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OBEZBEDENJE LOKALNE DUKTILNOSTI ARMIRANOBETONSKIH ELEMENATA
PREMA EVROKODU 8 — KOEFICIJENT UTEZANJA

THE DESIGN OF LOCAL DUCTILITY FOR REINFORCED CONCRETE ELEMENTS BY
EUROCODE 8 - CONFINEMENT EFFECTIVENESS FACTOR

Milo§ VULINOVIC
Ivan MILICEVIC
Ivan IGNJATOVIC

1 uUvoD

Nivo seizmi¢kog optereéenja, pri elasticnom odgo-
voru konstrukcije, moze biti izuzetno visok i zato ga je
veoma tesko konstrukcijski prihvatiti. Jedan od nacina
smanjenja intenziteta seizmiCkog opterecenja jeste
dopustanje kontrolisanih neelasti¢nih deformacija (oSte-
¢enja) elemenata konstrukcije, uz zadrzavanje integriteta
cele konstrukcije, kao i njenih delova. Ovaj tradicionalni
koncept prihvatanja seizmitkog opterecenja podrazu-
meva obezbedivanje duktilnog ponasanja konstrukcije —
globalne duktilnosti, kako bi osnovni zahtev, koji
podrazumeva da konstrukcija mora da izdrzi pomeranja
pri dejstvu zemljotresa, bio ispunjen. Za procenu
nelinearnog ponasanja i kapaciteta pomeranja novih i
postoje¢ih konstrukcija usled dejstva zemljotresa,
moguce je primeniti Citav niz metoda u okvirima linearne
i nelinearne analize konstrukcija [1]. Nivo sloZenosti
svake metode zavisi od nivoa aproksimacije uticaja
klju€nih faktora na ponaSanje armiranobetonskih kon-
strukcija pri dejstvu zemljotresa, $to se odnosi, pre
svega, na modeliranje optere¢enja od zemljotresa,
interakcije konstrukcije i tla, nelinearnog ponaSanja
materijala i priguSenja. Medutim, imajuéi u vidu
jednostavnost i robusnost koje podrazumeva, u praksi se
najcesce Koristi linearno-elasti¢na analiza, prema kojoj
se proracun konstrukcije vrsi ,prema silama” (force-
based seismic design).

Milo$ Vulinovi¢, mast.inz.grad.,
vulinovic.milosl@gmail.com

Ilvan Miliéevi¢, mast.inz.grad., asistent - student doktorskih
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Ivan Ignjatoavi¢, profesor dr, Gradevinski fakultet
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1 INTRODUCTION

The level of the seismic load, at an elastic response
of the structure, can be extremely high and as such, it
can be very difficult for a structure to sustain it. One
option for reducing seismic loads on structure is to allow
controlled inelastic deformations (damages) to structural
elements while maintaining the integrity of both the
entire structure and all of its parts. This concept of
sustaining seismic loads presumes that the ductile
behaviour of the structure i.e. global ductility is provided
in order to fulfil the basic requirement in seismic design —
the structure must withstand displacements at seismic
ground motions. To evaluate the non-linear behaviour
and displacement capacity of new and existing
structures due to seismic effects, a variety of methods
can be applied using linear or non-linear structural
analysis [1]. The level of complexity of each method
depends on the approximation level of the influence of
key factors on the behaviour of reinforced concrete
structures during the earthquake. It relates to the
modelling of seismic loads, soil-structure interaction,
non-linear material behaviour and damping. However,
given the simplicity and robustness it entails, linear
elastic analysis is most commonly used in practice, with
design of structure based on seismic forces (so-called
force-based seismic design).
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Koncept projektovanja novih konstrukcija primenom
linearne analize zasniva se na dimenzionisanju
elemenata prema proracunskoj (redukovanoj) seizmickoj
sili Fy. Pretpostavlja se linearno ponasanje konstrukcije
sve do dostizanja pomeranja na granici te€enja dy, dok
se povecanje pomeranja do pomeranja usled projektnog
seizmickog dejstva dm realizuje nelinearnim ponaSanjem
konstruktivnih elemenata — pojavom plasti¢nih zglobova
u elementima, uz nepromenjeni nivo proracunskog
seizmiCkog opterecenja. Potrebna ili ciljana globalna
duktilnost definisana je faktorom duktilnosti pomeranja

Ho=dm/dy.
Dokaz postignute globalne duktilnosti prema
Evrokodu 8 sprovodi se na lokalnom nivou,

obezbedivanjem zahtevanog faktora duktilnosti krivine
poprecnih preseka primarnih seizmiCkih elemenata [2] i
zasnovan je na neelasticnom spektru odgovora sistema
s jednim stepenom slobode — predlozili su Vidic i ostali
[9]. |z izraza koji su predlozeni u [9], oCigledno je da
globalna duktilnost direktno zavisi od faktora ponasanja.
Faktor ponaSanja jeste koeficijent kojim se elasti¢an
spektar odgovora deli i koji zavisi od klase duktilnosti
konstrukcije (DCL — niska, DCM - srednja, DCH -
visoka), tipa konstrukcijskog sistema za prihvatanje
seizmickih uticaja i regularnosti sistema po visini. Klasa
duktilnosti, iako se odnosi na globalnu duktilnost,
zapravo dominantno zavisi od obezbedene lokalne
duktilnosti, kao i od nacina oblikovanja detalja armiranja
zona elemenata u kojima se ostvaruju plasticne
deformacije — plasti¢ni zglobovi. Dakle, prema proceduri
proraduna saglasno Evrokodu 8, veza izmedu globalne i
lokalne duktilnosti ostvaruje se putem koeficijenta q i
niza zahteva za armiranje plasti¢nih zglobova u kojima
on figuriSe. Plasti¢ni zglobovi projektuju se na krajevima
horizontalnih elemenata konstrukcije — gredama, kao i u
ukljestenju vertikalnih elemenata — stubovima i zidovima.
Pozeljni, pouzdani plasti¢ni mehanizam, prema principu
programiranog ponaSanja, obezbeduje se pojavom
plasti¢nih zglobova u gredama pre pojave plasti¢nih
zglobova u stubovima i zidovima.

Nekoliko primera armiranja i oblikovanja detalja
greda, stubova i zidova za njihovu lokalnu duktilnost
prema Evrokodu 8 prikazao je Milev [5]. Miliéevic i
Ignjatovi¢ [6] ukazali su na razlike u armiranju AB
stubova i greda u slu€ajevima njihove klasifikacije kao
primarnih odnosno sekundarnih seizmickih elemenata
prema Evrokodu 8, sa akcentom na potrebnu koli€inu
popreCne armature za obezbedivanje duktiinog
ponasanja konstrukcije pri dejstvu zemljotresa.

U radu je analiziran koncept obezbedivanja lokalne

duktilnosti  vertikalnih  armiranobetonskih  elemenata
prema Evrokodu 8 [2], iz aspekta ostvarivanja
zahtevanog faktora duktilnosti krivine poprec¢nog

preseka. Posebna paznja posvecena je mehanizmu
utezanja AB stubova odnosno faktoru efikasnosti
utezanja preseka u kritiénim oblastima poprec¢nom
armaturom — uzengijjama i popreénim vezama.
Objadnjeno je prakticno znalenje faktora efikasnosti
utezanja i analizirane su razli¢ite varijante armiranja iz
prakse.

The concept of designing new structures using linear
analysis is based on the dimensioning of the elements
according to the design (reduced) seismic force Fy. The
linear behaviour of the structure is assumed until
reaching the displacement at yielding dy, while the
increase of displacement to displacement due to design
seismic action dm is achieved by the non-linear
behaviour of structural elements - the appearance of
plastic hinges in the elements, with the unchanged level
of design seismic load. The required or targeted global
ductility is defined by the displacement ductility factor
Ho=dm/dy.

The proof of achieved global ductility according to
Eurocode 8 is conducted locally, by providing the
required curvature ductility factor of the cross-sections of
primary seismic elements [2] and it is based on the
inelastic response spectrum of a single degree of
freedom system (SDOF), proposed by Vidic et al. [9].
From the equations proposed in [9] it is obvious that
global ductility depends directly on the behaviour factor.
The behaviour factor is the coefficient by which the
elastic response spectrum is divided and depends on the
ductility class of the structure (DCL - low, DCM -
medium, DCH - high), the type of structural system for
accepting seismic impacts and the regularity of the
system in height. The ductility class, although related to
global ductility, is in fact predominantly dependent on the
provided local ductility, as well as the reinforcement
detailing of the zones of elements in which plastic
deformations occur - plastic hinges. Thus, according to
the calculation procedure in Eurocode 8, the connection
between global and local ductility is realized through the
coefficient g and a series of requirements for reinforcing
the plastic hinges in which it appears. Plastic hinges are
designed at the ends of horizontal structural elements -
beams, as well as in the base of vertical elements -
columns and walls. A desirable, reliable plastic
mechanism, according to the principle of capacity
design, is provided by the appearance of plastic hinges
in beams before the appearance in columns and walls.

Several examples of reinforcement detailing of
beams, columns and walls for their local ductility
according to Eurocode 8 were presented by Milev [5].
Milicevi¢ and Ignjatovi¢ [6] pointed out differences in
reinforcement of RC columns and beams in cases of
their classification as primary or secondary seismic
elements according to Eurocode 8, with emphasis on the
required amount of transverse reinforcement to ensure
ductile structural behaviour under seismic loads.

This paper analyzes the concept of providing local
ductility of vertical reinforced concrete elements
according to Eurocode 8 [2], from the aspect of
achieving the required curvature ductility factor of the
cross-section. Special attention was paid to the
mechanism of confinement of RC columns, i.e. the
confinement effectiveness factor of cross-section in
critical areas with transverse reinforcement - stirrups and
cross-links. The practical significance of the confinement

effectiveness factor was explained and various
reinforcement details common in practice were
analyzed.
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2 LOKALNA DUKTILNOST AB STUBOVA

Da bi se osiguralo duktiino ponaSanje u lokalizo-
vanim zonama konstrukcije (plastiénim zglobovima),
materijali moraju da budu u stanju da postignu odgova-
rajuce deformacije. Lokalna duktilnost armiranobeton-
skih elemenata, na nivou popre€nog preseka, postiZze se
poveéanim izduzenjima cCelika (es), kao i skracenjima
pritisnutog betona (ec), odnosno odgovaraju¢om
duktilno$¢u krivine preseka. Faktor duktilnosti krivine
definisan je kao odnos grani¢ne krivine i krivine pri
te€enju po=@u/@y, gde je @y krivina AB preseka pri
te€enju (armature), a @u grani¢na krivina AB preseka.

Prema [3], krivina preseka pri teCenju AB stubova
opterecenih aksijalnom silom pritiska definiSe se za
sledeéa dva moguca sluaja:

a) krivina pri dilataciji
zategnute armature (€s=¢€yd);

b) krivina pri velikim dilatacijama pritiska na gornjoj
(pritisnutoj) ivici betonskog preseka.

Prema Panagiotakosu i Fardisu [3], usled velike
normalne sile, moze doc¢i do nelinearnog ponasanja
pritisnute zone betonskog preseka, pre pojave te€enja
zategnute armature. Autori su za proracun krivine pri
pojavi te€enja, u sluajevima visokog nivoa normalne
sile u stubovima, predlozili gornju granicu dilatacije na
pritisnutoj ivici betonskog preseka jednaku 1,8-fc/Ec, gde
je fc Cvrstoca betona pri pritisku, a Ec — modul
elasti¢nosti betona.

Grani€na krivina AB preseka ¢u definisana je
odnosom grani¢ne dilatacije pritiska utegutog betona i
odgovarajuce visine neutralne ose. Odredivanje krivine
preseka pri lomu zavisi od nivoa optereéenja, koli€ine
armature, kao i toga da li je dostignuta granica loma
betona ili armature, i tako dalje. U zavisnosti od
vrednosti pomenutih parametara, pri odredivanju krivine
preseka razmatra se ukupni popre¢ni presek betonskog
elementa ili samo utegnuti presek (ukupni presek
umanjen za neutegnuti zastitni sloj betona).

Raznim eksperimentima je ustanovljeno da duktilnost
betona znatno raste kada se dovede u stanje triaksijalne
kompresije [7]. Ovakvo stanje moZe se posti¢i utezanjem
elementa popre€nom armaturom u vidu zatvorenih
uzengija ili spiralne armature. Na taj nacin, sprecava se
bo¢no Sirenje elementa usled aksijalne sile. Posledice
toga su povecanje C&vrstoée betonskog elementa i
razvijanje vecih grani¢nih dilatacija €cuc, znatno vecih od
3,5%o, Cime se ostvaruje veca grani¢na krivina preseka
¢u. Parametri koji utiCu na stepen utezanja jesu: koliina
popre¢ne armature (pw), €vrstoca Celika (oblik dijagrama
napon—dilatacija), Cvrstoca betona na pritisak (oblik
dijagrama napon-dilatacija), razmak, oblik i broj
uzengija, kao i poduzne (vertikalne) armature.

Bocne sile, koje se javljaju kao posledica spre¢enog
Sirenja betonskog elementa, deluju u nivou uzengija.
Prema Fardisu [3], smatra se da efekti utezanja dolaze
do izrazaja pri dostizanju aksijalnog napona pritiska
priblizno jednakom &vrstoéi betona pri pritisku, kao i da
ne dolazi do ojafanja armature za utezanje nakon
dostizanja granice te€enja, ve¢ se za grani¢nu vrednost
usvaja napon pri te€enju. Najveci bocni pritisak moze se
razviti samo na onom delu betonskog elementa gde se
nalazi armatura za utezanje. Zbog ovakvog delovanja
bo¢nog pritiska maksimalna vrednost mora biti
korigovana koeficijentom utezanja. Ovaj koeficijent utiCe

na granici razvlacenja

2 LOCAL DUCTILITY OF RC COLUMNS

In order to ensure ductile behaviour in the localized
structural zones (plastic hinges), materials must be able
to achieve appropriate deformations. Ductility of the
reinforced concrete elements, at the cross-sectional
level, is achieved by the increased elongation of the
steel (es), as well as by corresponding concrete
compression deformation (gc), i.e. appropriate cross-
section ductility curvature. The curvature ductility factor
is defined as the ratio of the ultimate curvature and the
curvature at yielding po=¢u/@y, where @y is the curve of
RC cross-section at yielding (of reinforcement) and @u is
the ultimate curve of RC cross-section.

According to [3], the yield curvature of cross-section
is defined for two possible cases:

a) The curvature with strain at vyielding of the
tensioned reinforcement (£s=gya),

b) The curvature with large pressure strains on the
upper (pressed) edge of the concrete cross-section.

According to Panagiotakos and Fardis [3], due to the
large normal force, a non-linear behaviour of the
compressed zone of the concrete cross-section may
occur, before steel yielding. The authors proposed to
calculate the curvature at yielding, in cases with large
normal forces in columns, by limiting the strain of
compressed fibre of the concrete cross-section to a
value of 1,8-fc/Ec, where fc is the compressive strength of
concrete and Ec is the modulus of elasticity of concrete.

The ultimate curvature of the RC cross-section ¢u is
defined by the ratio of the ultimate strain of the
compressed confined concrete and the corresponding
depth of the neutral axis. Determination of the cross-
sectional ultimate curvature depends on the load level,
the amount of reinforcement, the failure of the section
due to rupture tension reinforcement or compressed
concrete, etc. Depending on the values of the mentioned
parameters, failure of the section can be achieved
before spalling of the concrete cover or curvature at the
spalling of the concrete cover.

Various experiments have shown that the ductility of
the concrete significantly increases when it enters the
state of triaxial compression [7]. This condition can be
achieved by confining the element with a transverse
reinforcement in the form of hoops and ties or spiral
reinforcement. This prevents the lateral expansion of the
element due to the axial compression force. As a result,
the strength of the concrete element increases and the
development of higher ultimate stain of cross-section
compression fibres &cu,c, significantly greater than 3.5%,
which results in a larger ultimate curvature of cross-
section ¢@u. The parameters that affect degree of
confinement are: quantity of transversal reinforcement
(ow), steel strength (stress-strain diagram), concrete
compression strength (stress-strain diagram), distance,
shape and number of stirrups as well as longitudinal
(vertical) reinforcement.

The lateral forces, which occur as a result of the
prevented lateral expansion of the concrete element, act
at the level of the stirrups. According to Fardis [3], it is
considered that the confinement begins at achieving the
approximate compression strength of the concrete, and
that the stirrups fail to go into hardening when reaching
the ultimate stress and hence the value of stress at
yielding is adopted as the limit value. The highest lateral
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na &vrsto¢u betona, naravno, u zavisnosti od oblika i
koli¢ine popre€ne armature.

Kako bi se obezbedila minimalna duktilnost kriti€nih
zona armiranobetonskih elemenata koje prihvataju
seizmiCko opterecenje, Evrokod 8 propisuje minimalne
vrednosti  koli¢ine popre¢ne i poduzne (vertikalne)
armature, njihove pre€nike i medusobna rastojanja.
Ispunjavanjem ovih uslova, te dobrim oblikovanjem i
konstruisanjem poloZaja plasti¢nih zglobova, konstrukciji
se omogucava da prihvati redukovane seizmicke sile, sa
odgovaraju¢im nelinearnim deformacijama.

3 KOEFICIJENT UTEZANJA

Na slici 1 prikazana je teorijska pretpostavka oblika
efektivnog dela betonskog elementa, kako pokazuju
Sheikh i Uzumeri [8], a kasnije i Mander i ostali [4], u
popre€nom preseku (B-B i Z-Z) i duz visine samog
elementa (A-A i Y-Y). Pretpostavljeni oblik efektivno
utegnutog preseka betona smanjuje se na mestima na
kojima nema uzengija. Oblik promene je parabola s
tangentama u krajnjim tackama od 45°, sa zizom od
Cetvrtine duZine.

pressure can be developed only on the part of the
concrete element where the confinement reinforcement
is located. Due to this effect of lateral pressure, the
maximum value must be reduced by confinement
effectiveness factor. This coefficient affects the strength
of concrete, depending on the shape and quantity of the
transversal reinforcement.

