slu¢ajno promjenljivih, gdje je vazno da sve slu¢ajno
promjenljive imaju odgovaraju¢u pouzdanost. Pouzda-
nost sistema slu¢ajno promjenljivin, kod kojeg svaki
element mora funkcionisati da bi sistem funkcionisao
predstavlja se kao serijski spoj uticajnih parametara [19],
[22]:

R=1- P(x E X; E....E Xn)

i generalno je sistem medusobno nezavisnih slu¢ajno
promjenljivih, za koje vrijedi izraz,

R= P(x )P(x,)..P(x,) = ICE_F) P(x)

Za m nezavisnih sluéajno promjenljivih x;, sa
normalnom raspodjelom, dobije se m-dimenzionalna
raspodjela gustoée prema multiplikacionom pravilu
proracuna vjerovatnoce [12]:

fx (X17 X27'"7Xm) = fxl(xl) xfxz(xz) ><'xfxm(

U slu€aju dvije osnovne promjenljive: X1 i X2, odnosno
R (otpornost) and S (dejstva), dobiju se hiper povrSine,

istih raspodjela gustoée, odnosno m-dimenzionalne
kugle [12] (Slika 10).
“.‘{Il:r}

£ /.- __"--.\\
TN
| |I v ' o
mat L) |

[ LR -
Tzl 5 h k‘r

TN

faerr ] T

Generally in the civil engineering all the problems are
function of several random variable, where it is important
that all random variables have adequate reliability.
Reliability of random variable system, where each
element must function that the system functioned,
present as a serial combination of influential parameters
[19], [22]:

(46)

and generally is a system of mutually independent
random variable, for which valid expression:

(47)

For m independent random variable x;, with normal
distribution, the result is m-dimensional density
distribution according to multiplication rule of probability
calculation [12]:

¢ K
Sy g

1.9
Xm) = ep- - A ) (48)

i=1

.2
& - m 9
m
— m
(20)2 %P s ?
i=! !
In the case of two basic variables: x; and x2, and R
(resistance) and S (action), get a hyper surface, the
same distribution density, and m-dimensional balls [12]
(Fig.10).

Podrigje bez otkara
£

hu
-

Prava graniénog stanja
gixFcuxilonxz el

e
“— [a{x1x21=const.
PFadruiie otkaza
£

Tatka dimenzioniranjo: xe

xzle)

|

A
Faafxz)

SI.13 - Jednacina grani¢nog stanja u x domenu [12]
Fig.13 - Limit state equation in x — area [12]
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U praksi funkcija gustoée nije poznata i najviSe Sto je
poznato je set n slu€ajno promjenljivih X koje definiraju
problem konstrukcije (kao $to su mehanicke i
geometrijske karakteristike, pokretna i stalna dejstva,
dejstvo prednaprezanja itd.). StaviSe, kod proraduna
betonskih konstrukcija grani¢na stanja su obi¢no
formulisana preko funkcija slu¢ajno promjenljivih Y=Y(X)
koje opisuju odgovor konstrukcije (odnosno naprezanja,
dilatacije itd.), i ovakvi izvodi su generalno dostupni
samo u implicitnom obliku. Stoga je neophodan
numeri¢ki pristup. Za rjeSavanje sistema slu¢ajno
promjenljivih razvijene su 3 metode rjeSavanja:

1. Taéna metoda, koja zahtjeva kao ulazne podatke
poznate funkcije distribucije vjerovatnote za sve
promjenjive. U postupku rjeSavanja primjenjuje se
numeriCka integracija i Monte Carlo metoda. Ovaj
postupak zahtjeva opseznu kompjutersku analizu.

2. FOSM (First order second moment method), gdje
se u postupku rjeSavanja koriste Taylor-ovi redovi.

3. PEM (Point estimate method) koja se najviSe
koristi u analizama jer omogucava postepeni razvoj
rieSenja.

AnalitiCka integracija je mogué¢a samo kod specijalnih
slu¢ajeva. Numericko rjeSenje problema je jednostavnije,
ali ako je pod integralom viSe od dvije sluéajno
promjenljive, numeri¢ka integracija ne moZe u svim
slu€ajevima dati dovoljno ta¢no rjeSenje. Sa povec¢anjem
broja varijabli znagajno rastu prora¢unski zahtjevi, jer su
u tim slu¢ajevima integraciona podrucja sloZenije
geometrijske figure, n-dimenzionalne sfere. Stoga su za
odredene metode razvijena rjeSenja na osnovu
numeri¢ke integracije, kao Sto su Monte Carlo metode,
koje mogu biti primjenjene samo kod razvijenih
sistemati¢nih metoda numeri¢kog uzorkovanja osnovnih
promjenljivih X, kao Sto je Markov lanac metoda
simulacije prezentirana u radu [3].

U radu [1] opisane su dvije metode Monte Carlo
simulacije: direktha metoda simulacije i uzorkovanje
prema vaznosti. Direktna metoda simulacije obuhvata
uzorkovanje osnovnih nekoreliranih varijabli prema
njihovim odgovarajuc¢im probabilistickim karakteristikama
i njihovo uvodenje u funkciju performansi Z, koja moze
biti izrazena u funkciji od osnovnih slu¢ajno promjenljivih
X; za odgovaraju¢a dejstva i Evrstocu konstrukcije

In practice the density function is not known and at
the most some information is available only about a set
of n basic random variables X which define the structural
problem (e.g. mechanical and geometrical properties,
dead and live loads, prestressing actions, etc.).
Moreover, in concrete design the limit states are usually
formulated in terms of functions of random variables
Y=Y(X) which describe the structural response (e.g.
stresses, strains, etc.), and such derivation is generally
only available in an implicit form. Therefore a numerical
approach is required. For solving random variable
systems have been developed 3 methods of solution:

1. Accurate method, which requires as input known
probability distribution functions for the variable. In the
process of resolving apply numerical integration and
Monte Carlo methods. This procedure requires extensive
computer analysis.

