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EKSPERIMENTALNA | NUMERICKA KALIBRACIJA SILE PREDNAPREZANJA U
VISOKOVREDNIM ZAVRTNJEVIMA

CALIBRATION OF THE BOLT PRETENSION BY STRAIN GAUGES VS. FEA

Nenad FRIC, Marko PA VLOV{C’ .
Dragan BUDEVAC, Zoran MISKOVIC
Zlatko MARKOVIC, Nina GLUHOVIC

1 UVOD

Prednapregnuti visokovredni zavrtnjevi imaju neza-
menljivu ulogu u izgradniji €eli¢nih konstrukcija. Posebno
su znacCajni u tarnim spojevima, gde se njihovom prime-
nom znatno povecava nosivost dinamicki opterecenih
konstrukcija na zamor materijala. U smi¢u¢im spojevima,
sila se prenosi smicanjem tela zavrtnja i pritiskom po
omotacu rupe. Kod tarnih spojeva, smiuéa sila se
prihvata i prenosi putem trenja koje se realizuje na kon-
taktu elemenata u spoju. Nosivost ovakvog spoja zavisi
od koeficijenta trenja u tarnim povrSima i od intenziteta
sile prednaprezanja u zavrtnjevima. Pouzdano odre-
divanje sile prednaprezanja u visokovrednom zavrtnju
predstavlja osnov eksperimentalnih istrazivanja spojeva
s visokovrednim zavrtnjevima, ali i zavrtnjeva samih.
Takode, u slu€aju dinamicki opterecenih konstrukcija
(kao Sto su, na primer, mostovi i antenski stubovi),
veoma je vazno primenjivati metode za ugradnju
visokovrednih zavrtnjeva, koje ¢e garantovati vrednost
unete sile prednaprezanja, ali ¢ak i tada potrebno je
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1 INTRODUCTION

High strength bolts are irreplaceable when it comes
to steel structures. They are of special importance in
friction connections, meaning that a load-bearing
capacity in dynamically loaded structures is significantly
increased in terms of fatigue endurance when such
connections are applied. In regular shear connections
shear force is transferred by bolt shearing and pressure
applied to the hole surface. Instead, in a friction
connection, a shear force is transferred by friction
between the adjoining plates. Load-bearing capacity of
this connection depends on a friction coefficient at the
friction surfaces as well as on the pretension force.
Deciding the accurate pretension force in high strength
bolts is a chief ground of experimental research from the
standpoint of those connections that come into contact
with high strength bolts as well as from the standpoint of
the bolts themselves. Moreover, when considering dyna-
mically loaded structures such as bridges, antenna towers
etc., it is very important to implement those methods which
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izvrSiti kontrolu intenziteta unete sile prednaprezanja u
odredenom broju zavrtnjeva.

Sila u zavrtnju moze se meriti na nekoliko nacina [5]:
pomocu ultrazvuénih uredaja, mernih ¢elija s mernim
trakama ili piezoelektricnim, kao i mernim trakama koje
mogu biti zalepljene na telo zavrtnja ili ugradene u telo
zavrtnja. Najsavremenija metoda svakako je pomocu
piezoelektricnih mernih celija. Medutim, nije ih racio-
nalno primenjivati u slu€aju velikog broja zavrtnjeva (s
obzirom na njihovu cenu), pa su u tom slu€aju merne
trake ugradene u telo zavrtnja i dalje nezamenljive.
Svetski proizvodaci merne opreme razvili su merne trake
[14] i adheziono sredstvo [15] ba$ za ovu namenu i time
znacajno olaksali njihovu primenu.

Postojeca istraZivanja u kojima se sila prednapre-
zanja u visokovrednim zavrtnjevima meri pomoc¢u mernih
traka zalepljenih na telo zavrtnja [16] ili ugradenih u
njega, mogu se podeliti na: istrazivanja u kojima nije
vrSena kalibracija zavrtnjeva [17], istrazivanja u kojima
se na malom broju zavrtnjeva sila dodatno kontrolise
pomoc¢u mernih ¢&elija [11] i istrazivanja u kojima je
izvrSena kalibracija svakog zavrtnja ponaosob [10], [9].
Eksperimentalnim istraZivanjem [8] na 126 zavrtnjeva,
pokazano je da je jedino ispravno i prihvatljivo vrsiti
kalibraciju svakog zavrtnja, s obzirom na velike razlike u
krutosti zavrtnjeva razli€ite duzine, kao i u krutosti delova
zavrtnja, Sto dovodi do odstupanja merenih od nominal-
nih dilatacija zavrtnja. Stoga, proizvodaci mernih traka
insistiraju da se one ugraduju u deo tela zavrtnja bez
navoja, deo s konstantnom povrS§inom popre¢nog
preseka, ¢ime se umnogome suzava mogucnost njihove
primene (nije ih preporu¢eno koristiti za zavrtnjeve koji
imaju navoj celom duzinom tela). U ovom radu ce biti
prikazani postupak i rezultati eksperimentalne i numeri-
¢ke (primenom metode konacnih elemenata) kalibracije
zavrtnjeva. Dobijeni rezultati ¢e se porediti s nominalnim
vrednostima, a numericki modeli ¢e se iskoristiti za
proveru opravdanosti primene mernih traka i kod
zavrtnjeva koji imaju navoj celom duzinom tela.

2 EKSPERIMENTALNA KALIBRACIJA SILE
PREDNAPREZANJA U VISOKOVREDNIM
ZAVRTNJEVIMA

Za potrebe merenja sile prednaprezanja u
visokovrednim zavrtnjevima, ugradene su merne trake u
telo 126 zavrtnjeva [6], od toga — 63 HV [1] i 63 HBT [7]
(slika 2a i slika 2b). Ugradnja mernih traka sprovedena
je u svemu prema preporukama proizvodaca, Sto je
detaljno prikazano u [5].

Pomodéu specijalno dizajniranog alata i kidalice
~Schenck Trebel” kapaciteta 400 kN, izvrSena je
eksperimentalna kalibracija zavrtnjeva tako Sto je svaki
zavrtanj izlozen dejstvu tri ciklusa opterecenje—
rasterecenje (slika 1a). U toku kalibracije, zavrtnjevi su
izloZzeni maksimalnoj sili od 170 kN, Sto odgovara
proradunskoj vrednosti sile prednaprezanja za ove
zavrtnjeve [2], [4]. Takode, nakon prvog ciklusa
opterec¢enja zavrtnja do maksimalne vrednosti sile, ona

refer to installation of high strength bolts that will
guarantee a value of introduced pretension force, but
even then it is necessary to check the intensity of intro-
duced pretension force in some specific number of bolts.

The bolt force can be experimentally obtained in
several ways [5]: by means of ultrasound devices,
measuring instruments with strain gauges or by a
piezoelectric sensor, as well as with strain gauges that
can either be glued to the shank or fitted inside the
shank. The latest trend is most certainly application of
piezoelectric sensors. On the other hand, they are not
recommended for use when it comes to large number of
bolts (considering their price), all of which leads to a
conclusion that strain gauges that are fitted into the
shank are still irreplaceable. World renowned
manufacturers of strain measurement devices have
improved strain gauges [14] as well as adhesive agents
[15] for this purpose only, and therefore their use has
been facilitated.

The existing research in which pretension force in
high strength bolts is measured either by strain gauges
glued to the bolt shank [16] or by strain gauges fitted
inside the shank can be divided into those explorations
in which no bolt calibration has ever been carried out
[17], into explorations in which a force is additionally
controlled by strain gauges in a few bolts [11] and
explorations in which calibration of every bolt has been
performed separately [10], [9]. Experimental research [8]
performed on 126 bolts showed that the only thing that
was right and acceptable was to calibrate each bolt
separately given a big difference in rigidity of bolts that
are of various lengths and rigidities in some parts of the
bolt, all of which leads to a deviation from measured
strains in the bolt compared to nominal ones. For this
reason, manufacturers of strain gauges insist that
gauges are fitted inside the bolt shank without the
thread, i.e., into the part of the bolt with a constant cross
section. This requirement significantly narrows down the
possibility of their application, i.e. they are not recom-
mended for bolts that are threaded along their entire
length. This paper will show both the procedure and
results obtained from the experimental calibration and
FEA bolt calibration. Obtained results will be compared
with the nominal values, whereas FEA models will be
employed so as to check whether strain gauges may
also be used in bolts that are threaded along their entire
length.

2 EXPERIMENTAL CALIBRATION OF THE BOLT
PRETENSION

In order to measure the pretension force, strain
gauges were placed inside the shank of 126 bolts [6],
out of which 63 were HV [1] and 63 HBT [7], Figure 2a
and Figure 2b. Strain gauges were inserted in full
compliance with manufacturers requirements, as shown
in details in [5].

Experimental calibration of bolts was performed by
means of specially designed tools and “Schenck Trebel”
400 kN testing machine, meaning that every bolt was
exposed to a three-load cycle see Figure 1a. During the
calibration process, bolts were exposed to a maximum
force of 170 kN, which meets the design value of the
pretension force [2], [4]. In addition, after the first load
cycle has been completed and maximum force value
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se zadrzava konstantnom 300 sekundi, nakon ¢ega se
nastavlja s postupkom kalibracije.

Calibration load spectrum
180
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attained, the same force will remain constant for 300
seconds after which calibration process will follow.
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Slika 1. a) Spektar opterecenja i kidalica; b) Primer kalibracione krive
Fig. 1. a) Load spectrum and testing machine, b) Example of calibration curve

Eksperimentalnom kalibracijom visokovrednih zavrt-
njeva, dobijena je linearna veza dilatacije merne trake u
telu zavrtnja i sile izmerene na kidalici, koja je dobijena
primenom metode najmanjih kvadrata na dobijene
rezultate (Slika 1b). Nakon zamene zavrtnjeva kod kojih
je uoCeno histerezisno ponasanje u toku kalibracije [5],
rezultat eksperimentalne kalibracije svakog zavrtnja
ponaosob moze se prikazati jednacinom:

Fpm =Ty,
gde su:
Fim — sila izmerena na kidalici;
Fob — aksijalna sila u telu zavrtnja;
&g — dilatacija merne trake ugradene u telo zavrtnja;
a, b — koeficijenti kalibracione krive.
Takode, svaka kalibraciona kriva ocenjena je

koeficijentom korelacije R?. Prosena vrednost i
koeficijent varijacije koeficijenta korelacije za HV i HBT
zavrtnjeve iznose: R°wy=0.99993 (Vi=0,01%), odnosno
R2H5T=0.99992 (VHBT=0,02°/o).

2.1 Nominalna vrednost dilatacije zavrtnja

Pri punoj sili prednaprezanja, o€ekivana nominalna
dilatacija u zavrtnju moze se odrediti kao odnos nanete
vrednosti sile (Fp,c) i aksijalne krutosti tela zavrtnja:

nom

gde su:

Fp.c — sila prednaprezanja u zavrtnju;

E; — modul elasti¢nosti materijala zavrtnja;
A, — povrsina poprec¢nog preseka zavrtnja.

Pri  odredivanju nominalne povrSine popre¢nog
preseka, za zavrtnjeve tipa HV koriS¢en je nazivni
preénik zavrtnja (d =20 mm), dok je za zavrtnjeve tipa
HBT koriS8¢en izmereni spoljasnji pre¢nik navoja

Experimental calibration of the high strength bolts
showed a linear correlation between the longitudinal
strains in the bolt shank and the measured force.
Therefore, the calibration curves are obtained by the
least square method (Fig. 1b) for each bolt, as shown in
the equation below. Some bolts have been replaced in
which hysteresis behaviour was observed [5].

a-é&g +b (1)
where:

Fim — is a force measured on a testing machine,

Fob — is an axial force in the shank,

&g — is the strain in gauge fitted inside the shank,

a, b — are coefficients of a calibration curve.

Furthermore, each and every calibration curve is
assessed by R? correlation coefficient. Mean values and
variation coefficients of the correlation coefficient, for
both HV and HBT areR%;=0.99993 (Viv=0,01 %)
andR’1gr=0.99992 (VHBT=0,02 %), respectively.

2.1 Nominal value of bolt strain

The expected nominal strain in the bolt can be
obtained as a relation between the applied full
pretension force Fpc and the axial stiffness of the bolt
shank cross section:

FP,C

E, 4,

(2)

where:

Fp.c —is the pretension force in the bolt,

E, —is the elastic modulus of a bolt material and
A; —is the bolt gross cross section area.

As to HV bolts, a bolt nominal diameter (d = 20 mm)
was used when deciding the nominal cross section area,
whereas a measured external thread diameter
(d =19,6 mm) was used for HBT bolts. Such decided
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(d = 19,6 mm). Za ovako odredene nominalne vrednosti
dilatacija zavrtnjeva utvrdeno je da se - u odredenim
slu€ajevima - zna€ajno razlikuju (od 5% do 19%) od dila-
tacija dobijenih eksperimentalnim putem (tabela 1). Kako
bi se objasnile ove razlike i otklonile dileme oko valja-
nosti postavke eksperimentalnog istrazivanja, izvrSena je
numeri¢ka analiza postupka kalibracije zavrtnjeva.

3 ANALIZA PRENAPREGNUTIH ZAVRTNJEVA
PRIMENOM METODE KONACNIH ELEMENATA

Za oba tipa zavrtnjeva (HV i HBT) i za njihove
razli¢ite duzine, eksperimentalnim putem dobijene su
razliCite vrednosti relativnih odnosa merenih i nominalnih
dilatacija u zavrtnjevima. Pretpostavlja se da je uzrok za
to razli¢it poloZaj mernih traka u odnosu na deo zavrtnja
na kom se nalazi navoj, kao i odnos duzZine dela zavrtnja
s navojem i bez navoja. Za potrebe analize ovog
fenomena, kori§éeni su numeric¢ki modeli ¢ija geometrija
i grani¢ni uslovi odgovaraju postavci eksperimentalne
kalibracije zavrtnjeva. Numericka analiza sprovedena je
primenom Siroko rasprostranjenog softverskog paketa za
proraun primenom metode konac¢nih elemenata
ABAQUS [3].

3.1 Prikaz geometrije primenjenog modela

U okviru primenjenih modela, definisani su delovi:
zavrtanj (HV i HBT), HV podloska, lepak za mernu traku
i alat za unoSenje sile prednaprezanja. Svi delovi u
okviru modela definisani su svojom taénom geometrijom
(slika 1 i slika 2), kako bi uticaj geometrije na mestu
navoja i u zoni glave, kao i medusobne interakcije ovih
delova, bile uzete u obzir. Na taj nacin, moguce je vrsiti i
dalje analize prednaprezanja zavrtnjeva, kao i njihovog
ponasanja u razli¢itim tipovima spojeva, kao na primer u
[12] i [13]. Specifian oblik i odgovaraju¢a dubina navoja
za zavrtnjeve tipa HBT adekvatno su reprodukovani u
modelima na bazi MKE (slika 1b), a na osnovu
izmerenih dimenzija. Svi zavrtnjevi modelirani su s
rupama u kojima su bili smeSteni lepak i merna traka u
toku eksperimentalnog ispitivanja. Dubine rupa u
numeri¢kim modelima odgovaraju srednje izmerenim
duzinama rupa za razliite duzine zavrtnjeva u okviru
eksperimentalnih ispitivanja.

a) standardni prednapregnuti zavrtnjevi tipa HV
a) standard pretension bolts of HV type

nominal values of bolt strains have shown that in some
specific cases they differ significantly (from 5% to 19%)
from those strains obtained experimentally, see Table 1.
In order to explain such differences and exclude
dilemmas when it comes to adequacy of experimental
research, FEA analysis was conducted with regard to
bolt calibration process.

3 FEA OF BOLT IN PRETENSION

Different values of relative relations when
considering measured and nominal strains in the bolts
were obtained through the experiment for both types of
bolts (HV and HBT) as well as for their different lengths.
It is assumed that it is due to different position of strain
gauges compared to the threaded part of the bolt, as
well as ratio of lengths of the threaded and unthreaded
part of the bolt. Numerical models, whose geometry and
boundary conditions meet the experimental calibration of
bolts, was performed in order to analyze this
phenomenon. Numerical analysis was conducted by use
of a wide—spread finite element software package
ABAQUS [3].

3.1 Geometry of FE models

In the finite element (FE) models, the following parts
were defined: bolt (HV and HBT), HV washer, strain
gauge glue and the special tool which is designed to
apply the force in the bolt. All parts within the model are
defined by their accurate geometry (Fig. 2 and Fig. 3) so
that the influence that comes from the geometry at the
tread and at the head, as well as from mutual
interactions between the parts would be taken into
account. Thus, it is possible to carry out further bolt
pretension analyses as well as analyses of bolts in
various connection types, such as [12] and [13]. Specific
shape and adequate bolt thread depth of HBT type was
reproduced in an adequate fashion in FE models (Fig.
2b), all of which was done according to the measured
dimensions. All bolts incorporated holes into which both
glue and a strain gauge were placed in the course of an
experimental research. A hole depth in numerical
models corresponded well to average measured hole
dimensions for various types of bolts over the course of
experimental research.

}(a “ i‘ | !
G ,z.{ §eys

il

b) zavrtnjevi tipa Huck BobTail (HBT)
b) bolts of Huck BobTail type (HBT)

Slika 2. Geometrija zavrtnjeva u modelima na bazi MKE
Fig. 2.Bolt geometry in FE models
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Za sve delove u modelima koriSéeni su prostorni
desetocvorni tetraedarski konaéni elementi drugog reda,
s kvadratnim interpolacionim funkcijama (C3D10M).
Pored toga Sto ovi konac¢ni elementi pruzaju moguénost
automatskog formiranja mreze na komplikovanim geo-
metrijskim oblicima kakvi su ovde analizirani (slika 2 i sli-
ka 3), oni su i iz celokupne biblioteke softverskog paketa
ABAQUS preporuceni za primenjeni tip analize [3].

a) Alat za unoSenje sile prednaprezanja
a) Load application tool

For all parts in the FE models, second-order ten-
node tetrahedral elements(C3D10M) were used to form
the mesh. Apart from the fact that these finite elements
allow automatic formation of the mesh on more
complicated and complex geometric forms such as those
that have been analyzed here (Fig. 2 and Fig. 3), they
are recommended for the applied type of analysis [3].

b) Podlo$ka za zavrtnjeve tipa HV
b) Washer for HV bolts

Slika 3. Geometrija ostalih delova u modelima
Fig. 3. Geometry of other parts in models

Ova numeri¢ka analiza predstavlja direkino porede-
nje sa eksperimentalnim ispitivanjima kalibracije zavrt-
njeva, zbog €ega je za potrebe ovih analiza modeliran i
alat za unoSenje sile prednaprezanja (slika 4). U ovom
modelu optereéenje je naneto identicno kao i u
eksperimentu, pomeranjem alata u pravcu poduzne ose
zavrtnja. Prilikom unoSenja sile kontrolisanim deforma-
cijama, drugi deo alata, koji ovde nije modeliran, drzao je
na mestu podlosku koja se nalazi ispod glave zavrtnja. U
modelu na bazi MKE, ovaj grani¢ni uslov idealizovan je
tako Sto je donja povrSina podloske (slika 4) imala
sprecene deformacije u pravcu poduzne ose zavrtnja.

This numerical analysis represents a direct com-
parison with experimental research of bolt calibration
process, and therefore the tool for pretension force
introduction has been modelled for this purpose (Fig. 4).
As far as this model is concerned, the load is applied in
exactly the same way as in the experiment, i.e., by the
displacement control of the loading tool shown in Fig. 3a,
i.e. displacement in the direction of a longitudinal bolt
axis. When introducing the force by controlled deforma-
tions, the second part of the tool, which was not model-
led here, supports the washer positioned below the bolt
head. This boundary condition was idealized in the FE
model by restraining the longitudinal displacements of
lower washer surface (Fig. 4).

Slika 4. Model za direktno poredenje eksperimentalne i numericke kalibracije zavrtnjeva tipa HV
Fig. 4.Model for direct comparison between experimental and numeric calibration of HV bolts

Spoj izmedu lepka i rupe unutar zavrtnja definisan je
direktnim  kinematskim vezama izmedu susednih
¢vorova delova modela koji predstavljaju zavrtanj i lepak
(Tie Constraint). Za sve ostale kontaktne parove (parove
povrS§ina) u modelima, definisan je opSti kontaktni
kriterijum (General Contact) s moguénoSéu odvajanja
(,Hard” contact — Normal Behaviour) i koeficijentom
trenja od 0,14 (,Penalty” formulation — Tangential
Behaviour). Softverski paket, za primenjeni tip analize,
automatski detektuje sve kontaktne parove u modelu i za
te parove primenjuje zadati kriterijum.

Connection between the glue and the hole inside the
bolt shank is defined by direct kinematic coupling of the
adjacent nodes of the model representing the bolt and
the glue (Tie Constraint). As for all other contact pairs in
models (surface pairs) one general contact interaction
has been defined (General Contact) allowing separation
in normal direction (,Hard“ contact — Normal Behaviour),
as well as a friction coefficient of 0,14 (,Penalty”
formulation — Tangential Behaviour). The solver
automatically detects all contact pairs in the model and
applies beforehand set criterion for such pairs.
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3.2 Modeli materijala

Numeri¢ka analiza u okviru ovog istrazivanja
sprovedena je za potrebe analize rezultata koje se
uglavhom nalaze u elasti¢noj oblasti. Zbog toga je za
delove podloske i alata za unoSenje sile prednaprezanja
usvojen jednostavan, elastiCan, model ponaSanja
materijala. Usvojena je vrednost modula elasti¢nosti od
E=210-10°N/mm? i Poasonov koeficijient v=0,3. Za
zavrtnjeve je usvojen idealan elasto-plastiCan model,
bez ojacanja s granicom razvlacenja od f, = 1000 MPa,
u skladu s rezultatima sprovedenih eksperimentalnih
ispitivanja [8]. Razlog za definisanje plastiénog
ponalanja zavrtnjeva je mogucéa lokalna plastifikacija u
zoni navoja, €ak i pri elastiéhom ponaSanju ostalih
delova zavrtnjeva na nivou naprezanja, koji odgovara
punoj sili prednaprezanja. Lepak za ugradnju mernih
traka opisan je prostim linearno-elasticnim modelom
ponasSanja, s modulom elasti¢nosti E=3,510° N/mmz,
prema preporuci proizvodaca.

3.3 Tip analize

U ovako definisanim modelima postoji veliki broj
kontaktnih interakcija, s obzirom na to $to su zavrtnjevi i
ostali elementi definisani sa svojom taénom geometrijom
u zoni navoja. Takode, primenjen je elasto-plastiCan
model materijala, S$to sve zajedno predstavlja problem
pri reSavanju numerickog modela konvencionalnim
implicitnim metodama zbog poteskoca s konvergencijom
rezultata. Ovakve probleme je dosta uspeSno mogucée
reSiti kvazistatiCkom analizom primenom dinamickih
eksplicitnih solvera. Ovakav pristup je primenjen i za
reSavanje ovde prikazanih numerickih modela u okviru
softverskog paketa ,Abaqus” (Abaqus/Explicit). U
dinamickoj eksplicitnoj analizi nije potrebno vrSiti
inverziju matrice krutosti, pa zbog toga i nema problema
s konvergencijom rezultata. S druge strane, posto se vrSi
numeri¢ka integracija diferencijalne jednacline kretanja,
veoma je vazno usvojiti dovoljno mali vremenski interval
integracije kako bi rezultati bili ispravni. Potrebni
vremenski interval integracije  softver  odreduje
automatski, u zavisnosti od veli€ine najmanjeg elementa
u okviru mreze i brzine prostiranja smicucih talasa kroz
taj element (karakteristika materijala). Dinamicki
proraun u realnom vremenu eksperimenata zbog toga
bi trajao jako dugo, ¢ak i po nekoliko dana primenom
danasnjih konvencionalnih racunara. Posto je u okviru
ovog istrazivanja od interesa staticko ponaSanje
uzoraka, u kvazistatiCkoj analizi moze se izvrsiti ili
skracenje vremena ili uvecanje masa, kako bi vreme
potrebno za proracun bilo skraceno. U okviru analiza
prikazanih u ovom istrazivanju, primenjena je tehnika
prostorno neuniformnog i kroz vreme promenljivog
uveCanja masa konacnih elemenata (variable non-
uniform mass scaling). Ovaj proces softverski paket
+Abaqus” obavlja automatski za zadati Zeljeni vremenski
interval integracije. U modelima koji su ovde prikazani
koriScen je interval vremenske integracije od At = 0,0005
s, a vreme nanoSenja opterecenja iznosilo je 10 s.

3.2 Material models

Numerical analysis within the research was
conducted for the purpose of results analyses usually
found in the elastic area. Therefore, a simple elastic
model of a material behaviour with elastic modulus of
E=21010°N/mm? and Poisson’s ratio v= 0,3, was
adopted for the washer and load application tool. As for
bolts, idealized elastic-plastic model with f, = 1000 MPa
yield strength and no strain hardening was used in line
with the results obtained throughout experimental
research [8]. The reason to model the plastic behaviour
of the bolts is a possible local plastic behaviour at the
thread, even when other parts of the bolt show elastic
behaviour at the tension level which meets the full
pretension force. Glue used for placement of strain
gauges is described by simple linear-elastic model with
elastic modulus E= 3,510° N/mmz, as recommended by
a manufacturer.

3/3 Type of the analysis

Such defined models encompass a large number of
contact interactions as both the bolts and other elements
are defined by their accurate geometry at the thread
zone. Also, materially nonlinear behaviour of the model
with plastic material behaviour altogether poses a
problem when trying to solve a numeric model with a
conventional ,implicit® methods due to difficulties that
may arise out of convergence of the results. These
issues can be resolved successfully by a quasi-static
analysis and by application of dynamic ‘explicit’ solvers.
Such approach was also applied to solve already shown
numerical models within “Abaqus” (Abaqus/Explicit)
software package. Inversion of the stiffness matrix does
not need to be performed in the dynamic explicit
analysis; therefore there are no issues with convergence
results. On the other hand, since numeric integration of
differential equation of the dynamic system is performed,
it is very important to adopt sufficiently small time step of
integration so that the results would prove valid. The
integration time step is something that software
determines automatically depending on a size of the
smallest element within the mesh and velocity of shear
waves through the element (material property).
Therefore, dynamic analysis in the real time of
experiment would last very long, i.e., for several days
when applying conventional computers. Since sample
static behaviour is exceptionally significant in this
research, it is important to emphasize that time can
either be shortened or mass increased in the quasi-static
analysis so that the time needed for the calculation
would be shortened. Analyses shown in the research
apply a technique of spatially non-uniform and time
variable increase of a mass in finite elements (variable
non-uniform mass scaling), which is done automatically
by the solver. Models shown here use time integration
interval of At = 0,0005s, whereas load application time in
the model lasted for 10 s.
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3.4 Poredenje rezultata eksperimentalnog
istrazivanja i numericke analize

Prikazano je poredenje rezultata numericke analize i
eksperimenata, na bazi stvarnih dilatacija i nominalnih
dilatacija na mestu merne trake u zavrtnjevima. Ovaj deo
prakticno predstavlja potvrdu verodostojnosti rezultata
numericke analize i detaljnije prikazuje poduznu
raspodelu dilatacija u zavrtnjevima.

Prikazi poduznih dilatacija zatezanja, u poduznom
preseku kroz zavrtanj tipa HV i HBT, dati su na osnovu
rezultata numeriCcke analize, za razliCite duzine
zavrtnjeva na slici 5 i slici 6 respektivnho. Poduzne
dilatacije predstavljene su bojama spektra u granicama
od 0,0 do 0,004 mm/mm, i prikazane su pri istom nivou
naprezanja  koji odgovara sili  prednaprezanja
Fp.c = 171,5 kN, radi lakSeg poredenja.

a)L =50 mm

LE, LE11
(Avg: 75%)

3.4 FEA vs. experimental results

The results obtained in numerical analyses and
during the experiment were presented based on actual
and nominal strains at a place where strain gauges sit in
the bolts. This chapter represents a confirmation in
terms of credibility of numerical analysis results and in
more detail represents longitudinal distribution of strains
in the bolts.