With the aim of the confined zones to be ductile,
Eurocode 8 suggests minimum values of the quantity of
transversal and longitudinal (vertical) reinforcement, their
diameters and their mutual distances. Complying with
these conditions, designing good reinforcement details
and distinguishing the places of plastic hinges
throughout the structure allow the structure to accept
seismic forces with certain inelastic deformations.

3 CONFINEMENT EFFECTIVENESS FACTOR

In Figure 1 the theoretical assumption of the shape
of concrete element effective area is shown by Sheikh
and Uzumeri [8], and later Mander et al. [4], in the cross-
section (B-B and Z-Z) and along the height of the
element itself (A-A and Y-Y). The assumed form of the
effective cross-section of concrete is reduced in places
without hoops or ties. The shape of the assumed volume
of effective confined element is a parabola with tangents
at the endpoints of 45°, with apex of a quarter of length
between hoops or ties.

- ! - . & -
Zastitni sloj e T
I - SN\,
W W Efektivno
A ! A4  utegnuto
.~ jezgro
Efektivno \»\‘\\\ Y
utegnuto v Nk
jEZQGro "
629 Presek B-B Neefikasan
Zasitni Sl0j gy (o Uingniiog i em— 3
(otpada) = T ] . "é 's' s
b s’ [s LN W |2
; \ e . —— !
deo  pg— | P, —g\  (otpada) - ot -
v ¥ - — -
utegnutog Lds 572 |
elementa &4 Presek Y-Y

| ds
Presek A-A

Slika 1. Efektivno utegnut presek s kruznim i pravougaonim uzengijama [4]
Figure 1. Effectively confined cross-section with circular and rectangular stirrups [4]

Koeficijent utezanja (a) predstavlja faktor efikasnosti
utezanja popre€nom armaturom. Ovaj faktor, prema
propisima Evrokoda 8, sadrzi dva Cinioca as i an. Prvi
¢lan definiSe odnos povrsina preseka 1 i 2 oznacenih na
slici 2 — izrazi (1) i (3). Presek u ravni 1 predstavlja
minimalni poprecni presek koji se moze javiti prilikom
otpadanja neefikasno utegnute zone betonskog
elementa, dok drugi predstavlja presek u kojem se nalazi

Confinement effectiveness factor (a) represents the
efficiency factor of the transversal reinforcement. This
factor, according to Eurocode 8, is defined as a product
of two factors as and an. First one defines the ratio of the
surfaces of sections 1 and 2 shown on Figure 2 -
equations (1) and (3). The cross-section at level 1
represents the minimum cross-section which can occur
after spalling the ineffective area of concrete element,
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armatura za utezanje. Ovim ¢lanom uzima se u obzir
efikasnost utezanja po visini elementa, koja zavisi od
relativnog odnosa razmaka uzengija (s) i dimenzija
utegnutog betonskog preseka (Sirine i visine oznacene
sa bo i ho respektivno). Drugim ¢lanom umanjuje se
efektivna povrSina betona za zbir svih neefektivnih
delova izmedu poduznih Sipki armature prikazanih na
slici 2 — izrazi (2) i (4). Ovim ¢lanom uzima se u obzir
efikasnost utezanja na nivou popre¢nog preseka.

while the other is cross-section in which the stirrups are
located. First factor takes into account the confinement
efficiency along the element that depends on relative
ratio of the stirrups distance (s) and the dimensions of
the concrete cross-section (width and height indicated by
boand ho respectively).The second factor reduces the
effective surface area of concrete for the sum of all
ineffective parts between longitudinal rebar shown in
Figure 2 - equations (2) and (4). With this factor the
efficiency of confinement at the cross-sectional level is
taken into account.
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Slika 2. Definisanje koeficijenta utezanja
Figure 2. Defining of confinement effectiveness factor

Za pravougaoni poprec€ni presek:

For rectangular section:

a =1--> |1--3 (1)
2:b, 2:h,
n 2
a,=1- b )
i=1 6'b0'h0
Za kruzni poprec¢ni presek: For circular section:
2
@ =[1-—>— 3)
2D,
a, = “4)

Prilikom dostizanja grani¢nih dilatacija, odlama se
zastitni sloj betona, pa — shodno tome — efektivni presek,
za takva stanja dilatacija, inicijalno postaje umanjen za
debljinu tog sloja, odnosno dobijamo dimenzije
utegnutog preseka:

a) Pravougaoni presek

When element is reaching the ultimate strains, the
cover of concrete start spalling and, consequently, the
effective cross-section for such strains initially becomes
smaller for thickness of that layer, i.e. we have
dimensions of the smaller, confined, section:

a) For rectangular section:

h, =h, —2(c -dy,/2) (5)
b, =b, —2-(c—dbh/2) (6)
b) Kruzni presek b) For circular section:
D, =D, —2(c—d,,/2) (7)
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gde su bc i he dimenzije pravougaonog betonskog
popre¢nog preseka, D¢ pre¢nik kruznog preseka, a dbn
pre€nik armature za utezanje — uzengija i poprec¢nih
veza.

Redukovanjem povrSine  ograniene  spoljnim
uzengijama koeficijentima odredenim prema propisima
Evrokoda 8, dosli smo do koeficijenta utezanja, odnosno
do efektivho utegnute povrsine (slika 3). Ako uporedimo
interpretacije  koeficijenata utezanja prikazane na
slikama 1 i 3, tj. prema teorijskoj pretpostavci i izrazima
Evrokoda 8, zakljuCujemo da je veoma teSko ustanoviti
fiziCki smisao izraza. Postavlja se pitanje kako izrazi
Evrokoda 8 dobijenu efektivnu povrsinu interpretiraju i po
visini elementa, odnosno koji deo stuba se smatra
efektivno utegnutim.

4 ANALIZA REALIZOVANOG KOEFICIJENTA
UTEZANJA

Kako bismo shvatili oblik efektivno utegnutog
elementa duz visine stuba prema izrazima (1)-(4), a
imajuci u vidu da koeficijent utezanja predstavlja odnos
efektivne utegnute povrSine (slika 3c) i povrsine
utegnutog preseka (slika 3a), pretpostavljamo da to,
takode, moze biti odnos zapremina efektivno utegnutog i
utegutog dela elementa. Pretpostavliamo da izrazi
Evrokoda 8 efektivnu zapreminu interpretiraju kao
.prizmu” s bazom povrsine sa slike 3c, tj. da promene
efektivne povrsine po visini elementa nema.

where bc and hc are dimensions of the rectangular
concrete cross-section, D¢ is diameter of the circular
cross-section and dwh is diameter of the confinement
rebar — hoops or ties.

By reducing the area surrounded by external stirrup,
according to the Eurocode 8 regulations, we have
determined the confinement effectiveness factor, i.e. the
effectively confined area (Figure 3). When the inter-
pretations shown on Figure 1 and 3 are compared
according to the theoretical assumption and equations of
Eurocode 8, it can be concluded that it is very difficult to
determine the real meaning of the equations. The
question that should be answered is how recom-
mendations of Eurocode 8 interpret the effective area by
the height of the element, i.e. which part of the column is
considered effective.

4 ANALYSIS OF THE ACHIEVED CONFINEMENT
EFFECTIVENESS FACTOR

In order to understand the shape of an effectively
confined element along the height of the column
according to the equations (1)-(4), and taking into
account that the confinement effectiveness factor is the
ratio of the effective confined area (Figure 3c) and
confined area (Figure 3a), it is assumed that this can
also be the ratio of the effectively confined and confined
volume of the element. It is assumed that the equations
of the Eurocode 8 interpret the effective volume as a
"prism" with the base shown on Figure 3c, i.e. that there
are no changes in the effective volume along the height
of element.

an | /

! *
\ a S }J

a) b)

C)

Slika 3. Interpretacija koeficijenta utezanja skaliranjem preseka sa an i as
Figure 3. Interpretation of the confinement effectiveness factor by scaling cross-section with factors an and as

Analizu prvo sprovodimo na jednostavnijem obliku
stuba, odnosno na stubu kruznog poprecnog preseka,
preénika utegnutog preseka Do=40 cm i razmaka
uzengija s=20 cm. Prvi parametar za analizu predstavlja
koeficijent utezanja prema izrazima Evrokoda 8, tj.
izrazima (3) i (4), koji nazivamo a[EC8]. Dalje,
konstruiSemo tri trodimenzionalna elementa, od kojih je
prvi stub pre¢nika Do (slika 4a). Drugi element
predstavlja efektivnu zapreminu prema teorijskoj
pretpostavci Mander i ostali [4], s bazom efektivho
utegnutog jezgra prikazanog na Preseku B-B (slika 1) i
poduznom promenom u svemu prema Preseku A-A.
Ovakav model prikazan je na slici 4b. Odnosom
zapremina modela sa slike 4b i 4a dobijamo teorijski

The analysis starts with a simpler form of a column,
i.e. a circular cross-section. The diameter of the cross-
section is Do=40 cm and stirrup spacing s=20 cm. The
first parameter for the analysis is the confinement
effectiveness factor according to the assumptions of the
Eurocodes 8, i.e. equations (3) and (4), which is named
a[EC8]. Subsequently, three three-dimensional elements
are designed, where the first is a column with diameter
Do (Figure 4a). The second element represents the
effective volume according to the theoretical assumption
of Mander et al. [4], with the base of the effectively
confined core shown in Section B-B (Figure 1), and a
vertical change of shape along the height of element
according to Section A-A. This model is shown in Figure
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koeficijent utezanja preseka i nazivamo ga a[ACAD].
Prema rezultatima iz tabele 1, vidimo da je koeficijent
utezanja prema izrazima maniji i da nagovesStava da su
propisi  usvojili ne$to  jednostavniji, a sigurno
konzervativniji oblik efektivno utegnutog elementa. Tredi
model predstavlja pretpostavljen ,cilindar” (slika 4c). U
slu€aju kruznog stuba, kako je koeficijent an=1, imamo
da je pre¢nik baze ,cilindra” jednak Do’ = Do-2-s/4 = 30
cm, a koeficijent utezanja koji raCunamo kao odnos
modela sa slike 4c i slike 4a, naziva se a[EC8-ACAD]. Iz
tabele 1 vidimo potpuno poklapanje rezultata za a[EC8] i
a[EC8-ACAD], Sto znaci da je pretpostavka ostvarena za
kruzni popre¢ni presek. Takode, za kruzni presek
zaklju€ujemo da je pre¢nik osnove tre¢eg modela ustvari
jednak najmanjem precniku teorijskog modela duz visine
stuba, odnosno na sredini rastojanja izmedu dve
uzengije.

4b. With ratio of the model volume represented on
Figures 4b and 4a the theoretical confinement
effectiveness factor is obtained, which is named
a[ACAD]. According to the results from Table 1, it can be
concluded that the confinement effectiveness factor by
equations is smaller and suggests that the regulations of
Eurocode 8 adopted a simpler, but certainly more
conservative form of an effectively confined element.
The third model is assumed to be a "cylinder" (Figure
4c). In the case of a circular column, as the coefficient
an=1, the diameter of the base cylinder is equal to
Do’ = Do-2-s/4 = 30 cm, and the confinement effective-
ness factor is calculated as the ratio of the model from
Figures 4c and 4a and named a[EC8-ACAD]. From
Table 1 it can be noticed that there is a complete match
of the results for a[EC8] and a[EC8-ACAD], which
means that the assumption made for a circular cross-
section is fulfilled. In addition, for a circular cross-
section, it can be concluded that the base diameter of
the third model is actually equal to the smallest diameter
of the theoretical model along the height of the column
which is in the middle of the two stirrups.

|<
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Slika 4. Modeli stuba: a) Utegnut presek; b) Efektivho utegnuto jezgro elementa;
c) Efektivno utegnut element prema Evrokodu 8

Figure 4. Column models: a) Confined volume; b) Effectively confined volume;
c) Effectively confined volume by Eurocode 8

Tabela 1. Koeficijenti utezanja kruznog stuba
Table 1. Confinement effectiveness factor for circular column

Oblik stuba Precnik Razmak uzengija a a a
Column Diameter Stirrups spacing [EC8] [ACAD] [EC8-ACAD]
shape [cm] [cm]
Kruzni 40 20 0,5625 0,6974 0,5625
Circular

Posto smo s dovoljnom tacnoSéu zakljucili Sta
predstavlja bazu ,cilindra”, dalje analiziramo kvadratne
stubove. Izabrano je nekoliko tipi¢nih nacina armiranja
(slika 5). Model A predstavlja presek s najmanjim
moguéim stepenom armiranja, koji ne ispunjava
minimalne uslove lokalne duktilnosti Evrokoda 8 u

Since it is concluded, with sufficient accuracy, what
is the base of "cylinder", square columns are further
analyzed. Several typical reinforcement forms have been
selected (Figure 5). Model A represents the section with
least possible reinforcement, which does not meet the
minimum local ductility requirements by Eurocode 8, in
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pogledu armiranja, ali je pogodan za modeliranje i
sustinski bitan — kao pocetni reper u analizi. Modeli B, C
i D Cesti su slu€ajevi armiranja u praksi, kod kojih
sukcesivno smanjujemo neefektivnu zonu, dok je
poslednji presek model E armiran tako da predstavlja
teorijski najve¢i moguci efekat utezanja, koji bi trebalo da
zameni kruznu uzengiju i postigne ekvivalentni efekat
utezanja. Generalno, za pretpostavijene dimenzije stuba
minimalno armiranje je predstavljeno modelom B (slika
5), kako bi se zadovoljio minimalan razmak poduznih
pridrzanih Sipki armature od 20cm, s minimalnim
pre¢nikom armature @8. Prema Evrokodu 8, minimalni
pre€nik uzengije jeste @6 na rastojanju koje nije vece od
bo/2, 17,5 cm ili 8 minimalnih pre¢nika poduzne
(vertikalne) armature u stubu. Broj i precnici poprecnih
Sipki mogu biti i veci, Sto zavisi od intenziteta uticaja u
elementu kao i zadovoljenja izraza 5.15 datog u [2], koji
treba da obezbedi minimalnu zahtevanu vrednost faktora
duktilnosti  krivine. Za potrebe analize, usvojene
dimenzije utegnutog dela preseka su bo=do=40 cm s
razmakom uzengija od s=20 cm.

B:

terms of reinforcement, but is suitable for modelling and
essentially important as the starting point in the analysis.
Models B, C and D are common types of reinforcement
details in practice, in which the ineffective zone is
reduced one after the other, while the last cross-section,
model E, is detailed to represent the highest possible
confinement, which should, theoretically, achieve the
circular hoops effect of confinement. In general, for the
assumed dimensions of the column, the minimal
reinforcing provisions are represented by model B
(Figure 5), which satisfies the minimum spacing of
longitudinal reinforcement with 20 cm and minimum
diameter @8. According to Eurocode 8, minimum
diameter of the stirrup is @6 at distance less than bo/2,
175 cm or 8 thicknesses of the longitudinal
reinforcement. Number and diameter of the rebar can be
even higher, which depends on load level and satisfying
the equation 5.15 given in [2]. When the second
condition is met, the minimum ductile behaviour of the
element is achieved. For the purpose of analysis, the
dimensions of the cross-section bo=do=40 cm with stirrup
spacing s = 20 cm were adopted.
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Slika 5. Usvojeni modeli za analizu
Figure 5. Adopted models for analysis

Prilikom modeliranja kvadratnih stubova, nailazimo
na nedostatak podataka regulisanih odredbama
Evrokoda 8. Re¢ je o tome da ne znamo koliko
maksimalno neefektivha zona ulazi u stub, po visini,
izmedu dva reda uzengija, pa su dva razmatrana modela
prikazana na slici 6.

Na slici 6a usvojena je funkcija parabole sa zizom od
s/4=5 cm, dok je za drugi slucaj (slika 6b) usvojena
raspodela konstruisanjem povrsine ograni¢ene sa Cetiri
parabole u programskom paketu AutoCAD, kod koje se

While modelling the square columns the lack of data,
regulated by the provisions of Eurocode 8, is noticed. It
is a matter of not knowing how the maximum ineffective
zone enters the column between the two rows of the
stirrups, along the height of the column, so the two
models considered are shown in Figure 6.