2. FOSM (First order second moment method),
where in the process of solving the use Taylor's series.

3. PEM (Point estimate method) that is most used in
the analysis because it allows a gradual development of
solutions.

Analytical integration is possible only in special
cases. Numerical solution of the problem is simpler, but
when it is integral to more than two random variables
numerical integration can not in all cases provide
sufficient accurate solution. With the increasing number
of variables significantly increasing the calculation
requirements, because in these cases integration areas
are complex geometric figure, n-dimensional sphere.
Therefore, solutions based on numerical integration for
the specific methods were developed, such as Monte
Carlo simulation, which can be applied only to developed
systematic methods of numerical sampling of basic
variables X, or Markov chain simulation method
presented in the paper [3].

The paper [1] described two Monte Carlo Simulation
Methods: the direct simulation method and importance
sampling. The direct simulation method comprises
drawing samples of the basic noncorelated variables
according to their corresponding  probabilistic
characteristics and then feeding them into the
performance function Z, that can be expressed in terms
of basic random variables X; for relevant loads and
structural strength

Z =Z(Xy, X9, X500 X)) =R- S (49)

Srednja vrijednost i varijanca vjerovatno¢e nezado-
voljavajuéih performansi,

The mean and the variance of the unsatisfactory
performance probability

Ri = OO xp..x, (Kiees X )0, (50)

moze se izraziti kao
Ny
N

uz pretpostavku da je Ny broj ciklusa simulacije za Z<0 u
ukupnom broju ciklusa simulacije N. Kod manjih vjero-
vatnoéa nezadovoljavajuéih performansi potreban je veci
broj ciklusa simulacije. Ovaj nedostatak moZe se preva-
zi¢i koriStenjem uzorkovanja prema vaznosti.

U ovoj metodi osnovna sluéajno promjenljiva generi-
rana je u saglasnosti sa paZzljivo odabranom raspodjelom
vjerovatnoce (funkcija gusto¢e vaznosti hx (x)) sa sred-

R, = (51)

can be expressed as

V()= R &2
with assuming Ny to be the number of simulation cycles
for which Z<0 in a total N simulation cycles. By smaller
unsatisfactory performance probabilities require larger
numbers of simulation cycles. This deficiency can be
overcome by using importance sampling.

In this method, the basic random variables are
generated according to some carefully selected proba-
bility distributions (important density function hx (x)) with
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njim vrijednostima koje su blize proraCunskim vrijedno-
stima nego njenoj originalnoj raspodjeli vjerovatnoce.
Jednacina (50) za ovu metodu ima oblik

N
R 10
eNa

i=1
gdje je

| — funkcija indikatora performansi sa vrijednostima O
ili 1

fx — originalna funkcija gusto¢e osnovnih slu¢ajno
promjenljivih

hx — odabrana funkcija gusto¢e osnovnih slu¢ajno
promjenljivih

Primjena ove metode prezentirana je u radu [11].

Primjena Monte Carlo simulacije za analizu
pouzdanosti armiranog betona i prednapregnutog
betona data je u radu [4], na primjeru lu€énog mosta.

U radu [5] opisana je primjena Fuzzy teorije u
odnosu na teoriju vjerovatnote. Fuzzy teorija
omogucéava analizu nesigurnosti u slu¢aju nedostatka
informacija za razliku od teorije vjerovatnoée, koja je
zasnovana na potpunom znanju o stohasti¢kim
promjenama koje su rezultat slu¢ajne prirode odredenih
veli¢ina. KoriStenjem Fuzzy kriterja sve nesigurnosti
mogu se modelirati kroz interval vrijednosti, ograni¢en
odgovaraju¢im minimalnim i maksimalnim ekstremom.

Fuzzy funcija pripadnosti m=ny(x) fuzzy seta

Al X, za odredeni nivo pripadnostia I [0,1], je
moguéa raspodjela pogodna za opis informacija o
nesigurnosti, tamo gdje raspodjela vjerovatno¢e nije
direktno dostupna.

[ R i

) — /\

mean values that are closer to the design value than
their original probability distributions. Equation (50) for
this method have form

Fy (X yeees X
e (53)
i (X s--+1 X
where

| — performance indicator function that takes value of
Oorl

fx — the original density function of the basic random
variables

hx — the selected density function of the basic
random variables

Application of these methods is presented in the
paper [11].

Application of Monte Carlo simulation for reliability
analysis of reinforced concrete and prestressed concrete
is provided in the paper [4], for example arc bridge.

The paper [5] describes the application of fuzzy
theory in relation to the probability theory. Fuzzy theory
allows analysis of uncertainty in case of lack of
information as opposed to the probability theory, which is
based on a perfect knowledge about the stochastic
variability resulting from the random nature of the same
guantities. Using a fuzzy criterion all uncertainties can be
modeled through bands of values, bounded between
suitable minimum and maximum extremes. A fuzzy

membership function m=m;z(X) of a fuzzy set Al X,

for defined level of membership al [0,1], is a
possibilistic distribution suitable to describe uncertain
information, when a probabilistic distribution is not
directly available.

i

[

'i.‘ s -
o D) A

A

1 v
L D -
Fran

Sl.14. (a)Pripadajuca funkcija i a nivo; (b)Mapiranje izmedu intervala nepouzdanosti na osi X i odgovarajuceg intervala
odgovora na osi | ¢ [5]
Fig.14. (a)Membership function and a level; (b)Mapping between the interval of uncertainty on x and the corresponding
response interval on | ¢ [5]

Primjena Taylor-ovih redova zahtjeva formulisanje i
rjeSavanje derivacija, Sto je za viSevarijabilne probleme
zahtjevan zadatak, posebno kada je funkcija zadana
implicitno u vidu krive, grafa ili kao rjeSenje MKE.
Pojednostavljeni model pouzdanosti, prvobitno pred-
stavljen kod projektovanja ¢€eli€nih konstrukcija, koristi
samo srednju vrijednost i koeficijent varijacije za
otpornost R i dejstva S u pojedinim grani¢nim stanjima
da bi se dobio indeks pouzdanosti b, koji se prora-
¢unavao kao,

Application of Taylor's series requests in formulating
and solving the derivative, which is for multi-variable
problems demanding task, especially when the function
is implicit in the form of the default curve, a graph or as a
FEM solution. A simplified reliability model, first
introduced in structural steel design, only uses the mean
values and coefficients of variation for the resistance R
and load S in a particular limiting state to obtain the
reliability index b, which is computed as
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b

nezavisno od tipa raspodjele Ri S.