The review of longitudinal tension strains in
longitudinal section through the bolt of HV and HBT type
is enclosed based on the results obtained in the
numerical analysis for various bolt lengths as shown in
Figure 5 and Figure 6, respectively. Longitudinal strains
are presented in colour spectrum from 0,0 to 0,004
mm/mm, and as such they are shown at the same
tension level which meets the pretension force
Fp.c = 171,5 kN for easier comparison.

b)L=70mm

c)L =90 mm

Slika 5. Rapodela poduZznih dilatacija u zavrtnjevima tipa HV, pri punoj sili prednaprezanja Fp c=171,5 kN
Fig. 5. Distribution of longitudinal strains in HV bolts at a full pretension force F, c=171,5 kN

U numerickoj analizi, polozaj i dubina rupa za merne
trake koje su ispunjene lepkom u potpunosti odgovara
polozaju ovih rupa u eksperimentima. Preporuka
proizvoda¢a mernih traka jeste da se ona nalazi u
sredini debljine steznog paketa. Takode, preporuéeno je
i da se sredina merne trake nalazi na priblizno 8-10 mm
od dna rupe [14]. Sve ovo uzrokovalo je to da se u tri
razmatrana slu€aja merna traka nalazila u tri razliCite
zone u odnosu na polozaj navoja na zavrtnju. Ova
¢injenica umnogome uti¢e na vrednost dilatacije na
mestu merne trake, u tri razliCita sluCaja, pri istoj
vrednosti sile, $to potvrduju i eksperimentalni rezultati
(videti tabelu 1). Naime, dilatacija na mestu navoja je
veéa od dilatacije na mestu tela zavrtnja, zbog
redukovane povrSine popreénog preseka. Analogno
tome, dilatacije na mestu glave su znatno manje od
dilatacija na mestu tela zavrtnja. Kona¢no, koncentracija
dilatacija na dnu rupe je veoma izrazena, $to se moze
uoCiti u rezultatima za sve tri razmatrane duzine HV

Both, the position and depth of holes intended for
strain gauges filled with glue, modelled in numerical
analysis completely meet the position of these holes
found in the experiment. Manufacturers of strain gauges
recommend position of the strain gauge in the middle of
the clamping package. Moreover, it is recommended that
the middle of the strain gauge is located at approxi-
mately 8-10 mm from the hole bottom [14]. All this leads
to a conclusion that in all three cases a strain gauge was
placed at three different zones compared to the position
of a thread on the bolt. This fact influences strain value
to some great extent at a place in which a strain gauge
stands, i.e., it influences the value in three different
cases exposed to exactly the same force value which
has been proved and can be seen in experimental
results, see Table 1. The strain at the thread is larger
than the strain at the shank due to the reduced cross
section surface. At the same time, strains at the bolt
head are significantly smaller compared to the strains
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zavrtnjeva (slika 5).

Za zavrtnjeve tipa HBT karakteristi¢no je to Sto imaju
navoj skoro Ccitavom duzinom. Zbog toga je nivo
dilatacija u zoni paketa, pri skoro identi¢noj sili
prednaprezanja, veci nego u slu¢aju zavrtnjeva tipa HV,
gde je prisutno puno telo zavrtnja (slika 5 i slika 6). S
druge strane, zavrtnjevi tipa HBT imaju znatno vedi
pre€nik na mestu navoja: d;=182mm prema
d3=16,1 mm za HBT i HV, respektivho. Zbog toga je
koncentracija dilatacija, a samim tim i napona, znatno
manja u poredenju s klasi¢énim zavrtnjevima za
prednaprezanje tipa HV. Ova Cinjenica svakako ukazuje
na pobolj$anu otpornost na zamor zavrtnjeva tipa HBT.

Esg,FEA

occurring at the bolt shank. And finally, concentration of
the strains at the bottom of the hole is quite accentuated
and obvious, which can be seen in the results of all three
analyzed HV bolt lengths (Fig. 5).

A thread stretching across almost the entire length of
the bolt is typical for bolts of HBT type. Therefore, the
strain level at the package zone exposed to almost
identical pretension force is bigger than in the case of
HV bolts with a full bolt shank (Figure 5 and Figure 6).
On the other hand, bolts of HBT type have a significantly
bigger diameter at a thread: d;=182mm to
ds3 = 16,1 mm for HBT and HV, respectively. Thus, the
concentration of strains as well as tension concentration
is considerably legg when compared to classic HV high
strength boltsg,This fact certainly proves the enhanced
resistance to HBT bolt fatigue.
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b)L=70mm

¢)L=85mm

Slika 6. Rapodela poduznih dilatacija u zavrtnjevima tipa HBT, pri punoj sili prednaprezanja Fp,c=170,7 kKN
Fig. 6. Distribution of longitudinal strains in bolts of HBT type at full pretension force F=170,7 kN

U svim slu¢ajevima - za oba tipa zavrtnjeva i za sve
tri duzine, u eksperimentima koji odgovaraju kalibraciji
zavrtnjeva - uoCene su uvecCane dilatacije koje su
oCitane s mernih traka u odnosu na ocekivane
nominalne dilatacije za datu vrednost sile. Uvecane
dilatacije na mestu merne trake mogu biti posledica tri
fenomena: 1. redukovanog popre¢nog preseka zavrtnja
zbog postojanja rupe za mernu ftraku; 2. lokalne
koncentracije dilatacija u zoni dna rupe; 3. uvecéanih
dilatacija u zoni navoja.

Odnos nominalne dilatacije (¢nom) i stvarne dilatacije
na mestu merne trake (&sgexp, Esgrea), Pri punoj sili
prednaprezanja, odreden je na osnovu rezultata
eksperimenata aexp i na osnovu numeri¢ke analize amke
(tabela 1):

Qgxp =

In all cases, increased strains were detected for both
types of bolts and all three lengths in those experiments
which meet the bolt calibration process, and such
increased strains were read from strain gauges
compared to expected nominal strains for the given force
value. The increased strains at a place in which a strain
gauge sits can be the consequence of three
phenomena: 1. reduced cross section in a bolt as there
is a hole for a strain gauge insertion, 2. local
concentration of strains at the hole bottom and 3.
increased strains at the thread.

Relation between the nominal (¢,om) and actual strain
at a place where a strain gauge sits (&sgexp, €sgFea), at a
full pretension force, is decided based on the results
obtained from the experiment aexp and numerical
analysis avke (Table 1):

nom

@)

Esg, EXP

10
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Qppp =

Baza merenja merne trake jeste 6 mm, pa je
dilatacija u numeriC¢koj analizi &sgrea, koja odgovara
osrednjenim eksperimentalno odredenim vrednostima
£sg,exp, 0dredena kao osrednjena vrednost na duzini od 6
mm (slika 7 i slika 8 - osen€ene zone).

8sg,FEA

&

nom

(4)

A base at which a strain gauge carries out its
measurement is 6 mm; therefore, the strain in the
numerical analysis is €sgrea, Which meets the average
values decided in the experiment &sgexp, and it is
decided as an average value of 6 mm in length (Fig. 7
and Fig. 8 - shaded zones).

Tabela 1. Odnos nominalnih i stvarnih dilatacija na mestu merne trake
Table 1. Relations between nominal and actual strains at a place where strain gauges are fitted

Zavrtanj Nominalna MKE Eksperim. |Koeficijent
Bolt dilatacija dilatacija dilatacija varijacije

Duzi Foc Nominal FEA Experimen. |Coefficient a a Aarea
Tip Lé’ﬁ’ 7‘2 [kN] strain strain strain  |of variation| " EXP | Jagxp

Type im ,‘?7 ] Enom Esg,FEA Esg,EXP Vx exp

[mm/mm] [mm/mm] [mm/mm] [%]

HV 50 171,5 | 0,00258 0,00322 0,00327 4,81 0,81 | 0,81 | 1,01
HV 70 171,5 | 0,00258 0,00281 0,00294 5,31 0,92 | 0,89 | 1,04
HV 90 171,5 | 0,00258 0,00263 0,00278 4,16 098 | 095 | 1,05
HBT 55 170,7 | 0,00268 0,00293 0,00307 4,02 092 | 087 | 1,05
HBT 70 170,7 | 0,00268 0,00309 0,00315 4,44 0,87 | 0,86 | 1,02
HBT 85 170,7 | 0,00268 0,00308 0,00317 3,75 087 | 084 | 1,03

Razlika u rezultatima eksperimentalno i numericki
odredenog faktora a jeste od 1 % do 5 % (tabela 1), pa
se moze zaklju€iti da numeri¢ka analiza dosta verno
oslikava stvarno ponasanje oba tipa zavrtnjeva ispitanih
u okviru ovog istrazivanja. Razlike u rezultatima
numeri¢ke analize i eksperimenata mogu poticati od
nominalno usvojene vrednosti modula elasti€nosti u
numeriékoj analizi (Erea =210-10° N/mm?) i stvarne
vrednosti koja eksperimentalno nije utvrdena, ali
najcesce iznosi 205:10° N/mm?.

4 ANALIZA REZULTATA NUMERICKE ANALIZE

Da bi se uoCene razlike u vrednostima dilatacija na
mestu merne trake lak$e objasnile, na osnovu rezultata
numeric¢ke analize, prikazane su poduzne dilatacije po
duzini zavrtnja u osi, tj. duz lepka u rupi (slika 7 i slika 8).
Ovakvi dijagrami prikazani su za oba tipa zavrtnjeva, za
tri razli¢ite duzine, pri vrednostima sila koje odgovaraju
silama  prednaprezanja: Fpc=171,5kN [2] i
Fpc=170,7kN [4], za zavrtnjeve tipa HV i HBT,
respektivno. Odmah se moze uociti da su dilatacije u
zoni glave i u po¢etnom delu koji odgovara telu zavrtnja
identi¢ne za razliCite duzine zavrtnjeva, $to na jo$ jedan
nacin potvrduje tanost primenjenog nacina vrsenja
numericke analize.

U skoro svim slu€ajevima, uocljiv je svojevrstan
,plato dilatacija” koji odgovara sredi$njoj zoni zavrtnja s
konstantnim popre¢nim presekom: telo zavrtnja u slu¢aju
tipa HV i slobodan navoj u slu¢aju tipa HBT. Svakako da
je ocitavanje vrednosti dilatacije u eksperimentima
najpouzdanije ukoliko se merna traka nalazi u zoni ovog
,platoa”. U slu€ajevima koji su ovde analizirani, poloZaiji

A difference in the results of experimentally and
numerically determined coefficient a varies from 1 % to
5% (Table 1), therefore it can be concluded that the
numerical analysis depicts the actual behaviour of two
bolt types tested in the research. Differences in the
results that are shown in the numerical analysis and in
the experiments can arise out of difference between
nominally adopted value of elasticity modulus shown in
the numerical analysis (Erea =210-10° N/mm?) and
actual value undetermined in the experiment, but which
very often amounts 205-10° N/mm?.

4 DISCUSION OF THE FEA RESULTS

Longitudinal strains across bolt length at an axis
were shown, i.e., across the glue found in the hole (Fig.
7 and Fig. 8) in order to explain the observed differences
in strain values at a place in which a strain gauge is
placed, i.e., differences that emerged in the results of
numerical analysis. Such diagrams are shown for both
types of bolts and for all three different lengths at those
force values that meet pretension force: Fpc = 171,5 kN
[2] and Fpc = 170,7 kN [4], for bolts of HV and HBT type,
respectively. It can be observed instantly that those
strains that are located at the bolt head zone and at the
start of a bolt that meets the bolt shank are identical for
various bolt lengths which once again proves the
accuracy of an implemented method by which numerical
analysis was carried out.

Almost all cases show a so-called “strain plateau”
which converge the part located in the middle of the bolt
with a constant cross section: bolt shank in the case of
HV type and a free thread in the case of HBT type. Most
certainly, strain value reading throughout the
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mernih traka (slika 7 i slika 8) poklapaju se sa zonom
,platoa dilatacija”. Dakle, preporuka proizvodaca mernih
traka da se njihova sredina nalazi na 8-10 mm od dna
rupe jeste ispravna [14].

Analiziraju¢i prikazane dijagrame, mogu se izvesti
zakljuéci o razlozima razligitih vrednosti dilatacija za
razliite duzine zavrtnjeva pri istoj sili prednaprezanja.
Za zavrtnjeve tipa HV (slika 5 i slika 7) karakteristicne su
sledece tri situacije.

- U slu€aju najkraéih zavrtnjeva (L=50 mm), zona
.platoa” nalazi se na mestu navoja, zbog veoma male
duzine tela zavrtnja (slika 5a). Zbog toga je odnos
stvarnih dilatacija i nominalnih dilatacija u ovom slucaju
znatno veci nego u preostala dva.

- U slu€aju zavrtnjeva srednje duzine (L=70 mm),
dno rupe se nalazi u prelaznoj zoni izmedu tela zavrtnja i
slobodnog navoja (slika 5b), gde su dilatacije uveéane
zbog redukovanog popre¢nog preseka. Zbog toga je u
zoni duz merne trake (6 mm) uocljiva promena dilatacija
u nekoj meri, pa ¢e osrednjena vrednost dilatacije merne
trake zavisiti od dubine na kojoj se ona ta¢no nalazi.
Upravo zato je ba$ za ove zavrtnjeve vrednost
koeficijenta varijacije za eksperimentalno odredeni
kalibracioni koeficijent aexp najveéa od svih ispitivanih
zavrtnjeva tipa HV (Vx = 5,31, Table 1).

- U slu€aju najduzih zavrtnjeva (L=90 mm), dno rupe
nalazi se u srediSnjoj zoni tela zavrtnja (slika 5c¢), tj. na
.platou” dilatacija koji je u ovom slu€aju izrazen zbog
velike duzine konstantnog popre¢nog preseka na mestu
tela zavrtnja. Kako je u ovom slu€aju merna traka dosta
udaljena od svih prelaznih zona, dilatacije u zoni trake
su konstantne, pa je i dobijeno najvece poklapanje
stvarnih dilatacija i nominalnih dilatacija (a=0,95), s
najmanjim koeficijentom varijacije (Vx = 4,16, Table 1).

0.009

experiments is more reliable when the strain gauge is
located at the “strain plateau“. As for cases analyzed
here, positions of strain gauges (Fig. 7 and Fig. 8)
correspond to the “strain plateau” zone. Therefore, the
recommendation of strain gauges manufacturer that their
middle part is located at 8-10 mm from the hole bottom
is perfectly correct [14].

By analyzing the displayed diagrams one can draw a
conclusion on the reasons as to why different strain
values occur for various bolt lengths when exposed to
exactly the same pretension force. For bolts of HV type
(Fig. 5 and Fig. 7), there are three typical situations:

- for the shortest bolts (L=50 mm), a “strain plateau®
zone is located at the thread due to relatively small bolt
shank length (Fig. 5a). Thus, relation between actual
and nominal strains in this case is significantly bigger
when compared to two other remaining cases,

- for the threads of an average length (L=70 mm), a
hole bottom is located at the transitional zone between
the shank and a free thread (Fig. 5b) where strains are
bigger due to the reduced cross section. Therefore,
there is a change in strain along the strain gauge (6 mm)
to some extent, meaning that the average value of the
strain depends on a depth at which it is precisely
located. Thus, the variation coefficient value for
experimentally decided calibration coefficient oexp for
these bolts is the highest compared to tested HV bolts
(Vx =5,31, Table 1),

- for the longest bolts (L=90 mm), a hole bottom is
located in the middle of the shank (Fig. 5c), i.e., at a
“strain plateau®, which is quite accentuated in this case
due to a big length of the constant cross section at a
place in which there is a shank. As in this case a strain
gauge is significantly spaced apart from all transitional
zones, strains at the strain gauge are constant; therefore
the biggest matching of actual and nominal strains was
obtained (a = 0,95) with the smallest variation coefficient
(Vx = 4,16, Table 1).
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Slika 7. PoduZne dilatacije HV zavrtnjeva pri punoj sili prednaprezanja - Fpc=171,5 kKN
Fig. 7. Longitudinal strains of HV bolts at a full pretension force - Fpc=171,5 kN
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Kada su u pitanju zavrtnjevi tipa HBT, prelazne zone
su znatno manje izrazene. Za tri razliite duzine,
karakteristiCne su sledece dve situacije:

- za najkrace zavrinjeve (L=55 mm) duzina
slobodnog navoja je relativno mala u odnosu na duzinu
glave i kratkog tela (slika 6a), zbog ¢ega ne postoji
izrazen ,plato dilatacija”, ve¢ su prelazne zone spojene.
Dno rupe nalazi se u prelaznoj zoni izmedu slobodnog i
angazovanog navoja, pa postoji varijacija dilatacija duz
merne trake (6 mm), 8to se odrazava na neSto manje
ocCitane vrednosti dilatacija nego u preostala dva slu¢aja
(slika 8).

- za najduze zavrtnjeve (L=85 mm) i za zavrtnjeve
srednje duzine (L=70 mm) postoji izrazen ,plato
dilatacija”, jer je duzina slobodnog navoja znatna u
poredenju sa ostalim delovima zavrtnja. Zbog toga su
stvarne vrednosti dilatacija u ova dva slu€aja skoro
identi¢ne i priblizne su oc€ekivanoj nominalnoj dilataciji
koja bi odgovarala precniku zavrtnja koji je definisan
unutrasnjom linijjom navoja (d3 = 18,2 mm).

In the bolts of HBT type, transitional zones are much
less obvious. For all three lengths the two situations are
typical:

- for the shortest bolts (L=55 mm), the length of a
free thread is relatively small compared to the head and
short shank length (Fig. 6a), so there is no clear ,strain
plateau”, but transitional zones are connected. The
bottom of the hole is located at the transitional zone
between the free and applied thread, meaning that strain
variation along the strain gauge (6 mm) is present, which
is reflected in somewhat smaller strain values than in
two other cases (Fig. 8),

- for the longest (L=85 mm) bolts and for those of an
average length (L=70 mm) there is a quite obvious strain
plateau as the length of the free thread is significant
compared to other parts of the bolt. That is the reason
why actual strain values are almost identical in these two
cases and are close to expected nominal strain which
relates the bolt diameter defined in the interior thread
line (d3 = 18,2 mm).
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Slika 8. Poduzne dilatacije HBT zavrtnja pri punoj sili prednaprezanja — Fpc=170,7 kN
Fig. 8. Longitudinal strains of HBT bolt at the full pretension force - F,c=170,7 kN

5 ZAKLJUCAK

Prikazanim istrazivanjem pokazano je da su razlike
izmedu nominalnih dilatacija i dilatacija merenih mernim
trakama, postavljenih prema uputstvima proizvodaca -
od 5% do 20%.

Preporuke proizvoda¢a o pravilnom pozicioniranju
mernih traka u telu zavrtnja, u kojem se zeli izmeriti sila
prednaprezanja, opravdane su i u vecini sluajeva obez-
beduju pozicioniranje trake u zonu ,platoa dilatacije”. U
sluaju HV zavrtnjeva, jo$ bolji rezultati mogu se dobiti
pozicioniranjem mernih traka ne u sredini steznog
paketa - kako zahteva proizvodac, ve¢ u sredini dela tela
zavrtnja bez navoja. Za ovako ugradene merne trake,
odnos nominalne i stvarne dilatacije iznosi priblizno -
0,95.

lako proizvodaci mernih traka ne predvidaju merenje
sile prednaprezanja u zavrtnjevima koji imaju navoj
celom duzinom tela zavrtnja, ovo istrazivanje - u slu¢aju

5 CONCLUSIONS

The research presented in this paper has shown that
differences between nominal strains and those
measured by strain gauges inside the bolt, placed as
instructed by a strain gauge manufacturer, are 5% to
20%.

Manufacturer's  recommendations on  proper
positioning of strain gauges in the bolt shank have been
justified and in most cases allow strain gauges to be
positioned at a ,strain plateau” zone. It has been shown
that more reliable results can be obtained in the case of
HV bolts by positioning the strain gauge in the middle of
the threadless part of the shank. In that case, ratio of the
nominal and actual strain is approximately 0,95.

Even though manufacturers of strain gauges do not
anticipate pretension force measurement in bolts with
threads along the entire bolt shank, this research shows
quite the opposite in the case of HBT bolts. All of these
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HBT zavrtnjeva - pokazuje suprotno. U slu€aju ovakvih
zavrtnjeva, uocljiv je ,plato dilatacije” duz slobodnog dela
navoja u steznom paketu. Odnos nominalne i stvarne
dilatacije u ovoj zoni iznosi priblizno 0,85, ukoliko se za
nominalni pre¢nik zavrtnja usvoji spoljasnja dimenzija
navoja. Za ostale tipove zavrtnjeva koji imaju navoj
celom duzZinom tela zavrtnja, na sli¢an na¢in mogu se
odrediti odgovarajuc¢i koeficijenti.

Ovde prikazani odnosi nominalnih i stvarnih dilatacija
za HV i HBT zavrtnjeve, uz poStovanje preporuka o
duzinama zavrtnjeva i o nacinu ugradnje mernih traka,
mogu se Kkoristiti za priblizno odredivanje sile u
zavrtnjevima, merene mernim trakama, bez kalibracije.
Problemi se mogu javiti kod kratkih zavrtnjeva, kod kojih
je ,plato dilatacije” slabo izrazen. U tom slu&aju, pravilno
sprovedena kalibracija zavrtnjeva je neizbezna kako bi
se pouzdano odredila sila u zavrtnju.
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U slu€aju smicucih spojeva s visokovrednim zavrt-
njevima s punom silom prednaprezanja, nosivost spoja
zavisi kako od intenziteta sile prednaprezanja u viso-
kovrednom zavrtnju, tako i od koeficijenta trenja na
tarnim povrSinama. Veoma je vazno odrediti pouzdanu
vrednost sile prednaprezanja u visokovrednim zavrtnje-
vima, pa su tarni spojevi ¢esto predmet eksperimentalnih
istrazivanja. Kako bi se za odredivanje intenziteta sile
prednaprezanja mogle Koristiti merne trake ugradene u
telo zavrtnja, zavrinjeve je neophodno kalibrisati pre
pocCetka njihove primene u eksperimentalnom istraziva-
nju. Sprovedeno istrazivanje pokazalo je veliku razliku
izmedu nominalnih i eksperimentalno odredenih dilata-
cija zavrtnjeva, zbog &ega je sprovedena kalibracija
zavrtnjeva numeriCkom analizom (primenom metode
kona¢nih elemenata). Dobijeno je dobro poklapanje
rezultata, a primena mernih traka kod zavrtnjeva koji
imaju navoj celom duzinom tela takode se pokazala kao
opravdana.
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SUMMARY

CALIBRATION OF THE BOLT PRETENSION BY
STRAIN GAUGES VS. FEA

Nenad FRIC, Marko PAVLOVIC
Dragan BUDJEVAC, Zoran MISKOVIC
Zlatko MARKOVIC, Nina GLUHOVIC

When applying high strength bolts in friction
connections, a load-bearing capacity depends on
pretension force in the bolts as well as on friction
coefficient found on friction surfaces. It is important to
get the reliable value of the pretension force, so friction
connections often undergo experimental research. In
order to use strain gauges, which are inserted into the
bolt shank, bolts need to be calibrated before we even
use them in experimental research. Research that has
been conducted shows a great difference between
nominal and experimental strain in bolts, therefore FEA
calibration of the bolts had to be carried out. Good
results matching were obtained, hence a use of strain
gauges was justified even for bolts without a shank.

Key words: high strength bolts, pretension force,
calibration, experiment, FEA, longitudinal strain,“strain
plateau”
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VIBRACIJE SPREGNUTIH NOSACA MEDUSPRATNIH KONSTRUKCIJA OD CELIKA |
BETONA, IZAZVANIH AKTIVNOSTIMA LJUDI

VIBRATIONS OF COMPOSITE STEEL-CONCRETE FLOORS INDUCED BY HUMAN

ACTIVITIES

Nina GLUHOVIC
Milan SPREMIC
Zlatko MARKOVIC
Dragan BUPEVAC
Nenad FRIC

1 UVOD

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

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

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

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

2 1ZVORI VIBRACIJA MEDUSPRATNIH
KONSTRUKCIJA

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

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

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

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

2.1 Modeliranje dinami¢kog optereéenja izazvanog
ljudskim aktivnostima

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

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

2 SOURCES OF FLOOR STRUCTURES
VIBRATIONS

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

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

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

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

2.1 Modelling dynamic loads induced by human
activities

The first step in dynamic analysis of structures and
subsequent determination of acceptance criteria of floor
vibrations is modelling dynamic loads induced by human
activities.
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Slika 1. Ljudski hod predstavijen skupom jednostavnih sinusnih funkcija (harmonika) Furijeovom transformacijom

1]

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

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

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

F(t):P{1+Zoci cos(2nifst+¢[)} M

gde je:

P tezZina osobe koja hoda (746N);

a;  dinamicki koeficijent za i-ti harmonik;

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

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

t  vreme (s);

@i fazni ugao za i-ti harmonik.

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

where:

P is the person’s weight (746 N);

ai is the dynamic load factor for the i harmonic;

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

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

t is the time (s);

@ is the phase angle for the i™ harmonic.

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

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

N broj peSaka u grupi;

Fo  referentna amplituda promenljive sile (N);

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

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

t vreme (s);

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

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

S raspon mosta (m).

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

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

where:

N is the number of pedestrians in the group;

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

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

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

t isthe time (s);

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

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

S is the span of the bridge (m).

Recommended values of the reference amplitude of

a vertical pulsating force and pedestrian crossing speed

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

[2].

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

3 PRORACUNSKI KRITERIJUMI ZA VIBRACIJE
SPREGNUTIH KONSTRUKCIJA

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

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

3 DESIGN RECOMMENDATIONS OF COMPOSITE
STEEL-CONCRETE FLOOR VIBRATIONS

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

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

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

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

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

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

Obiéno Cesto Preporucena granicna
Namena objekta zadovoljavajuce nezadovoljavajuce venllgjlc%aolgb;z)anja
Intended use of the structure ponasanje ponasanje Recommended limitations of
Usually satisfactory Usually unsatisfactory rtical lerati
behaviour behaviour ve IC:’:J(;CC? tjra ions
0 O g,
Sportske dvorane, javni prostori o
Sports facilities, public areas ne>10 Hz Ne< 6 Hz 10 %
Stambene zgrade o
Residential buildings Ne> 8 Hz ne<5 Hz 0,1%
Poslovne zgrade .
Office buildings Ne > 8 Hz ne < 5 Hz 0,2%

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

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

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

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

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

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

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

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

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

A3):

68000C
R=———7¢ 3)

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

uvecenja R odreduje se prema izrazu 4:

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

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

(m), a h, visina betonske plo¢e (m);

efektivna Sirina meduspratne

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

gJo

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

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

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

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

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

Classification based on a damping ratio of 3%
S I LN [ i

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

7.1 Hz

OS-RMSw Usage of the floor structure
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Slika 4. Klasifikacija meduspratnih konstrukcija (Arcelor-Mittal [/14))
Figure 4. Classification of floor response (Arcelor-Mittal [14 )

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

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

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

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

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

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

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

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

4 ODREPBIVANJE DINAMICKIH KARAKTERISTIKA
SPREGNUTIH MEDUSPRATNIH KONSTRUKCIJA

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

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

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

4 DETERMINATION OF DYNAMIC PROPERTIES OF
COMPOSITE STEEL-CONCRETE FLOORS

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

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

Gredni nosaci / Beams (self

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

weight approach) [12]

fo=178/3,

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

0s

4

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

deformacija ploce+deformacija grednog nosaca / 1 1 1

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

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

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

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

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

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

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

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

and (4).

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

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

5 PRIMERI

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

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

5 EXAMPLES

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

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

in Table 3, are analyzed.