In Figure 6a, the parabola function with apex s/4=5
cm is adopted, while for the second case, Figure 6b,
surface is designed with bounded four parabolas, using
software package AutoCAD, in which the 3 cm apex is

10
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dobija ZiZza u veli¢ini od 3 cm. Na osnovu rezultata
analize, prikazanih u tabeli 2, moze se zakljuciti da
model sa slike 6a ima koeficijent utezanja a[EC8-ACAD]
mnogo manji u poredenju sa izrazima (1) i (2), tj. a[EC8].
Kako smo pokazali na kruznom stubu da koeficijent
a[EC8-ACAD] zadovoljava vrednost koeficijenta
utezanja iz propisa a[EC8], to taniju pretpostavku
smatramo modelom sa slike 6b.

obtained. It can be noticed that the model on Figure 6a
have confinement effectiveness factor a[EC8-ACAD]
much smaller compared to the equations (1) and (2), i.e.
a[EC8]. As shown on the circular column that the
coefficient a[EC8-ACAD] meets the value of the
confinement effectiveness factor from the regulation
a[EC8], the model shown on Figure 6b is considered
more accurate.

ol =
a) c)
\\ '//
r__m‘_ V4 ‘ N\
Slika 6. Razlika izmedu dva pretpostavljena modela u prostoru
Figure 6. The difference between two presumed models
Tabela 2. Dve pretpostavke utezanja modela A
Table 2. Two confinement assumptions of model A
Model I?imen_zije Ra_zmak uzengija a a a
Model Dimensions Stirrups spacing [EC8] [ACAD] [EC8-ACAD]
[cm] [cm]
A (Slika 63) 40x40 20 0,1875 0,1997 0,1147
A (Figure 6a)
A (Slika 6b)
A (Figure 6b) 40x40 20 0,1875 0,2726 0,2108

Deo tabele 3, koji je oznaten kao Teorijski,
predstavlja koeficijente utezanja kvadratnog stuba
teorijskom pretpostavkom efektivhe zone Mander i ostali
[4] — af[ACAD] i poredenje dobijenih rezultata s
koeficijentima uzezanja dobijenih iz izraza (1) i (2) —
a[EC8]. Drugi deo tabele 3 (Prema EC8) predstavlja
odnos ,prizmati¢ne” pretpostavke efektivno utegnute
zone betonskog elementa — a[EC8-ACAD] i izraza (1) i
(2) — a[EC8]. ZakljuCujemo, prema rezultatima tabele 3,
da propisi pojednostavljuju oblik efektivno utegnute zone
stuba i da je koeficijent utezanja konzervativan. To se
uoCava u jako maloj razlici (A) pretpostavljenog modela i
izraza (1) i (2) iz Evrokoda 8, koja su oko 0,02 za
klasi¢ne slu¢ajeve armiranja.

Part of Table 3, which is nhamed Theoretical, is the
square-column confinement effectiveness factor for
theoretical assumption of effective zone by Mander et al.
[4] - a[ACAD] and a comparison with obtained results for
coefficients calculated from equations (1) and (2) -
a[EC8]. The second part of Table 3 (According to EC8)
is the relation between the "prismatic" assumption of the
concrete element effective confinement zone - a[ECS8-
ACAD] and the equations (1) and (2) - ao[ECS8].
According to the results shown in Table 3, it is concluded
that the regulations simplify the shape of the effectively
confined zone of the column and that the confinement
effectiveness factor is conservative. This is noticeable in
the very small difference (A) between the assumed
model and equation (1) and (2) from Eurocode 8, which
are about 0.02 for usual reinforcement details.
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Tabela 3. Koeficijenti utezanja modela
Table 3. Confinement effectiveness factors

Model / Model A B C D E
a [EC8] 0,1875 0.3750 0,4219 0,4688 0,5625
Teorijski
oo a [ACAD] 0,2726 0,4922 0,5245 0,5989 07512
A 0,0851 01172 0,1026 0,1301 0,1887
brema EC8 a [EC8] 0,1875 0,3750 0,4219 0,4688 0,5625
According to o [EC8-ACAD] 0,2105 0,3929 0,4044 0,4787 0,6331
EC8 A 0,0233 0,0179 -0,0175 0,0099 0,0706
A B C D E
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Slika 7. Poredenje koeficijenata utezanja razmatranih modela (napomena: veza izmedu modela A-E nije linearna)

Figure 7. Comparison of the confinement effectiveness factors for considered models (note: the relation between
models A-E is not linear)

Kod stubova kruznog popreénog preseka, sila
utezanja ravnomerno deluje duz kruzne uzengije i nema
neefektivnih delova utegnutog popre€¢nog preseka.
Shodno tome, greSke pri modeliranju efektivnho
utegnutog elementa, sa osnovom utegnutog elementa
koja je skalirana izrazima (3) i (4), nije bilo i videli smo
poklapanja rezultata prema tabeli 1. To nije slucaj i kod
kvadratnin  preseka, gde postoji komplikovanija
geometrija i kod koje se zbog greSke modela javljaju
odredene razlike. GreSka se uvelava, takode, zbog
usvajanja povrSina koje generiSe sam program, sa
odredenom gustinom mreze.

Cest sludaj u praksi jeste da se stubovi dodatno
utezu na odredenim mestima duz visine stuba (npr. u
zoni spoja grede i stuba) postavljanjem spoljasSnje
uzengije na duplo manjem rastojanju. Prema odredbama
Evrokoda 8, utezanje preseka radi se uniformno po celoj
visini disipativne zone, postavljanjem svih uzengija
preseka na istom rastojanju, pa se postavlja pitanje
efikasnosti utezanja preseka proguséenjem samo
spoljne uzengije. Pomenuti slu¢aj iz prakse analizira se
dodatnim utezanjem elementa, postavljanjem barem
jedne osnovne uzengije na polovini prethodno usvojenog

In the case of circular cross-section the confining
force acts equally along the circular hoop and there are
no ineffective parts of confined cross-section.
Consequently, there were no errors in the modelling an
effectively confined element, with the basis scaled by the
factors calculated from equations (3) and (4), and we
noticed the matching of the results in Table 1. This was
not the case while designing the square cross-section
columns with more complicated geometry and where
certain differences occur, due to model errors. The error
is also increased by adopting surfaces generated by the
software itself, with a certain density of the mesh.

In most cases, in practice, the columns are
additionally confined at certain levels along the height of
the column (for example, in the zone of beam and
column joints) by adding an external stirrup between
existing ones. According to the regulations of Eurocode
8, the cross-section confinement is uniform over the
entire height of the dissipative zone by placing all
stirrups at the same distance, so the question of any
extra efficiency on confined element with that external
stirrup is to be answered. The mentioned case from the
practice is analyzed by additional confinement of the

12
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razmaka (s). Osnovnom uzengijom smatra se ona koja
pridrzava krajnje Sipke longitudinalne armature.

Modele s dodatnom osnovnom uzengijom na sredini
razmaka (s) nazivamo, respektivno, BA, CA, DA, EA
(slika 8). Pri proracunu koeficijenta utezanja ovih
modela, koriS¢enjem izraza Evrokoda 8, sraCunata je
ista vrednost, jer je u popre€nom preseku na rastojanju s
isti na€in armiranja. Ovo znali da Evrokod 8 ne
prepoznaje ovakav princip kao dodatno utezanje, Sto ga
¢ini konzervativnim, tj. na strani sigurnosti, ali ostaje
pitanje da li je dodatno utezanje sustinski ostvareno.

element, adding at least one basic stirrup at half of the
previously adopted spacing (s). The basic stirrup is the
one that wraps edge bars of the longitudinal
reinforcement.

Models with additional basic stirrup at the centre of
the distance (s) are named, respectively, BA, CA, DA,
EA (Figure 8). When calculating the confinement
effectiveness factor of these models, by using equations
given in Eurocode 8, the same value of effectiveness
factor is calculated, since the cross-section at distance s
have the same reinforcement form. This means that the
Eurocode 8 fails to recognize this principle as an
additional confinement, which makes it conservative, i.e.
on the safe side, but the question whether additional
confining has been substantially achieved still remains.

T

Slika 8. Modeli: a) B — teorijski; b) B — prema EC8; c) BA — teorijski; d) BA — prema EC8
Figure 8. Models: a) B - theoretical; b) B - according to EC8; c) BA - theoretical; d) BA - according to EC8

Prema rezultatima iz tabele 3 i tabele 4, za teorijski
koeficijent utezanja, zapazamo da s proguséenjem
uzengija smanjujemo koeficijent, Sto nije ocekivano i da
dobijeni rezultati odstupaju od razmisljanja u praksi, gde
se proguscene uzengije smatraju vidom dodatnog
utezanja. GreSka koja se pravi usvajanjem teorijskog
modela jeste ta da parabolu na mestu dodatne uzengije
mi teorijski usvajamo. Ona ima duzinu do i ZiZu s/4.

According to the results from Table 3 and Table 4,
for the theoretical confinement effectiveness factor, it
can be noticed that with additional basic stirrup the
coefficient is reduced, which is unexpected and that the
obtained results deviate from practice where the
additional stirrup is considered as enhanced
confinement. The mistake in designing the theoretical
model was made because we adopted the parabola at
the place of additional stirrup by theory. Parabola have
length do and apex s/4.

Tabela 4. Koeficijenti utezanja modela s dodatnim utezanjem
Table 4. Confinement effectiveness factors with additional confinement

Model / Model A B C D E
- a [EC8] / 0,3750 0,4219 0,4688 0,5625
Teorijski o [ACAD] / 0,4128 0,4210 0,440 0,5243
Theoretical
A / 0,0378 -0,0009 -0,0288 0,0382
Teorijski korigovan a [EC8] / 0,3750 0,4219 0,4688 0,5625
Corrected o [ACAD] / 0,4901 0,5245 0,5989 0,7420
theoretical A / 0,1151 0,1026 0,1302 0,1795
a [EC8] / 0,3750 0,4219 0,4688 0,5625
Prema EC8
According to ECg | O [ECB-ACAD] / 0,4007 0,4042 0,4795 0,6441
A / 0,0251 -0,0177 0,0107 0,0816
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Na modelu kod kog nema progu$éavanja uzengija, a
na sredini razmaka s, imamo realno mnogo vecu
efektivhu povrsinu (slika 9a) u poredenju sa utegnutim
modelom (slika 9b) na ¢&ijem je mestu postavljena
dodatna uzengija. Drugim re¢ima, dodatnim utezanjem
fiktivno smanjujemo efektivan presek kako bismo usvojili
pretpostavijenu raspodelu efektivne zone prema
preporukama Evrokoda 8. Ovu greSku ispravljamo
modeliranjem efektivhog preseka na s/2 sa slike 9a, koji
bi se maksimalno mogao pojaviti, tj. kao na modelu B. S
tog modela usvajamo istu zavisnost u horizontalnom
preseku na visini s/2, samo $to je dodatno produzavamo
do poduznih Sipki armature, jer je na tom mestu
armatura pridrzana (slika 9c).

-~
i

On the model with no additional stirrups, in the
middle of the length s, there is a much larger effective
zone (Figure 9a) than the model in which the additional
stirrup is placed (Figure 9b). In other words, by adding
basic stirrups, the effective cross-section is fictively
reduced to adopt the assumed distribution of the
effective zone according to the recommendations of
Eurocode 8. This error is corrected by modelling the
effective cross-section located at s/2 from Figure 9a
which could maximally appear, i.e. as on the model B.
From this model, the same curve is adopted in the
horizontal cross-section at the height s/2, but with
extending the curve to the edge longitudinal bars, as the
reinforcement is retained at those points (Figure 9c).

-~
&

Slika 9. Prikaz razlike modela:a) B; b) BA; ¢) BA korigovanog; s popre¢nim presecima na sredini visine
Figure 9. Model differences: a) B; b) BA; c) BA corrected; with cross-sections in the middle of the height

Na slici 10 prikazan je model sa unutra$nje strane,
gde se jasno mozZe uoliti da — zbog ispunjenja
preporuka Evrokoda 8 o neefektivnoj zoni izmedu
pridrzanih Sipki poduzne armature — ¢inimo gresku koju
nadomesc¢ujemo ograni¢avanjem neefektivne zone u
tom preseku.

b) ‘ c) :

Figure 10 shows the model from the inside, where it
can be clearly noticed that in order to fulfil the
recommendations of Eurocode 8 on the ineffective zone
between the retained longitudinal reinforcement, an error
was made which is corrected by limiting the ineffective
zone in that cross-section.

Slika 10. Minimalni poprec¢ni presek po visini stuba modela: a) E; b) EA; ¢) EA korigovanog
Figure 10. Minimal cross-section along the height of the models: a) E; b) EA; c) EA corrected
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Slika 11. Poredenje koeficijenata utezanja za model s dodatnim progu$cenjem armature za utezanje iz tabele 4
(napomena: veza izmedu modela A-E nije linearna)
Figure 11. Comparison of confinement effectiveness factors for models with additional basic stirrups from Table 4
(note: the relation between models A-E is not linear)

S dovoljnom tac¢no$éu mozemo zakljuciti da teorijski
pretpostavljen, efektivno utegnut, element, kako su ga
dali Mander i ostali [4] (a[ACAD]), daje vece koeficijente
utezanja od pretpostavke koju definiSu izrazi prema
odredbama Evrokoda 8 (a[EC8]). Na slici 11 prikazana
je razlika izmedu ovih koeficijenata, s napomenom da
veza izmedu modela A do E nije linearna. Prema
sumiranim rezultatima, na slici 11, zapazamo veoma
mala odstupanja od koeficijenata utezanja prema
izrazima (1) i (2) (a[EC8]) u odnosu na pretpostavljenu
Lprizmu” (a[EC8-ACAD]), pa shodno tome smatramo da
je pretpostavka o obliku efektivho utegnutog elementa, u
poduznom pravcu, dovoljno taéna.

e o =2
o o~ o

0.5

b
W

oeficijent utezanja

¥ 02
0.1
0

—Teorijski model

With sufficient accuracy, it can be concluded that the
theoretically assumed, effectively confined, element by
Mander et al. [4] (a[ACAD]) gives a higher confinement
effectiveness factor than the recommendations defined
by the equations in Eurocode 8 (a[EC8]). Figure 11
shows the difference of these coefficients, with the note
that the relation between the A-E model is not linear.
According to the summarized results, in Figure 11, we
notice very small deviations from the confinement
effectiveness factor by equations (1) and (2) (a[ECS8]) in
relation to the assumed "prism" (a[EC8-ACAD]), and
consequently it is considered that the assumption about
the shape of an effectively confined element in the
longitudinal direction is sufficiently correct.

C D E

= = Dodatno utegnut teorijski maodel

Slika 12. Poredenje teorijskog i dodatno utegnutog teorijskog modela — tabele 3 i 4 (napomena: veza izmedu modela A-E
nije linearna)
Figure 12. Comparison of the theoretical and additionally confined theoretical model - Table 3 and 4 (note: the relation
between models A-E is not linear)
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5 ZAKLJUCAK

U radu je predstavijena analiza faktora efikasnosti
utezanja armiranobetonskih  preseka popre¢nom
armaturom, kao jednog od klju¢nih parametara koji utic¢u
na obezbedivanje zahtevanog faktora efikasnosti krivine
preseka, prema Evrokodu 8 [2]. Objasnjeno je fizicko
znacenje faktora efikasnosti na osnovu grafi¢kog prikaza
utegnutog betona elementa kvadratnog, odnosno
kruznog poprecnog preseka. Dokazano je da su izrazi za
sracunavanje koeficijenta utezanja prema Evrokodu 8 [2]
definisani odnosom: (1) zapremine tela prizmati¢nog
oblika ¢ija je osnova jednaka najmanjem popre¢nom
preseku efektivho utegnutog jezgra koji se moze javiti
duz elementa; (2) zapremine tela prizmati¢nog oblika
¢ija je osnova definisana oblikom spoljaSnje uzengije.
Ovakva definicija daje konzervativne rezultate u odnosu
na ,realni” faktor efikasnosti utezanja, definisan prema
ukupnoj zapremini efikasno utegnutog betona. Takode,
dokazano je da dodatno progusScavanje spoljasSnje
konturne uzengije na duplo manjem rastojanju ne
uveCava bitno vrednost koeficijenta utezanja. Ovaj
zakljuéak odnosi se isklju€ivo na koeficijent utezanja, Sto
ne znaci da betonski element, povecanjem popreéne
armature, nema povecanje kapaciteta duktilosti.
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5 CONCLUSION

The paper presents the analysis of the confinement
effectiveness factor for the reinforced concrete cross-
sections with stirrups, as one of the key parameters that
influence the achievement of the required cross-section
curvature ductility factor, according to Eurocode 8 [2].
The physical meaning of the confinement effectiveness
factor is graphically explained for confined concrete
elements of square and circular cross-sections.
Equations for calculating the confinement effectiveness
factor according to Eurocode 8 [2] have been shown and
defined by the relation: (1) the volume of a prismatic
element with basis equal to the smallest cross-section of
the effectively confined core that may occur along the
element, and (2) the volume of the element of prismatic
form with basis defined by the form of external stirrup.
This definition gives conservative results with respect to
the "real" confinement effectiveness factor, defined by
the total volume of effectively confined concrete. In
addition, it has been shown that the added external
stirrup between existing ones insignificantly increases
the value of the confinement effectiveness factor. This
conclusion applies only to the confinement effectiveness
factor, which does not mean that the concrete element
will not increase the ductility capacity with increased
transverse reinforcement.
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REZIME

OBEZBEDENJE LOKALNE DUKTILNOSTI
ARMIRANOBETONSKIH ELEMENATA PREMA
EVROKODU 8 — KOEFICIJENT UTEZANJA

Milo$ VULINOVIC
Ivan MILICEVIC
lvan IGNJATOVIC

Fokus ovog rada usmeren je na efekte utezanja
armiranobetonskih preseka, odnosno na nacin na koji
popre¢na armatura utiCe na poboljSanje karakteristika —
kako materijala, tako i utegnute zone elementa.
Pojasnjeno je prakti¢no znacenje koeficijenta utezanja iz
izraza Evrokoda 8. lIzvrSena je procena veliCine dela
elementa koji je efektivno utegnut uzengijama na
primerima razli¢ito armiranih kruznih i kvadratnih
preseka stubova i analizom trodimenzionalnog prikaza
efektivno utegnutog betona. Uspostavijena je relacija
izmedu koeficijenta utezanja prema izrazima Evrokoda 8
i efektivno utegnutog dela betonskog elementa.

Klju€ne reci: Evrokod 8, lokalna  duktilnost,

koeficijent utezanja

SUMMARY

THE DESIGN OF LOCAL DUCTILITY FOR
REINFORCED CONCRETE ELEMENTS BY
EUROCODE 8 - CONFINEMENT EFFECTIVENESS
FACTOR

Milos VULINOVIC
Ivan MILICEVIC
Ivan IGNJATOVIC

This paper is focused on the effects of confinement
of the reinforcement reinforced concrete sections, i.e. in
the way that the transverse reinforcement affects the
improvement of the characteristics of both the material
and the affected zone of the element. The practical
meaning of the confinement effectiveness factor from the
expression of Eurocode 8 was explained. Size of the
part of element that is effectively confined by the stirrups
is estimated on examples of differently reinforced
circular and square sections of the column by analysis of
the three-dimensional presentation of effectively
confined concrete sections. The connection between
confinement effectiveness factor by Eurocode 8 and real
effective concrete core is established.