Primjeri su prezentirani u radovima [7], [14] i [16].

PEM metodu je prezentirao Rosenblueth 1975 g., a
potpuno je razvijena 1981 g. Metoda je zasnovana na
analogiji izmedu distribucije vjerovatnoce i distribuiranog
vertikalnog opterecenja na horizontalnoj krutoj gredi.
Ocekivana vrijednost odgovara polozaju djelovanja sile
koja uravnotezuje opterecenje (jediniéna vrijednost) ili
teziStu optereéenja. Rosenblueth je predlozio da se
parametri oekivane vrijednosti i standardne devijacije
odrede iz analogije sa slobodno oslonjenom gredom.

f(x)

_ In(ng /1rs)

(54)

regardless of the type of distribution of R and S.

Examples are presented in the papers [7], [14] and
[16].

PEM method was presented by Rosenblueth 1975,
and is fully developed in 1981. Method is based on the
analogy between probability distributions and distributed
vertical load on the horizontal solid beam. Expected
value corresponds to the position of action that balances
the load force (unit value) or the center of gravity of the
load. Rosenblueth proposed that the parameters of the
expected value and standard deviation determine
according to the analogy with the simple beam.

(N
R

S1.15 — Distribucija vjerovatnoce — analaogija sa krutom gredom
Fig.15 — Distribution of probability — solid beam analogy

Reakcije p- i p+ su dvije ravnotezne tacke funkcije
distribucije f(x). Primjenom postavki teorije pouzdanosti
mogu se postaviti slijedeée jednadine:

- Uslov ravnotezZe:

P+ + P.

- Ocekivana vrijednost:

p.X, + p.x = E[f(x)]=%

- Mijera rasipanja

po (e - XJP+ . (x - x)J* =s[f (x| =s *[x]

- Asimetrija raspodjele:

P (X, - X+ p.(x -

RjeSenje jednacina (55) do (58) su:

o P.=1-p,;

Kod standardizirane normalne raspodjele moze se
usvojiti b (1) =0 tako da izrazi (59) imaju oblik:

p. = p. =%; x, =x+s[x]; x. =x-s|[x]

Reactions p- and p + are two points of equilibrium of
distribution function f(x). Applying the theory of reliability
can set the following equation:

- The condition of equilibrium:

-1 (55)
- Expected value:
(56)
- The measure of dispersion
(57)
- Asymmetry of distribution:
x)* =b(Ls *[x] (59)
Solutions of equations (55) to (58) are:
x+:>‘<+s[x] ,p_ X :>_<-s[x] L (59)
P+ p.
With standardized normal distribution can be

adopted b(l)ZO so that expressions (59) have the
form:

(60)
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Na osnovu odredenih tacaka slu¢ajno promjenjivih x i
funkcionalne zavisnosti x i y dobiju se vrijednosti funkcije
y(X), y +iy-, koriStenjem izraza,

M| _
Ely =

gdje M odgovara broju poznatih momenata za slu¢ajno
promjenjivu x.

5 ANALIZA POUZDANOSTI VEZE
PREFABRIKOVANE PLOCE | MONOLITNOG ZIDA

U periodu 2004. — 2008. godina provedena su eks-
perimentalna i numeri€ka istrazivanja veze prefabrikova-
ne plo¢e i monolitnog zida (slika 16), sa ciliem defini-
sanja mehanizma rada ovakve veze. Detalji istrazivanja i
rezultati istrazivanja prezentirani su u radovima [23] i
[24].

Numeri¢ki modeli su uradeni koriStenjem MKE i Link
elemenata modeliranih  koriStenjem eksperimentom
dobijenog M-f radnog dijagrama (slika 17) [24].
Uporedni rezultati provedenih numerickih istraZivanja
prezentirani su na slici 18. IstraZivanjem je utvrdeno da i
monolitne veze imaju odreden stepen popustljivosti. Iz
mnosStva rezultata ovdje se daju dvije vrijednosti stepena
popustljivosti  prefabrikovane veze u odnosu na
monolitnu:

- Eksploataciono opterecenje - Galc.serv. = 0.92

- Grani¢no opterecenje sa faktorom sigurnosti 1.75 -
Gealc.1,75 = 0.90

On the basis of certain points of random variable x
and the functional dependence x and y get the value of
the function y(x), y + and y-, using the expression,

p.yM +p,yY (61)

where M corresponds to the number of known moments
for random variable x.

5 RELIABILITY OF THE PRECAST PLATE-
MONOLITHIC WALL CONNECTION

In the period 2004"-2008" years, were performed
experimental and numerical research of precast plate —
monolithic wall connection (fig.16), with the aim of
defining the work mechanism of such connections.
Details of the research and results are presented in the
papers [23] and [24].

Numerical models are done using FEM and Link
elements modeled in the experiment obtained using M-f
working diagram (Fig.17) [24]. Comparative results of
the conducted numerical studies are presented in Figure
18. Research has found that the monolithic connection
have a certain degree of yielding. From the many results
here are two values of the degree of prefabricated
connections yielding relatively to the monolithic:

- Serviceability load - Qeaic.serv. = 0.92

- Ultimate load with safety factor 1.75 - Qeac.1,75 =
0.90

15
N— ‘ Model width B=50cm

:
3 z Pk

£

'S 90 ‘

(=}

=

12
S 1
[ Pre-cast plate e
36 1
o

I

=

Q
1l

5

=

MODEL 1

N

\ \

Pw=

15.75kN(one floor)...78.75kN(five floors)

Sl. 16 — Montazna veza montazne ploce i monolitnog zida
Fig. 16 — Precast connections of precast plate and monolithic wall

U radu [23] detaljno su dati rezultati eksperimen-
talnog istrazivanja. Ovdje se daju uporedne vrijednosti
stepena popustljivosti prefabrikovane veze u odnosu na
monolitne:

© Oexpserv. = 0.907 | 0.913

- Oexpa,75 = 0.897 | 0.903

The paper [23] have detailed the results of experi-
mental research. Here give comparative values of the
degree of prefabricated connections yielding relatively to
the monolithic:

© Oexpserv. = 0.907 | 0.913

- Oexp,75 = 0.897 | 0.903
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Sl. 17 — MKE model [24]
Fig. 17 — FEM Model [24]
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SI.18. Racdunske krive oslonacki moment - opterecenje (M-p) za analizirane numericke modele
Fig.18. Calculation curves support moment — load (M-p) for analyzed numerical models

Uporedba rezultata pokazuje zadovoljavaju¢u taénost
numerickih modela. Da bi se verificirali prezentirani
rezultati neophodna je analiza pouzdanosti dobijenih
karakteristi¢nih vrijednosti u cilju definisanja stepena
sigurnosti (faktora sigurnosti) analiziranog prefabrikova-
nog sistema gradenja.