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

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

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

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

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

150
70, 80

150
70, 80

TR

yaia

=

b0=162

300

Slika 5. Geometrija analiziranih podnih nosaca
Figure 5. Layout of analyzed composite beams

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

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

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

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

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

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

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

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

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

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

6 ZAKLJUCCI

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

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

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

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

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

6 CONCLUSIONS

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

Postoje¢a domaca regulativa, SRPS EN 1990:2012
[5] i SRPS EN1990/NA [9], daje samo okvirne (iskus-
tvene) preporuke za ocenu prihvatljivosti konstrukcija u
pogledu vibracija meduspratnih konstrukcija. Evrokod,
takode, ne daje preciznije preporuke za proracun
vibracija meduspratnih konstrukcija. Treba naglasiti jos i
to da sopstvena frekvencija konstrukcije nije jedini
parametar za ocenu prihvatljivosti u pogledu vibracija, te
da slepo praéenje konzervativnih uslova u pogledu
frekvencija moze dovesti do neracionalnih reSenja
konstrukcija. U razliCitoj stru¢noj literaturi mogu se
pronaéi preporuke i pojednostavljeni postupci za
proratun dinamickih karakteristika konstrukcije, $to je
veoma znacajno za uobiajenu inZenjersku praksu, s
ciliem lak8eg sagledavanja razli¢itih kriterijuma u
pogledu vibracija, koji moraju biti zadovoljeni prilikom
projektovanja konstrukcija.
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REZIME

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

Nina GLUHOVIC
Milan SPREMIC
Zlatko MARKOVIC
Dragan BUBPEVAC
Nenad FRIC

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

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

SUMMARY

VIBRATIONS OF COMPOSITE STEEL-CONCRETE
FLOORS INDUCED BY HUMAN ACTIVITIES

Nina GLUHOVIC
Milan SPREMIC
Zlatko MARKOVIC
Dragan BUDJEVAC
Nenad FRIC

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

Key words: composite steel-concrete floor
vibrations, natural frequency, vibration acceptance
criteria
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PREDLOG SMANJENJA DOZVOLJENOG SEIZMICKOG OSTECENJA NA
NEPOKRETNIM KULTURNIM DOBRIMA VISOKOGRADNJE

PROPOSAL OF REDUCING PERMITTED SEISMIC DAMAGES ON IMMOVABLE
CULTURAL PROPERTIES (BUILDING STRUCTURES)

Nedeljko STOJNIC
Dusko KUZOVIC

1 UVOD

Pored Pravilnika br.52/85 [10], postoje¢a zakonska
regulativa za odredjivanje projektnih parametara
seizmi¢nosti, koja se kod nas Kkoristi, definisana je
sPravilnikom o tehni¢kim normativima za izgradnju
objekata visokogradnje u seizmic¢kim podrucjima“,
(Pravilnik br. 21/88 i 52/90), [11], [12]. U praksi se jo$
koriste i preporuke ,Evrokoda 8 (EC8), [8] . U okviru
navedenih pravilnika GOV su svrstani u odgovarajué¢e
kategorije za koje je predvidjen dozvoljeni seizmicki rizik
u okviru njihovog veka eksploatacije.

Medutim, oko nas postoji mnoStvo istorijskih
gradevinskih objekata od velikog kulturno-istorijskog
znaCaja Cije bi delimi¢no ili potpuno ruSenje bilo
nenadoknadiv gubitak za najSiru drustvenu zajednicu.
Prema ZKD br. 71/94 [13] ovi objekti su svrstani u
kulturna dobra koja su u zavisnosti od svog znacaja
razvrstana u tri kategorije: kulturna dobra od izuzetnog
znacaja, kulturna dobra od velikog znacaja i kulturna
dobra. Kulturna dobra mogu biti pokretna i nepokretna.
U nepokretna kulturna dobra spadaju objekti
visokogradnje (NKDVG).
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1 INTRODUCTION

In addition to the Code no.52/85 [10] , the existing
regulations for determining the design parameters of
seismicity used in our country are defined by the “Code
on technical standards for construction of building
structures in seismic areas”- (Code no. 21/88 and 52/90)
[11], [12]. In practice, recommendations of “Eurocode 8”
(EC8), [8] are also used. Within the mentioned codes the
BS are ranked within corresponding categories for which
the permissible seismic risk in their service life has been
determined.

However, there are many historical building
structures from near and distant past, having high
cultural-historical importance, whose partial or total
collapse would represent the irreplaceable loss for the
wide social community. According to LCP no. 71/94 [13]
these buildings are categorized, in terms of their
importance, as cultural property, classified in three
categories: cultural property of outstanding importance,
cultural property of high importance and cultural
property. Cultural property can be movable and
immovable. Building structures belong to immovable
cultural property (ICPBS).
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Osnovni zahtev, da ne sme da dode do kolapsa
OVG tokom deSavanja najjaceg oCekivanog zemljotresa
ve¢ samo sa dozvoljenim konstruktivnim ostecenjima
vise nije dovoljan kod NKDVG. Da bi sacuvali svoju
autenti¢nost i $to manje izgubili od svoje prave vrednosti
kod NKDVG ne sme da dodje do konstruktivnih
ostecenja kao ni oStecenja onih razmera koje bi ugrozile
njegov sastavni umetnicki sadrzaj (oslikani zidovi,
plastika, skulpture i sl.). U nedavno objavljenom radu
koji se odnosi na redukciju seizmi¢kog rizika za NKDVG
[5] u opstijem smislu su naglaSena uputstva o
aktivnostima koje treba preduzeti da bi se smanjio
seizmicki rizik kod NKDVG kao i nivou dozvoljenih Steta
na njima. Otuda je data podela NKDVG u dve kategorije:
NKDVG | i NKDVG Il kategorije osetljivosti na seizmicka
opterecenja koja pokrivaju NKDVG od izuzetnog
kulturnog znacaja i NKDVG od velikog kulturnog
znacaja, respektivno. Medutim, u ovom radu pridodata je
jo$ jedna kategorija, NKDVG od izuzetnog kulturnog
znacaja pod zastitom UNESKO-a. Pored toga u svakoj
od izdvojenih kategorija izdvojeni su faktori: a)
upotrebnosti objekta $to podrazumeva i izlozenost
Zivotnoj opasnosti sluzbenika i posetioca (BU) koji su u
objektu; b) arhitektonski (BAch); c) umetnicki bez
oslikanih povrSina (BA) i d) umetni¢ki sa oslikanim
povrSinama (BAP). Faktor upotrebnosti ukazuje na
tekuce aktivnosti u okviru NKDVG u smislu osoblja koje
radi u njemu i zainteresovanih posetilaca. Arhitektonski
faktor se odnosi na samo NKDVG sa svim
arhitektonskim karakteristikama i njihovim vrednostima.
Umetnicki faktor bez oslikanih zidnih povrsina obuhvata
izdvojene dekorativne elemente koji su jednim delom
pricvrS¢eni za objekat. Ovo podrazumeva sastavne
skulptorske predmete i sl. | na kraju umetnicki faktor sa
oslikanim zidnim povrsina, Sto podrazumeva oslikane
povrSine nosecih i pregradnih zidova. Prema tome u
ovom radu data je detaljnija kategorizacija i faktori
NKDVG kao osnova novih gradevinskih kategorija i
predstavliena je moguénost analitickog utvrdivanja
seizmi¢kog optereéenja koje mogu da izdrze u
granicama dozvoljenih oStec¢enja.

Da bi se $to efikasnije sprovodio postupak oja¢anja i
sanacije NKDVG u seizmi¢kim podrugjima, cija se
kulturno istorijska vrednost utvrduje u skladu sa ZKD br.
71/94 [13] dat je predlog izdvajanje NKDVG u posebne
gradevinske kategorije. Zbog toga je predloZzeno da
izdvojene kategorije NKDVG sa pomenutim faktorima
budu osnov novog "Pravilnika za oja€anje i sanaciju
NKDVG u seizmi¢kim podrugjima", ili da budu pridodate
postoje¢em Pravilniku br. 52/85, [10].

2 KRITERIJUMI ZA KATEGORIZACIJU NKDVG U
SEIZMICKIM PODRUCJIMA

2.1 Zakon o kulturnim dobrima

Znacajan broj starih objekata koji postoje u nasem
okruzenju su svojom formom (arhitektonskim resSenjem,
umetniékim sadrzajem, gradevinskim reSenjima itd.),
zatim drustveno-istorijskim znac¢ajem dobili u sadasnjem
vremenu posebnu vrednost i znacaj kao deo nacional-
nog kulturnog nasleda [7]. Ovakvi objekti su proglaseni
kulturnim dobrima i kategorisani su u ZKD br. 71/94 [13]
. U ¢&l.1. Osnovnih odredbi ovog Zakona ureduje se
sistem zastite i koriS¢enja kulturnih dobara i utvrduju

The fundamental no collapse requirement, with
permissible structural damage for HRS in the event of
the most intensive expected earthquake is no longer
satisfactory for ICPBS. ICPBS must not sustain struc-
tural damage in order to prevent loss of their true value
and authenticity nor must its integral artistic content
(painted walls, plastics, sculptures, etc.) be damaged.

In the recently published paper related to the
reduction of seismic risk for ICPBS [5], there was a
general emphasis on the instruction about the activities
which should be undertaken so as to reduce the seismic
risk for ICPBS and the level of permissible damage for
them. Thence, ICPBS are categorized in two categories
ICPBS | and ICPBS Il categories of vulnerability to
seismic action, which cover ICPBS of outstanding
cultural importance of ICPBS of high cultural importance,
respectively. However, another category is added in this
paper, and that is ICPBS of outstanding cultural
importance listed by UNESCO. In addition, within any of
the mentioned categories, the following factors were
singled out: a) serviceability of the structure, which
comprises life hazard of employees and visitors (BU) in
the building; b) architectonic factor (Bach); c) artistic
factor without painted surfaces (BA) and d) artistic with
painted surfaces (BAP). The serviceability factor
indicates running activities in ICPBS, regarding the
personnel employed in it and interested visitors. The
architectonic factor relates only to ICPBS with all
architectonic characteristics and their values. The artistic
factor without painted wall surfaces includes single
decorative elements which are in part attached to the
structure. This comprises integral sculptures etc.
Eventually, there is the artistic factor with painted wall
surfaces, which comprises painted surfaces of bearing
and partition walls. Therefore, this paper comprises a
more detailed categorization as well as the factors of
ICPBS as a basis for new construction categories, the
possibility for analytical determination of seismic load
they are able to sustain within the permissible damage
limits.

In order to conduct the procedure of remediation and
strengthening of ICPBS in seismic areas whose cultural
historical value is determined in accordance with LCP
no. 71/94 [13], the paper proposes categorization of
ICPBS into special structural categories. Therefore, it is
proposed that the separate categories of ICPBS with the
abovementioned factors are the basis of the new “Code
for remediation and strengthening of ICPBS in seismic
areas”, or to be appended to the existing Code no.
52/85, [10].

2 CRITERIA FOR CATEGORIZATION OF ICPBS IN
THE SEISMIC AREAS

2.1 Law on cultural property

Lots of old buildings in our environment, by their form
(architectonic design, artistic content, structural design,
etc), social-historical importance, have obtained
nowadays a special value and significance being a part
of national cultural heritage [7]. Such buildings were
declared cultural properties and categorized in LCP no.
71/94 [13]. The article 1 of the law Basic provisions
regulates the cultural property protection and usage
system and determines the conditions for their
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uslovi za obavljanje delatnosti njihove zastite, koja
podrazumeva i zastitu od zemljotresa. Sama kulturna
dobra prema ¢l. 2. ovog Zakona predsatvljaju stvari i
tvorevine materijalne i duhovne kulture od opSteg
interesa i kao takva uzivaju posebnu zastitu, takode,
predvidenu ZKD br. 71/94 [13].

Prema istom ¢lanu, kulturna dobra u zavisnosti od
fizickih, umetnickih, kulturnih i istorijskih svojsatva, dele
se na nepokretna kulturna dobra: spomenike kulture
(gde pripadaju NKDVG), prostorne kulturno-istorijske
celine, arheoloska nalaziSta i znamenita mesta, i pokret-
na kulturna dobra: umetnicko-istorijska dela, arhivsku
gradu i sl. Svaka od ovih grupacija se u zavisnosti od

svog znacCaja razvrsatava u lll kategorije: | - kulturna
dobra od izuzetnog znacaja, Il - kulturna dobra od
velikog znacaja i lll - kulturna dobra.

U ovom radu u posebnu grupu izdvojena su kulturna
dobara koja su pod zastitom UNESCO-a, ukupno 9, i koji
predstavljaju objekte od medunarodnog znacaja.

Prema evidenciji Zavoda za zaStitu spomenika
Republike Srbije na teritoriji Srbije utvrdeno je 222 NKD
od izuzetnog i 622 NKD od velikog kulturnog znacaja.
Uglavnom svi navedeni objekti pripadaju NKDVG.

Po vremenu nastajanja, najveéi broj NKDVG datira
od pre XX veka, dok jedan manji broj pripada prvoj
poloivni XX veka.

NKDVG predstavljaju odraz drustveno-socioloskog,
tehnoloskog i umetni¢kog razvoja drustva u vremenu u
kome su nastali, daju sa jedne strane nezamenljiv dopri-
nos diverzitetu prostora u kome se nalaze. Pored toga
daju znalaj istorijskog kontinuiteta razvoja drustvenih
zajednica prostoru na kome se nalaze. Na ovaj nacin
NKDVG imaju poseban kulturno-istorijski zna¢aj u Zivotu
drustvene zajednce a time i druStvenu ulogu. Mada ZKD
br. 71/94 [13] predvida zastitu ovakvih objekata, i od
zemljotresa, ona se jo$ uvek ne sprovodi tako efikasno
da bi se NKDVG smatrala dovoljno zasti¢enim.

2.2 Postojeca gradjevinska regulativa za gradnju i
sanaciju objekata visokogradnje u seizmickim
podrucjima

Tehnicki standardi za izgradnju OVG u seizmickim
podrucjima VII, VIII i IX stepena makroseizmitke skale
MKS-64 su propisani u opstim odredbama Zakona br.
21/88, [4], [11]. Svi OVG u Republici Srbiji i bivSoj SFRJ
se nalaze u odredenim seizmikim podrucjima prema
seizmoloSkoj mapi SFRJ [3] koja je uradena za povratne
periode zemljotresa od 50, 100, 200, 500, 1000 i 10 000
godina i koji su sastavni deo Zakona br. 21/88, [4], [11].

Prema postoje¢em Zakonu br. 21/88, [4],[11] objekti
u seizmi¢kim podru¢jima su dizajnirani tako da
zemljotres najaceg intenziteta moze da dovede do
oStecenja nosecée konstrukcije ali da ne izazove ruSenja
objekta.

Saglasno odredbama vazeceg Pravilnika br. 21/88,
[4], [11] objekti se u seizmickim podrucjima projektuju
tako da zemljotres najjateg intenzitete moze da
prouzrokuju oStec¢enja nosivih konstrukcija, ali ne sme
doci do rusenja objekata.

Zavisno od svoje funkcije, objekti su svrstani u V
kategorija  koje su kvantifikovane koeficijentom
kategorije, Ko. Objekti visoke gradnje od najveceg
interesa za zajednicu svrstani su u grupu objekata van
kategorije (nuklearne elektrane; objekti za transport i

protection, including protection from earthquake. Cultural
properties according to the article 2 of this Law are the
objects and products of material and spiritual culture of
general interest, as such enjoying special protections,
also determined by LCP no. 71/94 [13].

According to the same article, the cultural property,
depending on the physical, artistic, cultural and historical
properties, are divided into immovable cultural property:
cultural monuments (including ICPBS), spatial cultural-
historical entities, archaeology sites and famous
locations, and movable cultural property, works of art
and history, archive materials, films and old and rare
books. Each of these groups depending on their
significance is ranked into three categories: | — cultural
property of outstanding importance, Il — cultural property
of high importance and Ill - cultural property.

The Institute of monument protection of the Republic
of Serbia records 222 |CPs of outstanding and 622 ICPs
of high cultural importance on the territory of Serbia.
Table 1, provides 10 buildings of ICPBS belonging to
these categories.

Most of ICPBS date back to the period before 20th
century, while few belong to the first half of the 20th
century.

ICPBS as artefacts, reflect the social, technological
and artistic development level of the society at time of
their creation, providing an irreplaceable contribution to
the diversity of space where they are located. In
addition, they signify the historical continuity to the
development of social communities in an area. Thus
ICPBS have a special cultural-historical importance in a
social community life, serving a social function. Even
though LCP no. 71/94 [13] provides for protection of
such structures, i.e. earthquakes, it has not been
conducted with sufficient efficiency to consider the
ICPBS as adequately protected.

2.2 Existing building regulations for building
construction in seismic areas

The technical standards for construction of BS in
seismic areas of VII, VIl and IX degree according to
MKS-64 scale are laid down in the general provisions of
the standing Code no. 21/88 , [4], [11]. All BS in the
Republic of Serbia and former SFRY are located in the
seismic areas, according to the SFRY seismology maps
[3] made for the earthquake return periods of 50, 100,
200, 500, 1000 and 10 000 years which are an integral
part of the Code no. 21/88 [11].

According to the standing Code no. 21/88, [4], [11]
the buildings in the seismic areas are designed so that
the highest intensity earthquakes can cause damage of
supporting structures, but without building collapse.

Depending on their function, the buildings are
classified within V categories which are quantified by the
category coefficient, Ko. The building structures of the
highest interest for the community are ranked in the out-
of-category group of buildings (nuclear power stations;
structures for transport and storage of inflammable
liquids and gases; storage of toxic matter; high-rise
building with over 25 stories, etc. This category does not
include the buildings which are related to any cultural
activity. The | category includes: buildings with rooms
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uskladiStenje zapaljivih te€nosti i gasa; skladista
toksi¢nih  materijala; znacajni  objekti veza i
telekomunikacija; visoke zgrade sa preko 25 spratova i
sl. U ovu kategoriju ne spadaju objekti koji imaju vezu sa
bilo kakvom kulturnom delatno$¢u. U | kategoriju
spadaju: zgrade sa prostoriama predvidenim za vecée
skupove ljudi (pozoirSta; bioskopske i sl.), Skole,
zdravstveni objekti, zgrade koje sadrze predmete
izuzetne kulturne i umetnicke vrednosti, itd. U I
kategoriju spadaju: stambene zgrade; hoteli, restorani;
javne i industrijske zgrade itd. U lll i IV kategoriju
objekata spadaju pomoéno-proizvodne zgrade i
privremeni objekti.

Prilikom gradnje objekata van i | kategorije utvrduju
se projektni i maksimalni zemljotres kojima je objekat
izloZzen. Za utvrdivanje seizmiCke opasnosti prilikom
projektovanja objekata Il i Il kategorije koristi se
SeizmoloSka karta SFRJ [3], oleata za povratni period
zemljotresa od 500 godina.

| u sadasnjem vremenu se grade objekti koji ¢e kao
novo-izgradeni ujedno biti od kulturno-istorijskog
znacaja. Primer je hram sv. Save u Beogradu koji je jo$
uvek nedovrSen ali ¢ée pored ostalog imati i svoju
umetniku vrednost (arhitektonska celina, mozaike,
ornamentiku i sl.), ili neki drugi objekat koji je izgraden u
periodu nekog od vezecéih pravilnika o gradnji u
seizmickim podrucjima. U tom slu¢aju preporucuje se da
se kod objekata sa perspektivom da budu od kulturno-
istorijskog znacaja, 1. onih koji su u skladu sa
preporukama zastite istorijskih objekata, koristi stroziji
kriterijum za procenu prorauna seizmickih opterecenja.

Sliéno je i sa Evrokodom 8 koji je sve viSe u upotrebi
kod nas. Ovde se u okviru osnovnih zahteva
zemljotresnog inzenjerstva postavljaju dva uslova: Prvi
uslov podrazumeva da se OVG pri projektovanom
zemljotresnom dejstvu ne sme niti potpuno niti delimi¢no
srusiti i da treba da zadrzi svoju konstruktivnu celinu i
odgovaraju¢u nosivost. Drugi uslov podrazumeva da
GOV treba da izdrzi dejstvo zemljotresa Ccija je
verovatnoéa de8avanja veca od proracunatog
zemljotresnog delovanja, bez pojave oSsteéenja i
disfunkcije u upotrebi &iji bi troSak bio nesrazmerno veliki
u odnosu na vrednost same gradevine. U Evrokodu 8
vaznost objekta tj. njegovu kategoriju propisuje drzavna
vlast. Evrokod 8 takode posebno ne razmatra NKDVG.

U slucaju ostecenja objekta usled sizmickog dejstva
ili nekih drugih promena na njemu (rekonstrukcije ili
dogradnje) primenjuje se Pravilnik br. 52/85 [10]. Po
ovom Pravilniku saniraju se, ojaavaju, revitalizaciju i
dograduju osteceni ili dotrajali OVG.

Znacajan broj objekata za stanovanje ili neku drugu
namenu graden je pre bilo kakvog zakona za gradnju u
seizmiC¢kim podru¢jima Sto je najceSce sluCaj i sa
NKDVG. Medutim, sa vekom eksploatacije objekti
generalno gube deo seizmootpornosti od one koju su
prvobitno imali tako da vremenom opada njihova
seizmootpornost. Prema Pravilniku br. 52/85 [10] koji se
odnosi na sanaciju i revitalizaciju objekata koji su usled
nekog spoljasnjeg dejstva oSteceni ili treba da se ojacaju
bez obzira da li su gradeni u skladu sa postoje¢im
pravilnikom o visokogradnji, ojaCavaju se prema
gradevinskoj kategoriji koja im po svojim karak-
teristikama pripada u skladu sa vazeéim zakonom.

designed for large groups of people (theatres, cinema
halls etc.), schools, etc. The Il category includes:
housing buildings; hotels, restaurants; public and
industrial buildings etc. The lll and IV categories of
buildings include auxiliary-production buildings and
temporary buildings.

When the out-of-category and | category buildings
are built, the design and maximum earthquake the
building is exposed to are calculated. For determination
of the seismic risk in designing the Il and Il category
buildings, Seismology map of SFRY is used [3], for the
return earthquake period of 500 years.

Nowadays as well, structures of cultural-historical
importance are being built. It is for example, the St. Sava
Cathedral in Belgrade, which is still unfinished, but
besides other things it has its artistic value (architectonic
appearance, mosaics, ornaments, etc.), or some other
structure built in the period when some of the existing
codes of building in seismic areas was valid. In that
event, it is recommended to apply more strict criteria for
assessment of seismic load design for the structures of
prominent cultural-historical importance, i.e. those which
are compliant to the recommendations of protection of
historical structures. It is a similar situation with
Eurocode 8, which is being increasingly used in our
country. Here, in the framework of the basic
requirements of earthquake engineering, two conditions
should be completed: The first condition comprises that
during an earthquake design, HRS must not collapse,
neither completely nor partially, and it must retain its
structural integrity and adequate bearing capacity. The
second condition comprises that BS must withstand the
effects of an earthquake whose occurrence probability is
higher than the design earthquake action, with no
damage or dysfunction whose repair cost is non
proportionally high in comparison with the value of the
structure itself. In Eurocode 8, the importance of
structure and its category is prescribed by national
authorities. Eurocode 8 does not consider ICPBS
separately.

In case of building damage due to seismic action or
some changes on them, (reconstruction or extension),
Code no. 52/85 [10] is implemented. This code is used
for revitalization, strengthening, rehabilitation or
expansion of damaged or dilapidated building structures,
too.

A considerable number of buildings for housing and
other purposes was built prior to enactment of any
regulations for construction in seismic areas, which is
most often the case with ICPBS. However, with aging,
the structures generally lose a portion of seismic
resistance they originally had. According to the Code no.
52/85 [10] which refers to rehabilitation and revitalization
of structures which are damaged as a result of an
external action or should be strengthened irrespective of
whether they were built in compliance with the existing
code on building structures construction, they are
strengthened according to the construction category to
which they belong, regarding their characteristics and
current regulations.
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2.3 Ocekivana ostecenja na NKDVG u seizmi¢kim
podrucjima Srbije

Na osnovu makroseizmitke skale moguce je dati
procenu ocekivanih oSteéenja na objektima ako je
poznat tip objekta i intenzitet zemljotresa koji se o¢ekuje
na datom prostoru, za odredeni povratni period.

Ovde su na osnovu makroseizmickih skala MKS-64 i
EMS-98 data oCekivana oste¢enja na NKDVG za nivo
ocekivanih intenziteta od V do IX stepena. Medutim za
detaljnija ispitivanja seizmootpornosti NKDVG kao i
drugih GOV koriste se razliCite staticke i dinamicke
linearne i nelinearne numeri¢ke analize. U poslednje
vreme dosta se koristi tzv. puSover analiza (analiza
postupnog horizontalnog optereéenja), koja pripada
statickoj nelinearnoj analizi.

Prema stilu gradnje NKDVG uglavnom pripadaju
razli¢itim formama zidanih objekata kao i objektima sa
drvenom  konsurkcijom. Ocekivana oSte¢enja na
NKDVG usled dejstva zemljotresa data su prema
makroseizmic¢kim skalama MSK-64 i EMS-98 [3],[9],[15].
Obe skale su podeljene na 12 stepeni koji se medu
sobom u najveéem delu poklapaju. Prema ovim skalama
NKDVG najve¢im delom pripadaju tipu B i C (D), dok je
tip A manje zastupljen, tabela 2.

2.3 Expected damage of ICPBS in the seismic areas
of Serbia

On the basis of the macroseismic scale, it is possible
to assess the expected damage on the structures, if the
type of structure and intensity of earthquake expected on
the given area for a certain return period are known.

Here, on the basis of macroseismic scales MKS-64
and EMS-98, the expected damage on ICPBS for the
expected intensities between V and [X degrees is
provided. However, for a more detailed tests of seismic
resistance of ICPBS and other BS, various static and
dynamic linear and nonlinear numerical analyses are
used. Lately, pushover analyses have been increasingly
used (analysis of increasing horizontal load), which
belongs to the static nonlinear analysis.

According to the construction style ICPBS mostly
belong to the different forms of masonry buildings, and
timber structure buildings. The expected damage of
ICPBS due to the earthquake effects can be estimated
according to the macro-seismic scales of MSK-64 and
EMS-98 [3], [9], [15]. Both scales have the same division
of 12 degrees which coincide in most part. According to
these scale ICPBS mostly belong to the B and C (D)
types, while there is a low presence of type A, table 2.

Tabela 2 Tipovi objekata visokogradnje u skladu sa seizmickim skalama MSK-64 i EMS-98
Table 2. Type of structures according to MSK-64 and EMS-98 scales

Tipovi objekata (koji nisu aseizmicki gradeni) -

Ordinary brick buildings, large block
construction, half-timber structures, structures
of hewn blocks of stone

Tip MSK-64 Tip Tipovi objekata (sve vrste) -EMS-98
Tve Types of structures (which were not built Vulnerability Types of structures (all kinds of buildings)
yp according to aseismic standards) in class EMS-98
MSK-64
Opis / Description Opis / Description
Kuée od neobradenog kamena, ruralni , .
o - > S o Kuce od lomljenog kamena, neobradenog
objekti, kuée od nepecene cigle i naboja gline ) -
A o A kamen, cigle (uradene od zemlje)
Buildings in fieldstone, rural structures, adobe Rubble stone, fieldstone, adobe (earth brick)
houses, clay houses
Obi¢ne zgrade od cigle, objekti od velikih
blokova, poludas¢ane kuce, kuc¢e od klesanih . .
; Obic¢an kamen, obraden kamen nearmirane
kamenih blokova
B B Simple stone, unreinforced, with manufactured

stone units

Zgrade od armiranog betona, &vrsto uradeni
C | drveni objekti

Reinforced buildings, well-built wooden
structures

Masivni kamen.

Objekti su nearmirani, sa armiranim
meduspratnim plo€ama, okviri nisu aseizmicki
dizajnirani, zidovi koji nisu dizajnirani da budu

c seizmo-otporni
Massive stone, unreinforced, with reinforced
concrete (RC) floor, frame without earthquake-
resistant design (ERD), walls without ERD

D Drvene konstrukcije

Timber structures

U nastavku su date tabele sa izdvojenim tipovima
oStecenja koja mogu da se jave na NKDVG prilikom
razli¢itih dejstava zemljotresa, tabele 3, [3], [9], [15]. i
kvantifikovanom vredno$¢u samih oStecéenja, tabela 4,
(31, [9], [15].