Key words: Eurocode 8, ductility, confinement
effectiveness factor
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REHABILITATION OF RC BUILDINGS IN SEISMICALLY ACTIVE REGIONS USING
TRADITIONAL AND INNOVATIVE MATERIALS

REHABILITACIJA ARMIRANOBETONSKIH (AB) KONSTRUKCIJA U SEIZMICKIM
USLOVIMA KORISCENJEM TRADICIONALNIH | INOVATIVNIH MATERIJALA

Golubka NECHEVSKA-CVETANOVSKA
Artur ROSHI

1 INTRODUCTION

Behaviour of the structures constructed and built of
reinforced concrete during their serviceability period as
well as during earthquakes depends on many factors.
On one hand, there are the external factors, i.e., loads
acting upon the structures (in addition to the main loads,
there are also additional loads as well as effects caused
by possible explosions, fires, earthquakes), while on the
other hand, there are the factors that directly depend on
the very structure of the buildings (structural system,
type, quality and quantity of material used for the
construction of the structure, the number of storeys, the
mode of foundation,....). All these factors directly affect
the strength and deformation characteristics of the
individual structural elements and the structural system
as awhole.

The need for repair and strengthening of RC
buildings and their structural elements occurs when their
elements lack sufficient strength, stiffness and/or ductility
out of different reasons or due to slighter or more severe
damages most frequently caused by earthquakes.

It has been a usual practice to perform repair and
strengthening of structures by application of traditional
methods (most frequently, jacketing of elements), but
lately, new innovative materials with a special
technology of construction and repair have increasingly
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been applied. The application of these materials is still
the subject of a large number of investigations
worldwide, particularly in the field of application of these
materials in seismically active regions.

2 REPAIR AND STRENGTHENING OF BUILDINGS
STRUCTURES

2.1 General

Strengthening of reinforced concrete structural
elements is one method to increase the earthquake
resistance of damaged or undamaged buildings. The
strength of the structures can be moderately or
significantly increased and the ductility can be improved,
or in other words, it can be said that the concept of
strengthening involves: a) increase in strength, b)
increase in strength and ductility and c) increase in
ductility, (Figure 2.1).

(a) Increase in strength

(b) Increase in strength
and ductility

/ \\(c) Increase in ductility

7
Non-strengthened structure

Shear force

————— Displacement

Figure 2.1. Concept of seismic strengthening
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The methods for repair and strengthening of
buildings may basically be categorized into two main
groups: system based repair and strengthening (Global
Strengthening) and member based strengthening (Local
Strengthening).

In the system based strengthening methods, a
structural system is modified by adding members such
as reinforced concrete shear walls or additional steel
bracing, mainly improving the strength and stiffness
characteristics of the system.

A new frame can be introduced to increase the
lateral strength and stiffness of a building. Similar to a
new wall, integrating a new frame building and providing
foundations are critical design issues.

2.2 Global strengthening methods

In the system based strengthening methods, a
structural system is modified by adding members such
as reinforced concrete shear walls or additional steel
bracing, mainly improving the strength and stiffness
characteristics of the system.

Most of the strengthening strategies have recently
been based on global strengthening schemes as per
which the structure is usually strengthened for limiting
lateral displacements in order to compensate the low
ductility. In these methods causing a change in the
global behaviour of the building, as explained above, a
behavioural change takes place when new members are
added to the building.

Inappropriate Appropriate

$420 5420
220 420 5220
I 20 S420
220 120 220
—
420 8420

Fig.2.2. Inappropriate and appropriate shear walls
layouts (Handbook,[10])

In order to be added to the structure, reinforced
concrete walls should be placed in a manner that
torsional effects on the structure are prevented and
irregularities in the structure are eliminated, as observed
in the design of new buildings. Some appropriate and
inappropriate shear wall layouts are presented in Figure
2.2.

A steel bracing system can be inserted in a frame to
provide lateral stiffness, strength, ductility, hysteretic
energy dissipation, or any combination of these. The
braces are effective for relatively more flexible frames,
such as those without infill walls. The braces can be
added to the exterior frames with least disruption of the
building use. For an open ground storey, the braces can
be placed in appropriate bays while maintaining the
functional use. Passive energy dissipation devices may
be incorporated in the braces. The connection between
the braces and the existing frames is an important
consideration of this strategy. One technique of installing
braces is to provide a steel frame within the designated
RC frame. The steel frame is attached to the RC frame
by installing headed anchors. (Figure 2.3).

= \
v

IR NATE
3
e 7 d

Ly

Figure 2.3. Additional steel braces

A new frame can be introduced to increase the
lateral strength and stiffness of the building. Similar to a
new wall, integrating a new frame building and providing
foundations are critical design issues.

2.3 Local strengthening methods

The local strengthening approach involves
modification of deficient elements to increase ductility so
that the deficient elements will reach their limit states in
a ductile manner when subjected to design events.
However, this strategy is more expensive and harder to
implement in cases of many deficient elements which is
the reason that the global strengthening methods have
been more popular than element strengthening. Effective
results can be obtained by using such methods in
buildings with a limited number of deficient elements
along with the global strengthening methods.
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2.3.1 RC jackets

One of the most frequently used methods for
strengthening reinforced concrete columns is reinforced
concrete jacketing (Figure 2.4).

Jacketing, which can be defined as the confinement
of the column with new and higher quality reinforced
concrete elements may be implemented for various
purposes based on the type of structural member
deficiencies. Columns subjected to brittle damages can
be jacketed in order to enhance resistance against shear
and/or axial loads. In that case, although the purpose of
jacketing is only to increase axial load or shear strength,
some changes will also occur in the bending stiffness
and moment capacity of the member after the jacketing
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application. By considering these changes during the
jacketing design, the jacketed section is ensured to
achieve adequate shear and axial load strength.

Except for such brittle damages, jacketing is applied
for elements with inadequate bending capacity or
ductility. In this way, strength of the columns displaying a
splice failure as a result of bending can also be
improved. Jacketing of the columns has the best result
when it is implemented at 4 sides of the column. Where
necessary, confinement at 3 sides can also provide
adequate performance. However, it is not generally
recommended to implement the jacketing at 1 or 2 sides.
Because, with such jacketing applications, no significant
changes take place in the confinement characteristics of
the member.
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Figure 2.4. Connection of the old to the new reinforcement of the R/C jacket: a) protection of new bar against buckling
with welding; b) protection of new bar against buckling with octagonal ties; 1- existing column, 2- jacket, 3-key, 4-bent
bars, 5-added reinforcement, 6-ties, 7-welding, 8-alternating corners), (P.Gavrilovic [15])
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2.3.2 Steel jackets

Jacketing with steel elements is a practical method
used frequently for various applications. A typical steel
jacketing application is presented in Figure 2.5.

Fig.2.5. Steel jacketing applied to RC
columns(M.N.Fardis, [12])

Steel jacketing can readily be used to especially
enhance the shear strength of reinforced concrete
elements. Located at the corners of an element, L-
profiles are coupled by means of steel plates and
confined. With the maintenance of continuity between
storeys, steel jacketing can also be used to increase the
bending strength. In addition, the maintenance of
adequate strength between the steel element and
reinforced concrete element is inevitable for the
improvement of bending capacity.

(a) increase strength

seismic

strengthening ‘—

(b) increase strength
and ductility

(c) increase ductility

@

Required
Seismic
Performance

(c)

Strength

Existing
Building

Ductility

3 REPAIR AND STRENGTHENING OF BUILDINGS
USING TRADITIONAL MATERIALS

The aim of the repair and strengthening is to modify
the seismic demands, and/or the capacities, so that all
relevant elements of the strengthened building fulfil the
general verification inequality, at all performance levels
(“Limit States”) under the corresponding seismic action
(Figure 3.1) (Foli¢, R., Zenunovi¢, D. Liolios, A., 2014).

Each strategy may be implemented by using more
repair and strengthening techniques. All of them have
their own advantages and drawbacks, scope and
limitations of use and fit better in one of these strategies

The choice of the technique depends on many
factors, such as:

e The locally available materials and technologies

¢ Cost consideration

e The disruption of use it entails and the duration of
the works

¢ Architectural, functional and aesthetic considera-
tions or restrictions, etc.

3.1 Column strengthening

Usually, the purpose of column strengthening is to
improve earthquake resistance of damaged or
undamaged buildings. In addition, in the case when,
during the construction phase, there is failure of concrete
or any other substantial material in reaching the required
quality according to the design, strengthening of specific
structural members will be applied. Increased resistance
of columns means increased column flexural and shear
strength, improving column ductility by applying different
techniques of their strengthening (Foli¢, R., and al,
2015).

In the case of damaged columns, depending of the
degree and type of damage, different techniques may be
applied, such as resin injection, removal and
replacement or jacketing.

rovide peripheral frames
ack-up [ buttresses
structure —
cast-in-situ concrete
infill precast concrete panel
existing steel panel
frames concrete blocks
brick infill
brace comp. or tens. braces
existing tens. & comp. braces
frames steel or concrete
post-tensioning cables
Qi'éf,e cast-in-situ concrete
walls precast concrete panel
= steel encasement
Jacket steel straps
existing concrete or mortar
members| | carbon fiber

Figure 3.1. Strengthening strategies
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3.1.1 Reinforced concrete jacketing of columns

R/C jackets are applied in the case of serious
damage or inadequate seismic resistance of the column
(including here failure of quality of concrete used on the
site during construction). Depending on the existing local
conditions, jackets are applied along the perimeter of the
column, which is the ideal case, or sometimes on one or
more sides.

In the case where the jacket is limited to the storey
height, an increase in the axial and shear strength of the
column is achieved with no increase in flexural capacity
at the joints. Therefore, it is recommended that the
jackets protrude through the ceiling and the floor slabs of
the storey where column strengthening is necessary
(Figure 3.2).
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3.1.2 Detailing of RC Jackets

The concrete overlay of the jacket should be at least
75-100 mm, to provide sufficient cover of the new
reinforcement and space for 135--hooks at the tie ends
(Fig. 3.2(a)). For this range of thickness, shotcrete is
more convenient. Thicker overlays are normally cast-in-
place.

— In order to increase the moment resistance of
vertical elements, longitudinal reinforcement should be
continued to the adjacent storeys through the holes or
slots in the slab. To avoid perforating the beams on all
sides of the cross-section, jacket bars continuing through
the slab should be concentrated near the corners of the
new section, often in bundles (Fig.3.2. (b) and (c)).
Jacket vertical bars may be anchored into a foundation
element either:
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Figure 3.2. Concrete jackets in columns: a) the simplest case b) jacket bars bundled near corners, engaged by cross-ties
or orthogonal tie c) jacket bars bundled at corners, dowels at interface with old column d) U-bars welded to corner bars
e) steel plates welded to corner bars f) one-or two-sided jackets g) one-sided concrete overlay with single curtain of two

way reinforcement at exterior face of perimeter walls, (M,Fardis[12])
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— by enlarging the foundation element to
accommodate anchorage of the jacket bars in the new
concrete there (possibly increasing, at the same time,
the capacity of the foundation element to meet the larger
moment demands from the jacketed vertical member), or

— by fastening (e.g., through epoxy) starter bars
within vertical holes drilled in the foundation element, to
be lap-spliced with the jacket vertical bars outside the
plastic hinge that may form at the bottom of the
retrofitted element.

3.1.3 Strengthening of columns with steel profile
skeleton

Steel profile skeleton jacketing consists of four
longitudinal angle profiles placed one at each corner of
the existing reinforced concrete column and connected
together in a skeleton with transverse steel straps
(Figure 3.3). In general, an improved ductile behaviour
and an increase of the axial load capacity of the
strengthened column is achieved. However, the stiffness
remains relatively unchanged.

Steel jackets are more expensive than concrete
ones. However, their technology is simple, familiar to the
construction industry and readily available almost
everywhere. So, it is the technique of choice for non-
engineered emergency strengthening even hours after a
damaging earthquake, to prevent the collapse of heavily
damaged buildings or give back to use moderately
damaged ones during the aftershock period. Detailed
assessment and retrofit design may take place
afterwards. The steel jackets may be removed when
retrofitting is implemented, or incorporated in a concrete
jacket (as in Fig. 3.4 (a)).
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Figure 3.3. Strengthening of column with steel profiles at
each corner; 1-existing column, 2-steel angle profile,
3-steel plate, 4-supporting plate, 5-angle profile.
(P.Gauvrilovic, [15])

3.2 Beam strengthening

The aim of repair and/or strengthening of beams are
to provide adequate strength and stiffness of damaged
or undamaged beams, which are deficient, to resist
gravity and seismic loads. It is very important that the
rehabilitation procedure chosen provides proper strength
and stiffness of the beams in relation to adjacent
columns in order to avoid creating structures of the
“strong girder — weak column® type which tend to force
seismic hinging and distress into the column, which must
also support major gravity loads.

As in the case of columns, depending on the degree
of damage in the beams, several techniques are applied,
such as resin injections, glued metal or FRP sheets,
removal and replacement of R/C jackets.

@)

(b)

Figure 3.4. Steel jackets built-up in situ with corner angles and horizontal straps
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3.2.1 Reinforced concrete strengthening and jacketing
of beams

Reinforced concrete jackets can be applied by
adding new concrete to one, three or four sides of the
beam. Within the same technique, one should also
include strengthening of the tension or compression
zone of a beam through the concrete overlays. In order
to enable force transfer between old and new concrete,
roughening of the old concrete is required, as well as
welding of connecting bars to the existing and new
reinforcement bars.(Cvetanovska 2000)

Reinforced overlays on the lower face of the beam
(Figure 3.5) can only increase the flexural capacity of the
beam. Existing reinforcement is connected to the new
one by welding.

Figure 3.5. Strengthening of a beam on the lower face;
1-existing reinforcement, 2-existing stirrups, 3-added
longitudinal reinforcement, 4-added stirrups, 5-welded
connecting bar, 6-welding, 7-collar of angle profiles.
(P.Gavrilovic,[15])

Jacketing on all four sides of the beams is the most
effective solution. The thickness of the concrete which is
added to the upper face is such that it can be
accommodated within the floor thickness (50-70 mm).
The placement of the ties is achieved through holes
which are opened in slab at closely spaced distances,
which are used for pouring the concrete. The longitudinal
reinforcement bars of the jacket are welded to those of
the old concrete (Figure 3.6).

é@g%

V7 ,_/L

Figure 3.6. Jacket on four sides of a beam; 1-existing
reinforcement, 2-added longitudinal reinforcement,
3-added stirrups, 4-welded connecting bar, 5-concrete
jacket, 6-welding (P.Gauvrilovic, [15])

Jackets on the three sides of the beam are used to
increase flexural and shear capacity of the beam for
vertical loading, but not for seismic actions, given that
strengthening of the load-bearing capacity of the section
near the supports is impossible.

3.3 Shear wall strengthening

Due to their great stiffness and lateral strength, shear
walls provide the most significant part of the earthquake
resistance of the building structure. Therefore, several
damaged, poorly designed or constructed shear walls
must be repaired or strengthened to significantly improve
the structure’s strength for seismic force. As in the case
of columns and beams, here, shear wall strengthening
can be done by using the epoxy resin and R/C jacketing
technique.

3.3.1 Reinforced concrete jacketing of shear walls

When the original strength of the damaged or poorly
constructed wall is insufficient, thickening the wall with
reinforced concrete should be applied. There are
different ways to add strength to an existing concrete
shear wall (Figure 3.7). Shotcrete is a frequently used
technique in strengthening concrete shear walls.
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Figure 3.7. Strengthening the shear wall with R/C jacket;
1-existing wall, 2-added wall, 3-added columns,
4-welding, 5-epoxied bar. (P.Gavrilovic [15])

4 REPAIR AND STRENGTHENING BUILDINGS
USING INNOVATIVE MATERIALS

4.1 Fibre Reinforced Polymers (FRP)

FRP composites comprise fibres of high tensile
strength within a polymer matrix. The fibres are generally
carbon or glass, in a matrix such as vinyl ester or epoxy.
These materials are manufactured to form plates under
factory conditions, generally by a pultrusion process.

The primary materials in the composite are the
reinforcement fibre and the polymer matrix. Other
materials are incorporated in the composite but they are
of less significance in terms of both effect on cost and
effect on properties, although the term polymer
composites  includes  both  thermosetting and
thermoplastic resins.

The most commonly used thermosetting resins in
composites are polyester, urethane methacrylate,
vinylester, epoxy and phenolic. They are isotropic
materials which allow load transfer between fibres, but
they perform several other things. The matrix protects
notch-sensitive fibres from abrasion and it forms a
protective barrier between the fibres and the
environment, thus preventing attack from moisture,
chemicals and oxidation. It also plays an important role
in providing shear, transverse tensile and compression
properties. The thermomechanical performance of the
composite is also governed by the matrix performance.

Reinforcement fibres are qualified in three main
families of glass, aramid and carbon. There are other
fibres, but they are relatively insignificant. The most
important property of the fibres is their elastic modulus,
and the fibres must be significantly stiffer than the matrix
which allows them to carry most of the stress.
Consequently, they must also be of high strength.
Reinforcements are available in a variety of
configurations of which there are three main categories:

e Unidirectional, in which all the fibres lie in one
direction.

e Bidirectional, in which the fibres lie at 90° to one
another. This is achieved either by the use of woven
fabric, non-woven fabric or by the use of separate layers
of fibres each unidirectional, but successively laid at 90°.

e Random, in which the fibres are randomly
distributed and are in-plane.