5.1 Analiza popustljivosti veze
Provedena analiza pouzdanosti stepena popustlji-

vosti istrazivane veze prefabrikovane ploce i monolitnog
zida definisana je izrazom datim u radu [8],

— S prI. — S prI.

Comparison of results showed a satisfactory ac-
curacy of the numerical model. To verify the presented
results is necessary reliability analysis of the obtained
characteristic values with the aim of defining the safety
degree (factor) of analyzed prefabricated building
systems.

5.1 Analysis of the connection yielding
Reliability analysis of yielding degree of researched

precast plate-monolithic wall connection, defined by
expression given in the paper [8], was performed

a
B

pl.

ExX . (62)
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Analiza je uradena uz pretpostavku normalne
funkcije raspodjele vjerovatnoée za uticajne parametre.
Raspon plo€e je usvojen konstantan Ly =6,15m, a koe-
ficijent iskrivljenosti raspodjele b;=0. Dakle, analiziran je
stepen popustljivosti kao funkcija tri slu¢ajno pro-
mjenljive a = f(Sf ,E, I )

Posto je ispitivanje provedeno na 3 monolitna i 3
montazna modela ne postoji dovoljan broj podataka za
statistiCku obradu podataka, odnosno pouzdanu deter-
minaciju parametara rasipanja rezultata. Stoga su
obradeni rezultati ispitivanja uporedivani sa do sada
provedenim istrazivanjima i preporukama prezentiranim
u [6], [9], [14], [18] i [19].

Tako je Ellingwood 1980.godine, na osnovu prove-
denih opseznih eksperimenata, preporucio reprezen-
tativne vrijednosti koeficijenta varijacije, i to za betonske
elemente izloZzene savijanju 8, 9,5%. Isti autor je defi-
nisao za spoj greda-stub koeficijent varijacije 10%.
Mehlhorn je u [18] prezentirao opsezna istraZivanja
smicanja glatkih spojnica gdje je za 176 opita dobijen
koeficijent varijacije 16%. Iste rezultate su dobili Hansen,
Olesen, Fauchart i Cortini. Pommeret je dobio koeficijent
varijacije 12, 15%, Laing 17, 18%, Pume 13%. U radu
[13] je prezentirana statisticka obrada rezultata ispitanih
95 modela za koje je dobijen koeficijent varijacije 12%.

Na osnovu prethodnih navedenih podataka i rezulta-
ta eksperimenata analiza je provedena za koeficijente
varijacije 10 - 25 %. Za oc¢ekivanu vrijednost je usvojena
eksperimentima dobijena srednja vrijednost

S =3507,94 kNm/rad .

Kod proizvodnje prefabrikovanih elemenata veli¢ina
dopuStene greSke zavisi od tipa konstrukcije, nacina
proizvodnje i montaze elemenata i najéeSée se krece u
granicama od 3 , 10 mm Error! Reference source not
found..

Za potrebe definisanja pouzdanosti u ovom radu
usvojena je tolerancija za Sirinu plo¢e modela £10mm, {j.

by, =500+10 mm, a za debljinu ploce +10mm, tj.
dy =160+ 3 mm.

Uz pretpostavku standardizovane normalne raspo-
djele i karakteristicnih 5%-fraktilnih vrijednosti dozvolje-
nih odstupanja, koeficijenti varijacije su:

- za Sirinu modela CV = 1,22 % (usvojeno 1,5%)

- za debljinu plo¢e CV = 1,13 % (usvojeno 1,5%)

Razlika eksperimentom utvrdenih reprezentativnih
vrijednosti modula elastiénosti betona monolitnih i
montaznih modela je 4,78%. Ova razlika ima odraz na
razli¢ite deformacione karakteristike. Medutim provede-
na eksperimentalna i numericka istrazivanja su pokazala
da utvrdena veli¢ina razlike nije imala znagajan uticaj na
uporednu analizu stepena popustljivosti monolitnih mon-
taznih modela. PoSto su izrazi za odredivanje modula
elasti¢nosti u funkciji &vrstoée na pritisak betona, ovdje
se u nedostatku dovoljnog broja podataka uzimaju
preporucene vrijednosti koeficijenata varijacije, zasno-
vane na opseznim istraZivanjima pojedinih autora.

Ellingwood je 1980. god. predloZio za armirani
betonski element optereCen na savijanje koeficijent
varijacije 14% [14]. Bljuger je prilikom analize spojeva
zidova usvojio koeficijent varijacije CV=12,8% [6].
Zasnovano na rezultatima istrazivanja koja su uradili
Entroy 1960, Murdock 1953, Rusch 1969, Mirza 1979,

The analysis is done assuming a normal probability
density function for the influential parameters. The span
of plate was adopted Lp =6,15m, and coefficient of
distribution distortion b;=0. Therefore, the yielding
degree as a function of three random variables

a= f(Sf ,E, I) was analyzed.

Because the testing performed on the 3 monolithic
and 3 precast models 3 was not enough data for
statistical data processing, and reliable determination of
scattering results parameters. Therefore, the obtained
results of experimental research compared with results
of so far performed research and recommendations
presented in [6], [9], [14], [18] and [19].