Further are provided tables with singled out types of
damage which may occur in ICPBS as a result of various
earthquake effects, table 3, [3], [9], [15] and quantified
value of damage, Table 4, [3] ,[9], [15].
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Tabela 3. Klasifikacija oSte¢enja u skladu sa seizmickim skalama MSK-64 i EMS-98
Table 3. Classification of damage to buildings according to MSK-64 and EMS-98 scales

Stepen MSK-64 EMS-98
Grade
Kratak opis . L
Short description Kratak opis / Short description
Zanemarljiva do laka oSteé¢enja (nema konstruktivnih osteéenja, laka ne-
konstruktivna oStecenja — sitne pukotine u malteru opadanje komadi¢a i
1 Laka o$teéenja ljuspica maltera, pukotine kao vlasi kose na nekim zidovima)

Slight damage Negligible to slight damage (no structural damage, slight non-structural
damage - fine cracks in plaster; fall of small pieces of plaster, hair-line cracks
in very few walls)

Umerena o$teéenja: neznatna strukturna ostecenja, umerena ne strukturna
oStecenja - manje pukotine u vecini zidova, opadanje krupnih komada maltera,
L mestimi¢no rusenje dimnjaka)
2 Umerena oStecenja ,

Moderate damage Moderate damage (slight structural damage, moderate non-structural damage
- small cracks in many walls; fall of fairly large pieces of plaster; partial
collapse of chimneys)

Znatna do teSka oStecenja (umerene strukt urne Stete, teSka ne strukturna
3 Tedka ostec¢enja ostecenja

Heavy damage Substantial to heavy damage (moderate structural damage, heavy non-
structural damage)

Veoma teSka oSte¢enja (teSka strukturna oStecCenja, teSka ne strukturna
4 Destruktivna o$te¢enja ostecenja)

Destruction Very heavy damage (heavy structural damage, very heavy non-structural
damage)

Potpuno osteéenje Destrukcija (veoma tesSka strukturna oStecenja). Potpuna ili skoro potpuna

5 (potpuno rusenje zgrada) | rusenja zgrada

Total damage
Total collapse

Destruction (very heavy structural damage). Total or almost total collapse of
buildings

Tabela 4. Kvantifikacija o$tec¢enja MSK-64 i EMS-98
Table 4. Damage quantification for MSK-64 and EMS-98 scales

MSK-64 EMS-98
Mali broj / Few oko / about 5 % Mali broj / Few 0-20%
Mnogo / Many oko / about 50 % Mnogo / Many 20-60 %
Vecina / Most oko / about 75 % Vecina / Most 60 — 100 %

Za teritoriju repoblike Srbije od interesa su For territory of the Republic of Serbia, the
zemljotresi V, VI, VII, VIII i IX, stepena obzirom da su to earthquakes intensity of V, VI, VII, VIII and IX degrees
intenziteti koji mogu da izazovu osteéenja na NKDVG. U are expected to occur which can cause damage of
tabeli 5, dati su intenziteti mogucih zemljotresa sa ICPBS. In table 5, intensities of potential earthquakes

efektima koje mogu da izazovu na NKDVG.

with the potential effects on ICPBS are given.
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Tabela 5. Seizmicki intenziteti sa Stetnim dejstvima na NKDVG
Table 5. Seismic intensities with their effects on ICPBS

Skale seizmitkog intenziteta / Macroseismic Intensity Scale

Stepen MSK-64 EMS-98
seizmickog Stepen ostecenja Tip Stepen ostecenja Tip
|nter?2|t§ta zgrada Brojnost | gradevine zgrada Brojnost gradevine
~ Seismic Grade of building Quantity | Type of Grade of building Quantity Type of
intensity degree | (stryctures) damage structure | (structures) damage structure
I\ no no no no
1 mali broj B
Vv 1 mali broj A a few
a few mali broj
1 A
a few
mali broj mali broj
! a few B ! a few c
Vi 9 mali broj A 5 mali broj A B
a few afewj
1 mnogo A 1 mnogo A, B
many many
1 mnogo c 1 mali broj D
many a few
2 mnogo B 2 mali broj o
many a few
3 mnogo A 3 mali broj B
VI many a few
4 mali broj A 5 mnogo B
a few many
4 mali broj A
a few
3 mnogo A
many
mali broj mali broj
3 a few c 2 a few D
2 mnogo C 3 mali broj C
many a few
4 mali broj B 2 mnogo C
a few many
Vil 3 mnogo 5 4 mali broj B
many a few
5 mali broj A 3 mnogo B
a few many
4 mnogo A 5 mali broj A
many a few
4 mnogo A
4 mali broj C 2 mali broj E
a few a few
mnogo mali broj
3 many c 3 a few D
mnogo mnogo
4 many B 2 many °
5 mali broj B 4 mali broj o
IX a few a few
5 mnogo A 3 mnogo C
many many
A 5 mali broj B
a few
4 mnogo B
many
5 mnogo A
many

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 59 (2016) 4 (31-46)
BUILDING MATERIALS AND STRUCTURES 59 (2016) 4 (31-46)

37



Na osnovu Seizmolodke karte Srbije [3] uradena je
teritorijalna zastupljenost najjacih ocekivanih intenziteta
za povratne periode od 100, 200, 500, 1000 i 10 000

god. sa verovatno¢om Imax 2> 0.63, tabela 6.

On the basis of the Seismological map of Serbia [3]
the territorial presence of the strongest expected
intensities for the return periods of 100, 200, 500, 1000
and 10 000 years was done, with the probability of Imax

= 0.63, Table 6.

Tabela 6. Teritorijalna zastupljenost seizmicCkih intenziteta prema povratnim periodima
Table 6. Territorial presence of seismic intensities according to the return periods

Povratni period dogodenog intenziteta izrazen u godinama

Intenzitet zemljotresa Return period of the occurred intensity expressed in years

(MSK-64) 100 200 500 1000 10 000
Eadh?&e;l:zézt;ensﬁy Procentualni deo povrsine teritorije Srbije zahvaéen odgovarajuc¢im intenzitetom
Percentage of the Serbia territory area affected by the corresponding intensity
Vil 0,8381 0,5405 0.0 0.0 0.0
VI 0,1508 0,4256 0,9333 0,6430 0,4766
IX 0,0111 0,0339 0,0667 0,3570 0,5234

2.4 Nivo dozvoljenih oSte¢enja kod NKDVG i
njihova kategorizacija

Zastita NKDVG od zemljotresa treba da obezbedi
njihovo trajanje u vremenu, i da pri tome ne izgube na
svojoj autentinosti i upotrebljivosti. U radu je
razmatrano nekoliko faktora prema kojima se utvrduje
adekvatna zastita NKDVG: bezbednost ljudi od
zemljotresa; arhitektonski; umetnic¢ki bez oslikanih
povrsina i umetnicki sa oslikanim povr§inama. S obzirom
da su kulturna dobra pored stalno zaposlenih lica
poseéena od strane posetilaca, prilikom zemljotresa
postoji rizik za njihove zivote. Ako se razmatra samo
bezbednost posetilaca i onih koji rade u objektu, u tom
slu¢aju "minimum intervencije na objektu" se odnosi na
dovodenje sigurnosti konstrukcije objekta na "prihvatljiv
nivo" gde ¢ée Zivoti posetilaca i sluzbenika biti za&ti¢eni i
gde pri slabijim dejstvima zemljotresa nec¢e doci do
remecenja radne aktivnosti. Medutim ako se radi o
NKDVG koji imaju monumentalnu vrednost gde pored
drustvenog i istorijskog znacenja imaju arhitektonski i
umetnicki znacaj bilo da se radi o oslikanim povrSinama
ili ne, pitanje "prihvatljivog nivoa" sigurnosti objekta
postaje otvoreno a samim tim i pitanje "minimalne
intervencije na objektu”.

Zapravo potrebno je razmatrati svaki aspekat
njegove kulturne vrednosti i u skladu sa tim dati procenu
prihvatljivog nivoa seizmiCke zastite. Za ovo se Koristi
skala oSte¢enja data u tabeli 3 kao i njene
kvantifikacione karakteristike u tabeli 4.

Analizirajuéi tipove oStecenja doslo se do zakljucka
da je nivo prihvatljivih oSte¢enja u onom domenu u kome
se joS uvek moze izvrSiti njihova restauracija sa
minimalnim  gubitkom autentiénosti. Na osnovu
navedenog za faktore zastite ljudskih Zivota (BU), zastite
samog NKDVG sa aspekta arhitektonske vrednosti
(BAch) i moguénosti njegove konzervacije kao i
umetni¢kih elemenata na NKDVG bez oslikanih (BA)
povrSina dozvoljava se 3 nivo oStecenja prilikom dejstva
najjaceg zemljotresa za izabrani povratni period.

2.4 The level of permissible damage of ICPBS and
their categorization

Protection of ICPBS should provide their survival in
time, but without it they are losing their authenticity and
serviceability. The paper considers several factors used
to determine adequate protection of ICPBS: human
safety in earthquakes; architectonic; artistic without
painted surfaces and artistic with painted surfaces.
Regarding that usually there are visitors inside cultural
properties as well as employees, their lives are also at
risk. If only the safety of visitors and employees of a
building is considered, ,the minimum intervention on the
building“ relates to making the structure of the building
.acceptably safe“ which will protect the lives of the
visitors and employees, and where the working process
during earthquakes of low intensity will not be
interrupted. However, in the case when ICPBS have a
monumental value, and in addition to their social and
historical significance they also have architectonic and
artistic significance, with or without painted surfaces, the
question of ,acceptable safety“ and thus of the ,minimum
intervention on the building“ remains unresolved.

In fact, it is necessary to consider every aspect of its
cultural value, and in accordance with it provide the
assessment of acceptable seismic safety level. The
damage scale provided in table 3 and its quantification
characteristics in table 4 are used for this purpose.

By analyzing the types of damage, it was concluded
that the level of acceptable damage is when it is still
possible to restore the structures with the minimum loss
of their authenticity. Thus, the 3 level of damage is
permissible during the action of the strongest earthquake
for the chosen return period for the following factors:
human lives protection (BU), protection of ICPBS for the
aspect of architectonic value (BAch) and potential of
their conservation and for artistic elements on ICPBS
without painted (BA) surfaces. Regarding that heavy
structural damage is expected at 3" level of damage,
falling of large areas of mortar and collapse of partition
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Obzirom da se u 3 nivou oSteéenja oCekuju tesSka ne
strukturna oStec¢enja, oCekuje se i opadanje velikih
komada maltera kao i pojava ruSenja pregradnih zidova.
Otuda se za oslikane povrsine (BAP) dozvoljava 2 nivo
ostecenja [6], [17].

Nakon ovako utvrdenih dozvoljenih nivoa oStecenja
na objektima kulturnog nasleda potrebno je utvrditi nivo
seizmo-otpornosti NKDVG kao i nivo seizmickog
hazarda kome je izloZzen na datoj lokaciji.

Da bi se pouzdano utvrdio nivo seizmo-otpornosti
NKDVG koji se razmatra, preporu€uje se primena neli-
nearne statiCke analize postepenog lateralnog opterece-
nja (pusSover analiza). Ova numericka analiza Kkoristi
metod konaénih elemenata.

Sa adekvatno prikupljenim podacima o konstruk-
tivnim karakteristikama samog NKDVG i karakteristika-
ma materijala od koga je izgraden mogucée je dobiti
kvantitativne iznose deformacija na objektu pri zadatom
postepenom lateralnom optereéenju (puSover analizi).
Dobijena horizontalna deformacija je data iznosom
horizontalnog pomeranja u vrhu NKDVG. PusSover
analiza omogucava da se prema ostvarenom horizontal-
nom pomeranju u vrhu NKDVG, odnosno na puSover
krivoj tacno utvrde unapred zadati nivoi dozvoljenog
oSte¢enja na NKDVG. Tako da se ova analiza
primenjuje na sve faktore izdvojenih kategorija koje se
odnose na NKDVG, o€uvanje zivota posetilaca i radnika
u objektu, zatim na arhitektonski i umetnicki faktor bez i
sa oslikanim povrS§inama. Na ovaj nacin upotpunjuje se
pusover kriva, odnosno kriva seizmootpornosti sa novim
karakteristikama o povredljivosti ispitivanog NKDVG.

Za isto NKDVG takode se utvrduje elasti¢ni spektar
odgovora koji se daje u formatu ubrzanje-pomeranje
(ADRS). Pri tome se ubrzanje tla uzima kao maksimalna
vrednost za odgovarajuc¢i povratni period dobijen na
osnovu PSHA ili DSHA za datu lokaciju.

Analiziraju¢i dobijenu pusover krivu koja predstavlja
krivu seizmootpornosti NKDVG sa jasnim podrucjima
gde se ocekuju razli€iti nivoi oSteé¢enja izdvojenih faktora
i spektralnu krivu koja predstavlja seizmiko optereéenje
na lokaciji, moguce je utvrditi kakva se oStecenja
oCekuju na datom NKDVG, slika 1.

PuSover analiza takode omoguc¢ava analitiCko ispiti-
vanje uticaja naknadnih intervencija na NKDVG kako bi
se dobilo NKDVG sa povec¢anom seizmo-otporno$éu u
odnosu na njegovo prethodno stanje.

Usled sveukupnog znacaja NKDVG, a s tim i da se
odrZze u dugom vremenskom periodu u okviru postojeceg
seizmi¢kog hazarda, neophodno je njihovu seizmo-
otpornost podi¢i na viSi nivo od obiénih OVG. U tom
smislu seizmo otpornost NKDVG treba sraCunati na
dejstvo najjateg zemljotresa sa povratnim periodom koji
je duzi od povratnog perioda propisanog nacionalnim
kodom za obi¢ne OVG, kojima bi dato NKDVG pripadalo
bez da se radi o NKD.

Duzina povratnih perioda za NKDVG su u zavisnosti
od kulturno istorijskih kategorija kojima pripadaju,
odnosno dozvoljenog nivoa osteéenja njihovih faktora. U
nastavku su radi boljeg pregleda date matrice kategorija
GOV i NKDVG u rasponu perioda ponovljivosti najjacih
ocekivanih zemljotresa koji su izrazeni preko razligitih
verovatno¢a nepremasivanja za eksploatacioni period
objekta od 50 godina. Tipovi oSteCenja za pojedine
kategorije GOV i NKDVG dati su u rasponu povratnih

walls is expected. Therefore, only 2" level of damage is
permissible [6], [17] for the painted surfaces (BAP).

After the permissible levels of damage on cultural
heritage structures have been specified in this way, it is
necessary to determine the level of seismic resistance of
ICPBS as well as the level of seismic hazard it is
exposed to on a given location.

In order to reliable determine the level of seismic
resistance of ICPBS being considered, it is recom-
mended to implement a non-linear static analysis of
gradual increasing lateral load (pushover analysis). This
numerical analysis employs the finite element method.

With adequately collected data about the structural
characteristics of ICPBS itself and characteristics of
material it is made of, it is possible to obtain quantitative
amounts of deformations on the structure at the given
gradually increasing lateral load (pushover analysis).
The obtained horizontal deformation is expressed by the
amount of horizontal displacement at the top of ICPBS.
The pushover analysis facilitates accurate determination
of the preset levels of permissible damage on ICPBS
according to the horizontal displacement of the top of
ICPBS. Therefore, this analysis is implemented on all
the factors of the specified individual categories referring
to ICPBS, preserving life of employees and visitors in the
building, and to the architectonic and artistic factors with
and without the painted surfaces. It completes the
pushover curve, i.e. the curve of seismic resistance with
new characteristics regarding vulnerability of examined
ICPBS.

For the same ICPBS, the elastic response spectrum
is also determined and provided in acceleration-
displacement format (ADRS). In the process, the ground
acceleration is assumed as a maximum value for the
appropriate return period obtained on the bases of
PSHA or DSHA for the given location.

It is possible to determine what damage is expected
on the given ICPBS by analyzing the obtained pushover
curve which represents the ICPBS seismic resistance
curve with clearly identifiable areas where various levels
of damage of the specified individual factors are
expected, and by analyzing the spectral curve which
represents seismic load on a location, figure 1.

The pushover analysis also facilitates analytical
investigation of the impacts of subsequent interventions
on ICPBS in order to obtain an ICPBS with the increased
seismic resistance in comparison with its previous
condition.

For reasons of the overall importance of ICPBS, and
also in order to maintain them during a long time period
within the existing seismic hazard, it is necessary to
increase the level of their seismic resistance above the
regular BS level. In this sense the seismic resistance
ICBPS should be calculated to the effect of the strongest
earthquake with a return period that is longer than the
return period laid down by national code for ordinary BS,
which belonged to a given ICBPS without an BS.

The length of return periods for ICBPS depends on
the cultural-historical categories they belong to, i.e. to
the permissible level of damage of their factors. Further
in the text, for the purpose of easy access to the
reference, the matrices of BS and ICPBS categories are
displayed in the range of return periods of the strongest
expected earthquakes which are expressed through the
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perioda od Osnovnog operativnog do Maksimalnog
projektnog zemljotresa, od 60% do 10% i manje verovat-
noc¢e neprevazilazenja, respektivno, tabele 7, 8 i 9.

various non-exceedance probabilities for the 50-year
service period of structures. The damage types for
certain categories of BS and ICPBS are given in the
span of return periods from the Basic operative to the
Maximum design earthquake, between 60% and 10%
and the lower probability of non-exceedance,
respectively, tables 7, 8 and 9.

Sa A
‘/,/ Spektralna kriva dobijena na osnovu ag(Tr2)
Pudover kriva NKDVG posle ojacavanja
Sa2
2BAPI1 3BU1
=~ Pusover kriva NKDVG pre ojacavanja
Sal . . -
\Qk“a]na kriva dobijena na osnovu ag(Trl)
- \

d2ap dzpap dsus dsusi Sd

Slika 1. Pozicija faktora koji se odnose na oslikane zidne povrsine (BAP) i zastitu ljudskih zivota (BU) na puSover krivoj
pre i posle ojacavanja NKDVG, sa zadatim nivoima oStecenja, 2 i 3, respektivno. Na slici su prikazane spektralne krive
seizmickog opterecenja za povratne periode Tr1i Tr2

Figure 1. Position of the factors relating to the painted wall surfaces (BAP) and human life protection (BU) on the
pushover curve prior and after strengthening of ICPBS, with the preset damage levels, 2 and 3, respectively. The figure
presents spectral curves of seismic load for the return periods Tr1 and Tr2

Prema Zakonu br. 21/88, [4], [11] ( za GOV) Osnovni
operativni zemljotres nije jasno izdvojen dok
maksimalnom projektnom zemljotresu odgovara najjaci
zemljotres koji se deSava jedanput u Zakonom br. 21/88,
predvidenom povratnom periodu za dati tip objekata. U
radu su izdvojeni Osnovni operativni i Maksimalni
projektni zemljotresi budu¢i da su dosta usli u praksu u
monogim nacionalnim kodovima. Osnovni operativni
zemljotres dovodi do oSteéenja objekata koja odgovaraju
Stetama tipa 1. Dok se od Maksimalnog projektnog
zemljotresa na objektima oCekuju ostecenja tipa 3.

Na osnovu kategorizacije NKDVG prema navedenim
matricama utvrduje se nivo zahtevane seizmootpornosti
za dato NKDVG i shodno tome rade se ve¢ pomenute
analize kako bi se preduzele adekvatne mere za
ojaCanja i zastite samog objekta.

Na osnovu gornjih matrica gde su predstavljeni
povratni periodi za objekte visokogradnje i matrica za
NKDVG mogu se dobiti vrednosti koeficijenata game, a
time i vrednosti  za pojedine istorijske objekte Sto se
moze Koristiti u ojaanju.

According to the Law no. 21/88, [4], [11] (for BS) the
Basic operative earthquake is unclearly distinguished,
while Maximum design earthquake corresponds to the
strongest earthquake occurring once in the return period
proscribed by the Law no. 21/88 for the given type of the
structures. In the paper, the Basic operative and
Maximum design earthquakes are clearly distinguished,
since they became a part of the practice of many
national codes. Basic operative earthquake causes
structural damage corresponding to type 1 damage,
while the maximum design earthquake is expected to
cause type 3 damage on the structures.

Based on the categorization of ICPBS according to
the mentioned matrices, the level of required seismic
resistance for the given ICPBS is determined, and on
that basis the mentioned analyses are performed in
order to undertake adequate measures for strengthening
and protection of the structure itself.

The values of the range coefficients can be obtained
on the basis of the abovementioned matrices where the
return periods for building structures and matrix for
ICPBS are presented along with the values for individual
historical structures which can be used in strengthening.
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Tabela 7. Kategorije gradevinskih objekata visokogradnje
Table 7. Categories of Building Structures

Povratni period, .
frekvencija Tip oStecenja / Type of damage
Return period, 1 5 5 A
frequency
50
60% u 50 god. \ \
60% in 50 years
100 G-4
40% u 50 god. G-2,3
40% in 50 years

200 (|31\,1 S

20% u 50 god.
20% in 50 years

500 \

10% u 50 god.
10% in 50 years

1000

5% u 50 god.
5% in 50 years

I-1 Inzenjerski objekti | kategorije Ovde je I-1= G-V, 1
Engineering structures of | category Here I-1= G-V, 1

G-V,1 Gradevinski objekti visokogradnje van kategorije i | kategorije
Engineering Building Structures out of category and | category

G-2,3 Gradevinski objekti visokogradnije Il i lll kategorije
Engineering Building Structures of Il and Il category

G-4  Gradevinski objekti visokogradnje IV kategorije
Engineering Building Structures of IV category

Tabela 8. Kategorija NKDVG bez oslikanih zidnih povrsina
Table 8. Category of ICPBS without painted wall surfaces

Pz\éﬁtlgtf:;i;d Tip osteéenja / Type of damage
Return period of 1 2 3 4
earthquake
100

40% u 50 god.
40% in 50 years

200

20% u 50 god. \ IG-B

20% in 50 years

500 N
10% u 50 god. IG-A
10% in 50 years 1G-AA

1000
5% u 50 god. \ \

5% in 50 years

IG-AA Kategorija NKDVG od izuzetnog kulturnog znacaja pod zastitom UNESCO-a
Category of ICPBS of outstanding cultural importance listed by UNESCO
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IG-A  Kategorija NKDVG od izuzetnog kulturnog znacaja
Category of ICPBS of outstanding cultural importance

IG-B  Kategorija NKDVG od velikog kulturnog znacaja
Category of ICPBS of high cultural importance

Tabela 9. Kategorija NKDVG sa oslikanim zidnim povrSinama
Table 9. Category of ICPBS with painted wall surfaces

Povratni period

Tip oSte¢enja / Type of damage

zemljotresa
Return period 1
of earthquake

3 4

100

40% u 50 god. \
40% in 50 years

500 IGO-

10% u 50 god.
10% in 50 years

\
200 IGO-B
20% u 50 god.
20% in 50 years

\

5% in 50 years

IGO-AA

1000 \\
5% u 50 god.

IGO-AA Kategorija NKDVG od izuzetnog kulturnog znaaja sa oslikanim
povrSinama pod zastitom UNESCO-a
Category of ICPBS with painted walls surfaces of outstanding cultural

importance listed by UNESCO
Kategorija NKDVG od izuzetnog kulturnog znacaja sa oslikanim

IGO-A
povrSinama

Category of ICPBS with painted walls surfaces of outstanding cultural

importance

IGO-B
povrSinama

Kategorija NKDVG od velikog kulturnog znacaja sa oslikanim

Category of ICPBS with painted walls surfaces of high cultural

importance

3 METODVOLO§KI PRAVCI SMANJENJA
SEIZMICKOG DEJSTVA NA NKDVG

Naj¢esc¢i oblik smanjenja Stetnog seizmickog dejstva
na GOV koje se ujedno moze primeniti na NKDVG
postize se ojaCavanjem njegovih strukturninh elemenata
primenom seizmickih sidrara i veza, ramova za ucvrs¢i-
vanje, horizontalnih strukturnih elemenata, ramova za
otporne momente, itd. Pritom treba voditi raCuna da se
ne narusi istorijski izgled i vrednost NKDV koje se
obezbeduje [1].

Pored klasi¢nih metoda primenjuje se seizmicka
izolacija baze sa ciliem da objekat i podloga viSe ne
budu u klasi¢noj ¢vrstoj vezi gde se seizmicka energija iz
podloge potpuno prenosi na objekat. Ovo se postize
izgradnjom gornje konstrukcije koja nosi objekat i do-
nje konstrukcije koja je fundirana u tlu. Zona razdvajanja
ovih konstrukcija predstavlja najznacajnije podrucje za
implementaciju novih tehnickih i tehnoloSkih inovacija u

3 METHODOLOGY OF REDUCTION OF SEISMIC
EFFECTS ON ICPBS

The most frequent form of reduction of negative
seismic effects on BS which can be applied on ICPBS is
strengthening of their structural elements by implement-
ing anchored ties, braced frames, bond beams, moment-
resisting frames, etc. During the process, the care has
been taken to preserve the appearance and value of ICP
being protected [1].

In addition to the classical methods, seismic isolation of
the base for BS is used with a goal to replace traditional
rigid connection between the upper section of buildings
and their base. This is achieved by constructing the
superstructure supporting the building and lower
structure which is founded in the ground. The separation
zone between these structures represents the most
important zone for implementation of new technical and
technological innovations with the aim of reduction of
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cilju smanjenja seizmic¢kog dejstva na objekat. Na slici 2.
dat je primer dve vrste laminiranih jakih lezajeva iz zone
razdvajanja koji su primenjeni na Apple Towers Sendai
(Japan), slika 3, [2]. Prvi od njih slika 1a, napravljen je
od naizmeni¢nih slojeva gume i cCelicnih ploca.
Pomeranjem levo i desno sistem izoluje zgradu od
podrhtavanja koji dolaze iz tla. Sa intenziviranjem
podrhtavanje tla, aktivira se klizni seizmi€ki izolator 1b,
koji je izgraden od laminirane gume. Mehanizam klizanja
ovog izolatora postize se uz dodavanje smole koja
omogucava fino klizanje preko lezaja Sto dovodi do
apsorbcije jakog podrhtavanja.

seismic effects on the structure.

Figure 2 provides an example of two kinds of strong
laminated rubber mass bearings in the separation zone,
implemented on the Apple Towers Sendai (Japan),
figure 3 [2]. The first of them, figure 1a, is composed of
alternating lamina of rubber and steel slabs. Its lateral,
left-right motion isolates the building from the ground
tremors. With the intensification of the soil tremor, a
sliding seismic isolator 1b made of laminated rubber is
activated. The sliding mechanism of this isolator is
achieved by addition of resin allowing for the fine sliding
over the bearings, which absorbs the strong tremors.

b)

Slika 2. laminirani jaki leZajevi (a) i klizni seizmiCki izolator (b) su kljucni strukturni elementi za konstrukciju koja dovodi
do seizmicke izolacije (foto: APA Group)

Figure 2. The laminated rubber bearing (a) and sliding seismic isolator (b) are key structural elements for construction
which provides seismic isolation (Photo: APA Group)

Konstrukcija sa

Construction with
seismic isolation

seizmic¢kom izolacijom

Klizni seizmicki izolator
Sliding seismic isolator

Laminatni gumeni lezajevi / Laminated rubber bearing

Konstrukcija bez
seizmicke izolacije
Construction without
seismic isolation

¥

Slika 3. Sematski prikaz Apple Towers Sendai sa seizmiékom izolacionom konstrukcijom koja se ljulja polako i umereno
dok se zgrada bez izolacione konstrukcije ljulja brzo i intenzivno. Crne tacke predstavljaju mesta sa pojavom oStecenja

Figure 3. Schematic presentation of Apple Towers Sendai with seismic isolation construction sways slowly and
moderately while building without it sways fast and intensely. Black points represent spots with failure occurrence
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Ovaj tip seizmitke izolacije generalno smanjuje
ljuljanje objekta pogotovu njegovih visih delova,
smanjuje rizik od prevrtanja stvari u objektu i moze se
smatrati za pogodan nacin seizmicke izolacije kod
NKDVG.