Stress-strain fibre behaviour is different for every
type of fibre. (Fig. 4.1). Different FRP shapes (Fig. 4.2)
and Different material properties are given in Table 4.1
[7,8].

=
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2 3
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Figure 4.1. Stress- strain fibre behaviour (A. Prota, after
[20])

Table 4.1. FRP materials - Fibre comparison

Moisture and

Strength Modulus chemical resistance Cost
Carbon High Excellent High
Aramid High Intermediate Good High
E-Glass High Low Low
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a) b) C)
Figure 4.2. Different FRP shapes a) sheet b) bars c) pre cured laminate (A. Prota, [20])

4.2 Confinement strengthening

Confinement strengthening (Figure 4.3 ) consists of: the volume of the strengthened member. In addition,
Q) Cleaning and repair significant improvements can be achieved in the
2) Primer capacity and ductility characteristics of the element. In
?3) Adhesive Figure 4.4, beam strengthening in an existing structure is
4) FRP strips presented.
(5) Last adhesive layer These materials may be used for numerous
purposes such as enhancement of the flexural capacity
Fibre polymer fabrics that can be used to improve of floor slabs and improvement of shear capacity of
bending, shear and axial capacities of the columns and beams, columns, joints and shear walls (Fig. 4.5 and
beams may be manufactured from various materials Fig. 4.6)

such as carbon, glass and aramid without an increase in

/i T
Figure 4.4. FRP strengthening of a beam (CNR-DT, [8])

Figure 4.5. Completed model with added carbon fibres
(NATO SfP 977231 [29])
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Figure 4.6. Seismic strengthening of external joints using CFRP sheets, (Ozcebe,G.[5])

5 CONCLUSION
The conclusion

5.1.

is given

through comparative
evaluation of the local retrofit strategies given in table

Table.5.1. Comparative evaluation of the local retrofit strategies

Strengthening strategy

Concrete jacketing

Steel jacketing of columns

Bonding steel plates to
beams

Fiber Reinforced Polymer
wrapping

Merits

Increases flexural, axial
shear strengths and
ductility of the member.

Easy to analyze.
Compatible with original
substrate.

Increases shear strength
and ductility.

Minimal increase in size.

Increases either flexural
or shear strengths.

Minimal increase in size.

Increases ductility.

May increase flexural or
shear strength.

Minimal increase in size.

Rapid installation.

Demerits
Size of member
increases.
Anchoring of bars for
flexural strength;
Involves drilling of holes
in the existing concrete.

Needs preparation of the
surface of existing
member.

Cannot be used for
increasing the flexural
strength.

Needs protection against
corrosion and fire.

Use of bolts involves
drilling in the existing
concrete.

Needs protection against
corrosion and fire.

Needs protection against
fire.

Comments

Low cost.
High disruption.

Experience of traditional
RC construction is
adequate.

Can be used as a
temporary measure after
an earthquake.

Cost can be high.
Low description.

Needs skilled labour.
More suitable for
strengthening against
gravity loads.

Cost can be high.
Low disruption.

Needs skilled labour.

Cost can be high.
Low description.

Needs skilled labour.
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SUMMARY

REHABILITATION OF RC BUILDINGS IN
SEISMICALLY ACTIVE REGIONS USING
TRADITIONAL AND INNOVATIVE MATERIALS

Golubka NECHEVSKA-CVETANOVSKA
Artur ROSHI

The field of research in the frames of this paper will
be Application of Traditional and Innovative Materials for
Repair and Strengthening of RC Buildings in Seismically
Active Regions. The need for repair and strengthening
of RC buildings and their structural elements occurs
when their elements are insufficiently strong, stiff and/or
ductile out of different reasons or due to slighter or more
severe damages most frequently caused by
earthquakes. Within the frames of this paper, special
emphasis will be put on RC buildings where, during
construction, the built-in concrete fails to achieve the
designed concrete class and/or buildings that cannot
satisfy the required strength, stiffness and deformation
characteristics particularly in earthquake conditions due
to built additional storeys or enlargements. In these
cases, it is necessary to take measures for repair and
strengthening of both individual structural elements and
whole structures using traditional and Innovative
Materials.

Key words: Concrete quality, Rehabilitation, Repair
and Strengthening, Seismically active regions,
Traditional and Innovative Materials, Concrete jacketing,
FRP

REZIME

REHABILITACIJA ARMIRANOBETONSKIH (AB)
KONSTRUKCIJA U SEIZMICKIM USLOVIMA
KORISCENJEM TRADICIONALNIH | INOVATIVNIH
MATERIJALA

Golubka NECHEVSKA-CVETANOVSKA
Artur ROSHI

Predmet ovog rada je primena tradicionalnih i
inovativnih materijala za sanacije i pojacavanje AB
konstrukcija u seizmicki aktivnim regionima. Potreba za
izvodenje sanacija i pojaCavanja kod zgrada i elemenata
i drugih objekata ukoliko elementi nemaju dovoljnu
nosivost, krutost i/ili duktilnost usled toga da se u slucaju
zemljotresa javljaju umerena ili ozbiljna oStecenja
zavisno od snage i ucestalosti zemljotresa. U okviru
ovog rada, poseban naglasak je na AB zgradama koje
ne zadovoljavaju kvalitet ugradenih materijala i gradenja
i ne zadovoljavaju nosivost, krutost i karakteristike
deformabilnosti bitnih za uslove delovanja zemljotresa ili
dodavanje novih spratova. U tim slu€ajevima potrebno je
izvesti radove na sanaciji i pojaavanju na svakom od
elemenata koriS¢enjem tradicionalnih i inovativnih
materijala.

Kljuéne reci: Kvalitet betona, Rehabilitacija,
sanacija i pojaCavanje, Seizmicki aktivha podrudja,
Tradicionalni i Inovativni materijali, Betonska ojaCanja
preseka, Polimerom modifikovani materijali (FRP)
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METHOD FOR DETERMINATION OF LOAD-BEARING CAPACITY OF HAUNCHED
ZONES MADE OF IPE-TYPE ROLLED

METOD ODREDIVANJA NOSIVOSTI ZONE OJACANJA (VUTA) IZRADENIH
OD IPE TOPLO VALJANIH PROFILA

Marin VASSILEV

1 INTRODUCTION

Despite the extensive application of portal frames for
single-storey buildings with steel structures, there are
still some aspects of their stability that require additional
clarification. No codified practical method is given in
EN 1993-1-1 [1] for lateral-torsional stability verification
of rafters in the haunched portions loaded by hogging
bending moments. It seems that, within the code, there
are only two possible approaches: the general method
for lateral (clarified in details in [5], [6] and [7]) and lateral
torsional buckling (86.3.4 of [1]) and geometrically and
materially nonlinear analysis with imperfections (GMNIA)
as regulated by §2.5 and Annex C of EN 1993-1-5 [2].
However, both methods seem quite complicated and
cumbersome for practical use.

The lateral-torsional stability of rafters seems an
even more complicated problem, taking into account the
haunched portions, the negative (hogging) bending
moments and the specific restraint conditions with lateral
supports at the top (tensile) flange only (the so-called ‘fly
bracing’ is unconventional for Bulgarian practice).
Therefore, the author has recently carried out an
extensive research and theoretical analyses in the above
context. In a recent publication [3] the general method
for lateral buckling has been discussed in details with
emphasis on the specific issues of its application to the
frame lateral stability, namely the complex modelling, the
correct identification of the relevant buckling mode and

Marin Vassilev, Department of Steel and Timber Structures,
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the selection of adequate criterion for load-carrying
resistance. The application of the geometrical and
material nonlinear analysis with imperfections (GMNIA)
is also clarified and discussed in [3]. Some well known
simplified methods for out-of-plane stability verification of
rafters and haunches are presented as well. However
they consider restraints at the bottom flanges too, and
thus appear unsuitable for local practice. Nevertheless,
some brief description of GMNIA is presented.

The third type of analysis, GMNIA, is also carried out
automatically. The model with shell FE is generated and
linear buckling analysis is initially performed. The first
overall out-of-plane buckling mode is used to obtain the
initial imperfections pattern, scaled according to 85.3.4
of EN 1993-1-1 [1]. A revised model is thus generated.
Material nonlinearity is based on bilinear constitutive law
with isotropic strain hardening. The load-carrying
capacity of the frame is assumed to correspond to the
ultimate state criterion ‘attainment of the maximum load’.
The stressed state and the failure mode are also
analysed. The software used is ABAQUS nonlinear FE
software (Abaqus 2016) [6]. A typical picture at limit
state is illustrated in Figure 1.

The primary objective of this study was to adapt,
propose and confirm a simplification of widely spread
practical method for calculating buckling capacity of
haunch. The latter is based on buckling verification of
equivalent compressed strut and it is illustrated in Fig. 2.
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Fig. 1. Typical frame failure mode obtained by GMNIA.
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Fig. 2. Equivalent compressed strut simplified model

In this well-known simplified model from literature [4],
an equivalent compressed strut is defined in section 1 as
illustrated in the figure. The axial compression force on
the strut is determined in the same section. The lateral
buckling verification of the haunched portion is then
replaced by out-of-plane flexural buckling check of the
strut. Buckling length coincides with the geometric length
of the member. The method seems very simple,
however requires a fly-brace restraint at the haunch end
[4](both flanges at both ends of element must be
restraint for out-of-plane movement). Nevertheless, the
method is also applied in this study with a view to be
eventually adapted to the typical practice in Bulgaria,
where fly bracing is absent. Imperfections are
considered according to [1] when calculating buckling
compression capacity of T-strut. Considered haunches
are identical and composed of steel grades — S235,
S275 and S355.

2 NUMERICAL ANALYSIS OF METHODOLOGY FOR
HAUNCH VERIFICATION

An analysis is made, independently upon the
simplified methodology with an equivalent compressed
strut, of haunched zones consisting a profile of type IPE
and a haunch cut from the base profile, with an initial
height coinciding with the initial height of the beam
projected on the column. Examined lengths for the
haunched section are between 1 cm and 500 cm. Thus,
it can be said that all possible cases are considered in
full-wall frames made of rolled profiles (for example, if
we decide that the haunch length is 10% of the frame
opening and is 4 meters long, it means that the frame
should have an opening of40 meters— on such an
opening a IPE-type rolled profile can hardly be applied).
The geometry of the options considered is shown
schematically in Figure 3.

The purpose of the upcoming analysis is to draw out
simplified formulas to apply the simplified method with
an equivalent pressed rod, especially for the IPE-type
beam and the haunch with the same profile described in
Figure 3.
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Fig. 3. Analyzed models

2.1 Analysis of haunch buckling capacity

We will initially evaluate the effect of the size of the
equivalent compressed strut. Its magnitude depends on
the compressed part of the stem, respectively the
eccentricity of the force, reduced at some distance from
the center of gravity of the cross section:

e=M/N[cm] (1)
Figure 4 illustrates a relationship between the
bearing capacity of the T-section equivalent

profile(Nb,rd,z) for the various rolled profiles, in function of
eccentricity.

In Figure 4, the illustrated dependence is done for a
350 cm long haunched section, but for practically
different lengths, the tendency remains. Only the small
eccentricities have some effect on the load bearing
capacity of the element — at e <200. The typical
eccentricity of the frames examined by about 10% slope
is about 300 cm (eg 1000 kKNm bending moment and
approximately 300 kN pressure in section of the third).
Although the eccentricity does not have an enormous
importance — about 10% (maxNb,rd.z / MiNNbrdz~ 1,1), in
order to be safe for the next reasoning, we will perform a
detailed analysis with an eccentricity value of about 300
cm (this way we will work with the “lower” values of the
load bearing capacity).

40 e
1200 kig AMMAAAAL AL A A A A A A A A A + IPESOO
— 1000 IPE450
E = - IPEA00
[1\ 800 k!— vvvvv RO AL SL SL Sh S S S S S S IPE360
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§ 600 [ - BSOS B S B 0 0 0 B ‘IPE3OO
Zz | IPE270
400 oy +IPE240
_ | IPE220
200 o I WHYYYXXXXXX KKK X K X XK IPE200
O : 1SS0 PP TSR O U O I O O S ¢ ‘IPElSO

0 1000 2000 3000 4000

¢=M/N [cm]

Fig. 4. Compression capacity of equivalent T-struts in function of eccentricity “e

“
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In order to see the load-bearing curves for the haunch is illustrated in Fig. 5 for various rolled profiles

different profiles “more generally”, an analysis according made of S235 steel grade.
to the simplified method for an equivalent compressed T- At very small section lengths, the T-profiles are so
profile for the lengths from 1 cm to 2000 cm will be non-slender that they can not buckle. Absolutely
performed. The dependence between the load-bearing identical calculations were made for the relevant profiles,
capacity of the equivalent profiles and the length of the but made up of S275 steel grade (Figure 6).
_ IPE600
1600
- IPESS0
1400 IPES00
— 1200 * IPEAS0
5 | - TPE400
_ti 1000 IPE360
i 800 IPE330
2 IPE300
7 600
+ IPE270
400 = [PE240
200 + IPE220
IPE200
0 .
0 500 1000 1500 2000 *IPEISO

L [cm]

Fig. 5. Compression capacity of equivalent T-struts with different lengths composed of steel grade S235

2000 et
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— 1400 . IPE400
E 1200 IPE360
51000 PE330
E 200 IPE300
Z 600 « IPE270
= IPE240
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200 n IPE200

O .
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Fig. 6. Compression capacity of equivalent T-struts with different lengths composed of steel grade S275
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Finally, the analysis is also performed for equivalent
bevelled haunched sections, this time the used steel
grade is S355 (Figure7).

Hence, after mathematical operations and transfor-
mations for the first 4 meters, from these curves and the
maximum value limit, formulas were derived for the
entire range of IPE profiles shown in Figure 5, Figure 6

and Figure 7:
Nb,Rdz,s235 = -1,6x104xh1105x| + 0,06xh1.600 < 2 95xh — 330 [KN] 2
Nb,rdz,s275 = -1,3%x104xh175x| + 0,06xh1.630 < 3 45xh — 385 [KN] (3)
Nb,Rd,z,s355 = -1,0x104xh1.280x| + 0,06xh%.670 < 4, 45%h — 500 [KN] 4)
2500 IPE600
IPES50
2000 IPE500
= [PE450
z 1500 . TPE400
= IPE360
- IPE330
1000 IPE300
z < IPE270
500 = [IPE240
+ TPE220
0 IPE200
0 500 1000 1500 2000 - IPE180
L [cm]
Fig. 7. Compression capacity of equivalent T-struts with different lengths composed of steel grade S355
h — height of base profile (e.g.IPE600: h=600 mm)
[mm]
L — length of the haunch (formula is valid forL > 0
mmandL < 4000 mm) [mm]
The three formulas derived could be combined:
Nb,Rd,z T-profile = - §1% 104 x hax L + 0,06 x h8 < & x h — & [kN] (5)
61=6,75x£2-9,05 x ¢ + 3,90 (6)
& =295/ ¢ (7)
&3 =330/ €2 (8)
a=-0,85xIn(g) + 1,105 (a =-0,95 x¢ + 2,055) 9)
B=-04xc+2 (10)
€=(235/1)°° (11)

2.2 Compression force in equivalent T-profile

Formula (5) is valid for all the haunched zones listed
at the beginning of the current subsection (fig.3).
Naturally, if it is used in calculations, the compression

force which is checked and deducted to this equivalent
T-profile should be known. Therefore, the different
geometric characteristics of the described profiles will be
analyzed at the different eccentricities, respectively.

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 62 (2019) 3 (31-38)
BUILDING MATERIALS AND STRUCTURES 62 (2019) 3 (31-38)

35



The change of eccentricity defined by formula (1) will
lead to the changes in the stress diagram in section 1 as
illustrated in fig.2, and consequently to the variable
compressed part of the stem. This would result in
different stem heights (one-third of the compressed part
of the stem is considered). Figure 8 illustrates the
dependence between the eccentricity and the ratio of the
geometric  characteristics for the case under
consideration and Figure 9 illustrates the dependence
between the eccentricity and the ratio of the areas of the
whole section and the equivalent T-section.

Nearly constant values of the geometric relationship
are observed in function of the eccentricity of the inner

axial force in the section located in the third from the
large end of the bevelled section. Only with very small
eccentricities (in the presence of a very high normal
force compared to a bending moment), which is rather
the standard case on a column, an increase in the
geometric ratio is observed. This is because, when
prevailing pressure, the equivalent T-profile has
maximum dimensions — the larger part of the stem is
compressed or the corresponding strut is bigger.
Logically exactly the same is observed in the ratio of the
area of the equivalent T-profile to the area of the entire
cross-section (Fig.9).