On the basis of extensive experiments Ellingwood
1980's recommended a representative coefficient of
variations, for concrete elements exposed to bending,
from 8 to 9.5%. The same author has defined for the
beam-column connection coefficient of variation of 10%.
Mehlhorn in [18] presented extensive studies of smooth
shear connectors, where for the 176 experiments
obtained coefficient of variation 16%. The same results
were obtained Hansen, Olesen, Fauchart and Cortini.
Pommeret got a coefficient of variation 12-15%, Laing 17
, 18%, Pume 13%. The paper [13] presented a statistical
analysis of the testing results with 95 models, for which
the obtained coefficient of variation of 12%.

Based on these previous data and results of
experiments, analysis for the coefficient of variation from
10 to 25% was performed. The experiment obtained
mean value S =3507,94 kNm/rad was adopted as the

expected value.

By production of precast elements, size of permitted
deviation depends on the type of structures, production
procedure and erection procedure, and often is within
the limits of 3 to 10mm Error! Reference source not
found..

For the purposes of the definition of reliability in this
paper, tolerance for the width of panel models was
adopted £10mm, ie., by =500£10 mm, and for a plate

thickness +10mm, ie., d; =160+3 mm.

Assuming standardized normal distribution and
typical 5%-fractii values of permitted deviations,
coefficients of variation are:

- for width of the model CV = 1.22 % (adopted 1.5%)

- for plate thickness CV = 1.13% (adopted 1.5%)

Difference of value of modulus of elasticity of precast
and monolithic model concrete determined with expe-
riment is 4.78%. This difference is reflected in different
deformation characteristics. However, conducted expe-
rimental and numerical studies have shown that defined
size of differences had no significant effect on the com-
parative analysis of the yielding degree of monolithic and
precast models. Since the expressions for determining
the modulus of elasticity in the function of compressive
strength of concrete, here is the lack of sufficient data to
take the recommended values of coefficients of varia-
tions, based on extensive research of individual authors.

Ellingwood in 1980. proposed for reinforced concrete
elements loaded in bending coefficient of variation of
14% [14]. Bljuger during the analysis of compound walls
adopted coefficient of variation CV = 12.8% [6]. Based
on the results of research that is done Entroy 1960,
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Melchers je prezentirao u tabeli 8.7 [19] koeficijente
varijacije, odnosno standardne devijacije koje se krecu
od 2,8 MPa za odli¢an beton do 5,6 MPa za lo$ beton.
Ovo su rezultati za ¢vrstoée na pritisak fc > 28 MPa. Za
évrstocu na pritisak nominalne vrijednosti 30 MPa
koeficijent varijacije je: CV=9,33% za odlican beton, a
CV=18,66% za losS beton.

Za analizu pouzdanosti u ovom radu usvojeni su
koeficijenti varijacije kao i kod krutosti spoja 10 - 25 %.

Usvojena ocekivana vrijednost je E; = 34975 MN/m?.

Za funkciju tri slu€ajno promjenljive y =y (X1, X2, X3)
vrijedi:

Tezinski koeficijenti p su:

1
Pive = P... :?(1”12 +log+ T ay);
1
Pe+ =P+ :¥(1' Mo - r23+r31);
Ocekivana vrijednost je:

ElyM]= pos Vi + P YA+t p M.

Posto je moment inercije | funkcija dvije sluéajno
projenljive | = f(bp, hp), prethodno je uradena analiza
statistickin parametara momenta inercije. Statistickom
obradom podataka za Sirinu modela i debljinu ploce

dobijen je koeficijent korelacije: r  , » 0. Prema tome
tezinski koeficijenti su:

Yiss = Y04 £S [X,], % 25 [X,], X £S[Xg])

Murdock 1953, Rusch 1969, Mirza 1979, Melchers is
presented in Table 8.7 [19] coefficient of variation or
standard deviation ranging from 2.8 MPa for the excel-
lent concrete to 5.6 MPa for the bad concrete. These are
the results of compressive strength fc > 28 MPa. For
compressive strength with a nominal value 30 MPa the
coefficient of variation is CV = 9.33% for the excellent
concrete, and CV = 18.66% for the bad concrete.

For reliability analysis in this paper have been
adopted the coefficient of variation as for connection
stiffness from 10 to 25%. Expected value is adopted
experimental mean value E_ = 34975 MN /m?.

For the function of three random variable y =y (X,
X2, X3) is valid:

(63)
Weight coefficients p are:
1
Pis = Poo s :§(1+ M- Tog- r31)
_ _1
P —p_++—¥(1-r12+r23-r31) (64)
Expected value is:
(65)

Since the moment of inertia | is function of two
random variable | = f(bp, hy), analysis of the preliminary
statistical parameters of the moment of inertia were
performed. Correlation coefficient of model width and

thickness of plate was adopted r p, 1,5 » 0. Accordingly,
weight coefficients are:

1 b 5
= S =EP.L=pP..=—, | = P
Pis = Py P.+ =P 2 1
a proracunata varijacija, and calculated variation is
V(1)=597 %

U daljnjem prora¢unu usvojena je varijacija V(l) =
6,0%.

U radu je prezentirana analiza jednog statistickog
slu¢aja. Pregled svih analiziranih statistickih sluajeva
daje se u tabeli 1.

Sluéaj (a)

I =0,00003392 m*

E, = 34975 MN /m?

S =3507,94 kNm/rad
L=6,15 m=const.

Koeficijenti korelacije eksperimentalnih rezultata su:
Ne =04, s =09rgg =06

In further calculations was adopted V(I) = 6,0%.

The paper presented the statistical analysis of one
case. Review of the all statistical cases is given in
Table 1.