4 ZAKLJUCAK

Dosadasnji zakonski normativi koji se kod nas
koriste, a odnose se na OVG u seizmiC¢kim podrucjima
ne pokrivaju NKDVG kao posebnu gradevinsku
kategoriju sa svojim zahtevima zastite od Stetnog dejstva
zemljotresa.

Krucijalni zahtev da ne sme da dode do ruSenja OVG
tokom najjaCeg zemljotresa ve¢ najvise do oStecenja
njihovih nosivih konstrukcija, koji je implementiran u
Pravilnike o aseizmi€koj gradnji GOV, njihovoj sanaciji i
dogradnji u seizmiCkim oblastima, nije primenljiv na
NKDVG. Zapravo, kod NKDVG zbog svog kulturnog
znacaja moraju se tolerisati znatno manja oste¢enja od
onih koja se odnose na obi¢ne OVG.

Potreba oc¢uvanja NKDVG od ostec¢enja usled seiz-
mickih dejstava stvorila je potrebu za kategorizacijom
NKDVG u posebne gradevinske kategorije S$to bi
omogucilo njihovo adekvatno oja¢anje, sanaciju i rekon-
strukciju u seizmickim podrucjima, a to su:

IG-AA Kategorija NKDVG od izuzetnog kulturnog
znacaja pod zastitom UNESCO-a;

IG-A Kategorija NKDVG od izuzetnog kulturnog
znacaja;

IG-B Kategorija NKDVG od velikog kulturnog
znacaja.

Ovde su posebno kategorisana NKDVG koja sadrze
oslikane povrSine i dati su u tabeli 9. To je uradeno iz
razloga $to maksimalna oSte¢enja pri kojima oslikane
povrSine zadrzavaju svoju autentiCnost ne prevazilaze
Stete tipa 2. Kod tipa oStecenja veceg od 2 dolazi do
uniStavanje veceg dela oslikane povrSine, tako da
oslikano delo gubi svoju autentiénost i kulturno istorijsku
vrednost i u slu€aju uspesSne uradene restauracije.
Izdvojene su sledece kategorije NKDVG sa oslikanim
zidnim povrSinama.

IGO-AA Kategorija NKDVG od izuzetnog kulturnog
znaCaja sa oslikanim povrSinama pod zastitom
UNESCO-ga;

IGO-A Kategorija NKDVG od izuzetnog kulturnog
znacaja sa oslikanim povrSinama;

IGO-B Kategorija NKDVG od velikog kulturnog
znacaja sa oslikanim povrSinama.

Kod ostalih faktora: zastite ljudskih Zzivota (BU);
zaStite samog NKDVG sa aspekta arhitektonske vred-
nosti (BAch) i moguénosti njegove konzervacije kao i
umetni¢kih elemenata na NKDVG bez oslikanih (BA)
povrSina. dozvoljava se 3 nivo oStecenja prilikom dejstva
najjaceg zemljotresa za izabrani povratni period.

Ove kategorije mogu da budu u okviru novog Pravil-
nika za ojaCanje, sanaciju i rekonstrukciju NKDVG u
seizmickim podrucjima, ili kao izdvojene kategorije da
budu pridodate postojeéem Pravilniku br.52/85 [10] koje
se odnose na NKDVG.

Nakon uvodenja obaveze o zastiti od dejstva zemljo-
tresa na NKDVG, potrebno je prilikom sprovodjenja kon-
kretnih aktivnosti obratit paznju na sledece pojedinosti:
da se utvrdi obim zahvata koji bi se u praksi sproveo; da
broj zahvaéenih NKDVG odgovara realnim moguc-

This type of seismic isolation in general reduces the
swaying of the building, especially of its upper section,
reduces the risk of objects in toppling over, and it can be
considered as favourable method of seismic isolation for
ICPBS

4 CONCLUSION

The standing legal standards used in our country and
referring to BS in seismic areas fails to cover ICPBS as
a separate building category with its requirements of
protection from the negative earthquake effects.

No collapse requirement, which is a crucial require-
ment implemented in the Codes on aseismic building of
BS, their remediation and extension on seismic areas,
comprises that during the most intensive earthquakes —
they sustain structural damage but will not collapse. It is
inapplicable to ICPBS. Actually, only significantly small
damage referring to the common BS can be tolerated for
ICPBS due to their cultural importance.

The necessity of preserving ICPBS and protecting
from damage caused by seismic effects created the
need to introduce the new categorization of ICPBS into
special construction categories, which would facilitate
their adequate strengthening, remediation and recon-
struction in seismic areas and they are:

IG-AA Category of ICPBS of outstanding cultural
importance listed by UNESCO

IG-A Category of ICPBS of outstanding cultural
importance

IG-B Category of ICPBS of high cultural
importance.

Here the ICPBS which contain painted wall surfaces
are separately categorized and presented in table 9. It
was done because the maximum damage at which the
painted surfaces retain their authenticity do not exceed
type 2 damage. At a damage higher than type 2, a larger
part of painted surface is destroyed, whereby the painted
work of art loses its authenticity and cultural-historical
value, even when it undergoes a successful restoration.
The following categories of ICPBS with painted wall
surfaces are singled out:

IGO-AA Category of ICPBS with painted walls
surfaces of outstanding cultural importance listed by
UNESCO

IGO-A Category of ICPBS with painted walls sur-
faces of outstanding cultural importance

IGO-B Category of ICPBS with painted walls sur-
faces of high cultural importance.

The 3™ level of damage after the action of the
strongest expected earthquake in the chosen return
period is permitted in the case of other factors:
protection of human lives (BU); protection of ICPBS
itself, from the aspect of its architectural value (BAch)
and potential of its conservations, as well as artistic
elements on ICPBS without painted surfaces (BA).

These categories should be contained within a new
Code for strengthening, rehabilitation and reconstruction
of IPCBS in seismic areas, or as separate categories
added to the existing Code no.52/85 [10] which refers to
ICPBS.

After introducing obligation of protecting ICPBS from
the earthquake effects, on the occasion of performing
the concrete activities, it is necessary to pay attention to
the following details: the extent of the intervention which
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nostima drustva, kako finansijskim tako i struénim; da se
propiSe procedura za verifikaciju prikupljenih podataka i
zahteva koji se odnose NKDV, procedure moraju da
budu jasno definisane i obavezujuce; utvrdivanje seizmi-
¢kog hazarda na lokaciji na kojoj se nalazi NKDVG.

Napomena: Faktore su uveli autori poSto omoguca-
vaju da se u okviru samog NKDVG izdvoje viSe i manje

budu prepoznati i da dobiju odgovarajuc¢u zastitu.
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REZIME

PREDLOG SMANJENJA DOZVOLJENOG
SEIZMICKOG OSTECENJA NA NEPOKRETNIM
KULTURNIM DOBRIMA VISOKOGRADNJE

Nedeljko STOJNIC
Dusko KUZOVIC

Sve intervencije koje se odnose na sanaciju,
ojatanje i rekonstrukciju gradevinskih  objekata
visokogradnje (GOV) u seizmickim oblastima, kojima
pripadaju nepokretna kulturna dobra visokogradnje
(NKDVG), se izvode u skladu sa ( Pravilnikom br.
52/85), [10].

Ovaj pravilnik dozvoljava konstruktivna ostecenja
objekta, ali bez kolapsa prilikom najjaeg zemljotresa.
Medutim, ovaj uslov nije prihvatljiv za NKDVG koja imaju
status izuzetnog i velikog kulturnog znaaja prema
Zakonu o kuturnim dobrima, (ZKD br.71/94), [13]. Zbog
svoje posebne vrednosti i znaCaja za kulturnu bastinu
NKDVG treba da prezive najjaci zemljotres sa znatno
redukovanim osteéenjima u odnosu na obi¢ne GOV.

Zbog toga je, u radu, predlozeno da se NKDVG
podele u tri kategorije: 1) NKDVG od izuzetnog kulturnog
znaCaja pod zaStitom UNESKO-a 2) NKDVG od
izuzetnog kulturnog znacaja i 3) NKDVG od velikog
kulturnog znacaja. Za sve kategorije utvrdeni su faktori u
odnosu na koje se odreduje vrednost NKDVG, i prema
tome nivo dozvoljenog ostecenja kome moze da bude
izlozen, kao i potencijalnu ugrozenost Zivota gradana u
NKDVG, $to moze da bude osnova novog "Pravilnika za
ojacanje i sanaciju NKDVG u seizmi¢kim podruc¢jima" , ili
da bude pridodato postoje¢em Pravilniku br. 52/85, [10].

Kljuéne reci: Aseizmitka regulativa, kulturna
bastina, dozvoljeno seizmicko ostecenje

SUMMARY

PROPOSAL OF REDUCING PERMITTED SEISMIC
DAMAGES ON IMMOVABLE CULTURAL
PROPERTIES (BUILDING STRUCTURES)

Nedeljko STOJNIC
Dusko KUZOVIC

All  interventions  pertaining to remediation,
strengthening and reconstruction of building structures
(BS) in seismic areas, to which belong the immovable
cultural property (ICP) buildings which are ranked as
building structures (ICPBS), are constructed according
to the (Code no. 52/85), [10]. This code permits
structural damage of buildings without collapse in the
event of the strongest earthquakes. However, this
condition is unacceptable for ICPBS which have a status
of high and outstandingly high importance according to
the Law on Cultural property (LCP no. 71/94) [13].
Because of their special value and importance for
cultural heritage ICPBS should not only survive the most
intensive earthquakes, but their damage should be
considerably reduced in comparison with ordinary BS.
Therefore the paper proposes to divide ICPBS into three
categories: ICPBS outstandingly high importance listed
by UNESCO 2) ICPBS of outstanding cultural
importance and 3) ICPBS of high cultural importance.
For all categories, the factors for determination of ICPBS
value are introduced, and therefore is determined the
level of permissible damage they can be exposed to and
potential risk of the loss of life in ICPBS which can be a
basis for a new "Code for strengthening and
remediation of ICPBS in seismic areas", or can be
appended to the existing Code no 52/85, [10].

Key words: Aseismic regulations, cultural heritage,
permissible seismic damage
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ANALIZA | MODELIRANJE SPREGNUTIH SISTEMA DRVO-BETON: PRIMENA NA
PRORACUN MOSTOVSKE KONSTRUKCIJE PREMA EN

ANALYSIS AND MODELLING COMPOSITE TIMBER-CONCRETE SYSTEMS: DESIGN
OF BRIDGE STRUCTURE ACCORDING TO EN

Dragan MANOJLOVIC
Tatjana KOCETOV MISULIC

1 UVOD

Primena adekvatnog gradevinskog materijala na
odgovarajuéem mestu u konstrukciji jedan je od
postulata savremenog gradevinskog konstrukterstva i
optimalnog projektovanja. Ideja konstrukcijskog spreza-
nja u Sirem smislu (u odnosu na kompozitno sadejstvo u
uzem smislu - sprezanje istih vrsta materijala u razli¢itim
tehnoloskim fazama ili starostima) tj. zajedni¢kog rada
dva ili viSe razlicitih materijala s ciliem Sto boljeg
iskoriS§¢enja njihovih mehanicko-fizickih i drugih svoj-
stava na nivou preseka, elementa i sklopa, najsire je
razvijena i ima najveéu primenu kod spregnutih sistema
beton—cCelik.

Spregnute konstrukcije drvo—beton primenjuju se u
inzenjerskoj praksi oko 80 godina, presavsi put od intui-
tivnog inzenjerskog reSenja problema ojaCanja drvenih
mostova u Sumskim predelima Severne Amerike do
potpuno prefabrikovanih hibridnih sklopova drvo-beton
za suvu ugradnju u danasnjoj Evropi.

Razvojni put spregnutih sistema drvo—beton bio je
uvek pracen ekstenzivnim teorijsko-eksperimentalnim
istrazivanjima [45], Ciji su rezultati uspe3Sno primenjivani
u praksi tj. na trziStu, ali su do danasnjih dana u
nedovoljnoj meri rezultovali konsekventnim i detaljnim
gradevinskim propisima za Siroku inZenjersku upotrebu.
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1 INTRODUCTION

The use of an adequate construction material in the
appropriate position in the structure is one of the basic
principles in modern and optimal structural design. The
idea of structural composite action in wider sense
(relative to composite action in a narrow meaning —
when composite action is achieved with the same type of
materials in different technological phases or ages), i.e.
the idea of composite action of two or more different
materials with the aim to take advantages of mechanical,
physical and other properties of each material on the
cross-sectional, element or assembly’s level, is highly
developed and has huge application in the field of
composite steel-concrete structures.

Timber-concrete composite (TCC) structures are in
use in civil engineering practice over 80 years and went
through the intuitive problem solution for strengthening
timber bridges in rural zones of North America to the
fully prefabricated hybrid assemblies for dry building in
today’s Europe.

The development path of timber-concrete
composites was always followed by extensive theoretical
and experimental research [45], whose results were
successfully implemented in practice, i.e. on the market,
but up to now they still fail to result in modern and
detailed designer's codes for wider engineering
application.
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Konstrukcije drvo—beton nalaze svoju primenu u
visokogradnji i mostogradnji, bilo kao novoprojektovani
sistemi ili kao metod za sanaciju i revitalizaciju
postojecih objekata.

Prednosti ovog kompozitnog sistema  kod
meduspratnih konstrukcija novoprojektovanih i
revitalizovanih objekata ogledaju se:

- u odnosu na Ccisto drvene tavanice u znacajnom
povecéanju nosivosti i krutosti tj. smanjenju deformacija i
vibracija, pobolj$anju protivpozarne otpornosti,
unapredivanju akustiénih barijera, kao i povecéanju
termalne mase sklopa, uz unapredivanje seizmitkog
ponasanja usled poboljSanog ucinka dijafragme;

- u odnosu na disto betonsku tavanicu u smanjenju
ukupne mase i optereCenja na temelje, Sto vodi
poboljSanom seizmiCkom ponasanju, u brzem i
efikasnijem izvodenju s drvenim gredama i ploama
(zarobljena oplata), kao i ekonomicnijoj i ekoloski
prihvatljivijoj gradnji (smanjena emisija COy).

Prednosti u mostogradnji direktne su i lako
prepoznatljive: sprezanje s betonom drvenim mostovima
daje novu dimenziju primene i upotrebljivosti za drumski
saobracaj, ¢ime se stimulide izgradnja ovih odrzZivih i
atraktivnin objekata [21], [35], naroCito u nordijskim
zemljama.

Oblasc¢u sprezanja drvo—beton u nadoj zemlji teorijski
i eksperimentalno najSire se bavi prof. dr B. Stevanovi¢,
postizuci zapazene rezultate u svetskoj nau¢noj javnosti
[41], [42]. Prakticnom primenom rezultata svojih
istrazivanja izveo je uspeSne sanacije i ojacanja
mnogobrojnih objekata u Srbiji. Istrazivacki potencijal i
prakticha primenljivost teme stimulisali su mlade
istrazivaCe da problematiku proSire na primenu lakih
betona za sprezanje s drvetom, kao i na vibracije
meduspratnih konstrukcija izazvane dejstvom ljudske
navale, Lj. Kozari¢ [26]. Visokociklicni zamor, kao i
kombinacija prirodne athezije i Stapastih spojnih
sredstava takode su jedno od bitnih istrazivanja
sprovedenih u poslednje vreme, R. Cvetkovi¢, [5].

| pored istaknutih pojedinaca u ovoj oblasti, moze se
zakljugiti da se inzenjeri u Srbiji relativno retko odlucuju
za ovaj efikasan metod sanacije postoje¢ih drvenih
tavanica u praksi, kao i da ga retko primenjuju pri
projektovanju novih objekata. Razlozi su viSestruki, ali se
generalno mogu sumirati u dve kategorije:

» nedostatak i/ili nedore€enost propisa i standarda u
ovoj oblasti, uz pozivanje na eksperimente u svakom
netipicnom slu€aju i pri upotrebi drugog sredstva i/ili
nacina sprezanja;

o softverski paketi na trziStu svojim bibliotekama
direkino ne podrzavaju sprezanje drvo—beton.
Opravdana potreba svakog savremenog inzenjera je da
u potpunosti modelira konstrukciju, pri ¢emu, u
nedostatku jasnih zahteva standarda, nailazi na
mnogobrojne nedoumice i nesigurnosti oko prihvatljivog
nivoa pojednostavljenja tj. aproksimacije problema.

U ocekivanju novih evropskih propisa za sprezanje
drvo—beton (EN 1995-3), cilj ovog rada je da se, preko
opseznog pregleda postojecih standarda i pratecih
istrazivanja, pruzi jedan konsekventan uvid u stanje u
oblasti, pruze preporuke za upotrebu i ilustruje primena
sprezanja drvo-beton na primeru novoprojektovane
mostovske LLD konstrukcije sa spregnutom betonskom
kolovoznom ploCom.

TCC systems can be successfully applied in
buildings and bridges, as newly designed structures or
method for rehabilitation and strengthening of existing
ones.

The advantages of TCC systems in newly designed
floor structures are reflecting in:

— Significant increase of bearing capacity and
stiffnress - reduction of deformation and vibrations,
improvement of fire resistance and acoustic barriers,
increase of thermal mass, upgrading the seismic
performance by improved diaphragm action (related to
timber floors);

— Reduction of total mass and loads on foundations
that leads to improved seismic behaviour, in faster and
more efficient construction with timber beams and timber
based boards (formwork), as well as in economic and
ecological building - reduction of CO2 emission (related
to concrete floors).

The advantages in bridge building are direct and
easily recognizable: composite action with concrete adds
timber bridges a new dimension when used as road
bridges that stimulates the construction of these
sustainable and attractive structures [21], [35], especially
in Nordic countries.

In our country the notable theoretical and experi-
mental results in the field of TCC structures are achieved
by Prof dr B.Stevanovic, that are recognized in
worldwide science [41], [42]. In practical application of
his work he made succesfull rehabilitations of numerous
old buildings in Serbia. The reasearch potential and
possibility of practical estimation stimulated the younger
researchers to expand the problem of application of light
concrete in TCC and study vibrations caused by action
of human ruch impact, LJ. Kozari¢ [26]. The highcyciclic
fatigue, as well as combination of natural athesion and
dowel fasteners in timber-concrete connection is also
one of important recently condacted research, R.
Cvetkovi¢, [5].

Besides the recognizable individuals in the field of
TCC, it could be concluded that majority of civil
engineers in Serbia very rarely decide to apply this
efficient method of rehabilitation of old timber floors in
practice, as well as to use it in design of new structures.
The reasons are multiple, and generally could be
summarized in two categories:

e Lack of / or understatement of codes, that always
reference to experimental work in every untypical case if
different fasteners of way of coupling are used;

» Software packages that are present at the market
fail to directly support TCC with their libraries. The
reasonable need of each modern structural engineer is
to fully model a structure, whereby, in the circumstances
of lack of clear code requirements, he faced with
numerous confusions and confirms about acceptable
level of problem approximation.

In anticipation of new European code for TCC
structures (EN 1995-3), the objective of this paper is to
provide a comprehensive review of available standards
provisions and recent conclusions from literature that
might have practical consequences in design. The key
issues are highlighted and illustrated on the example of
glulam composite arch bridge structure with concrete
deck, designed according the Eurocodes.
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2 SPREGNUTI SISTEMI DRVO-BETON

2.1 Podela, tipovi i sredstva za sprezanje u sistemu
drvo-beton

Spregnute konstrukcije drvo—beton spadaju u grupu
heterogeno spregnutih nosaca i mogu se izvoditi kao T-
grede (kao nosaci meduspratnih tavanica), slika 1a, ili
kao spregnute plo¢e (uglavhom za mostovske
konstrukcije) slika 1b,c [29]. U spregnutim plo¢ama [47]
se za ostvarivanje zajedni¢kog dejstva drveta i betona
dominantno koristi prirodna athezija i trenje, a kod T-
greda mehanicka spojna sredstva i rede — lepljenje.

2 TIMBER-CONCRETE COMPOSITE SYSTEMS

2.1 Classification, types and coupling means in TCC

Composite timber-concrete structures are classified
as hetero composite girders that could be constructing
as “T” beams (girders of floor structures), figure 1a, or as
composite slabs (mostly for bridge structures), figure
1b,c [29]. In TCC slabs [47], the composite action
between timber and concrete is dominantly achieved by
natural adhesion and friction, while in “T” beams the
mechanical fasteners or gluing are used.

Slika 1. Tipovi spregnutih nosaca: a) greda T-preseka, b) drvena plo¢a od dasaka i c) drvena plo¢a od CLT [29]
Figure 1. Types of TCC girders: a) “T” beam, b) solid timber notched slab, ¢) CLT slab [29]

U nasoj zemlji se za sprezanje meduspratnih nosaca
tj greda ,T” preseka, prevashodno koriste Stapasta
spojna sredstva (ekseri, zavrtnjevi, vijci, trnovi i Sipke),
koji se ugraduju vertikalno ili koso, slika 2, [26], te kao
najSire primenjivani, predstavljaju predmet razmatranja u
ovom radu.

Ekseri Trnovi

Celiéne Sipke
|

In our country for coupling the floor girders - “T”
beams, the dowel type fasteners are mainly used (nails,
bolts, screws, dowels and rods). Their application could
be in vertical or inclined position, figure 2, [26], so, as
widely used, they are the subject of consideration in this
paper.

Eeliéne petlje

THEE TiE TEE T

Zavrtnjevi Zavrtnjevi sa dve glave

Kosi zavrinjevi

Kosi zavrtnjovi

T TS TS T

Slika 2. Uobi¢ajena spojna sredstva i nacin aplikacije u spregnutim nosacima drvo—beton ,, T” preseka [26]
Figure 2. Commonly used dowel type fasteners and their application in timber-concrete "T” beams in Serbia [26]

2.2 Elasti¢no sprezanje sistema drvo-beton

Stepen zajedni¢kog sadejstva drveta i betona u
spregnutim konstrukcijama varira od punog (krutog), koji
se najéeSce ostvaruje leplienjem ili kontinualnim
mehanickim trakama, preko delimi¢nog (elasti¢énog), koji
se najCeS¢e ostvaruje diskretnim mehani¢kim spojnim
sredstvima, do nezavisnog ponaSanja dva materijala
kada nema sprezanja ili je neadekvatno izvedeno, slika
3, [31]. Elasti¢no (delimiéno) sprezanje je od prakticnog
znacaja za vecinu konstrukcija tipa drvo—beton, a izbor
spojnih sredstava, nacin i polozaj njihove ugradnje, utice
na/odreduje nivo sprezanja preko tzv. modula
pomerljivosti veze (spojnog sredstva).

2.2 Elastic coupling in timber-concrete system

The degree of composite action in timber-concrete
composite systems could vary from full (rigid) that could
be mainly achieved by gluing or by continual mechanical
strips, through partial (elastic) that could be mainly
achieved by application of discrete mechanical dowel
type fasteners, until independent behaviour of two
materials is achieved when there is no composite action
or the coupling is inadequately reached, figure 3, [31].
Elastic (partial) composite behaviour has the practical
meaning for most of timber-concrete structures, where
the choice of fasteners type, the way and position of
their application, has dominant influence / determine the
degree of composite action through so called ,slip®
modulus of connection (fasteners).
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a)

81=0

b)

&2

Slika 3. Kruto i elasti¢no sprezanje drvo—beton [31]
Figure 3. Rigid and elastic action in TCC beams [31]

lako se Stapasta spojna sredstva smatraju najmanje
krutim u domenu delimi¢nog sprezanja, ona su u Sirokoj
upotrebi kod nas zbog male cene, jednostavne ugradnje
i zadovoljavaju¢eg u€inka u prenosu smicanja u odnosu
na namenu, te su predmet analize u ovom radu.

2.3 Metode proracuna sprezanja drvo—beton

Za proratun spregnutog sistema drvo-beton
dominantno se koristi tzv. gama metod [3], koji je uz
odgovaraju¢e dopune uvrSc¢en u Aneksu B Evrokoda 5
(EC5), [15], ali za veze drvo—drvo i plo¢e na bazi drveta.
Uz male modifikacije, ovaj proraun se moze primenti i
na spregnute nosace drvo—beton [42]. Postupak je prvi
primenio Mohler (1956), razmatraju¢i problem pomer-
liivosti veze drvenih elemenata spojenih mehanickim
spojnim sredstvima. Postupak se bazira na reSavanju
diferencijalne jednacine Cetvrtog stepena, jednacina (1),
po pomeranjima za prostu gredu s konstantnom
krutoS¢éu spoja duz raspona, na koju deluje spoljasnje
opterecenje g(x) koje se moze razviti po sinusnoj funkciji
g=qo'sin(tr-x/l), zato $to za ovakvo opterecenje postoji
jednostavno reSenje u zatvorenom obliku.

Although the dowel type fasteners are recognized as
the most elastic ones in domain of partial composite
behaviour, they are widely used in our country because
of low cost, simple application and satisfactory effects in
shear transmission comparing with functional demands,
so they are subject of analysis in this paper.

2.3 Design methods for timber-concrete
composites

The design method that is dominantly used in
calculation of TCC systems is so called “‘gamma”
method [3], which is included in Annex B of Eurocode 5
[15], but as the procedure for calculation of timber-to-
timber and timber - wood based panels’ connections.
With little modifications, this design procedure could be
applied on TCC systems as well [42]. The method is
initially derived by Mohler (1956), who considered the
problem of slip in connections realized with mechanical
fasteners. The procedure is based on solving differential
equation of fourth degree, equation (1), for simple
supported beam with constant and continual connection
stiffness along the beam length; under an applied load
q(x) that could be presented through sinusoidal function
g=qosin(1r-x//).

_o’M, M
(ED, (ED),

m_ 2

w

(1)

Usvojeno je da se ,y — postupak” mozZe primeniti i na
druge vrste opterecenja jer je uticaj razlike izmedu
tanog resSenja diferencijalne jednacine i ,y — postupka”
na napone mnogo manji u poredenju sa uticajem koji
ima varijacija modula elasti¢nosti ili modula pomerljivosti
veze. Dakle, u nedostatku konkretnih rezultata
ispitivanja, ovaj pojednostavljen postupak je na strani
sigurnosti i daje validne rezultate za spregnute sisteme
drvo-beton.

Jednacine (2-6) koje definiSu proracun razvijene su
za sistem drvo—drvo, ali se mogu primeniti za sistem
drvo—beton, u slu¢ajevima kada betonska plo¢a direktno
naleze na gornju povrSinu drvene grede, slika 4a.

It is adopted that ,y — method” could be applied for
other types of loading as well, because variation of slip
at member interface has greater influences on stressess
than differences between exact and aproximative
solutions of differential equation. Therefore, this
simplified procedure is on the safe side and gives
comperable results for timber-concrete composite
systems.

Equations (2-6) represent the basis of the method,
introducing a reduction factor known as the shear
coefficient “y”, to measure the degree of interaction
contributed by the concrete slab. Equations are derived
for timber-to-timber system, but they are applicable in
cases when concrete slab directly lays over the top of
the timber beam, figure 4a.