0,69
0.68 IPE180
F 0 —IPE200
s 0,67 —IPE220
E 0.66 IPE240
O —IPE270
H -
= 0.65 —IPE300
= 0,64 IPE330
=
Z 0.63 —IPE360
g _ —IPE400
o 002 —IPE450
< 0,601 —IPE500
= S
_:.= 0.6 IPE550
) IPE600
0,59
0 500 1000 1500 2000
e=M/N [cm]
Fig. 8. Eccentricity in fuction of geometric charachteristics
0.44
—IPE200
0.42 —IPE220
IPE240
g 04 IPE330
2 —IPE300
g 0.38 —IPE270
< IPE600
~ 0.36 —IPE360
g — —IPE400
= 0.34 —IPE550
g —IPES500
<« (.32 —IPE450
IPE180
0.3
0 500 1000 1500 2000
e=M/N [cm]

Fig. 9. Equivalent and base areas ratio in fuction of eccentricity
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From the graphs in Figure 8 it is possible to derive
the multiplier for the computation moment in the cross
section: 0,6/h (all values are shown to be between 0.6
and 0.61) and Fig. 9 — the multiplier 0,35 for the
deductible normal force. Thus, the final axial force with
which to calculate the out of plane buckling of the
equivalent T-profile results in the following pattern:

NEd,eqv.T—profiIe: 0,35 XNgg + 0,6 x Mgg / h (12)

h — height of base profile (e.g.IPE600: h=600 mm)
[mm]

Ned — axial compression force in section 1 according
to fig.2[kN]

Med — bending moment in section 1 according to
fig.2[KNmm]

For low eccentricity (e < 200) axial compression force
should raise with 15%:

NEd,eqvAT—profiIe: 0,4 XNgg + 0,7 X Mgg / h (13)

3 FINAL VERIFICATION

It would be possible to apply the simplified
methodology with the equivalent T-profile quickly and
practically using these formulas when calculating the
haunched segments of the most widely applied type with
IPE-rolled profiles. The final procedure should be:

NEq,equ.T-profile= 0,35%Ned + 0,6XMeq / h [KN] - up
with 15% fore = M / N < 200 cm

Nb,Rd, z, T-profile= 'flx 104 x hax L + 0,06 x hf< fz X
h — &[kN]
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ABSTRACT

METHOD FOR DETERMINATION OF LOAD-BEARING
CAPACITY OF HAUNCHED ZONES MADE OF IPE-
TYPE ROLLED

Marin VASSILEV

Recently the author have conducted an extensive
theoretical analysis programme on lateral stability of
steel portal frames of hot-rolled profiles. Specific
software has been developed for automatic modelling
and applying the GMNIA method with a view to propose
simple and reliable design rules for practical use.

A simplified method with equivalent compressed strut
regarding haunched area was proven to be reliable.
Therefore the author has analysed and simplified the
method to make it easier to use.

Key words: Steel portal frames, Equivalent
compressed strut, Haunch

SAZETAK

METOD ODREDIVANJA NOSIVOSTI ZONE
OJACANJA (VUTA) IZRADENIH OD IPE TOPLO
VALJANIH PROFILA

Marin VASSILEV

Autor je sproveo opseznu teorijsku analizu bocne
stabilnosti €eli¢nih portalnih okvira toplo valjanih profila.
Razvijen je poseban softver za automatsko modelovanje
i primenu GMNIA metode s ciliem da se predloze
jednostavna i pouzdana pravila projektovanja za
prakti¢nu upotrebu. Dokazano je da je pojednostavljena
metoda sa ekvivalentnim pritisnutim podupira¢ima u zoni
vute pouzdana. Metod je analiziran i pojednostavijen
kako bi bio laksi za primenu.

Kljuéne reéi: Celi¢ni portalni okviri , ekvivalentni
pritisnuti podupira¢, vuta
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ISPITIVANJE INTEGRITETA SIPOVA: TESTIRANJE | ANALIZA REZULTATA

PILE INTEGRITY TESTING: TESTING AND RESULTS ANALYSIS

Mladen COSIC ]
Kristina BOZIC-TOMIC
Nenad SUSIC

1 uUvoD

Problematika ispitivanja integriteta Sipova u posled-
njih dvadesetak godina dozivela je ekspanziju u pogledu:
metodologije ispitivanja, tehnike i instrumentalizacije
ispitivanja, raznovrsnosti tipova testova ispitivanja,
softversko-hardverske podrske ispitivanju i teorije i
obrade signala. U tom smislu, biti gradevinski inzenjer ili
inZenjer geotehnike sa iskustvom u oblasti projektovanja
i izgradnje fundamenata nije dovoljan uslov, ve¢ se
zahteva multidisciplinarnost u razmatranju problematike
ispitivanja Sipova. Pored standardnih naucnih disciplina,
kao $to su teorija elastinosti, mehanika tla, dinamika tla,
mehanika stena, fundiranje, ispitivanje konstrukcija,
zahteva se i dobro poznavanje relativno novije nau¢ne
tematike interakcija konstrukcija—tlo, ali i drugih naucnih
tematika (koje se primarno ne izu€avaju u grade-
vinarstvu ili u geotehnici), kao Sto su: talasna teorija,
metoda karakteristika, teorija i obrada signala, termo-
dinamicka teorija i slicno. U zavisnosti od stepena
poznavanja odredenih naucnih disciplina, zavisi i stepen
pouzdanosti primenjene metodologije i interpretacije
rezultata ispitivanja. Iskustva autora ovog rada pokazuju
da se neretko nailazi na neadekvatnu interpretaciju
standarda ispitivanja Sipova, pa i komplethe metodolo-
gije ispitivanja. U tom smislu, teziSta ovog rada jesu da
se predstave odredena iskustva autora rada i da se
ukaze na potrebu za dosledno$c¢u u primeni metodolo-
gije ispitivanja Sipova, koja je prikazana u radu [6]. S
druge strane, primena nekoliko metoda u ispitivanju
integriteta Sipova omoguc¢ava bolje sagledavanje
finalnog reSenja ispitivanja. Sve ove metode, primarno,
zasnivaju se na talasnoj teoriji, ali i na procesiranju
signala i na numeri¢kim analizama.
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1 INTRODUCTION

The problem of pile integrity testing has expanded
over the last twenty years in terms of: test methodology,
test technique and instrumentalization, diversity of test
types, software-hardware test support, and signal theory
and processing. In this sense, being a civil engineer or
geotechnical engineer with experience in the field of
foundation design and construction is insufficient; a
rather multidisciplinary consideration of pile testing is
required. In addition to standard scientific disciplines,
such as: theory of elasticity, soil mechanics, soil
dynamics, rock mechanics, foundations, structural
testing requires a good knowledge of relatively recent
scientific topics of soil-structure interactions, but also
other scientific topics which are not primarily studied in
construction or geotechnics, such as: wave theory,
method of characteristics, theory and signal processing,
thermodynamic theory, etc. The degree of reliability of
the applied methodology and interpretation of test results
also depends on the degree of knowledge of particular
scientific disciplines. The experience of the authors of
this paper indicates that there is often an inadequate
interpretation of the pile testing standards, even of the
complete testing methodology. In this sense, the focus of
this paper is to present some of the authors' experiences
and to indicate the need for consistency in the
implementation of the pile testing methodology
presented in [6]. On the other hand, the application of
several methods in pile integrity testing allows a better
understanding of the final test solution. All of these
methods are primarily based on the wave theory, but
also on signal processing and numerical analyses.

Dr Mladen Cosic, Institute for testing of materials IMS,
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Mr Kristina Bozic-Tomic, Institute for testing of materials
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Uporedivanje reSenja koja se dobijaju analizama
reflektograma u vremenskom i frekventnom domenu
prikazano je u radu [22], dok su u radovima [21] i [3]
prikazane osnove ispitivanja integriteta Sipova i
procedure za procenu stanja integriteta Sipova. U radu
[9], razmatrana je analiza propagacije talasa prilikom
testa integriteta Sipa, dok se u radu [19], primenom
teorije talasi¢a, analizira integritet Sipa. Numericka
analiza defektnih Sipova razmatrana je u istraZivanjima
[28] i [8], a numericka analiza integriteta Sipa s
promenljivim modulom elasti¢nosti u radu [26]. Analize
3D efekata, prilikom testa integriteta Sipa, prikazane su u
radovima [30] i [29]. Interpretacija rezultata testova
integriteta Sipova sa simuliranim defektima prikazana je
u istrazivanju [20], dok je interpretacija rezultata
ispitivanja  integriteta  Sipova, primenom metode
masinskog ucenja, prikazana u istraZivanju [5]. Razvoj
sveobuhvatne metodologije za analizu integriteta i
nosivosti Sipova prezentovana je radu [7]. U odnosu na
istrazivanja koja se sprovode testom integriteta Sipa sa
senzorom (SIT), primenom testa integriteta Sipa sa
sondama (CSL) dobija se uodljivo bolji uvid o stanju
integralnosti Sipa [4], [25]. Pouzdanost testa integriteta
Sipa sa sondama (CSL), izmedu ostalog, razmatrana je
u radu [16].

Tim inZenjera i tehnicara Centra za puteve i
geotehniku Instituta IMS sproveo je nekoliko hiljada
ispitivanja testova integriteta Sipa sa senzorom (SIT) i
viSe od stotinu ispitivanja testova integriteta Sipa sa
sondama (CSL). Ispitivanja integriteta sprovedena su za
Sipove slede¢ih objekata (izdvojeno): mostovi na
koridoru X i XI, ZeZeljev most u Novom Sadu, poslovno-
komercijalna zgrada-kula USée 2, obaloutvrde za
projekat Belgrade Waterfront, Zeleznic¢ka stanica Centar
Beograd - Prokop, veci broj mostova na autoputu E 75
Novi Sad - Beograd - Ni§, veci broj mostova na auto-
putu E 763 Beograd - Juzni Jadran, mostovi na auto-
putu E 80 deonica Ciflik - Pirot, mostovi na obilaznici oko
Beograda, modernizacija Rafinerije nafte Pancevo, silos
pepela u TE Kostolac A, vetrogeneratori u vetroparko-
vima Kula, Zagajica, IzbiSte, Malibunar i Alibunar, vecéi
broj objekata na lokaciji ulice Stepa Stepanovi¢ u
Beogradu, skladiSte mineralnih dubriva Victoria Zorka,
poslovno-stambeni kompleks u ulici DuSana Jovanovi¢a
u Beogradu, poslovno-stambeni objekat u Univerzitet-
skom naselju, kotlarnica toplane na Konjarniku, objekat
u naselju dr Ivana Ribara na Novom Beogradu, Klinicki
centar u NiSu, objekat dr Oetker u Simanovcima,
postrojenje za predi$¢avanje otpadnih voda u Sapcu i
drugo. U ovom radu analizirate se neki rezultati
autorskih ispitivanja integriteta Sipova, sprovedeni na
velikim i znagajnim objektima u Srbiji i u regionu.

2 ISPITIVANJE INTEGRITETA SIPOVA TESTOM
INTEGRITETA SIPA SA SENZOROM (SIT)

Test integriteta Sipa sa senzorom (SIT) u praksi se
zove i test eha zvuka (SET) ili test eha Sipa (PET), a
pripada grupi niskodilatacionih testova (LST). Test
integriteta Sipa sa senzorom (SIT) zasniva se na teoriji
jednodimenzionalne propagacije talasa kroz Sip, s ciliem
utvrdivanja: stvarne duzine Sipa, postojanje defekata i
diskontinuiteta i redukcije popre¢nog preseka Sipa [6].
Takode, analiziraju se: promena signala u domenu glave
Sipa, kvalitet odziva signala u bazi Sipa, promena

The comparison of solutions obtained by the analysis
of reflectograms in the time and frequency domains is
presented in [22], while in [21] and [3] the basics of pile
integrity testing and procedures for pile integrity state
assessment were presented. In [9] the analysis of wave
propagation in the pile integrity test was considered,
while in [19] the pile integrity was analyzed using the
wavelet theory. Numerical analysis of defective piles was
considered in studies [28] and [8], and numerical
analysis of pile integrity with variable modulus of
elasticity in operation was considered in [26]. Analyses
of 3D effects in pile integrity tests were presented in [30]
and [29]. The interpretation of the results of pile integrity
tests with simulated defects was presented in the study
[20], while the interpretation of the results of pile integrity
tests using machine learning method was presented in
the study [5]. The development of a comprehensive
methodology for analyzing the integrity and load-bearing
capacity of piles was presented in [7]. In comparison
with the research conducted with SIT, a significantly
better insight into the state of integrity of the pile is
obtained using CSL [4], [25]. The reliability of the CSL
test, among others, was discussed in [16].

A team of engineers and technicians at the Centre
for Roads and Geotechnics of the IMS Institute
conducted several thousand SITs and more than a
hundred CSLs. The integrity tests were carried out for
piles of the following structures (selected): bridges on
CorridorX and XI, ZeZelj Bridge in Novi Sad, office-
commercial building- tower Usce 2, shoreline for the
Belgrade Waterfront project, Belgrade Centre - Prokop
railway station, a large number of bridges on the
highway E 75 Novi Sad-Belgrade-Nis, a number of
bridges on the highway E 763 Belgrade-South Adriatic,
bridges on the highway E 80 section Ciflik-Pirot, bridges
on the bypass around Belgrade, modernization of the
Pancevo Oil Refinery, fly ash silo at Kostolac A TE, wind
turbines in Kula, Zagajica, Izbiste, Malbunar and
Alibunar wind farms, a large number of structures on the
location of Stepa Stepanovic¢ Street in Belgrade, Victoria
Zorka mineral fertilizer depot, office and residential
complex in DuSan Jovanovi¢ Street in Belgrade, office
and residential building in the University District, heating
plant boiler room on Konjarnik, building in dr Ivan Ribar
district in New Belgrade, clinical centre in Ni§, dr Oetker
building in Simanovci, sewage treatment plant in Sabac
et al. This paper analyzes some results of own pile
integrity tests conducted on large and significant
structures in Serbia and in the region.

2 PILE INTEGRITY TESTING USING SONIC
INTEGRITY TEST (SIT)

Sonic Integrity Test (SIT) is in practice also called the
Sonic Echo Test (SET) or Pile Echo Test (PET), and it
belongs to the group of Low Strain Tests (LST). SIT is
based on the theory of one-dimensional wave
propagation through the pile, with the aim of
determining: the actual length of the pile, existence of
defects and discontinuities and reduction of the pile
cross-section [6]. In addition, it analyzes variation of
signal in the pile head domain, signal response quality at

40

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 62 (2019) 3 (39-59)
BUILDING MATERIALS AND STRUCTURES 62 (2019) 3 (39-59)



impedance duz stabla Sipa, promena slojeva tla u kojima
je 8ip izgraden i postojanje proSirenja popre¢nog
preseka duz stabla Sipa. Ovaj test, zapravo, jeste
indirektna metoda analize integriteta Sipa, s obzirom na
to Sto se ispitivanje sprovodi analizirajuéi propagaciju
talasa duz Sipa, ali indukcijom talasa sa glave Sipa. Test
je brz, efikasan, sofisticiran i dovoljno pouzdan za
prakticnu primenu. Ovim testom se ispituju integriteti
svih tipova armiranobetonskih Sipova: buSeni, CFA i
pobijeni. Takode, ispituju se i radni (eksploatacioni) i
probni (testni) Sipovi. Metodologija ispitivanja integriteta
Sipa sa senzorom (SIT) definisana je standardom ASTM
D5882 [1]. Centar za puteve i geotehniku Instituta IMS
poseduje licencirane opreme za test integriteta Sipa sa
senzorom (SIT) holandske firme Profound i americke
firme Pile Dynamics. Obe opreme omogucavaju analizu
reflektograma u vremenskom (TDA) i frekventnom
domenu (FDA). Takode, obe opreme imaju integrisane
softverske  module za: procesiranje, skaliranje
(eksponencijalnu  amplifikaciju) i filtriranje signala.
Oprema SIT* [15] za test integriteta Sipa sa senzorom
(SIT), holandske firme Profound, sastoji se iz:
mehanickog Cekica, senzora (akcelerometra),
hardverskog sistema za konvertovanje i akviziciju
podataka i softverskog sistema (SIT i SITWAVE) za
procesiranje i vizuelizaciju podataka. Akcelerometar je
linearan u opsegu +50g, rezonantne frekvencije 32kHz i
nominalne osetljivosti 10mV/g. Konverzija AD signala se
sprovodi primenom 24-bitnog konvertera (>48.6 kHz).
Oprema PIT-QFV [12] za test integriteta Sipa sa
senzorom (SIT), americke firme Pile Dynamics, sastoji
se iz. mehani¢kog Ceki¢a povezanog elektricnim kablom
za merenje karakteristika indukovanog signala, senzora
(akcelerometra), hardverskog sistema za konvertovanje i
akviziciju podataka i softverskog sistema (PIT-W
professional i PIT-S) za procesiranje i vizuelizaciju
podataka. Akcelerometar je linearan u opsegu +100 g,
rezonantne frekvencije 40 kHz i nominalne osetljivosti 50
mV/g. Konverzija AD signala se sprovodi primenom 24-
bitnog konvertera (>32 kHz). Na slici 1 prikazane su
opreme za ispitivanje integriteta Sipova testom integriteta
Sipa sa senzorom (SIT): SIT* oprema holandske firme
Profound i PIT-QFV oprema americke firme Pile
Dynamics.

the pile toe, variation of impedance along the pile shaft,
variation of layers of soil in which the pile is constructed,
and existence of expansions of cross-section along the
pile shaft. This test is, in fact, an indirect method of pile
integrity analysis, considering that the test is carried out
by analyzing the wave propagation along the pile, via
induction of waves from the pile head. The test is quick,
efficient, sophisticated and sufficiently reliable for
practical use. This test is used to test integrities of all
types of reinforced concrete piles: bored, CFA and
driven piles. It also tests both the service and test piles.
The SIT methodology is defined with the ASTM D5882
standard [1]. The Centre for Roads and Geotechnics of
the IMS Institute possesses the licensed equipment for
SIT, manufactured by the Dutch Profound company and
U.S. Pile Dynamics company. Both equipment sets
facilitate reflectogram analysis in time (TDA) and
frequency domains (FDA). In addition, both equipment
sets have integrated software modules: processing,
scaling (exponential amplification) and signal filtering.
SIT* equipment [15] for SIT, of the Dutch Profound
company consists of: mechanical hammer, sensor
(accelerometer), hardware system for data conversion
and acquisition and software system (SIT and
SITWAVE) for processing and visualization of data. The
accelerometer is linear in the +50g range, of resonant
frequency 32kHz and nominal sensitivity 10mV/g. AD
signal conversion is conducted using the 24-hit converter
(>48.6kHz). PIT-QFV equipment [12] for SIT, by the U.S.
Pile Dynamics company, consists of: mechanical
hammer connected by an electric cable for measuring
induced signal characteristics, sensor (accelerometer),
hardware system for data conversion and acquisition
and the software system (PIT-W professional and PIT-S)
for data processing and visualization. The accelerometer
is linear in the +100g range, of resonant frequency
40kHz and nominal sensitivity 50mV/g. AD signal
conversion is conducted using the 24-bit converter
(>32kHz). Equipment sets for pile integrity testing using
SIT: SIT* equipment by the Dutch Profound company
and PIT-QFV equipment by the U.S. Pile Dynamics
company are shown in Figure 1.