Case (a)
V(1)=6%
V(E.)=10%
Vs )=6%

Correlation coefficients of experimental results are:
Ne =04, s =09rgg =06

I, =0,000035955 Ec, =384725 S, =3858,73

I. =0,000031884 Ec.. =314775 S . =315715
Tezinski koeficijenti su: Weighting factors are:

P, =p.. =+ (1+0,4+0,9+06)=0,3625
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1

e =P :§(1+ 04- 06- 09)=-00125

1

Pioy =P. .. :g(l- 04- 0,6+09)=01125

Pr.. =Py =5 (- 04+06- 09)=0,0375

0,3625

01125
0,0375

01125

0,3625

Bijk ik *Pijk aijkz aijkz XBijk
617555 290,225 105,2066

- 00125 -017424 194,296 - 2,4287
23589 439,657 49,4614

0,64335 294,328 11,0373

0,0375 0,725475 374,268 14,0351
178076 250557 281877

- 0,0125 - 0,29556 559,086 - 6,9886
7,01293 374,268 135,6721

18,227 334,183

Ela?|=334183

Variation of yielding degree is:

1

a(l.Ec.5) ay

a,,, 17,036

a,,. 13,939

a,., 20968

a,.. 17,156

a.,, 19346

a,. 15,829

a_., 23645

a. .. 19,346
Ela]=18227;
V]a]=334183- (18,227)* =1,95947
s [a]=13998

Varijacija stepena popustljivosti je:
V)= 1,3998

18,227

Na osnovu provedene statistiCke analize odredena je
minimalna vrijednost stepena popustljivosti za koju je
vjerovatno¢a manijih vrijednosti 5 % (karakteristicna 5%-
fraktilna vrijednost). Proraun je proveden primjenom
standardizovane normalne raspodjele.

x00=7,68 %

On the basis of the statistical analysis determined
the minimum value of the degree of yielding, for which is
probability of smaller value of 5% (typical 5% fractil
value). The calculation is performed using the
standardized normal distribution.

80,05 =18,227 - 1,644,3998 =15931

Za proracunatu vrijednost oslonacki moment ¢ée biti:

For above calculated value moment on support will
be:

M,y =0,888xV

Tabela 1 — Analizirani statisticki slucajevi
Table 1 — Analyzed statistical cases

Modulus of . .
. . 4 -~ Connection stiffness Degree of
Statictical | Moment of inertia | (m’) e'&jﬂﬁ% S; (kNm/rad) yielding ¢
cases
E[l] V()% E[Ec] V(Ec)% E[Sf] V(Si)% | V(9% ®.05
- —————————————————————
Case (a) 0,00003392 6,0 | 34975 | 10,0 3507,94 10,0 7,68 | 0,888
(g)ase 0,00003392 | 6,0 | 34975 | 150 | 3507,94 | 150 | 11,31 | 0,878
(S)ase 0,00003392 6,0 | 34975 20,0 3507,94 25,0 26,17 | 0,839
(((;,)ase 0,00003392 6,0 | 34975 25,0 3507,94 25,0 20,61 | 0,860
(((;,)ase 0,00003392 6,0 | 34975 10,0 3507,94 25,0 15,90 | 0,869
Case () | 0,00003392 6,0 | 34975 | 250 3507,94 10,0 21,91 | 0,860
1 _a
g 2+a
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Na osnovu provedene analize usvojena je maksi-
malna oc¢ekivana varijacija 27 %, odnosno zaokruzena
najveca vrijednost iz tabele 1.

Karakteristicnha 5 % fraktilna vrijednost a je,

Based on the performed analysis adopted the
maximum expected variation of 27%, ie., maximum
value from Table 1.

Characteristics 5%-fractil value of a is,

8,05 =18,276- 1,644,2935=10,183

odnosno moment nad osloncem,

or the moment on support is,

E(M,g.00s) = 0,835V

Varijacija momenta nad
V(Mg 005) = 7:22%.

osloncem je:

5.2 Analiza vjerovatnoée otkaza veze

Ellingwood je 1980. god., na osnovu statisti¢ke obra-
de rezultata mjerenja na objektima, dao prijedlog repre-
zentativnih vrijednosti varijacija za stalno i pokretno
opterecenje i to:

- za stalno optereéenje V(g) = 10%

- za pokretno opterecenje V(p) = 25%

Posto je kod opterecenja ispitanih spojeva odnos g:p
= 2:1, varijacija ukupnog optereéenja je V(q) = 15%.
Ocekivana vrijednost momenta nad osloncem (u spoju),
za eksploataciono opterecenje, je E(Mg)=14,17 kNm.

Uz wusvojene varijacijie za stalno i pokretno
opterecenje, grani¢ne vrijednosti uticajnih momenata su
Mgmin=12,04 KNm i Mg max=16,30 KNm.

Srednja vrijednost momenta nosivosti utvrdena
eksperimentom je: M, = 42,67 kNm

Uz uvaZzavanje analize pouzdanosti stepena
popustljivosti spoja, provedene u prethodnoj tacki,
minimalna i maksimalna vrijednost momenta nosivosti
spoja je Mymin=39,58 KNmM i Mp max=45,75 kNm.

Mjerodavni statisti¢ki parametri su:

m, =M, - M, =42,67- 1417 = 285 kNm
s 2, = (0,0722x42,67)? =9,491 (kNm)?

Indeks pouzdanosti je,

b

odnosno vjerovatnoéa otkaza je,

_ 285
3743

Variation of moment on

V(Mg.00s) = 7:22%.

support is:

5.2 Analysis of the probability of connection failure

On the basis of statistical processing results of
measurements on objects, Ellingwood 1980th proposed
representative values of variation for dead and live loads
as follows:

- for dead load V(g) =10 %

- for live load V(p) =25%

Since the load ratio of researched connection g:p =
2:1, the variation of the total load is V(q) = 15%.
Expected value of moment on support (in connection
area), for service load, is E(Mg)=14,17 KNm.

With variations adopted for the dead and live loads,
the limit value of moments are Mgmin=12,04 kNm and
Mgmax=16,30 kNm.

Average value of moment capacity determined in the
experimentis: M, = 42,67 kNm

With the appreciation of the reliability analysis of
degree of yielding, implemented in the preceding para-
graph, the minimum and maximum value of connection
moment capacity is Mpmin=39,58 kNm and M, max=45,75
kNm.

The relevant statistical parameters are:

S fiq =(0154417)% = 4518 (kNm)?
s 2 =9,491+ 4,518 = 14,009

Reliability index is,

=761

or probability of failure is,

P =f (- 7,61)=144540"% .

Eksperimentom je utvrdena varijacija momenta loma
10 %. U tom slu€aju je indeks pouzdanosti,

_ 285

Experimental value of variaton of failure moment is
10%. In this case, the reliability index is,

b=——-=598

4,767

a vjerovatnoca otkaza,

and the probability of failure,

P, =f (- 598)=132540°.