50

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 59 (2016) 4 (47-74)
BUILDING MATERIALS AND STRUCTURES 59 (2016) 4 (47-74)



T O

Fo
J 3

Om.2 O2

| -4
A A7

E|.|1.A|\:'

ELlLAL

Om2 G2

b kk

Slika 4. ,T” grede drvo—beton: (a) presek bez oplate i (b) presek sa oplatom;
raspodela napona savijanja sa unutrasnjim silama
Figure 4. ”T” timber-concrete beams: (a) cross section without formwork and (b) cross section with formwork, distribution
of bending stresses with internal forces
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El,=E,-[,+y-E -A -a’+E,-LL+E,-A,-a,’

gde je:

v1, Y2 — koeficijent redukcije koji uzima u obzir
popustljivost veze drvo—beton;

E+, E>— modul elasti¢nosti betona, odnosno drveta;

A4, Ao— bruto povrSina betonskog dela preseka,
odnosno drvenog dela preseka;

s —rastojanje izmedu mozdanika duz nosaca;

Ki — modul pomerljivosti spoja izmedu drveta i
betona;

(Kser — modul pomerljivosti za grani¢no stanje
nosivosti, odnosno
Ky — modul pomerljivosti za graniéno stanje

upotrebljivosti);

L — raspon nosaca;

as, a» — rastojanje teziSta betonskog, odnosno
drvenog dela preseka od tezista spregnutog preseka;

h1, ho — visina betonskog, odnosno drvenog dela
preseka;

Elss — efektivna krutost na savijanje spregnutog
preseka.

U slu€ajevima postojanja oplate kao medusloja kroz
koji prolazi mozdanik, slika 4b, rastojanje tezista
betonskog, odnosno drvenog dela preseka od tezista
spregnutog preseka data je modifikovanim jednacinama
(7-8), dok su ostale jednacine ostale nepromenjene.
Sistem s postojanjem oplate jedna je od realnih okolnosti
prilikom izvodenja spregnutog sistema drvo—beton, i kao
takav je bio predmet istrazivanja u viSe istrazivackih
projekata [19,20].

(6)

Where is:

Y1, Y2 — gamma factor (introduces the slip of
fasteners in shear plane) for concrete and timber,
respectively,

E+, E> — mean value of Young’'s modulus of elasticity
for concrete and timber, respectively,

As;, A — cross section area of concrete/timber
element, respectively,

s — spacing fasteners at shear plane,

Ki — slip modulus of fasteners at shear plane
between timber and concrete

(Kser — slip modulus for serviceability limit states, K, —
instantaneous slip modulus for ultimate limit states),

L — span of the beam,

as;, az distance
concrete/timber element
composite section,

h4, ho — depth of cross section of concrete and timber
element, respectively,

Eler — the effective bending stiffness of TC composite
beam.

In cases where formwork exists like one interlayer,
figure 4b, distances between centreline of con-
crete/timber element and neutral axis of TCC section are
given by modified equations (7-8), while the other
equations stay unchanged. System where formwork
exists is the real circumstance in the construction
process of TCC system, and was the research subject in
several investigation [19,20].

centreline  of
axis of TC

between
and neutral
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_E A -(h+h,+2-1)

2

a

gde je:

t — debljina sloja oplate

Naponi u spregnutom preseku, slika 4 (a,b) raunaju
se prema izrazima (9-14):

Normalni naponi:

2

2'(Y'E1 'Al +E2 'Az)

(8)

Where is:

t — interposed plank thickness.

Stress distribution in TCC section, figure 4(a,b) could
be calculated according to the expressions (9-14):

Normal stresses:

Y, 'El "4,
o (X)=— . X
1( ) (EI)ef ( ) (9)
__05-E,-h,
S, (X)=7F E). (x) (10)
() =122 M)
? (ED),, (11)
__05-E,-h,
Maksimalan smi¢uéi napon: Max shear stress:
0.5-E, -h?
=——— 2 2.V
T2,max (X) (EI)ef (X) (1 3)
Opterecenje spojnog sredstva: Force on single fastener:
v,-E -A -a s
F(x)="—"1 1 7. V(x
Y=, " a

3 FAKTORI BITNI ZA PRORACUN KOMPOZITA
DRVO-BETON

3.1 Modul pomerljivosti veze drvo-beton

Krutost veze drvo—-beton, odnosno popustljivost
spojnih sredstava za sprezanje uvodi se u ,gama”
postupak preko y koeficijenta, a definiSe se pomocu
vrednosti modula pomerljivosti K. Modul pomerljivosti
jednog spojnog sredstva odreduje se na osnovu
eksperimentalnih ispitivanja, a predstavlja odnos sile i
pomeranja, definiSuc¢i krutost spoja silom kojom treba
opteretiti vezu da bi relativno pomeranje u njoj bilo
jediniéno, odnosno:

gde je:
K — modul pomerljivosti veze;
P —sila;
0 — pomeranje.

P
5

3 ESSENTIAL FACTORS AFECTING TCC DESIGN
3.1 Slip modulus in timber-concrete connections

A stiffness of timber-concrete connection i.e.
interface member slip due to mechanical fasteners is
introduced into “‘gamma” method through y shear
coefficient which is defined by the value of slip modulus
K. Slip modulus of fastener is usually determined on the
basis of experimental tests, and it is given by
force/displacement ratio, defining the connection
stiffness by force that has to be applied in order to get
unitary displacement:

(15)

Where is
K — slip modulus,
P — force,
0 — displacement.
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Na osnovu mnogobrojnih eksperimentalnih istrazi-
vanja pona8anja spoja drvo—beton, s razli¢itim spojnim
sredstvima a pod standardizovanim protokolom optere-
¢enja (npr. SRPS EN 26891 [40]), evidentno je da
dijagram P-d nije linearan, pa samim tim ni modul
pomerljivosti nije konstantan, slika 5.

FORCE

4
100%
Glued joints

Notched joints

Circular notch with dowel

Nailplates

Dowel type fasteners

15mm SLIP

Slika 5. (P-0) dijagrami za razli¢ite nacine ostvarivanja
veze u sistemima drvo-beton [31]
Figure 5. (P-6) diagrams for different connection means in
TCC [31]

Modul pomerljivosti moze se definisati kao sekantni
ili tangentni u odnosu na odredeni nivo opterec¢enja ili u
odnosu na usvojenu veli¢inu pomeranja u vezi, slika 6.
InZenjerima koji rade u praksi, ukoliko su dostupna
eksperimentalna ispitivanja, modul pomerljivosti Kser za
dokaz upotrebljivosti treba odrediti kao sekantni za nivo
opterecenja 0.4F s, dok modul pomerljivosti K, za dokaz
nosivosti treba odrediti kao sekantni za nivo optereéenja
0.6Fest, [2], [3], [40]. U nedostatku eksperimentalnih
ispitivanja moguce je Kkoristiti predlozene izraze
definisane u EC5 [15], ukoliko je re¢ o vec¢ ispitanim
spojnim sredstvima.

Evrokod 5 [15], definiSe vrednosti modula
pomerljivosti Kser U spojnoj ravni po optereCenom
spojnom sredstvu — za Stapasta i patentirana spojna
sredstva, za veze drvo—drvo i plo¢a na bazi drveta—drvo
preko analitickih izraza datih u Tabeli 1. U izrazima
figuriSe zapreminska masa drveta pm, u [kg/m3] i precnik
spojnog sredstva d (d;) u [mm]. lzrazi su jednostavni za
primenu, ali ogranieni za vertikalno postavljena spojna
sredstva, kao i sisteme gde je kontakt drvo—beton
direktno ostvaren.

On the basis of numerous experimental researches
about TC interface stiffness with different fasteners and
under the standardized loading conditions (for example
SRPS EN 26891 [40]), it is evident that P-6 diagram is
not linear so the value of slip modulus is not constant
also, figure 5.

Load
tan K,
Qu tan™ K,
U'6Q1n -------- E
i
0"1Qm gy 4 E

8o Bos Relative slip

Slika 6. Definicija modula pomerijivosti na dijagramima
sila-pomeranje (P-6) [31]
Figure 6. Slip modulus definition on (P-6) diagrams
according EN standards [31]

Slip modulus could be defined as secant or tangent
in relation to certain load level or adopted connection’s
displacement, figure 6. Important facts for engineers
working in practice are: if experimental results are
available — slip modulus Kse for serviceability limit states
(SLS) has to be determined as secant for load level of
0.4Fqst, while slip modulus K, for ultimate limit states
(ULS) has to be determined for load level of 0.6Fcs;, [2],
[3], [40]. If there are no experimental results, it is
possible to use expressions suggested in EC5 [15] when
fasteners are not new at the market.

Eurocodes 5 [15], defines the values for slip modulus
Kser for fasteners and connectors in interface shear
plane for timber-to-timber and wood-based-panels-to-
timber connections according to the expressions given in
table 1, that are based on wood density o [kg/m?] and
fastener’'s diameter d (d¢) [mm]. The expressions are
easy to use, but limited to vertical application of dowel
type fasteners and for system without presence of
formwork.
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Tabela 1. Vrednosti modula pomerljivosti Kser za Stapasta i patentirana spojna sredstva
(u N/mm) za veze drvo—drvo i plo¢a na bazi drveta—drvo [15]
Table 1. Values of Kser for fasteners and connectors (in N/mm) in timber-to-timber and
wood-based panel-to-timber connections [15]

Tip spojnog sredstva Kser Fastener types

Trnovi Dowels
Zavrtnji sa zazorom ili bez njega (neobradeni L5 i Screws and Bolts (with or without
ili obradeni)* P 23 clearance)*
Ekseri (buseni) Nails (with pre-drilling)

d0,8
Ekseri (zabijani) pr— Nails (without pre-drilling)

30

d0,8
Sponke pr— Staples

80
Prstenasti mozdanici tip A (EN 912) . i Split-ring connectors type A (EN 912)
PloCasti mozdanici tip B (EN 912) P 2 Shear-plate connectors type B (EN 912)

e L 1.5-p, -— )
Plo€asti mozdanici sa zupcima: m Toothed-plate connectors:
-tip C1 - C9 (EN 912) - types C1 - C9 (EN 912)
-tip C10 - C11 (EN 912) 0 ﬂ - types C10 - C11 (EN 912)
"2
* Zazor treba dodati odvojeno na deformaciju spoja / The clearance should be added separately to the
deformation

If Kser is determined according table 1 for SLS,
according to 2.2.2(2) EN1995, for determination of K, for
ULS the fallowing expression has to be applied:

Ukoliko je odreden modul pomerljivosti za grani¢no
stanje upotrebljivosti Kser prema izrazima iz tabele 1, za
odredivanje modula pomerljivosti za grani¢no stanje
nosivosti K,, prema ¢lanu 2.2.2(2) Evrokoda 5, treba
uzeti slededi izraz:

u ser

2
K _§'K (16)

gde je: Where is:
Kser — the slip modulus for serviceability limit states,
presented in Table 1.

Kser — modul pomerljivosti za grani¢no stanje
upotrebljivosti, dat u tabeli 1.

Slika 7. Pomeranje spojnog sredstva u spregnutom preseku: a) drvo—drvo, b) drvo—beton [31]
Figure 7. Fastener’s slip in composite cross-section: a) timber-timber, b) timber-concrete [31]

Kako veza drvo-beton nije razmatrana u EC5, daje
se konzervativha preporuka za odredivanje modula
pomerljivosti Kser na nacin da se udvostrudi vrednost
data u tabeli 1, gde se za p, uzima zapreminska masa
drveta, slika 7. Preporu¢ene vrednosti modula
pomerljivosti Kser koje predlaze EC 5, mogu se koristi

Timber-concrete connections are not particularly
considered in EC5, so for these two materials the
conservative recommendation is given in a way that
suggested values in table 1 for Ksr has to be doubled,
figure 7. These suggested values could be applied only
in cases when dowel type fastener is loaded
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samo u slu€aju kada je spojno sredstvo optereceno
upravno na svoju osu, tj. kada je spojno sredstvo
postavljeno upravno na drvna vilakna a optereéenje
deluje paralelno smicucoj ravni izmedu dva elementa.
Takode, preporucene vrednosti modula pomerljivosti
Kser, 0dnose se na spoj bez prisustva medusloja
oplate. Ukoliko je spojno sredstvo postavljeno pod bilo
kojim drugim uglom u odnosu na drvna vlakna ifili s
prisustvom medusloja u spoju, vrednost modula
pomerljivosti spojnog sredstva Kser potrebno je odrediti
eksperimentalnim ispitivanjima, $to u praksi predstavlja
problem za inzenjere.

U spregnutim konstrukcijama drvo—beton cesto se
moze naci upotreba oplate koja se postavlja prilikom
izlivanja sveze betonske meSavine, slika 8. Ovaj slucaj
je vrlo €est kod ojacanja, sanacije i rekonstrukcije starih
drvenih tavanica [19], kao i kod mostovskih konstrukcija
gde je postavljanje skele u vodi neizvodljivo.

a)

betonska ploca

slojevi poda

perpendicular to own axis i.e. when fastener is applied
perpendicular to grain direction, while load is acting
parallel to shear plane between members. Also,
suggested values are applicable only in cases when
formwork is absent. If dowel fasteners are applied in
inclined positions to the grain direction and/ or the
formwork is present, the value of slip modulus Kser is
necessary to obtain by tests, what could be quite a
problem for engineers in practice.

It is very common situation in practice that formwork
is necessary for outpouring a fresh concrete mass, figure
8, especially in retrofitting or rehabilitation of old timber
floors [19], or in building of timber bridge structures when
putting up scaffolding in water is impossible.

spojna sredstva

oplata
Y
drvena greda

b)
concrete slab

' spojna sredstva

floor layers

/
drvena greda

dowels

formwork

dowels

timber beam

Slika 8. Spregnuta konstrukcija drvo—beton (a) bez prisustva oplate (b) s prisustvom oplate [19]
Figure 8. Timber-concrete composite structure: (a) without formwork, (b) with formwork [19]

Na slici 8-a), oplata je postavljena tako da je
betonska plo€a u direktnom kontaktu s drvenom gredom,
te se moze smatrati da prisustvo oplate na krutost veze,
tj. na modul pomerljivosti Kser nema znacajnog uticaja. U
slu€aju gde je oplata medusloj u spregnutom spoju, slika
8-b), prisustvo oplate ima znatan uticaj na modul
pomerljivosti Kser. Problematika odredivanja modula
pomerljivosti spojnog sredstva u slu€aju postojanja
oplate u spregnutoj kontrukciji veoma je kompleksna, te
zavisi od mnogobrojnih promenljivih, gde su neke od njih
debljina oplate t, pre€nik spojnog sredstva d, mehanicke
karakteristike materijala (drvo, beton, spojno sredstvo) i
tako dalje. U ovom radu analiza ¢e biti ograni¢ena samo
na Stapasta spojna sredstva — trnove, Sto je od
relevantnog znacaja u Siroj praksi.

Za uzimanje u obzir uticaja oplate na veli¢inu modula
pomerljivosti spojnog sredstva mozZe se primeniti tzv.
Gelfi model [19]. Teoretska podloga ovog modela, za

In figure 8a), the formwork is positioned in such a
way that concrete slab has direct contact with timber
beam, so there is no influence of interlayer on
connection stiffness i.e. on slip modulus K. . In case
where the formwork is placed as one interlayer, figure
8b), its presence has significant influence on K, value.
The problem of valuation of slip modulus in TC system
with formwork interlayer is very complex, and dependent
from several variables, such as formwork thickness t,
fastener's diameter d, mechanical properties of
constitutive materials (timber, concrete and fastener),
etc. The analysis in this paper is limited on cases of
dowels as fasteners, because they are significant for
Serbian engineering practice.

For taking into account the presence of formwork
and its effects on dowels slip modulus, the so called
"Gelfi" model could be applied [19]. The theoretical
background is based on beam model under the
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odredivanje modula pomerljivosti, jeste model grede na
elasti¢noj Vinklerovoj podlozi, slika 9-b). Smatra se da
su delovi trna oslonjeni na elasti¢nu Vinklerovu podlogu
u betonu i drvetu, dok je deo trna na mestu medusloja
slobodan, jer se smatra da krutost medusloja oplate
zanemariva. Krutost podloge drveta odreduje se
eksperimentalnim ispitivanjima. Nagib krivih predstavlja
krutost Vinklerove podloge u drvetu kv, gde ona priblizZno
iznosi 1300 N/mm?, pri ¢emu pre¢nik trna ne utie
znacajno na vrednost krutosti podloge. Krutost podloge
u betonu k., [20], predstavljena je preko odnosa
ke=Ec/B, gde je E; modul elastiCnosti betona, a
koeficijent $=2.5-3.3 je u funkciji odnosa precnika i
medusobnog razmaka trnova.

AW
WA
WA

@

Winkler's elastic foundation, figure 9b). It is considered
that dowel parts are supported on elastic foundation in
concrete and timber, while the dowel part in interlayer is
considered as free, because the stiffness of formwork is
negligible. Winkler elastic stiffness of timber as
foundation is determined experimentally and approxima-
tely its value is about ky= 1300 N/mmz, where the

dowel diameter has insignificant influence on timber
foundation stiffness. Concrete stiffness foundation k.,
[20] is enclosed through ratio k.=Ec/B, where E; is the
modulus of elasticity of concrete, while coefficient §=2.5-
3.3 is in function of ratio of fastener diameter and mutual
distance of dowels.

CY

Slika 9. Spojno sredstvo (trn) kao greda na elasti¢noj podiozi [20]
Figure 9. Fastener (dowel) as a beam on the elastic foundation [20]

ResSenje teorijske analize, u pojednostavljenoj formi
za potrebe prakse sa zanemarivom razlikom u odnosu
na ta¢no, dato je slede¢im izrazom:

K

ser

gde je:

Es — modul elasti¢nosti trna;

I§ — moment inercije trna;

I — idealna duzina trna, predstavljena na slici 9-d), i
data izrazom (18).

(" =17.3-0.000572-k, —0.00894 -k +0.880-t+4.34-d

gde je:

t — debljina medusloja;

d — precnik trna.

Za parametre ke, ky, ti d dati su intervali u kojima oni
variraju [20]:

7000 <ke< 14000 N/mm?, 1000 <k,< 1400 N/mm?, 12
<d< 20 mm, 0 <¢{< 50 mm.

Porede¢i vrednosti modula pomerljivosti  koje
propisuje EC5, tabela 1, s predlozenim modelom prema
Gelfiju, slika 10 (levo), sa dijagrama se vidi da su
vrednosti prema Evrokodu 5 veoma konzervativne i nisu
na strani sigurnosti, ukoliko postoji prisustvo oplate.
Posmatraju¢i krive prema Evrokodu 5, vidi se da su
vrednosti modula pomerljivosti konstantne bez obzira na
debljinu medusloja, dok kod krivih prema Gelfiju, modul

The theoretical problem solution, in simplified form
with neglect differences and suitable for use in everyday
practice, is given by the following expression:

12-E_ -1

!

where is:

Es — Young’s modulus of elasticity of the dowel,

I§ — second area moment of the dowel section,

| — ideal length of dowel, presented in Figure 9d),
and given by the expression (18).

(17)

(18)

where is

t — interposed plank thickness,

d — dowel’s diameter.

For parameters k., kv, t and d , the variation
intervals are given [20]:

7000 <k.< 14000 N/mm?, 1000 <k,< 1400 N/mm?, 12
<d<20 mm, 0 < {< 50 mm.

Comparing the slip modulus values according to the
EC5, table 1, with suggested "Gelfi" model, figure 10
(left), the obvious conclusion is that values suggested by
EC5 are conservative and not on the safe side when the
formwork is present. The curves derived from EC5
suggestions show that slip modulus has the constant
value independently from interlayer thickness, while the
Gelfi's curves show that slip modulus is falling down with
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pomerljivosti opada s debljinom medusloja. Isti zaklju€ak
moze se izvesti i za nosivost, slika 10 (desno). Za
odredenu debljinu medusloja i isti preCnik trna, presek
krivih prema ECS5 i Gelfiju daju iste vrednosti modula
pomerljivosti, te samo u tom sludaju spregnuta
konstrukcija sraCunata s modulima pomerljivosti prema

increase of formwork thickness. The similar conclusion is
possible to derive for fastener's bearing capacity, figure
10 (right). Only for particular thickness of formwork and
the same dowel diameter, the intersection of EC straight
lines and Gelfi's curves indicates the real (same)
solution of TCC.

Evrokodu i Gelfiju pokazace realno (isto) ponaSanje
spregnutog sistema drvo—beton.

30 40 -
i N ,t\.w _____________
25 - N \
E = 30
EE- 20 ;;,:
= 1B —a—d20 20 —&—d20
= ——d16 —e—di6
i T~y —E—di12 12
— — d20EC5 10 e
° e — —d16_EC5
- —=d12_ECs _
0 0 i - d12_ECS
0 10 20 30 40 50 t[mm] 0 10 20 30 40 50 t[mm]

Slika 10. Uticaj prisustva oplate (debljina - t) na vrednost: a) modula pomerljivosti i
b) nosivosti spojnih sredstava, u spregnutoj konstrukciji drvo-beton [31]
Figure 10. Influence of the presence of formwork (tickness -t) in TCC structure
on the value of: a) slip modulus and b) fastener’s bearing capacity [31]

3.2 Nosivost trnova prema Evrokodu 5

Nosivost spojnog sredstva odredena je preko ftri
parametra: pritiska po omotacu rupe drvenog preseka fp,
momenta teCenja M, spojnog sredstva i efektom
prianjanja Fax odnosno Cupanja (,rope effect”). Nosivost
trnova, kao i spomenuti parametri, odreduju se saglasno
standardima EN 1380 [39], EN 383[37] i EN 409 [38].

Karakteristicna vrednost pritiska po omotacu rupe
drvenog preseka za trnove pre¢nika do 30 mm u
zavisnosti od ugla a u odnosu na vlakna, data je izrazom
predloZenim u Evrokodu 5 (za veze ostvarene trnovima):

f,

3.2 Bearing capacity of dowels according to
Eurocode 5

A bearing capacity of dowel type fasteners is mainly
determined by three parameters: embedment strength of
timber fp,, fastener's modulus of plasticity M, and rope
effect of applied dowels F., that could be experimentally
tested by standards EN 1380 [39], EN 383 [37] and EN
409 [38].

The characteristic value of timber embedment
strength for dowels of diameter up to 30 mm in relation
of inclination angle due to grain direction is given by
expression suggested in EC5, equation 19:

f,

h,0,k

h

gde je:
1.35+0.15-d
ko, =4 1.30+0.15-d
0.90+0.15-d,

f,

fh,0k — karakteristicna vrednost ¢évrsto¢a na pritisak po
omotaéu rupe paralelno viaknima, u [N/mm?];

koo — popravni koeficijent u zavisnosti od vrste drveta
(meko i tvrdo drvo, LVL);

a — ugao izmedu opterecéenja i vlakna;

d — pre¢nik zavrtnja, u [mm];

px — karakteristichna vrednost zapreminske mase
drveta, u [kg/ms].

ak = :
“* Kk, sin’ o+ cos’ o

za meko drvo
za LVL

za tvrdo drvo

wox =0.082-(1-0.01-d)-p,

(19)

where is:
/ for softwoods

/ for LVL
/ for hardwoods

(20)

(21)

fhok — the characteristic embedment strength
parallel to grain, in [N/mm?],

koo — corrective coefficient depending on the type of
wood (softwood, hardwood and LVL),

a — the angle of the load to the grain,

d —s the dowel diameter, in [mm],

px— the characteristic timber density, in [kg/m3].
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Za trnove treba koristiti sledec¢u vrednost za moment
te€enja:

The dowel's moment of plasticity M, is given by
equation 22:

M, ., =03-f  -d* (22)

gde je:

My rx — karakteristicna vrednost momenta te€enja
spojnog sredstva, u [Nmm];

fuk — karakteristicna vrednost €vrsto¢e na zatezanje
spojnog sredstva, u [Nmm].

Kada je spojno sredstvo u vezi opterec¢eno na
smicanje, mogu nastati razli€iti tipovi loma, koji zavise od
uzajamne veze izmedu pritiska po omotadu rupe,
momenta teCenja spojnog sredstva i debljine drvenih
elemenata. Johansen (1949) je prvi izloZio ovu teoriju
(Johansenova teorija teCenja) za odredivanje nosivosti
spojnih sredstava, nacelno identifikuju¢i tri osnovna
moguca tipa loma koja mogu nastati u vezi: kruto spojno
sredstvo i gnjeCenje drveta, formiranje jednog ili dva
plastiéna zgloba unutar spojnog sredstva, slika 11. Prvi
tip loma | nastaje u drvetu prekoracenjem pritiska po
omotadu rupe, te nema pojave plasti€nih zglobova u
spojnom sredstvu, slika 11 (a,b,c). Drugi tip loma Il
odreden je pojavom jednog plasticnog zgloba, ako
postoji dovoljno debeo element takav da se spojno
sredstvo savija unutar njega, slika 11 (d,e). Treci tip
loma Il nastaje takode plastifikacijom spojnog sredstva
uz formiranje dva zgloba i jedan je od pozeljnijih tipova
loma iz aspekta duktilnosti spojnog sredstva, slika 11(f).

all) B cil}

where is:

My, r« — the characteristic value for the yield moment,
in [Nmm],

fukx — the characteristic tensile strength, u [Nmm].

When dowel type fasteners are subjected in shear,
different failure modes, depending on mutual relation
between the wood characteristic embedment strength,
fastener's yield moment and thickness of timber
element, could occur. Johansson (1949) was the first
one who dealt with fasteners bearing capacity in relation
with possible failure modes (,Johansen yield theory),
identifying three general failure modes: very stiff fastener
and crashing wood grains, formation of one or two
plastic hinges in fastener with slight crushing of timber.
Mode | occurs in timber when timber embedment
strength is exceeded and there is no plastic hinges in
dowels, figure 11 (a,b,c). Mode Il is determined by
appearance of one plastic hinge in enough tick element,
figure 11 (d,e). Mode IIl occurs when two plastic hinges
appear what usually happens when all the parameters
are balanced, figure 11 (f). From the aspect of fastener's
ductility, the third type is the most favourable one.

d (Il e (Il (10T}

Slika 11. Mogudi tipovi loma u vezi drvo—drvo, jednosecne veze [31]
Figure 11. Failure modes for timber and panel connections, single shear [31]

U zavisnosti od tipa loma, Evrokod 5 daje izraze za
proracun nosivosti na osnovu Johansenovih jednacina, a
za veze drvo—drvo i Celik-drvo. Kako EC 5 ne sadrzi
proraCun nosivosti spojnih sredstava za veze drvo—
beton, na osnovu rezultata razlicitih istrazivanja mogu se
koristiti predlozeni izrazi za veze Celik—drvo, primenom
izraza za debele Celi¢ne ploce (izrazi 23a, b, c), slika 12.

a) d b)

Ay

d c) d

Eurocodes gives expressions for lateral bearing
capacity of dowel type fasteners according to
Johanson's equations for timber-to-timber and steel-to-
timber joints. In the lack of adequate particular
expressions  for  timber-to-concrete  joints, the
expressions given for tick metal plates-to-timber joints
could be applied (equations 23a, b, c), figure 12.

- T e——

s

+a ‘ P
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Slika 12. Mogucéi tipovi loma u vezi drvo—beton, jednoseéne veze [31]
Figure 12. Failure modes for timber-concrete connections, single shear [31]
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Karakteristicna nosivost trnova u spojnoj ravni po
spojnom sredstvu, u jednoseCnim vezama, predstavlja
najmanju vrednost dobijenu iz sledecih izraza:

The characteristic lateral bearing capacity of dowels
in single shear per fastener per shear plane are the
minimum value obtained from the following equations:

v,Rk

gde je:

Fvrc — karakteristicna nosivost spojnog sredstva u
Spojnoj ravni;

fnx — karakteristicna vrednost &vrsto¢a na pritisak po
omotacu rupe drveta;

t; — debljina bo¢nog drveta ili dubina zabijanja, u
zavisnosti od toga Sta je manje;

Fax r — karakteristi€na vrednost nosivosti na ¢upanje
spojnog sredstva.

U izrazima 23(b) i 23(c), prvi deo izraza je nosivost
prema Johansenovoj teoriji teCenja, dok je drugi deo
izraza Faxri/4 doprinos efekta prianjanja (,rope effect”).
Doprinos nosivosti usled efekta prianjanja kod trnova,
prema EC 5, ograni€en je procentom u odnosu na
Johansenov deo i iznosi 0%, te se izraz (23)
pojednostavljuje:

Konagno, proracunsku vrednost nosivosti Fyrqg
spojnih sredstava, za grani¢no stanje nosivosti (GSN),
treba izracunati kao:

gde je:

F. rk — karakteristi¢na vrednost nosivosti;

ym — parcijalni koeficijent sigurnosti za svojstva
materijala, tabela 2.3 u poglav. 2.4.1 EC5;

kmoa — korekcioni koeficijent kojim se uzimaju u obzir
uticaj trajanja opterecenja i vlaznosti, tabele 3.1 i 3.2 u
poglavlju 3.1.3 EC5.