Slika 1. Opreme za ispitivanje integriteta Sipova testom integriteta Sipa sa senzorom (SIT): a) SIT* oprema holandske
firme Profound [15]; b) PIT-QFV oprema ameri¢ke firme Pile Dynamics [12]

Figure 1. Equipment sets for pile integrity testing using SIT: a) SIT* Dutch Profound company equipment [15], b) PIT-
QFV U.S. Pile Dynamics company equipment [12]
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Institut IMS sproveo je nekoliko hiljada ispitivanja
testova integriteta Sipa sa senzorom (SIT) na razliitim
tipovima 8ipova izgradenih u razliCitim geoloSkim
uslovima, tako da poseduje sopstvenu bazu znanja,
iskustva i bazu podataka ispitivanja. S obzirom na ovako
veliki broj sprovedenih ispitivanja, s vremenom su se
definisale karakteristi¢ne situacije u kojima su razmatrani
aspekti dobijenih reflektograma. U tom smislu, generalno
se mogu izdvojiti tri grupe reflektograma: klasi¢ni ili
standardni reflektogrami koji ukazuju na dobar kvalitet
integriteta Sipa, reflektogrami koji ukazuju na mogucu
redukciju integriteta Sipa, pa zahtevaju dodatne analize i
reflektogrami koji jasno ukazuju na znacajniji problem
integriteta Sipa. Detaljnija klasifikacija reflektograma
moze se sprovesti prema [17]:

— AA —ispravan Sip s pozitivnim refleksijama ili kod
koga se pre refleksije od baze Sipa identifikuju manje
promene brzine i odstupanja brzine propagacije talasa,
ne vece od 5% od prosecne brzine propagacije talasa;

— AB - refleksija od baze se jasno ne identifikuje, ali
i nema znatnih smanjenja impedance, pri ¢emu je
mogu¢ razlog za nepostojanje refleksije od baze velika
krutost tla;

— PF — postoji jedna negativna refleksija ili viSe njih
i/ili postoji bar jedno smanjenje impedance, a s obzirom
na to Sto je refleksija od baze smanjena, impedanca je
manja nego kod defekta kod koga nema refleksije od
baze;

— PD - brzina propagacije talasa odstupa viSe od
5% od prosecne brzine propagacije talasa, a $to ukazuje
na mogu¢ defekat Sipa, pri ¢emu postoji jedna refleksija
ili viSe njih koje maskiraju refleksiju od baze Sipa;

— IR — znatno kompleksan signal (odgovor), a $to,
izmedu ostalog, ukazuje na lo$ kvalitet betona pri vrhu
Sipa i/ili na to da je ispitivanje sprovedeno suviSe rano da
bi beton dostigao potrebnu ¢&vrstocu.

Pre sprovodenja testa, okrajcuje se beton i glava
Sipa se ocisti od praSine i ostataka odlomljenih delova
betona. Na slici 2 su prikazani Sipovi (glave Sipova)
pripremljeni za ispitivanje testom integriteta Sipa sa
senzorom (SIT): adekvanta priprema, neadekvatna
priprema, adekvatna priprema, medutim rezultati SIT na
ovako pripremljenim glavama Sipa sa hidroizolacijom
mogu biti diskutabilni i nastavci glava Sipova koji mogu
biti problemati¢ni u smislu interpretacije signala SIT.

The IMS Institute conducted several thousand tests
of SIT on various types of piles constructed in different
geological conditions, so it possesses its own database
of knowledge, experience and testing database. In view
of such a large number of tests conducted, over time,
characteristic situations were defined in which aspects of
the obtained reflectograms were considered. In this
sense, three groups of reflectograms can be generally
distinguished: classical or standard reflectograms
indicating good quality of pile integrity, reflectograms
indicating possible reduction of pile integrity, and thus
require additional analyses and reflectograms that
clearly indicate a more considerable problem of pile
integrity. A more detailed classification of reflectograms
can be made according to [17]:

— AA - a proper pile with positive reflections or such
in which prior to reflection off the pile toe minor
variations in velocity and deviations in the wave
propagation velocity of not more than 5% of the average
propagation velocity of the wave are identified,

— AB - the reflection from the toe is not clearly
identified, but there are also no significant impedance
reductions, the possible reason for the lack of reflection
from the toe being the high stiffness of the ground,

— PF - there is one or more negative reflections
and/or there is at least one impedance decrease, and
since the reflection from the toe is reduced, the
impedance is lower than in the case of a defect when
there is no reflection from the toe,

— PD - the wave propagation velocity deviates more
than 5% from the average wave propagation velocity,
indicating a possible defect in the pile, with one or more
reflections masking the reflection from the pile toe,

— IR - considerably complex signal (response),
which indicates, among other things, the poor quality of
the concrete at the head of the pile and/or the test was
conducted too early for the concrete to reach the
required strength.

Before the test, the concrete is trimmed and the pile
head is cleared of dust and debris from broken concrete.
Figure 2 shows the piles (pile heads) prepared for the
SIT: adequate preparation, inadequate preparation,
adequate preparation, however, the results of SIT on
such a pile heads with waterproofing may be debatable
and pile head extensions that can be problematic in
terms of interpreting the SIT signal.
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Slika 2. Sipovi (glave $ipova) pripremijeni za ispitivanje testom integriteta $ipa sa senzorom (SIT): a) adekvatna
priprema; b) neadekvatna priprema; c) adekvatna priprema, medutim rezultati SIT na ovako pripremljenim glavama Sipa
sa hidroizolacijom mogu biti diskutabilni; d) nastavci glava Sipova koji mogu biti problematicni u smislu interpretacije
signala SIT

Figure 2. Piles (pile heads) prepared for the SIT: a) adequate preparation, b) inadequate preparation, c) adequate
preparation, however the results of SIT on such pile heads with waterproofing may be debatable, d ) pile head
extensions that can be problematic in terms of interpreting the SIT signal

Na slici 3 prikazani su reflektogrami SIT integriteta Figure 3 shows SIT reflectograms of pile integrity
Sipova dobijeni SIT* holandskom opremom: regularan obtained by the Dutch equipment SIT*: regular pile, pile
Sip, Sip sa znacajnijim redukcijama impedance u with significant impedance reductions in certain cross-
odredenim presecima, nejasan odziv baze Sipa i nakon sections, a vague pile toe response even after appli-
primene eksponencijalnog filtera, redukcija impedance cation of an exponential filter, the impedance reduction

v =2,5mm/s v =1,8mm/s
t50% = 0,56 ms t50% = 0,69 ms
t t t /=\-’ t \/= v t A SRS
—— —+
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v =2,3mm/s v =2,3mm/s
t50% = 0,66 t50% = 0,49 ms
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R E— _l‘_
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ANWA NIV o~ \ 2\ i ' ' ' '

A AL VA VAL U A A O A S NS \/'

e) 0 5 10 15 20 2 f) 0 5 10 15 20 25

Slika 3. Reflektogrami SIT integriteta Sipova dobijeni SIT* holandskom opremom: a) regularan $ip; b) Sip sa znacajnijim
redukcijama impedance u odredenim presecima; c) nejasan odziv baze Sipa i nakon primene eksponencijalnog filtera; d)
redukcija impedance znatnije pre baze Sipa; e) varijacija signala iz pozitivne u negativnu vrednost - posledica niskog
modula elasticnosti glave Sipa; f) znacajna redukcija impedance u po¢etnom delu Sipa - defekat/diskontinuitet

Figure 3. SIT reflectograms of pile integrity obtained by the Dutch equipment SIT*: a) regular pile, b) pile with significant
impedance reductions in certain cross-sections, c) vague pile toe response even after application of an exponential filter,
d) impedance reduction significantly before the pile toe, e) signal variation from positive to negative value - consequence
of low modulus of elasticity of the pile head, f) significant impedance reduction in the initial part of the pile -
defect/discontinuity
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znatnije pre baze Sipa, varijacija signala iz pozitivhe u
negativnu vrednost - posledica niskog modula
elasti¢nosti glave Sipa i zna€ajna redukcija impedance u
pocetnom delu Sipa - defekat/diskontinuitet.

Na slici 4 prikazani su reflektogrami SIT integriteta
Sipova dobijeni PIT-QFV  americkom opremom:
regularan Sip, Sip s redukcijom impedance u pocetnom
delu, efekat povecanja impedance i krutosti tla i Sip
izgraden kraci nego $to je projektom predvideno.

significantly before the pile toe, signal variation from
positive to negative value - consequence of low modulus
of elasticity of the pile head and significant impedance
reduction in the initial part of the pile -
defect/discontinuity.

Figure 4 shows the SIT reflectograms obtained by
the U.S. PIT-QFV equipment: regular pile, pile with
impedance reduction in the initial part, an effect of
increasing the impedance and soil stiffness, and pile
built shorter than designed.
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Slika 4. Reflektogrami SIT integriteta Sipova dobijeni PIT-QFV americkom opremom: a) regularan Sip; b) Sip s redukcijom
impedance u pocetnom delu; c) efekat povecanja impedance i krutosti tla; d) Sip izgraden kraci nego $to je projektom
predvideno

Figure 4. SIT reflectograms obtained by the U.S. PIT-QFV equipment: a) regular pile, b) pile with impedance reduction in
the initial part, c) effect of increasing the impedance and soil stiffness, d) pile built shorter than designed

Prilikom sprovodenja SIT integriteta Sipa, kod
odredenih reflektograma, mogu se pojaviti znacajnije
redukcije impedance, $to moZze biti jedan od pokazatelja
defekta i/ili diskontinuiteta Sipa. Da bi se detaljnije
analizirao stepen defekta i/ili diskontinuiteta, sprovodi se
dodatna analiza koja se zasniva na talasnoj teoriji i
metodi karakteristika. Softver SITWAVE ima moguénost
analize promene impedance duz stabla Sipa, tako da se
efikasno moze dobiti oblik Sipa izgraden u tlu, dok
softver PIT-S ima moguénost analize oblika Sipa
primenom B metode. S obzirom na veéu pouzdanost
reSenja koje se dobija primenom SITWAVE softvera, jer
je, izmedu ostalog, matematiCka analiza promene
impedance kompleksnija i nau€no utemeljenija, ovaj
softver se i ¢eS¢e koristi za ovakve situacije. Jednacina
propagacije talasa putem elasticnog medijuma, u

opStem  sluaju, jeste hiperbolicna  parcijalna
diferencijalna jednacina drugog reda [23]:
2
ac®

gde je v brzina talasa, u pomeranje, t vreme. Ukoliko je
duzina talasa veéa od precnika Sipa ili jednaka precniku
Sipa, tada se propagacija talasa u Sipu moze razmatrati
primenom jednodimenzionalne teorije rasprostiranja
talasa u ¢vrstom medijumu [11]. Jednodimenzionalna

veVou,

During the implementation of pile integrity SIT, in
certain reflectograms, considerable  impedance
reductions may occur, which may be one of the
indicators of a defect and/or discontinuity of the pile. In
order to analyze in more detail the degree of the defect
and/or discontinuity, an additional analysis is conducted,
which is based on the wave theory and method of
characteristics. The SITWAVE software has the ability to
analyze the impedance variations along the pile shaft, so
that the pile shape built in the soil can be effectively
obtained, while the PIT-S software has the ability to
analyze the pile shape using the 8 method. Due to the
higher reliability of the solution obtained by the
application of SITWAVE software, because, among
other things, the mathematical analysis of impedance
variation is more complex and scientifically founded, this
software is more often used in such situations. The wave
propagation equation through an elastic medium is, in
the general case, a hyperbolic partial differential
equation of the second order [23]:

1)

where v is the wave velocity, u displacement, t time. If
the wavelength is higher than or equal to the pile
diameter, then the wave propagation in the pile can be
analyzed by applying the one-dimensional theory of
wave propagation in a solid medium [11]. The one-

44

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 62 (2019) 3 (39-59)
BUILDING MATERIALS AND STRUCTURES 62 (2019) 3 (39-59)



talasna jednacina (po Xx) predstavlja specijalan slucaj
jednacine (1):

a opste reSenje ove jednacine glasi:

u(x,t) = u,(x —vt)

Brzina propagacije longitudinalnih talasa u ¢vrstom
medijumu v jeste funkcija karakteristika materijala tog
medijuma i odreduje se prema:

:B:u

ax®

dimensional wave equation (by x) is a special case of
equation (1):

@
and the general solution of this equation is:

+u,(x +vt), €)

The velocity of propagation of longitudinal waves in a
solid medium v is the function of material characteristics
of that medium and it is determined according to:

—
v=[% )
N A
gde je E Young-ov modul elasti¢nosti, p zapreminska where E is the Young modulus of elasticity, p is density.
tezina. Sada se jednacina (2) moze pisati kao: Now equation (2) can be written as:
8%u 8%u
- _ gt = 5
ac® dx" 0, ®)

pri éemu se reSenje trazi tako da su vreme i pomeranje
nezavisne promenljive:

u(x,t) = ¥(x)g(t),

a zatim zamenom izraza (6) u (2) dobija se:

whereby solution is sought so that time and

displacement are independent variables:

(6)

and then, by the substitution of expression (6) in (2) is
obtained:

W(x)= 4e'™  jjand g(t) = Ae™*, @)
ReSenje problema (7) moguée je dobiti za The solution of the problem (7) can be obtained for
jednostavnije sisteme i konturne uslove u zatvorenom simpler systems and contour conditions in a closed form,
obliku, medutim kod kompleksnijeg modeliranja Sipa s however, in more complex modelling of a pile with
diskontinuitetima i defektima potrebno je primeniti discontinuities and defects, it is necessary to implement
metodu konacnih elemenata. S druge strane, ukoliko se the finite element method. On the other hand, if the
problem propagacije talasa u Sipu razmatra u diskretnim problem of wave propagation in a pile is considered in
segmentima, tada je reSenje jednacine (2) moguce discrete segments, then the solution to the equation (2)
odrediti metodom karakteristika, pri ¢emu se izraz (3) could be determined using the method of characteristics,
moze pisati kao [24], [18]: whereby expression (3) can be written as [24], [18]:
u(x,t) = u(x — vt) + u' (x + vt), 8)
gde je | oznaka za talas koji se kre¢e od glave ka bazi where | is the designation for the wave propagating from
Sipa, a 1 oznaka za talas koji se kre¢e od baze ka glavi the head to the toe of the pile, and 1 the designation for
Sipa. Odgovaraju¢a brzina talasa vp i sila F koja se the wave propagating from the toe to the head of the
indukuje u Sipu, za diskretan element Sipa, odreduju se pile. The corresponding wave velocity vp and force F
iz induced in the pile, for the discrete element of the pile,
are determined from:
l 1
du du du L T
== (- [ = 9
Ve = o~ atemen V) T aiae (FY) T ¥ 1, ©)
F=—paZ= _gs 2 ' _ plypt (10)
ax Alx—wt)  Alxtvr) '
gde je A povrsina poprecnog preseka Sipa. Posto su vp! i where A is the area of the pile cross section. Since vp!
F! samo funkcije od (x-vt) i vp! i F! samo funkcije od and F! are only functions of (x-vt) and vp' and F' only
(x+vt), brzina i sila mogu se pisati kao: functions of (x+vt), the velocity and force can be written
as:
Ft=Zv} iland F'=—Zv] (11)
gde je Z impedanca Sipa: where Z is the pile impedance:
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E———A

Bilo koja promena A, E ili p parametra generiSe
promenu u odzivu brzina na reflektogramu. U slu€aju
diskontinuiteta, kada je na jednom delu precnik Sipa
manji, jednacine ravnoteZe za granicu dva medijuma
glase:

i/and

Ff +F =F +F

gde se indeksi 1 i 2 odnose na medijume. Zamenom
(112) u (13) dobija se:

4 T

L
z,

_E

z,

F

Z,

Kada je Sip pobuden na vibracije u tlu postoji
kompleksna interakcija Sip-tlo, gde se sila trenja po
omotacu Sipa W uzima u razmatranje kao:

F=F'+F=F

tako da izraz (13) postaje:

1 1 1 1
o :F_;_F'—:F_=+F_= i/and
P z z z z

Komponente sila za medijume se sada odreduju
prema:

Ff=F'—05W i/and
U bazi, na kontaktu Sipa i tla, jednacline ravnoteze
glase:

F(L,t) =F'(L,t) +F'(L,t) =F, i/and
gde je L duzina Sipa, a Fq sila reakcije tla. Ukoliko se Sip
diskretizira po duZini na n delova, pri ¢emu je duZina
jednog diskretnog elementa AL=vAt, a vreme
propagacije talasa kroz Sip razmatra se u diskretnim
intervalima At, tada se za sile u diskretnim elementima

fin,i i fini moze pisati:

L (EN—EN+s
n.E z +Z,
NTEN+1
g _‘ZN' + 1

- ()
o IN+EIN 4y f Iy

gde je Zn impedanca diskretnog N elementa $ipa, Zn+1
impedanca diskretnog N+1 elementa Sipa. Model
interakcije Sip-tlo jeste jednodimenzionalni kontinualni
diskretan model, kod koga se tlo modelira kontinualno
raspodeljenim oprugama duz Sipa i koncentrisanom
oprugom u bazi Sipa. Konstitutivni model ponasanja tla
je linearno-elasti¢an, a dodatno se modelira i priguSenje
tla. Uskladivanje signala (odgovora), dobijenog
primenom proracdunskog modela i reflektograma in-situ
SIT ispitivanja, sprovodi se iteracijama, a ovaj postupak
je poznat kao kompatibilizacija. Prvo se iteriraju
parametri tla, a zatim, nakon postizanja konvergencije
reSenja putem ovih iteracija, sprovodi se iteriranje
geometrijskih parametara (popreénog preseka) Sipa.
Takode, intervencija se sprovodi i korekcijom modula