U tabeli 2 date su preporu¢ene minimalne vrijednosti
indeksa pouzdanosti za klase pouzdanosti, preuzete iz
reference[10].

Indeks pouzdanosti je definisan za pocetnu krutost
prefabrikovane veze. Ako je indeks pouzdanosti b < 2, u
radu [15] preporucuje se uvodenje u analizu rezidualne
krutosti veze.

In table 2 are given recommended minimum values
of reliability index for reliability classes RC, taken from
reference [10].

Reliability index is determined by the initial stiffness
of the precast connection. If the reliability index b < 2,
the paper [15] recommends the introduction to the
analysis of residual connection stiffness.
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Tabela 2 — Preporuc¢ene minimalne vrijednost indeksa pouzdanosti b (ULS) [10]
Table 2 — Recommended minimum values of reliability index b (ULS) [10]

Reliability Minimum values for b
classes Reference period of 1 year | Reference period of 50 years
RC3 5,2 4,3
RC2 4,7 3,8
RC1 4,2 3,3

6 ZAKLJUCCI

Analiza gradevinskih konstrukcija podrazumjeva
viSevarijabilne probleme, gdje su skoro sve varijable
stohasti¢ke. Prvi korak u analizi pouzdanosti je defi-
nisanje funkcije gustoce vjerovatnoce pojedinih varijabli.
Postupci koji se primjenjuju svode se na uporedivanje
zakonitosti promjene varijable sa uobi¢ajenim zakonito-
stima koje se koriste u gradevinarstvu, opisanim u radu.
Pouzdanost definisanja zakonitosti je ve¢a Sto je veéa
baza podataka provedenih istrazivanja odredene vari-
jable. Kod prefabrikovane gradnje pouzdanost prije
svega zavisi od pouzdanosti veza prefabrikovanih ele-
menata. Realan mehanizam rada veze moze se utvrditi
samo eksperimentom. Stoga kod prefabrikovanih veza
ostaje problem unificiranja postupaka analize. Povecanje
baze podataka o ponaSanju pojedinih montaznih veza
daje mogucénost za primjenu analize pouzdanosti u ovom
podrudju gradevinarstva. U tom smislu analiza pouzda-
nosti prezentirana u ovom radu povecava postojeéu
bazu statistickin podataka potrebnih za definisanje
pouzdanosti prefabrikovanih veza. Analiza je uradena za
eksperimentom utvrdene srednje vrijednosti i varijacije,
kao i za varijacije preporuc¢ene od autora koji su se bavili
razmatranom problematikom. Za analizu je usvojena
normalna raspodjela sluéajno promjenljivih. Koeficijenti
korelacije izmedu pojedinih slu€ajno promjenjivih su
usvojeni za uslove eksperimenta. Zbog nedovoljnog bro-
ja ispitanih uzoraka za primjenu pouzdane statistiCke
procedure, koeficijenti korelacije su reducirani na
oCekivane minimalne vrijednosti. Usvojena je redukcija

koeficijenta korelacije I g i le.,s Zza 20%. Naime,

smatra se da slu¢ajno promjenljive imaju jaku korelaciju
ako je njihov koeficijent korelacije r 3 0,50. Posto je
korelacija momenta inercije i krutosti spoja, kao i krutosti
spoja i modula elasti¢nosti betona, kod ispitanih
montaznih veza jaka, u sklopu diskusije su razmatrani
koeficijenti korelacije umanjeni na vrijednost koja je na
donjoj granici dobre korelacije.

Prema tome usvojeni statistiCki parametri su:

Mg =041, =072rg ¢ =048.

Varijacija stepena popustljivosti i moment nad
osloncem su:

6 CONCLUSIONS

Analysis of civil structures includes multivariable
problems, where almost all stochastic variables. The first
step in analyzing the reliability is definition of probability
density function of individual variables. The procedures
applied are reduced to comparing the law of the variable
changes with the usual laws that are used in civil
engineering, as described in the paper. Reliability of
definition of laws is greater the larger the database
conducted research specific variables. By prefabricated
buildings the reliability mainly depends on the reliability
of the precat connections. Realistic work mechanism of
the connection can be established only in the experi-
ment. Therefore, the precast connections remains
problem of analysis procedures unification. Increase the
database on the behavior of individual precast con-
nections gives the possibility for the application of
reliability analysis in this area of civil engineering. In this
sense, the reliability analysis presented in this paper
increases the existing base of statistical data required for
defining the reliability of precast connections. Analysis is
done for experiment determined the mean and variation,
as well as variations recommended by authors who have
dealt with issues under consideration. For the analysis
adopted a normal distribution of random variable. Cor-
relation coefficients between individual random variable
adopted for the experiment conditions. Due to an insuf-
ficient number of tested samples for implementation of
reliable statistical procedure, the correlation coefficients
were reduced to the expected minimum values. Adopted

is to reduce correlation coefficients Mis and rEcS of

20%. It is considered that random variables have a
strong correlation since the correlation coefficient is r 3
0,50. Since the correlation between moment of inertia
and connection stiffness, and connection stiffness and
modulus of elasticity of concrete strong for researched
precast connection, in the discussions were considered
correlation coefficients reduced to a value that is at the
lower limit of good correlation.

Accordingly, the correlation coefficients were

adopted: r g =04; 1,5 =072, rg 5 =048

Variation of degree of yielding and moment on
support are:

V(a)=29,03%

V(Mg )=8% < V(M

Indeks pouzdanosti ispitane prefabrikovane veze je b
=5,98.
Varijacija momenta nosivosti, za ocekivane

odoxp.) = 10%

Reliability index of researched precast connection is
b =5.98.
Variation of moment capacity, for the expected
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minimalne vrijednosti koeficijenata korelacije, je manja
od usvojene za uslove eksperimenta, Na osnovu
prethodne analize preporucuje se za potrebe definisanja
pouzdanosti montaznih veza, koje se ponaSaju sli¢no
kao ispitane predmetne montazne veze, koristiti sljedece
minimalne koeficijente korelacije:

- korelacija momenta inercije i modula elasti¢nosti
betona rgc = 0,40,

- korelacija momenta inercije i krutosti veze rs; =
0,72,

- korelacija modula elasti¢nosti betona i krutosti
veze rge st = 0,48,

- korelacija Sirine i debljine elementarp h =0

Ova preporuka vazi za analize pouzdanosti
konstrukcija za koje nisu provedena ili su u malom
obimu provedena eksperimentalna istrazivanja. Kod
eksperimentalnih istraZivanja veceg obima preporuka
moZze biti konzervativna.