3.3 Uticaj dimenzija poprec¢nih preseka i raspona
na krutost spregnute konstrukcije

Prilikom oblikovanja drvenog i betonskog elementa u
spregnutoj konstrukciji , T” preseka mora se voditi raduna
i o dimenzijama poprec¢nih preseka. Osim od krutosti
spojnih sredstva tj. modula pomerljivosti, krutost
spregnute konstrukcije drvo—beton bitno zavisi i od

fh,k 'tlz -d

23 M, 4, -d

(b) (23)

where:

F.rk — is the characteristic load-carrying capacity per
shear plane per fastener,

fux — is the characteristic embedment strength in the
timber member,

t; — is smaller thickness of the timber side member or
the penetration depth,

Faxrk — is the characteristic withdrawal capacity of
the fastener.

In expressions 23(b) and 23(c), the first part
represents the bearing capacity according to Johansen
theory, while the second part of the expression Fax ri/4 is
so called "rope effect". The rope effect contribution for
dowel type fasteners is limited to 0%, so the expression
(23) is simplified:

(a)
i (b) (24)
(c)

Finally, the design bearing capacity Fyrq for ultimate
limit state (ULS) should be calculated as:

(25)

where:

Fvrk — is the characteristic load-carrying capacity per
shear plane per fastener,

ym — is the partial factor for a material property, table
2.3 in section 2.4.1 EC5,

kmoa — is @ modification factor taking into account the
effect of the duration of load and moisture content, table
3.1 and 3.2 in section 3.1.3 EC5.

3.3 Influence of cross-section dimensions and
span on TCC bending stiffness

Adequate shaping timber and concrete members in
“T" composite beams and choice of elements’
proportions is of great importance. Besides fastener's
stiffness i.e. slip modulus, effective bending stiffness of
TCC significantly depends on ratio of cross-sectional
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odnosa dimenzija poprecnih preseka elemenata [30].
Van der Linden, [43] je sproveo analize i dokazao je da
sprezanje veoma tanke betonske plo¢e s visokom
drvenom gredom, kao i sprezanjem veoma niske drvene
grede s debelom betonskom plo¢om, ne vodi efikasnom
sprezanju ova dva materijala u spregnutom sistemu.

Na dijagramu, slika 13, prikazano je da za odreden
odnos Sirina spregnutih elemenata n-by/b;, postoji
poseban odnos visina hy/h; koji e generisati maksimalnu
krutost spregnute konstrukcije, ukoliko se posmatra
kruto spregnuta konstrukcija [46]. Pravilnim izborom
odnosa dimenzija moze se posti¢i maksimalna krutost
Elmax koja je Cetiri puta veéa u odnosu na nespregnutu
konstrukciju Elmin.

| - nbplb=2

| - nbgl by=4
S nbylb;=16
— b,/ b=32

n=F,i

b = Member width

h = Member depth

ol hy

Slika 13. Veza izmedu odnosa dimenzija elemenata i
efektivne Kkrutosti u kruto spregnutoj konstrukciji drvo-
beton [46]

Figure 13. Relation between dimensional proportion and
effective bending stiffness of TCC structure in the case of

rigid coupling [46]

Zakljutak o pozeljnom odnosu dimenzija vazi i u
sluéaju elastiéno spregnutih konstrukcija. S dijagrama,
slika 14, za elasticno spregnute sisteme gde je dat
raspon L, razmak spojnih sredstava s i odnos Sirina
spregnutih elemenata n-by/b; , moze se primetiti da je
odnos visina koji daje optimalnu efektivnu krutost
elasticno spregnute konstrukcije priblizno konstantan
bez obzira na vrednost modula pomerljivosti. Takode,
veza izmedu modula pomerljivosti spojnih sredstava i
efikasnosti kompozitnog dejstva nije linearna. Za
analizirane razli¢ite raspone (4m, 6m i 8m), efikasnost
kompozitnog dejstva znatno raste u granicama od 10 do
300 kN/mm. Iznad ove granice, povecanje modula
pomerljivosti ne vodi daliem porastu kompozitnog
sadejstva, dok je ispod ove granice kompozitno dejstvo
skoro neprimetno [46].

Moze se konstatovati da odnos dimenzija poprecnih
preseka u elastiéno spregnutim konstrukcijama
presudno uti¢e na efektivnu krutost spregnutog sistema.
Takode, kako modul pomerljivosti K bitno uti¢e na
efektivnu krutost, slika 14, moze se doéi do
maksimalnog odnosa (Ele#/Elmin)max KOji je u vezi sa
efikasnoS¢u kompozitnog dejstva n, (izraz 26), slika 15.

dimensions [30]. Van der Linden, [43] analyzed and
proved that very thin concrete slab with high timber
beam, as well as tick concrete slab with timber beam
less than average height, fails to lead to efficient
composite action in TCC system.

On diagrams, figure 13, it is shown that for
specific widths ratio of composite members n-by/b;, there
is a particular heights ratio hy/h; for which the max
effective stiffness will be generated in the case of rigid
coupling [46]. With adequate choice of dimensional
proportions maximal bending stiffness Elmax can be
achieved which can be even four times greater than
stiffness of Elni, for structures with zero composite
action.
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Slika 14. Uticaj promene modula pomerljivosti na odnos
visina ho/h: elemenata u elasticnom spregnutom sistemu
drvo-beton [46]

Figure 14. Influence of the slip modulus variation on
heights ratio ho/h;in the case of elastic coupling [46]

The conclusion about desirable dimensional
proportions is also valid in the case of elastic coupling.
From diagrams, figure 14, where the beam span is L,
fastener spacing is s and widths ratio is n-by/b; , it can
be noticed that heights ratio hy/h; that provides optimal
effective stiffness, is rather constant in the case of
elastic coupling, regardless of the slip modulus values.
For analyzed spans (4m, 6m, and 8m), the effectiveness
of composite action significantly arise between 10-300
kN/mm. Above that value, the increase of slip modulus
fails to lead to further increase of composite action, while
below the tested limits the composite action is
insignificant [46].

It can be concluded that dimensional
proportions have crucial impact on effective bending
stiffness of TCC systems with partial composite action.
As the slip modulus K also affects effective stiffness,
figure 14, it is possible to find maximum ratio
(Elei/Elmin)max related to efficiency of composite action n,
(expression 26), figure 15.

EIl,
= |=1+3- 26
(| )
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gde je:

n — efikasnost kompozitnog dejstva, Lukaszewska
[27];

Elx — efektivha
konstrukcije;

Elmin — krutost nespregnute konstrukcije.

krutost elasticno spregnute

Slika 15. Maksimalan odnos efektivnih krutosti u
zavisnosti od efikasnosti kompozitnog dejstva [34]

Figure 15. Max ratio of effective stiffnesses in
correlation of coupling effectiveness [34]

U zavisnosti od odnosa n-by/bs, primenom izraza 27,
slika 15, [34], mozZe se doéi do optimalnog odnosa h./h;,
pri kome ¢e se generisati maksimalna krutost spregnute
konstrukcije sa odnosom (Elet/Elmin)max-

gde je:
h¢ — debljina betonske ploce;
ht — visina drvene grede;
bc — efektivna Sirina betonske ploce;
bt — Sirina drvene grede;
n — odnos modula elasti¢nosti betona i drveta, E/E:.

Takode, treba obratiti posebnu paznju i na raspon
spregnutog nosaCa L koji utiCe na efektivhu krutost
spregnute konstrukcije. Ukoliko se posmatra zavisnost
izmedu raspona L i efikasnosti kompozitnog dejstva n,
moze se primetiti da za raspone manje od 2m uticaj
poveéanja modula pomerljivosti na krutost spregnute
konstrukcije nema velikog znacaja, slika 16. S druge
strane gledano, s manjom vrednoS¢u modula
pomerljivosti mogu se postici isti procenti kompozitnog
dejstva usvajajuci veci raspon nosaca, slika 16, [34].

3.4 Efektivna Sirina betonske ploc¢e

Efektivna (sadejstvujuéa) Sirina betonske ploce u
spregnutom preseku drvo—beton zavisi od

where:
n — is degree of composite action, Lukaszewska [27],
El. — is the bending stiffness for partial composite
action,

Elmin — is the bending stiffness for perfect composite
action.
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Slika 16. Veza izmedu raspona L i efikasnosti
kompozitnog dejstva n u zavisnosti od modula
pomerljivosti spojnih sredstava K [34]

Figure 16. Correlation between span L and
effectiveness of composite action n
on the basis of connector’s slip modulus K [34]

The optimal ratio hs/h;,, that generates maximum
stiffness of composite structure with (Ele#/Elmin)max , is
possible to determine on the basis of the ratio n-bs/bsand
by application of expression 27, figure 15, [34]:

b

(27)

o L@

where is:

h¢ — depth of concrete slab,

ht — depth of timber beam,

b. — effective width of concrete slab,

by — width of timber beam,

n — ratio of the Young’s modulus of elasticity of
concrete and timber, E/E:.

The particular attention should be paid on beam
span L that affects effective stiffness of TCC.
Considering the mutual relation between span L and the
degree of composite action n, it can be noticed that for
spans less that 2m, the increase of slip modulus have
insignificant influence on effective bending stiffness,
figure 16. At the other hand, it is possible to achieve the
same level of composite action with lower slip modulus,
adopting larger beam spans for structure, figure 16, [34].

3.4 Effective width of concrete slab

Effective (co-acting) width of concrete slab in TCC
cross-section depends on unequal normal stress
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neravnomernog rasporeda normalnih napona po Sirini
betonske plo€e. Ovi naponi se u armirano- betonsku
ploéu unose pri nastanku smicucih sila na kontaktu
izmedu drveta i betona primenom mozdanika [41], a
sadejstvujuca (efektivna) Sirina plo¢e bes odreduje se iz
uslova (28):

b

o

ef  max T x

Istrazivanje Natterer i Hoeft [33], bilo je fokusirano na
analizu ponaSanja spregnutih grednih sistema drvo—
beton izlozenih naj¢eSéim sluCajevima optereéenja
(koncentrisano opterecenje, ravhomerno raspodeljeno i
sinusoidno opterec¢enje). Autori su razvili i predlozili
postupak za odredivanje efektivne Sirine koja se bazira
na definiciji faktora redukcije. Koristec¢i teorijski pristup
problemu u pogledu povezanosti normalne sile/napona
sa Sirinom betonske plo¢e, a za prostu gredu s razli€itim
vrstama optereéenja, dobijena je definicija odgovaraju-
¢eg faktora redukcije Sirine betonske ploCe. Poznajudi
znaCaj uticaja vrste optere¢enja na efektivhu Sirinu
betonske ploc¢e, faktor redukcije odreden je za koncentri-
sano i raspodeljeno optereéenje, a za tipove unutrasnjih
sila kojima je spregnut presek izlozen, tj. faktor redukcije
odreden je na osnovu normalnog napona usled aksijalne
sile i napona savijanja usled momenta [36]. Jedna-
¢inama (29-32), dati su izrazi za odredivanje faktora
redukcije Sirine betonske ploce.

Faktor redukcije Sirine betonske ploce pri dejstvu u
momentu savijanja:

za raspodeljeno opterecenje

za koncentrisano opterecenje

BMG,k = |:1 -

Faktor redukcije Sirine betonske plo€e pri dejstvu
aksijalne sile:

za raspodeljeno opterecenje

BNG,r = 1_

b

za koncentrisano opterecenje Brox = 1—1.4-(

gde je:

b — medusoban razmak drvenih nosaca;

L — raspon nosaca.

Konacno, efektivna Sirina betonske plo¢e u spregnu-
toj konstrukciji drvo—beton, mozZe se odrediti na osnovu
izraza (32 i 33), koji zavisi od tipa optere¢enja (ravno-
merno raspodeljeno ili koncentrisano opterecenje).

za raspodeljeno opterecenje

za koncentrisano opterecenje

bcf,k =b

BMG,r = 1

2
b
] -0.8- (—j for point load at mid-pan
L L

bef,r =b

distribution across the slab width. These stresses occur
in reinforced concrete slab as a result of shear forces
from dowels on interface contact between timber and
concrete [41], and effective concrete slab width bes can
be determine from expression (28):

b/2

=2-[ "o, -d, (28)

The research by Natterer and Hoeft [33] was focused
on the analysis of behaviour of TCC beam systems
subjected to common load cases (concentric, uniform
and sinusoidal loads). The authors have derived and
suggested a method for effective slab width based on
reduction factor’'s definition. Applying the theoretical
approach in consideration of axial force and normal
stress in variable slab width on simple beam under
different load cases, several types of reduction factors
have been derived [36]. The influence of loading type on
concrete slab width is introduced through reduction
factors due to internal forces i.e. bending and axial
stresses. Relevant expression for reduction factors are
given by equations 29-32.

Reduction factors of the effective width due to the
bending stresses:

for uniformly distributed loading (29)

b
0.25- (Iﬂ for point load at mid-span (30)

Reduction factors of the effective width due to normal
stresses:

:

b

1.4-(
L

for uniformly distributed loading (31)

(32)

Where is:

b — mutual spacing of wooden beams,

L — span of the beam.

Finally, the effective concrete slab width in TCC
system can be calculated according to expressions (32

and 33), that depend on loading type (uniformly
distributed or point concentric load).
Buor “Brour for uniformly distributed loading (33)
Bucx Prox for point load at mid-pan (34)
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4 MODELIRANJE SPREGNUTE KONSTRUKCIJE
DRVO-BETON

Zbog kompleksnosti problema, nedostatka eksperi-
mentalnih podataka i njihove generalizacije kroz stan-
darde, nije moguce efikasno i uopsteno formulisati i
modelirati spregnute sisteme drvo—-beton [29]. Broj pro-
grama za strukturalnu analizu i proracun konstrukcija
danas je gotovo nesaglediv. Neki od najrasprostranje-
nijih na domac¢em trzistu jesu Tower, AxisVM, SAP2000 i
drugi, ali ovi softverski paketi uglavhom ne poseduju
posebne biblioteke s relevantnim podacima za modelira-
nje spoja drvo-beton, te se uvrstavanje bitnih parame-
tara sprovodi ,ruéno” to jest na osnovu (oskudnih i Cesto
nedore€enih) podataka datih u standardima. Buduc¢i da u
EC5 nema podataka za module pomerljivosti koso /
unakrsno postavljenih Stapastih spojnih sredstava (iako
postoje izrazi za proracun njihove nosivosti), modeliranje
ovakvih spojeva nije sigurno za Siroku inZenjersku
praksu bez eksperimentalnih ispitivanja. Na osnovu
postojec¢ih izraza, moguce je efikasno modeliranje
vertikalno postavljenih Stapastih spojnih sredstava.

U slu€ajevima kada program ne poseduje bazu
elemenata za modeliranje spregnutih konstrukcija jedan
od efikasnih nacina je modeliranje putem Virandel
nosaca, slika 17. Sistem Virandel nosata mozZe se
jednostavno primenti na spregnute konstrukcije drvo—
beton sa spojem ostvarenim putem vertikalno postav-
lienih mozdanika zato Sto je ovakvo modeliranje direktno
oponaSanje realnog sistema, a kako u EC5 postoje
predlozZeni (konzervativni) izrazi za module pomerljivosti,
posledi€no su rezultati analize spregnutog nosaca (Vi-
randel) veoma bliski rezultatima klasi¢nog prorac¢una (y-
metod). Ovaj sistem se zasniva na postojanju vertikala
koje povezuju dva elementa istih ili razli¢itih fizicko-
mehanickih karakteristika, gde vertikale u ovom smislu
predstavljaju mehanicka spojna sredstva sa odredenom
kruto§8¢u na savijanje pri pomeranju. Krutost vertikala
[El] predstavljena je preko modula pomerljivosti spojnih
sredstava za sprezanje K, kako je prikazano na slici 17.

Kr' /12=[EI]

[

4 MODELLING TIMBER-CONCRETE COMPOSITE
STRUCTURE

Problem formulation and modelling TCC system is a
difficult task due to its complexity and lack of generalized
experimental data, especially when there is no
consequent structural codes [29]. The number of
available software packages for structural analysis is
immense. Some of mostly widespread software on
domestic market is Tower, AxisVM, SAP2000, etc., but
these packages fail to contain particular libraries with
relevant data for TCC modelling i.e. they are not
particularly developed for this purpose. Therefore,
relevant mechanical, physical and slip properties are
usually inserted by “hand” and on the basis of poor and
half-done code requirements. Data about slip modulus of
dowel type fasteners in inclined / crossed position do not
exist in EC5 (despite expressions for bearing capacity),
so modelling of this type of timber-concrete connection
in this moment is unclear and on the safe side without
experimental results. Modelling vertically positioned
dowel type fasteners with existing code’s provision is
efficient and could be done through several options.

Modelling TCC system is possible through the
application of Virandel's model, figure 17. This model is
easy to use for TCC with vertically positioned dowels
because it directly imitates the behaviour of real system.
When EC5 suggested (conservative) expressions for slip
modulus are applied, the analysis leads to classic design
given by “y” method. Virandel's model is based on
verticals that connect two members of similar or opposite
physical and mechanical properties. The verticals
represent mechanical dowel fasteners with stiffness [E/]
defined through slip modulus for particular fastener type
K, as it is shown in figure 17.
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Slika 17. Virandel model za spregnute sisteme drvo—beton [3]
Figure 17. Virandel’s model for timber-concrete composite systems [3]

Na ovaj nacin se uvodi pomeranje (klizanje) u spoju
izmedu dva elementa, tj. popustljivost veze drvo—beton.
Virandel nosa¢ se formira tako $to se sistemne ose
elemenata povezuju vertikalama odredene krutosti, koje
su kruto vezane za elemente spregnute konstrukcije
(drvo, beton) [28]. Preko izraza za krutost vertikale [E]],
slika 17, moze se doéi do ,zamenjuju¢eg” poprecnog
preseka vertikale ukoliko je poznat modul pomerljivosti

In this way the interface deformation (slip) between
two members is introduced into the model. Virandel's
girder is formed in a way that centrelines of both
members are linked by verticals of certain stiffness that
are fixed in composite members (timber, concrete) [28].
Through the expression for verticals’ stiffness [EI], figure
17, it is possible to obtain the value of “substituting”
cross-section of verticals if dowel's slip modulus K is
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spojnog sredstva K. Ako se usvoji kruzni poprec€ni
presek vertikale, pre¢nik d ,zamenjuju¢eg” preseka dat
je preko izraza (35), ¢ime su odredeni svi elementi
potrebni za modeliranje spregnute konstrukcije drvo—
beton.

2
d:4[16-K-r
3.1-E

U odredenim programima gde postoje tzv. ,link”
elementi, moguce je direktnije definisati i modelirati vezu
drvo-beton. Link-elementi su elementi veze, koji su
implementirani u softvere za strukturalnu analizu, i sluze
za modeliranje veze izmedu dva ¢vora ili dve linije preko
jednog interfejsa (veza za prenos sile i pomeranja) [25].
Element veze (link-element) ima Sest komponenti
krutosti, tri translacije i tri rotacije, koje mogu da imaju i
nelinearno ponas$anje. Polozaj mesta spoja unutar
elementa veze odreduje se pri definisanju link-elementa,
pri ¢emu se jedan &vor smatra referentnim. Ukoliko je
vrednost komponente krutosti nula, odgovarajuca sila ili
moment se ne prenosi sa &vora na ¢&vor. U npr.
SAP2000, postoji link-element za vezu izmedu dva
¢vora, gde je moguce definisati vezu kao nelinearnu,
plasticnu i tako dalje, ¢ime se preciznije odreduje
ponaSanje spoja, ali $to je opet, u nedostatku
eksperimentalnih  ispitivanja ili  bliZih  odredaba
standarda, neadekvatno za svakodnevnu praksu.
Krutost link-elementa definisana je kao i modul
pomerljivosti, tj. sila kojom treba opteretiti vezu da bi
relativno pomeranje u njoj bilo jedini€no. Svaki link-
element predstavlja spojno sredstvo u spregnutoj
konstrukciji kojim se povezuju sistemne ose elemenata.

Na slici 18 slikovito je prikazano modeliranje
spregnute grede primenom link-elementa, gde su
elementi konstrukcije (drvo, beton) povezani elementima
veze (link-elementima) na mestima gde se nalaze
spojna sredstva. Komponenta translatorne krutosti link-
elementa u pravcu paralelnom smicucoj ravni, jednaka je
modulu pomerljivosti spojnih sredstava K [N/mm].

Modeliranje slozenijim postupcima, npr. plo¢astim
elementima i elasticnim oprugama, jeste sofisticiraniji
pristup problemu, veoma primenljiv i poZeljan u
istrazivackom pristupu, radi formiranja modela za realno
prikazivanje eksperimentalnih merenja [29].

300 8 Connectors @ 500

known. In the case of circular cross-section, the
diameter d of “substituting” cross-section is given by
expression (35), thereby all necessary data for modelling
are determined.

(35)

In certain software where “link” elements exist, it is
possible to define and model timber-concrete connection
in a more direct way. “Link” elements are implemented in
structural software in order to model and connect each
set of joints between the beam and the plate as links
between two nodes or two lines through unique
interface, [25]. “Link” elements have 6 stiffness compo-
nents, 3 translations and 3 rotations that may have a
nonlinear behaviour. A good way to connect all the links
is to generate grid members or to draw the first one as
referent and then copy it along the length of the member.
If any of stiffness components is zero, the corresponding
force or moment fails to transfer from node to node. In
some software, e.g SAP2000, there is a “link” element
between two joints in which it is possible to define
nonlinear, plastic etc. behaviour what leads to more
precise definition of partial composite behaviour. At the
other hand, such modelling is suitable for research
activities, when experimental data are available, but
makes a lot of problems in everyday practice and it is
inadequate when there is no clear code provisions. The
stiffness of “link” element could be simply defined as slip
modulus i.e. each link element represents dowel
fastener in a structure with partial composite behaviour,
connecting the centrelines of composite members.

Modelling composite behaviour of TCC system by
‘link” elements is shown in figure 18, where timber and
concrete members are linked at distances of real
fasteners. The translator stiffness component of link
element in direction parallel to shear plane is equal to
slip modulus of fasteners K [N/mm].

Besides the modelling methods of timber-concrete
composite behaviour that have both - advantages of
being fast to model and limitation in application and
accuracy, there are numerous sophisticated procedures
that are convenient in theoretical research and suitable
for real presentation of experimental work [29].

8 Connectors @ 500 300
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Slika 18. Primer spregnute konstrukcije drvo—beton modelirane link-elementom [46]
Figure 18. Modeling of TCC structure by ’link” elements, example [46]
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5 PRORACUN MOSTOVSKE KONSTRUKCIJE OD
LLD SA SPREGNUTOM BETONSKOM KOLOVOZ-
NOM PLOCOM PREMA EN STANDARDIMA

5.1 Projektni zadatak i preliminarne analize

Radi ilustracije pregleda teorijskih saznanja iz
standarda i pratec¢ih istrazivanja spregnutih sistema
drvo-beton, projektovana je i proratunata prema
evropskim normama konstrukcija lu¢nog mosta od LLD
sa spregnutom betonskom kolovoznom ploc¢om [31]. Kao
idejna osnova za izvodenje sistema, izabrana je realna i
vec izvedena konstrukcija drvenog mosta ,Montmorency
South Forest Bridge” (Kvebek, Kanada), slika 19, koja je
modifikovana tako da se umesto drvene usvoji betonska
spregnuta kolovozna plo¢a. Konacna Sirina mosta,
raspon, kao i raspored i broj drvenih elemenata noseée
konstrukcije (lukovi i grede), odredeni su na osnovu
relevantnih kombinacija analiziranih opterecenja za
usvojenu lokaciju (Uzice, Srbija).

5 DESIGN OF GLULAM BRIDGE STRUCTURE WITH
CONCRETE CARRIAGEWAY DECK ACCORDING
TO EN

5.1 Design task and preliminary analysis

In order to illustrate the theoretical issues from
structural building codes and accompanying research,
the design project of glulam arch bridge structure with
composite concrete carriageway deck was done
according to European codes [31].

As idea for structural solution of the bridge, the
“Montmorency south forest bridge” Québec, was
adopted, figure 19, which was modified with concrete
deck instead the existing wooden one.

The final bridge width, span as well as disposition
and number of structural elements (arches and beams)
are iteratively determined on the basis of relevant load
combination for chosen location (UZice, Srbija).

Slika 19. Idejna osnova projekta: ,Montmorency South Forest Bridge” Kvebek, Kanada [24]
Figure 19. Idea for bridge project: "Montmorency South Forest Bridge” Kvebek, Kanada [24]

Konstrukcija drumskog mosta je ukupne duzine 40m
i Sirine 9.5m, formirana od lu¢nih nosa€a (luk na dva
zgloba) raspona 35m koji obrazuju oslonacku
konstrukciju, kao i betonske ploCe koja se spreze s
poduznim grednim nosacima putem mehanickih spojnih
sredstava (trnovi ®22mm) koja predstavlja kolovoznu
konstrukciju mosta. Za izlivanje betonske ploge
predvidena je zarobljena oplata u vidu OSB plo¢a, koje
se postavljaju na poduzne grede. PopreCne grede
predstavljaju oslonce poduznoj gredi koja ima staticki
sistem kontinualnog nosaca na Cetiri polja. Most je
namenjen za drumski saobrac¢aj s dve kolovozne trake,
dok su za prelazak peSaka predvidene dve peSacke
staze. Kako bi se obezbedio siguran saobraéaj peSaka
od drumskih vozila, kolovozne trake su odvojene od
peSackih staza putem odbojnih ograda. Elementi drvene
konstrukcije su od lameliranog leplienog drveta,
zastic¢eni premazima zbog uslova u kojima se mostovska

The total length of bridge structure is 40m, while the
width of bridge deck is 9,5m. Composite TC bridge deck
structure (superstructure continuous glulam beams with
concrete slab mutually coupled by dowels ®22mm) is
supported by two-hinge arches with span of 35m. For
concrete slab construction, the trapped formwork made
of OSB boards is foreseen. Transversal beams are
supports for longitudinal continuous beams on 4 spans.
The bridge is designed as road bridge with two traffic
lines and two separated by fences pavements for
pedestrians. Structural members are made from
chemically protected glulam, due to predicted
exploitation conditions.
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konstrukcija nalazi.

Na slici 20, prikazana su tri varijantna reSenja
proistekla iz analize koja obuhvata polozaj korisnog
opterecenja, racionalnog izbora broja i dispozicije
elemenata, kao i iterativne analize [22, 23, 24] usled
dejstava koja deluju na most prema EN.

MODEL 1

P

The three variant solutions of the bridge disposition
and number of structural members are shown in figure
20. The variants are results of iterative analysis where
the vehicle load positions and all relevant load
combinations according to EN were considered [22, 23,
24] in order to rationalize the bridge structure.

IEE RN T Iiisi]

1.65

2,00 "

165 2.75

165,

MODEL 3
| | |
I_I_I_I_I_I_|_l-lTl-l_! IEEEN] T §5383 1
. 1.65 X
200

Slika 20. Preliminarna reSenja: varijante reSenja spregnutog mosta drvo—beton na osnovu staticke i
dinamicke analize [24]
Figure 20. Preliminary design: Variants of glulam-concrete bridge disposition due to preliminary static and dynamic
analysis [24]
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Model 1 predstavlja konstrukciju mosta koju formiraju
22 luéna (luk na dva zgloba) i 21 gredni nosac
(kontinualni sistem nosaca na Cetiri polja). U Modelu 2 i
3 izvrSena je redukcija broja luénih i grednih elemenata,
gde je broj luénih nosaca 16 i 20, dok je broj poduznih
greda 11 i 10 respektivno. Varijantno resenje, Model 2,
predstavlja racionalan izbor konstrukcije mosta, kako u
izboru broja i rasporeda drvenih elemenata tako i u svim
ostalim aspektima ponasanja konstrukcije pod dejstvima
koja deluju na most. Za dalju analizu i proracun usvojeno
je drugo varijantno reSenje — Model 2.