Analiza pouzdanosti, prezentirana u ovom radu,
obuhvatila je nepouzdanosti mehanickih veli¢ina: optere-
¢enja, geometrije i svojstava materijala. Medutim, pou-
zdanost gradevinske konstrukcije zavisi od svih ucesni-
ka u izgradnji objekta (investitor, projektant, izvodac i
nadzor). Za adekvatnu pouzdanost konstrukcije vazne
su sve faze «stvaranja» objekta, Sto podrazumjeva:

- kompetentnost lica ili tima za izradu projektnog
zadatka i tenderske dokumentacije;

- odabir projektantske kuce i izvodacke firme sa
kvalifikacionom  strukturom radnika, opremom i
referencama koje smanjuju mogucnost greSaka;

- sistem kontrole kvalitete u pogonima firme koja se
bavi  proizvodnjom  prefabrikovanih  konstruktivnih
elemenata;

- kompetentnost i struénost osoblja koje provodi
nadzor i kontrolu kvaliteta radova, organizacija i
funkcionalnost inspekcijskih sluzbi;

- pogodnost i primjenjivost zakonske regulative iz
oblasti osiguranja kvaliteta, prava i obaveza svih
uCesnika gradenja, kaznenih mjera i efikasnosti njihove
primjene.

Pored prethodno navedenog, socijalne prilike i stanje
morala u lokalnoj ili Siroj druStvenoj zajednici takode
imaju uticaja na pouzdanost objekata. Stoga je za
potpuno definisanje prihvatlive pouzdanosti grade-
vinskog objekta neophodno analizirati sve navedene
parametre.

Napomena:

Drugi autor (R. Foli¢) je zahvalan na finansijskoj
podrSci od strane Ministarstva nauke Republike Srbije u
okviru projekta TR 16018.

minimum correlation coefficient, is less than the adopted
for the experiment conditions. Based on performed
analysis is recommended for defining the reliability of the
precast connection, which behave similarly as
researched precast connections, use the following
minimum correlation coefficient:

- correlation between the moment of inertia and
modulus of elasticity of concrete

- INEc = 040,

- correlation between the moment of inertia and
connection stiffness rs; = 0.72,

- correlation between the modulus of elasticity of
concrete and connection stiffness

- lNEc, st = 048,

- correlation between width and thickness of the
elementry, n = 0.

This recommendation applies to the analysis of the
reliability of structures that are not implemented or are in
small scale experimental research was conducted. With
large scale experimental research recommendations
may be conservative.

Reliability analysis, presented in this paper, include
the unreliability of mechanical quantities: load, geometry
and material properties. However, the reliability of civil
structures depends on all participants in born of building
(investor, designer, contractor and supervision). For
adequate reliability of structure all phase of "creating"
building are important, which includes:

- competence of the person or team to create a
project task and tender documents;

- selection of design houses and contractor with the
adequate company qualifications structure of workers,
equipment and references, which reduces the possibility
of error

- a system of quality control facilities in the company
that manufactures prefabricated structures elements;;

- competence and expertise of personnel who
supervise and control the quality of work, organization
and function of inspection services

- suitability and applicability of the legislation in the
field of quality assurance, rights and obligations of all
participants of construction, crime rate and efficiency of
their application.

In addition to the foregoing, the social conditions and
state of moral in the local or wider community also have
an impact on the reliability of buildings. Therefore, for the
full definition of acceptable reliability of buildings is
necessary to analyze all of these parameters.

Note:
The second author (R. Foli¢) is grateful for the

financial support by the Ministry of Science of the
Republic of Serbia in the scope of the project TR 16018 .
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REZIME

POUZDANOST AB MONTAZNIH VEZA

Damir ZENUNOVIC
Radomir FOLIC

U prvom dijelu rada date su teoretske osnove ii
pregled stanja aproksimativnih postupaka za analizu
pouzdanosti. Nadalje, u radu je prezentiran nastavak
istraZivanja veze montazne plo¢e i monolitnog zida,
obavljenih u periodu 2004.-2008. godina, koja su
provedena sa ciliem definisanja mehanizma rada
ovakvih veza. Rezultati istrazivanja i preporuke autora
koji su provodili sli¢na istrazivanja koriSteni su za analizu
pouzdanosti dobijenih rezultata. Za analizu veze
montazne ploée i monolitnog zida koriStena je metoda
diskretnih taCaka. Na osnovu provedene analize u
zakljuécima se daju preporuke za analizu sli¢nih spojeva
u gradevinskoj nauci i praksi.

Kljuéne reci: analiza pouzdanosti, funkcija gustoce
vjerovatno¢e, indeks pouzdanosti, popustljivost,
montazna veza, montazna plo¢a, monolitni zid

SUMMARY

RELIABILITY OF RC PRECAST JOINT

Damir ZENUNOVIC
Radomir FOLIC

In the first part of the work given the theoretical basis
and review the status of procedures for the approximate
analysis of reliability. Furthermore, in the paper was
presented continuation of research of prefabricated
connection of prefabricated plate and monolithic wall,
performed in the period 2004th-2008th years, which
were carried out with the aim of defining the work
mechanism of such connections. Research results and
recommendations of authors who have conducted
similar studies were used to analyze the reliability of the
obtained results. For analysis of the prefabricated
connection of prefabricated plate and monolithic wall
was used Point Estimated Method. Based on the
analysis in the conclusions are given recommendations
for the analysis of similar connections in civil engineering
science and practice.

Key words: reliability analysis, probability density
function, reliability index, vyielding, prefabricated
connection, prefabricated plate, monolithic wall
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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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Izdavanje Casopisa "Materijali i konstrukcije" finansijski su pomogli:
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MINISTARSTVO ZA NAUKU | TEHNOLOSKI
RAZVOJ SRBIJE

UNIVERZITET U BEOGRADU
GRADEVINSKI FAKULTET
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