5.2 Analiza dejstava i kombinacije prema EN

Za izabrani model sprovedena je analiza optereéenja
prema EN 1991 [7, 8, 9, 10] (sopstvena tezina, korisno
opterecenje — model LM1 — kombinacije gr1 i gr2,
dejstvo vetra — opSta metoda, konstrukcija nije osetljiva
na dinamic¢ku pobudu, sneg) i prema EN 1998-1 [17] i
1998-2 [18] - seizmitko dejstvo preko modalne
spektralne analize i linearne elastiCne vremenske
analize. Kombinacije dejstava formirane su za GSN i
GSU, [6], [1], [44], za sve merodavne faze -
proracunske situacije za mostove [13], [14], [16].

Za drvenu konstrukciju od lameliranog lepljenog
drveta LLD usvojena je klasa drveta GL28h. Za
betonsku kolovoznu plocu, kao i za sve ostale betonske
elemente konstrukcije mosta, usvojena je klasa betona
C35/45. Usvojen celik za armiranje betonskih eleme-
nata, kao i proizvodnju trnova (mozdanika) jeste B500.

5.3 Modeliranje spregnute konstrukcije s
prisustvom oplate

Konstrukcija je modelirana u softverskom paketu za
strukturalnu analizu konstrukcija, SAP 2000 v14.2.4 [4].
Konstrukcija spregnutog mosta tipa drvo—beton prostor-
no je modelirana primenom povrsSinskih i linijskih eleme-
nata. Kolovozna spregnuta konstrukcija (gornji stroj
mosta), armirano-betonska plo¢a spregnuta s poduznim
gredama primenom mehani¢kih spojnih sredstava
modelirana je primenom povrSinskih i linijskih elemena-
ta. Oslonacka konstrukcija (donji stroj mosta), lucni
nosaci statickog sistema na dva zgloba modelirani su
linijskim elementima. Na slici 21 prikazan je prostorni
model konstrukcije spregnutog mosta.

Model 1 is a bridge structure formed by 22 glulam
two-hinge arches as substructure and 21 glulam
longitudinal continuous beams with concrete composite
deck as superstructure. In Models 2 and 3 the number of
structural elements is reduced, so the number of arches
is 16 and 20, while the number of longitudinal beams is
11 and 10 respectively. The variant solution Model 2
represents the rational choice in structural design
considering number and disposition of structural
elements, as well as total structural behaviour under the
proposed bridge actions. The model 2 is adopted for
further analysis.

5.2 Analysis of actions and load combination
according to EN

For adopted model, the analysis of actions according
to EN 1991 [7, 8, 9, 10] (self-weight, imposed traffic load
— model LM1, with combinations gr1 and gr2, wind
action — general method, when structure is insensitive to
dynamic induces, snow) as well as analysis of seismic
action according to 1998-1 [17] and 1998-2 [18] (seismic
action through modal spectral analysis and linear elastic
time analysis) were made. The combinations of actions
are made for ULS and SLS, [6],[1],[44], for each relevant
construction phases — design situations for bridges
[13],[14],[16].

For timber glulam structure, the adopted material is
the strength class GL28h. Concrete carriageway slabs,
as well as all other concrete parts of the bridge, are
designed in concrete class C35/45. Reinforcement steel
and steel for dowel type fasteners is B500.

5.3 Modelling composite action with presence of
formwork

The bridge structure was modelled in structural
software package SAP 2000 v14.2.4 [4], as a spatial
structural model using shell and beam elements.
Carriageway composite RC deck-slab coupled with
longitudinal glulam beams with mechanical fasteners
(bridge superstructure) is modelled with shell and beam
elements. Supporting structure — glulam two-hinge
arches (bridge substructure) is modelled by beam
elements. The spatial model of bridge structure is
presented in isometric view in figure 21.

Slika 21. Isometric view of bridge structural model [31]
Slika 21. Izometrijski prikaz modela konstrukcije mosta [31]
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Sprezanje drveta i betona, primenom opisanog
principa Virandel nosaca, modelirano je linijskim
elementima sa zamenjuju¢im pre¢nikom. Trnovi su
postavljeni u dva reda na medusobnom rastojanju
e=20cm celom duzinom mosta. Trnovi postavljeni u paru
modelirani su zamenjujuéim trnom s modulom
pomerljivosti  Kzany=2:K;. Modul pomerljivosti spojnih
sredstava odreden je ,Gelfijevim” modelom, gde je uzeto
u obzir postojanje oplate debljine d=24mm. Napravljena
su dva modela konstrukcije mosta jer su vrednosti
modula pomerljivosti za svako grani¢no stanje razliCite, a
samim tim i zamenjujuci precnici. U Tabeli 2 prikazane
su glavne pozicije mostovske konstrukcije s poduznim i
poprecnim presecima.

The modelling of composite timber-concrete partial
behaviour was made using the Virandel's girder, with
substituting dowel diameter. Dowel fasteners are
positioned into two lines with constant mutual distances
of e=20cm along the bridge span. Pairs of dowels are
modelled with substituting dowel with slip modulus
Kzav=2'K;. Slip modulus was determined according to
the “Gelfi” model, taking into account the presence of
formwork of thickness d=24mm. One model was made
for each limit state, because slip modulus are different,
as well as substituting dowels’ diameters. In table 2 the
main positions and labels of bridge structural elements
are presented, together with transversal and longitudinal
cross-sections.

Tabela 2. Oznake pozicija i dimenzije elemenata konstrukcije mosta, s presecima [31]
Table 2. Labels of elements, basic dimensions and cross-sections of the bridge structure [31]

o« oo b h D
Poz.l?l“le Element
Positions cm | em | cm
POSPOPG | Lopretna greda 2x20 | 30 | -
Transversal beam
PoduZna greda
POS PODG Longitudinal beam 2011201 -
Lu¢éni nosa¢
POS LN Arch beam 20 120 | -
Trn
POST Dowel - - 2.2
AB ploca
POS PL RC slab - 20 -

TN
{H EEEE‘@EEE R

groda
POS POPG

5.4 Staticki uticaji, dimenzionisanje, provera
spojnih sredstava i GSN / GSU u elementima

U tabelama 3—4 dati su staticki uticaji po pozicijama
LLD elemenata. Za elemente sprezanja — trnove u tabeli
5 prikazane su maksimalne i minimalne vrednosti
smicucih sila za najopterecéeniji zamenjujuci trn (POS T)
za sve merodavne kombinacije dejstava, [31].

Za proveru grani¢nog stanja upotrebljivosti (GSU)
odredene su merodavne kombinacije dejstava, te je
sproveden static¢ki proradun za konstrukciju spregnutog
mosta. Za elemente konstrukcije mosta (lu¢ni nosadi i
kolovozna konstrukcija) prikazane su vrednosti
pomeranja za sve merodavne kombinacije dejstava,
tabela 6. Maksimalna deformacija se ograni¢ava u
intervalu od L/400 do L/500 za karakteristi¢no
saobracajno opterecenje. Analizom rezultata utvrdeno je
da su deformacije u granicama dopustenih vrednosti. Za
grani¢na stanja nosivosti, GSN, provera napona po
pozicijama u odnosu na usvojene dimenzije ukazuje na
iskoriS¢enost preseka od max 75% za lu¢ne nosace, i od
80% za poduzne grede.

5.4 Effects on structure, dimensioning, dowel’s
check and ULS/SLS in elements

In tables 3-4 the actions’ effects - internal forces in
glulam elements are given. The maximum and minimum
shear forces values in fasteners for substituting dowel
(POS T) for all relevant load combinations are given in
table 5, [31].

Relevant actions combinations were made for
checking SLS and adequate static analysis was
performed. In table 6 the max deformations due to
relevant action combinations are given for main
structural members (arch girders and composite
carriageway deck). Maximum deflections are limited
between intervals L/400 - L/500 for characteristic
imposed traffic load. Analyzed deflections are among
permissible limits. For checking ULS i.e. checking of
stress distribution in cross-sections of main structural
positions indicates the stress level of 70% for arches and
about 80% for longitudinal beams.
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Tabela 3. Staticki uticaji za merodavne kombinacije dejstava u luénim nosacima [31]
Table 3. Internal forces for relevant combination of actions in arch girders [31]

Merodavna kombinacija POS LN N 12 73 Ml M2 M3
Relevant combination of actions POS LN [kN] [kN] | [kN] | [kNm] | [kNm] | [kNm]
G+dgtAgg(RS) max N 18.2 8.7 2.6 1.0 3.1 42.1
[1.35/(G+dg)+1.35-grla+1.5:0.6-Fy, xo] min N -6179 | -55.6 | -0.3 -0.1 -0.6 -56.9
[1.35/(G+dg)+1.35-grla+1.5:0.6-F,, xo] max 12 | -346.4 59.0 0.3 1.6 1.0 127.5
[1.35:(G+dg)+1.35-grla+1.5-0.6'F,, ,»] min 12 -581.6 | -71.8 | -0.2 -2.5 -1.0 30.5
1.35:(G+dg)+1.5-Fw,x1 max 13 -368.3 | -36.1 6.6 0.2 -12.6 123.4
G+dgt+Agg(RS) min 13 -538.2 | -59.6 | -6.2 -0.9 -15.6 -38.1
[1.35:(G+dg)+1.35-grla+1.5:0.6-Fy; x0] max M1 | -319.4 | -279 0.1 3.9 34 230.8
[1.35:(G+dg)+1.35-grla+1.5:0.6-Fy, xo] min M1 | -5143 | -61.8 -0.3 -3.9 -23 74.8
G+dgtAgg(RS) max M2 17.7 9.2 6.2 0.9 15.6 212.0
G+dgt+Agg(RS) min M2 | -5382 | -59.6 | -6.3 -1.2 -15.0 -38.1
[1.35:(G+dg)+1.35-grla+1.5-0.6'F,, ,»] max M3 | -339.2 | -30.9 0.3 1.5 1.1 249.0
[1.35/(G+dg)+1.35-grla+1.5:0.6-Fy; xo] min M3 | -580.0 | -38.5 -0.5 -0.4 -0.3 -77.9
Tabela 4.Staticki uticaji za merodavne kombinacije dejstava u poduznim gredama [31]
Table 4. Internal forces for relevant combination of actions in longitudinal beams [31]
Merodavna kombinacija POS PODG N T2 73 Ml M2 M3
Relevant combination of actions POS PODG [kN] [kN] [kN] | [kNm] | [kNm] | [kNm]
[1.35:(G+dg)+1.35-grla+1.5:0.6-Fy, xo] max N 330.0 | 130.5 24 0.2 2.2 313.8
G+dgt+Arq(RS) min N -381.7 | -182.1 | -89.7 -1.4 -16.5 -17.2
[1.35:(G+dg)+1.35-grla+1.5:0.6-Fy, xo] max 12 2134 | 239.0 33 0.3 1.7 137.7
[1.35/(G+dg)+1.35-grla+1.5:0.6-Fy; x0] min T2 -118.2 | -234.1 -3.5 -0.3 -0.6 -91.5
G+dgt+Agq(RS) max 13 182.8 38.2 96.8 1.4 17.0 12.7
G+dgtAgg(RS) min 13 -216.9 | -81.1 -96.8 -1.4 -17.0 -5.9
G+dgt+Agq(RS) max M1 166.5 -4.8 33 3.6 29.0 20.4
G+dgtAgg(RS) min M1 -181.1 | -28.0 -3.3 -3.6 -28.3 3.5
G+dgt+Arq(RS) max M2 174.3 -2.1 28.8 3.1 30.3 22.1
G+dgtAgg(RS) minM2 | -198.5 | -33.8 -28.8 -3.1 -30.3 -4.0
[1.35:(G+dg)+1.35-grla+1.5-0.6'F, ,»] max M3 330.0 130.5 2.4 0.2 2.2 313.8
[1.35/(G+dg)+1.35-grla+1.5:0.6-F,, xo] min M3 -43.6 | -1743 | -144 -1.0 -7.4 -160.7

Tabela 5. Max i min vrednosti smicucih sila u ,zamenjuju¢em” trnu [31]
Table 5. Max and min values of shear forces in “substituting” dowel [31]

Merodavna kombinacija POST | maxT | min T
Relevant combination POS T [kN] [kN]
1.35-G+1.5Fyx 3.81 -5.57
G+Ag4(RS) 10.71 | -18.23
1.35-G+1.35-(grla)+1.5-(0.6'Fy o) | 15.21 | -15.89
1.35-G+1.35(gr2) 11.44 | -11.03
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Tabela 6 — Maksimalna pomeranja elemenata konstrukcije spregnutog mosta [31]
Table 6 — Max deformations of main structural elements in composite bridge [31]

Element Merodavne kombinacije dejstava u, [em]
Relevant Combinations of Actions ‘

G+Fyx1 0.68

Lu¢ni nosaé

Arch structure GHgrla)tFy 1.20
GH(gr2) 0.98

Kolovozna konstrukcija | GtFuyxi 0.75

(AB ploc¢a + poduZne grede)

Carriageway deck GH(grla)tFy 1.48

(RC deck + longitudinal beams) G+H(gr2) 121

Proradun betonskog preseka sproveden je u svemu
prema EN 1992 [11, 12]. Potrebne povrSine armature za
gornju i donju zonu kolovozne plo€e za dva upravna
pravca, odredene u SAP 2000. Merodavna kombinacija
za dimenzionisanje kolovozne ploc¢e jeste kombinacija 4.
[1.35-G+1.35-(gr1a)+1.5-(0.6-Fwx2)]. Povrsina poduzne
zategnute armature ne treba da bude manja od
Asmin=0.0013-b-d, niti ve¢a od Asmax=0.04-A.. Kako je
potrebna povrdina armature dobijena proraGunom manja
od minimalne preporu€ene, usvaja se armiranje obe
zone kolovozne plo€e u dva ortogonalna pravca
armaturom ®16/15.

Sprezanje poduznih greda s betonskom kolovoznom
plo€om ostvareno je primenom trnova od glatkog Celika
(B500), pre¢nika ®=22mm i duzine /=300mm. Minimalni
razmaci i minimalna rastojanja trnova od ivica i krajeva
je u svemu prema EN 1995-1 [15]. Trnovi rasporedeni u
dva reda i postavljeni upravno na smicuéu ravan, nalaze
se na jednakom medurastojanju e=20cm po celoj duzini
poduzne grede za sprezanje s betonskom plo¢om.

Za proracunske vrednosti svojstva materijala, kao i
za proracunske nosivosti usvojen je parcijalni koeficijent
sigurnosti za veze yu=1.30. Vrednost korekcionog
koeficijenta kmog kojim se uzima u obzir trajanje
optereCenja i vlaznost drveta u eksploatacionim
uslovima iznosi Kkmos=0.7. Karakteristicna vrednost
¢vrstoce na zatezanje f, x za trnove od glatkog Celika od
materijala B500 iznosi f,,x=500 N/mm®. Za lamelirano
leplieno drvo klase GL28h, karakteristicna vrednost
zapreminske mase drveta je px=410 kg/m3.

Karakteristicna vrednost pritiska po omotacu rupe
drvenog preseka za usvojene trnove pre¢nika ®=22mm
iznosi:

f

h,0.k

=0.082-(1-0.01-0.22)-410=26.22N / mm’

Karakteristicna vrednost momenta te€enja je:

Calculations of concrete sections were performed
according to EN 1992 [11,12]. The necessary
reinforcement quantities for upper and lower zones in
two orthogonal directions are determined by SAP 2000.
The relevant combination for dimensioning the slab-deck
is combination 4. [1.35:G+1.35-(gr1a)+1.5:(0.6-Fwx2)].
The area of tensioned reinforcement should not be less
than Asmin=0.0013-b-d, nor greater than Asmax=0.04-A..
The calculated area of reinforcement is less than
minimum suggested, so the reinforcement of ®16/15 is
adopted for both zones of slab-deck in two orthogonal
directions.

Composite action between longitudinal glulam
beams and concrete deck is realized by smooth steel
(B500) dowels with diameter ®=22mm and with length
[=300mm. Minimum spacing and edge distances are
adopted according to EN 1995-1 [15] recommendations.
Pairs of dowels for coupling concrete slab are applied
vertically across the shear plane at the constant distance
of e=20cm along the longitudinal beams.

Partial coefficient for material properties and bearing
capacities of dowels is adopted as suggested value for
connections yu=1.30. Modification factor for load
duration and exploitation class is kmot=0.7. Characteristic
strength value for dowels is f,,=500 N/mmZ.
Characteristic density for glulam GL28h is px=410 kg/m®.

Characteristic embedment strength of glulam GL28h
and dowels @=22mm is:

£ ox =0.082-(1-0.01-0.22)-410 = 26.22N / mm’

Characteristic value of yield moment for dowels
®=22mm is:

M, =0.3-500- 22*° = 463863.5Nmm

Characteristic bearing capacity for dowels ®=22mm

M, =0.3-500-22> = 463863.5Nmm N
Karakteristicne nosivosti trnova u spojnoj ravni po
jednom spojnom sredstvu iznose:
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26.22-200-22

v,Rk

F, . =126.22-200-22- \/2+

115.4kN
= min< 51.0kN
37.6kN

4-463863.5
26.22-200°-22

2.3-/463863.5-26.22-22

Proraunska vrednost nosivosti F,rqs za jedno spojno
sredstvo iznosi:

F, =07 -% =20.25kN

Prora¢unska vrednost smi¢uce sile u trnu odredena
je statickom analizom modela konstrukcije mosta koji je
modeliran putem Virandel sistema. Ovaj nac¢in modelira-
nja spregnute konstrukcije omoguéava ocitavanje smicu-
¢e sile za svaki trn zasebno. Merodavna kombinacija
dejstava koja daje maksimalnu silu u zamenjuju¢em trnu
jeste kombinacija 3. [G+Aed(RS)]. Maksimalna proracun-
ska vrednost smicuce sile u trnu za merodavnu
kombinaciju iznosi F, g~ Fy,eqzam/2=18.23/2=9.12 kN.

U praksi, postavljanje trnova u drvenu gredu s mini-
malnim rastojanjem izmedu redova izbegava se zbog
precizne ugradnje spojnih sredstava na licu mesta (gra-
dilistu). Jedan od nacina jeste postavljanje trnova u dva
smaknuta reda radi izbegavanja minimalnih rastojanja
kao i mogucnost precizne ugradnje u drveni presek.

Nacini za povecanje krutosti spoja sa elasti¢nim
vertikalnim mozdanicima — trnovima, moze se traziti i u
njihovoj kombinaciji s pravljenim Zljebovima u drvetu na
kontaktu s betonom. Domaca eksperimentalna istraziva-
nja [5] pokazuju da se o€uvanjem ekvidistantnog rastoja-
nja medu vertikalnim mozdanicima i pravljenjem Zljebova
na mestu svakog drugog, modul pomerljivosti moze
viSestruko povecati, te se moze postici znacajna
efikasnost sprezanja. Rezultati sli¢nih ispitivanja Sirom
sveta, primenom spojnih sredstava i prirodne athezije u
Zljebovima, ukazuju na povecanje krutosti spoja od 50
do 300% [27], [35].

6 ZAKLJUCAK

U ovom radu prikazani su osnovni principi
projektovanja i proracuna spregnutih sistema tipa drvo—
beton s naglaskom na odredbe EN (Evrokodova) za
projektovanje konstrukcija, kao i na rezultate pratecih
eksperimentalno-teorijskin  istrazivanja u  oblasti
spregnutih konstrukcija koja su od velikog znacaja za
Sirenje baze znanja, kao i unapredivanja postojecih
normi.

U ocekivanju posebnih normi za projektovanje
spregnutih  sistema drvo-beton, a u nedostatku
specifi¢nih eksperimentalnih istrazivanja, treba posredne
i konzervativhe preporuke sadrzane u postojeéim
standardima smatrati za polaznu osnovu za
izraCunavanje modula pomerljivosti, pri ¢emu se mora
voditi raCuna da su one date za vertikalno postavljena
spojna sredstva i ne podrazumevaju prisustvo oplate u
preseku. Osim modula pomerljivosti, pravilan raspored i
odnos dimenzija spregnutih elementa znacajno utiCe na
efikasnost kompozitnog dejstva, kao i na celokupnu
krutost sistema.

U ilustrativnom primeru, komparativna analiza
seizmickog dejstva na konstrukciju mosta pokazala je da

Designed bearing capacity F,,rq for dowels @=22mm
is:
F, 0 =0.7 -% =20.25kN

Relevant shear forces in dowels ®=22mm are
determined through static analysis on Virandel system.
The relevant load combination that gives max effect in
substituting dowel is combination 3. [G+Ag4(RS)]. Max
calculated shear force in dowel for combination 3 is:
Fv,Ed= Fv,Ed,ZAM/2=18-23/2=9-12 kN.

Application of dowels with minimum spacing and
edge distances could provoke practical difficulties at the
site. The possible problem can be overcome with
alternating rows that allow more precise application of
dowels into the timber beam.

In the case when vertical elastic dowels are applied,
the possibility for increasing connection stiffness can be
found in their combination with notches in timber, when
natural adhesion with concrete increases the total
stiffness. Domestic experimental research [5] show that
keeping the equidistant spacing among vertical dowels
and having notches on the place of every second one,
the slip modulus can multiply and composite degree
could significantly arise. The results of similar worldwide
investigation about combined application of fasteners
and notches — natural adhesion, indicate that connection
stiffness can be increased from 50 till 300% [27], [35].

6 CONCLUSION

The basic principles of analysis and design of timber-
concrete composite systems are presented in this paper.
The highlights are given on the recommendations of
Eurocodes for structural design and on the results of
accompanying theoretical and experimental research
that have great importance on enlargement of
knowledge basis and improvement of existing codes.

In anticipation of particular codes for designing
timber-concrete composites, it is very helpful to use
indirect and conservative recommendations from
existing codes, especially when there is lack of
experimental data. They have to be considered as basis
for calculation of essential parameter for TCC design —
slip  modulus. Important thing is that these
recommendations are limited on vertically applied
fasteners with direct contact between timber and
concrete (no formwork in the cross-section). Besides the
slip modulus, correct disposition and choice of members’
proportions have also dominant influence on degree of
composite action and overall effective stiffness.

In illustrative example, the comparative seismic
analysis has shown that for arch bridge structures with
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se za sisteme gde se spregnuta kolovozna konstrukcija
oslanja sa gornje strane na lu¢ne nosa¢e moze primeniti
uproScena analiza seizmiCkog dejstva putem elasti¢nih
spektara odgovora za dva ortogonalna pravca. Pravilnim
rasporedom elemenata u dispoziciji mosta moze se
dobiti racionalnija konstrukcija.

Savremeni tehnolos$ki napredak u proizvodnji eleme-
nata drvenih konstrukcija izazvao je povec¢anje intereso-
vanja za drvene mostove Sirom sveta. lzgradnja spreg-
nutih mostova tipa drvo—beton u poslednjih par decenija
postala je trend u zemljama Sirom sveta, ne samo zbog
svoje konstrukcijske efikasnosti i konkurentne cene, veé
i zbog povoljnog uticaja na zivotnu sredinu. Cilj ovog
rada je da u praksi priblizi inZenjerima ovaj tip sprezanja,
te da prikaze analizu i proracun spregnutih konstrukcija
tipa drvo—beton prema evropskim normama s primenom
na konstrukcije drumskih mostova.

ZAHVALNOST: Ovaj rad je proistekao iz
istrazivaCkog projekta TR 36043 ,Razvoj i primena
sveobuhvatnog pristupa u projektovanju novih i proceni
sigurnosti postojecih konstrukcija u cilju smanjenja
seizmickog rizika u Srbiji” koji je finansiralo Ministarstvo
nauke Republike Srbije.
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REZIME

ANALIZA | MODELIRANJE SPREGNUTIH SISTEMA
DRVO-BETON: PRIMENA NA PRORACUN
MOSTOVSKE KONSTRUKCIJE PREMA EN

Dragan MANOJLOVIC
Tatjana KOCETOV MISULIC

Spregnute konstrukcije drvo—beton primenjuju se u
inZenjerskoj praksi oko 80 godina, preSavsi put od
intuitivnog inzenjerskog reSenja problema do potpuno
prefabrikovanih hibridnih sklopova za suvu ugradnju.
Razvojni put spregnutih sistema drvo—beton bio je uvek
pracen ekstenzivnim teorijsko-eksperimentalnim
istrazivanjima, Ciji su rezultati uspesno primenjivani u
praksi tj. na trzistu, ali do sada nisu rezultovali modernim
standardima za projektovanje. U oc&ekivanju novih
evropskih propisa za sprezanje drvo-beton, cilj ovog
rada je da se, putem opseznog pregleda postojec¢ih EN
standarda i prateCih istrazivanja, pruzi jedan
konsekventan uvid u trenutno stanje u oblasti, daju
preporuke za upotrebu i ilustruje primena sprezanja
drvo—beton na primeru novoprojektovane mostovske
LLD konstrukcije sa spregnutom betonskom kolovoznom
plo€om prema Evrokodovima.

Kljuéne reci: spregnute konstrukcije, drvo, beton,
Stapasta spojna sredstva, modul pomerljivosti, odnos
dimenzija, modeliranje, Evrokodovi, lu¢ni most

SUMMARY

ANALYSIS AND MODELING OF COMPOSITE
TIMBER-CONCRETE SYSTEMS: DESIGN OF BRIDGE
STRUCTURE ACCORDING EN

Dragan MANOJLOVIC
Tatjana KOCETOV MISULIC

Timber-concrete composite structures are already
applied more than 80 years in engineering practice, went
trought the intuitive problem solution to the fully
prefabricated hybride assemblies for dry building. The
development path of timber-concrete composites was
always followed by extensive theoretical and
experimental research, whose results were successfully
implemented in practice, i.e. on the market, but till
presence didn’t result in modern designer’s code. In
expectation of new europian codes for timber-concrete
composites, the objective of the paper is to provide a
comprehensive review of available standards provisions
and recent conclusions from literature. The key issues
for practical design are highlighted and ilustrated on the
example of glulam composite arch bridge structure with
concrete deck, according the Eurocodes.

Key words: Composite structures, Timber,
Concrete, Dowels, Slip modulus, Dimensional
proportions, FE modeling, Eurocodes, arch bridge
structure
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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
omogucuju 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 skracenica 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 nac¢i 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 zavrdna stranica
ﬁ(ﬁ)d - do). Za knjige iza naslova upisuje se ime urednika (ako
ih ima). broj izdanja. prva i poslednja stranicapoglavija ili
dela knjige. ime izdavaca i mesto objavljivanja. ako é'e
navedeno viSe gradova navodi se samo prvi po redu. Kada
autor citirane podatke ne uzima iz izvornog rada. vec¢ ih je
pronaSsao u drugom delu. uz citat se dodaje «citirano
Erema...». Neobjavljeni ¢lanci mogu se pominjati u tekstu

ao «usmeno saopsStenje»

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

Ukoliko rad bude prihvaéen za Stampu. autori su duzni
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 i dimk@ptt.rs

Veb sajt Drustva i Casopisa: www.dimk.rs
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Izdavanje ¢asopisa "Gradevinski materijali i konstrukcije" finansijski su pomogli:

INZENJERSKA KOMORA SRBIJE

REPUBLIKA SRBIJA
MINISTARSTVO PROSVETE, NAUKE |
TEHNOLOSKOG RAZVOJA

UNIVERZITET U BEOGRADU
GRADEVINSKI FAKULTET

DEPARTMAN ZA GRADEVINARSTVO |
GEODEZIJU }
FAKULTET TEHNICKIH NAUKA NOVI SAD

UMC| 'IMS  |NSTITUT IMS AD, BEOGRAD

i@ ;E_J UNIVERZITET CRNE GORE
w GRADEVINSKI FAKULTET - PODGORICA
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