Zy

)fT ( ZN+1
ZntIZna,

.'Ep (12)

Any variation of A, E or p parameters generates a
variation in the response of velocities in the
reflectogram. In case of a discontinuity, when a section
of the pile has a smaller cross section, equilibrium
equations for the interface of two media are:

1 T L T
Vp1 + V1 Vp2 + Vpz (13)

where indices 1 and 2 refer to the media. Substituting
(11) for (13) the following is obtained:

£l

+2,

z,

(14)

When a pile is excited to soil vibrations, there is a
complex soil-pile interaction, where the friction force
along the pile surface W is taken into consideration as:

+FR+w, (15)
so that expression (13) becomes:
Zv,=F' —F' =F' +Fl. (16)

Force components for media are determined

according to:
F =F + 05w

At the toe, on the contact of the pile and the soil,
equilibrium equations are:

17

20} ~Fy
z

v, (L,t) = vy(L,t) + v)(Lt) = (18)

where L is the pile length, and Fg soil reaction force. If
the pile is discretized along its length to n sections,
whereby the length of one discrete element is AL=vAt,
and the time of wave propagation through the pile is
considered in discrete intervals At, then, for the forces in
the discrete elements fin; and f'n; it can be written:

)[sz u:)

+Zy )[Efr-l- ’“)

where Zn is the impedance of a discrete N element of
the pile, Zn+1 impedance of the discrete N+1 element of
the pile. The soil-pile interaction model is a one-
dimensional continuous discrete model, in which the soil
is modelled by continuously distributed springs along the
pile and concentrated spring at the pile toe. The
constitutive model of soil behaviour is linear-elastic, and
soil damping is additionally modelled. When matching
the signals (responses) obtained by applying the
calculation model and from reflectograms of in-situ SIT
testing is carried out through iterations, and this
procedure is known as signal matching. The soil
parameters are first iterated, and then, after achieving
the convergence of the solutions through these
iterations, iteration of the geometric parameters (cross-

(19)

(20)
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elasti¢nosti betona. Na taj nacin, direktno se uti¢e na
promenu impedance Sipa, gde se putem iteracija
utvrduje njena senzitivnost u domenima defekata ifili
diskontinuiteta. Na osnovu prethodno izloZene
procedure, primenom softvera SITWAVE, naknadno su
analizirani reflektogrami dva Sipa (oznake 1 i 2), kod
kojih je primenom softvera SIT* ukazano na mogucnosti
postojanja defekata i/ili diskontinuiteta. Na slici 5
prikazani su reflektogrami Sipova 1 i 2: reflektogram Sipa
1, reflektogram Sipa 2, kompatibilizovani signal Sipa 1
(finalna iteracija), kompatibilizovani signal Sipa 2 (finalna
iteracija).

section) of the pile is performed. In addition, the
intervention is implemented by correcting the modulus of
elasticity of concrete. In this way, the variation in the
impedance of the pile is directly caused, where its
sensitivity in the domains of defects and/or
discontinuities is determined through its iterations.
Based on the procedure outlined above, the SITWAVE
software was used subsequently to analyze
reflectograms of two piles (designations 1 and 2), in
which by using the SIT* software the possibility of
defects and/or discontinuities was indicated. Figure 5
shows the reflectograms of piles 1 and 2: pile 1
reflectogram, pile 2 reflectogram, pile 1 matched signal
(final iteration), pile 2 matched signal (final iteration).

v =27 mmy/s v = 2.8 mm/s
t50% = 0.41 ms £50% = 0.56 ms
g \\I‘/ X : L—" \/I ' ' /-\\_/
I I
a)' 0 5 10 15 2 b) 0 5 10 15 2

Veloeity [m/s]
0.0027

g0t b

0.000

———  Measurs d

00011+ Eop iR

-0.0027- -tk

c)

Calculated

Velocity [rmz]
000271

0.001

0.000

Calculated
Measured

-0.001

Slika 5. Reflektogrami Sipova 1i 2: a) reflektogram Sipa 1; b) reflektogram $ipa 2; c) kompatibilizovani signal
Sipa 1 - finalna iteracija; d) kompatibilizovani signal Sipa 2 - finalna iteracija

Figure 5. Piles 1 and 2 reflectograms: a) pile 1 reflectogram 1, b) pile 2 reflectogram, c) pile 1 matched signal
(final iteration), d) pile 2 matched signal (final iteration)

Na slici 6 prikazani su oblici defektnih Sipova dobijeni
primenom softvera SITWAVE: oblik Sipa 1 dobijen putem
pocetnih iteracija (slika levo) i oblik Sipa 1 dobijen u
poslednjoj iteraciji (slika desno), oblik Sipa 2 dobijen
putem pocetnih iteracija (slika levo) i oblik Sipa 2 dobijen
u poslednjoj iteraciji (slika desno). Dobijeni oblici su
zapravo funkcija promene impedance, gde - pored
promene geometrijskih karakteristika — ucestvuju i
mehanicke karakteristike Sipa. To znaci da se redukcija
popre€nog preseka odnosi na promenu precnika Sipa i/ili
na promenu modula elasticnosti betona. Na osnovu
ovako sprovedenih analiza, primenom softvera
SITWAVE, naknadno su izvedena busSenja i vadenja
uzoraka Sipova 1 i 2, tako da su ova ispitivanja potvrdila
da postoje defekti u zonama koje su prethodno
identifikovane kao domeni redukcije impedance Sipova.

Figure 6 shows defective pile shapes obtained using
the SITWAVE software: pile shape 1 obtained through
initial iterations (figure left) and pile shape 1 obtained in
the final iteration (figure right), pile shape 2 obtained
through initial iterations (figure left) and shape pile 2
obtained in the final iteration (figure right). The resulting
shapes are, in fact, a function of the impedance
variation, where in addition to variation of the
geometrical characteristics, the mechanical
characteristics of the pile also participate. This means
that the reduction in cross-section refers to the change in
pile diameter and/or the change in modulus of elasticity
of concrete. Based on the analyzes performed in this
way, by using the SITWAVE software, the drilling and
extraction of piles 1 and 2 samples were subsequently
performed, and these tests confirmed that there were
defects in the zones previously identified as domains of
pile impedance reduction.
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Slika 6. Oblici defektnih Sipova dobijeni primenom softvera SITWAVE: a) oblik Sipa 1 dobijen putem pocetnih iteracija
(slika levo) i oblik Sipa 1 dobijen u poslednjoj iteraciji (slika desno); b) oblik Sipa 2 dobijen putem pocetnih iteracija (slika
levo) i oblik Sipa 2 dobijen u poslednjoj iteraciji (slika desno)

Figure 6. Defective pile shapes obtained using SITWAVE software: a) pile shape 1 obtained through initial iterations
(figure left) and pile shape 1 obtained in the last iteration (figure right), b) pile shape 2 obtained through initial iterations
(figure left) and pile 2 shape obtained in the last iteration (figure right)

3 NUMERICKE ANALIZE INTEGRITETA SIPA SA
SENZOROM

Numericke analize integriteta Sipa sprovode se
promenom metode konacnih elemenata (FEM — Finite
Element Method), pri ¢emu se Sip i tlo modeliraju 2D
povrsinskim konacnim elementima ili se koriste konacni
elementi za rotacono simetricno stanje. U postupku
odredivanja ubrzanja, brzine i pomeranja Sipa
posmatraju se diferencijalne jednacine kretanja:

3 NUMERICAL SIT ANALYSES

Numerical SIT analyses are conducted by varying
the finite element method (FEM), whereby the pile and
the soil are modelled using 2D surface finite elements or
finite elements for rotational symmetry. In the procedure
of determining acceleration, velocity and displacement of
the pile, differential motion equations are observed:

[M]{A} + [CH{V} + [K]{U} = {Q}, (21)

gde je [M] matrica masa, {A} vektor ubrzanja, [C] matrica
priguSenja, {V} vektor brzine, [K] matrica krutosti, {U}
vektor pomeranja i {Q} vektor spoljaSnjeg opterecenja.
Re$avanje jednacCina (21) se sprovodi numeric¢kom
integracijom korak po korak Hilber-Hughes-Taylor-ovim
(HHT) postupkom u modifikovanom obliku [10]:

where [M] is mass matrix, {A} acceleration vector, [C]
damping matrix, {V} velocity vector, [K] stiffness matrix,
{U} displacement vector and {Q} external load vector.
Solving equations (21) is conducted using step-by-step
numerical integrations using the Hilber-Hughes-Taylor
(HHT) procedure in a modified form [10]:

Ml{4}.., + (1 +a)[c{V}y, —alcl{V})+ (1 +a) [K{U}.., — alEHU}, ={Q}.... (2

za trenutak vremena:

for the time instant:

tipg = & + AL, (23)

Numeri¢ko modeliranje defekata Sipa sprovodi se
analizom Sipa kroz faze oSte¢enja (SDA). SDA analiza
se konstruiSe tako da se povezivanjem individualnih
analiza generiSu i simuliraju uticaji defekata Sipa. Ove
analize se sukcesivno sprovode koris¢enjem matrica
krutosti sistema na kraju prethodne analize stanja
defekata, kao inicijalne matrice krutosti sistema naredne
analize stanja defekata. MatematiCka formulacija SDA
analize izvedena je polazeci od izraza za stanje potpune
integralnosti Sipa [8]:

Numerical modelling of pile defects is performed by
pile stage degradation analysis (SDA). SDA analysis is
constructed in such a way that the effects of pile defects
are generated and simulated by linking individual
analyses. These analyses are successively performed
using the system stiffness matrix at the end of the
previous defect state analysis as the initial stiffness
matrix of the subsequent defect state analysis. The
mathematical formulation of SDA was derived from the
expression for the state of the complete pile integrity [8]:

t = 0:[Ky]{Uy} = {Py}, (24)
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gde je [Ko] matrica krutosti integralnog Sipa (bez
defekata). Za inicijalnu fazu defekata Sipa analiza se
sprovodi prema:

t=1:[K U} ={P}
gde je [Ké.] matrica krutosti eliminisanog domena
konacnih elemenata Sipa (simulacija defekata), [Mo]

matrica masa integralnog Sipa (bez defekata), [ME;.]
matrica masa eliminisanog domena konacnih elemenata
Sipa (simulacija defekata). U i-toj fazi analize defekata
Sipa, proracun se sprovodi prema:

t =i [K,{U;} ={P,},

dok za n-tu fazu vazi:

t=m [Ku:l{un} = {'F:'!}7

gde je [Kn] matrica krutosti defektnog Sipa u finalnoj fazi
proracuna, [Mn] matrica masa defektnog Sipa u finalnoj
fazi proracuna. Na slici 7 prikazani su modeli Sipova s
defektima i bez njih, dok su na slici 8 prikazani
reflektogrami numeri¢kih modela Sipova i tla: integralni
Sip (bez defekata), Sip s redukovanim kvalitetom
materijala glave, Sip s proSirenjem prec¢nika na polovini
duzine stabla, Sip s diskontinuitetom na polovini duzine
stabla (prslina bez zatvaranja), Sip u viSeslojnoj sredini
(sloj ispod baze Sipa je boljih geomehanickih
karakteristika) i Sip s randomiziranim diskontinuitetom
precnika duz stabla.

a) b) c)

[Kl] = [KD] - [K[f:l]r[Ml] = [MD] - [MI;] ,

[K:'] = [Ki—l:l -

d)

where [Ko] is the stiffness matrix of an integral pile
(without defects). For the initial phase of pile defects, the
analysis is conducted according to:

(25)

Where [ffé.] is the stiffness matrix of the eliminated
domain of finite elements of the pile (defect simulation),
[Mo] mass matrix of the integral pile (without defects),
[ME,.] mass matrix of the eliminated domain of finite pile
elements (defect simulation). In i-th phase of pile defect
analysis, the calculation is conducted according to:

[Kz'f—l]J' [M:'] = [M:'—1] - [M;—l]» (26)
while for the n-th phase, itis:
[K:'z] = [K:-z—l] - [Kal;—l]’ [Mu] = [Mrz—l] - [M:z—l:l! (27)

where [Kn] is the stiffness matrix of the defective pile in
the final calculation phase, [Mn] the defective pile mass
matrix in the final calculation phase. Figure 7 shows pile
models with and without defects, while Figure 8 shows
reflectograms of the numerical pile and soil models:
integral pile (without defects), pile with reduced quality of
head material, pile with a diameter expansion at half-
length, pile with a discontinuity at half-length (a crack
without closure), pile in a multilayered medium (the layer
below the pile toe has better geomechanical
characteristics) and pile with randomized discontinuity of
diameter along the shaft.

:f)

e)'

Slika 7. Modeli Sipova s defektima i bez njih: a) integralni Sip (bez defekata); b) Sip s redukovanim kvalitetom materijala
glave; c¢) Sip s proSirenjem precnika na polovini duZine stabla; d) Sip s diskontinuitetom na polovini duzine stabla
(prslina bez zatvaranja); e) Sip u viSeslojnoj sredini (sloj ispod baze Sipa je boljih geomehanickih karakteristika);

f) Sip s randomiziranim diskontinuitetom preénika duz stabla

Figure 7. Models of piles with and without defects: a) integral pile (without defects), b) pile with reduced quality of head
material, c) pile with a diameter expansion at half-length, d) pile with a discontinuity at half-length (a crack without
closure), e) pile in a multilayered medium (the layer below the pile toe has better geomechanical characteristics),

f) pile with randomized discontinuity of diameter along the shaft
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e) t(ms) f) t(ms)

Slika 8. Reflektogrami numeri¢kih modela Sipova i tla: a) integralni Sip (bez defekata); b) Sip s redukovanim kvalitetom
materijala glave; c) Sip s prosSirenjem preénika na polovini duzine stabla; d) Sip s diskontinuitetom na polovini duzine
stabla (prslina bez zatvaranja); e) $ip u viseslojnoj sredini (sloj ispod baze $ipa je boljih geomehanickih karakteristika);
) Sip s randomiziranim diskontinuitetom precnika duz stabla

Figure 8. Reflectograms of numerical models of piles and soil: a) integral pile (without defects), b) pile with reduced
quality of head material, c) pile with a diameter expansion at half-length, d) pile with a discontinuity at half-length (a crack
without closure), e) pile in a multilayered medium (the layer below the pile toe has better geomechanical characteristics),

f) pile with randomized discontinuity of diameter along the shaft

S obzirom na to Sto se prilikom sprovodenja testova Given that when conducting SITs and numerical
integriteta Sipa sa senzorom (SIT) i numeric¢kih analiza analyzes of pile integrity (simulations), original
integriteta  Sipova  (simulacija) dobijaju  originalni (uncorrected) reflectograms are obtained, they are
(nekorigovani) reflektogrami, to se oni dodatno further processed in order to make certain corrections
procesiraju s ciliem sprovodenja odredenih korekcija i and filtering. Most often, filtering and scaling procedures
filtriranja. NajéeS¢e se sprovode procedure filtiranja i are performed directly in the time domain, however,
skaliranja direktno u vremenskom domenu, medutim frequency filtering methods are also used. Filtration
koriste se i metode filtriranja u frekventnom domenu. adjusts the reflectogram to more clearly detect possible
Filtriranjem se koriguje reflektogram radi jasnijeg defects in the pile by eliminating less significant and
uoCavanja eventualnih defekata u Sipu eliminacijom conserving essential discrete peak velocity values of the
manje bitnih i konzervacijom bitnih diskretnih vrednosti reflectograms, while scaling increases the signal
pikova brzina reflektograma, dok se skaliranjem reflection intensity, primarily at the pile toe, for an easier
povecava intenzitet refleksije signala, prevashodno u identification of the pile length. A n-times weight filter is
bazi Sipa s ciliem lakSe identifikacije duzine Sipa. most commonly used to filter the signal directly in the
Naj¢eSce se primenjuje n-tostruki tezinski filter kojim se time domain [27]:

signal direktno filtrira u vremenskom domenu [27]:

_ wple—1) 42w () tuy(e41) 28
vf,l[t] = p : (28)

_ L‘Jr[_;':r—1}+:lffl:_-_':r':"l'l.‘f[_-_':r'l'l:'
uﬁ(t] = : : (29)

vt 0 2up g (0 dep g, (e41)
vf,u[t] =1 £ A L ) (30)
gde je Vvo(t) brzina originalnog (nefiltriranog) where vo(t) is the velocity of the original (unfiltered)
reflektograma u vremenu (t), dok su vri(t), vii-(t), vii(t), reflectogram in time (t), while vf,1(t), vti1(t), vsi(t), vin-1(t),
vin1(t), vin(t)  brzine  korigovanog  (filtriranog) vin(t) are velocities of corrected (filtered) reflectogram in
reflektograma u vremenu (t). Na slikama 9 i 10 prikazani time (t). Figures 9 and 10 show characteristic examples
su  karakteristicni  primeri  reflektograma i 2D of reflectograms and 2D spectrograms of piles with
spektrograma Sipova s manjim diskontinuitetima i ve¢im smaller discontinuities and larger defects in the middle of
defektom u sredini Sipa: bez primenjenog filtera i s the pile: with no filter applied and with a filter applied.
primenjenim filterom. Spektrogrami su konstruisani Spectrograms are constructed using the Short Time
primenom  kratkotrajne  Fourier-ove transformacije Fourier transform (STFT), so that in the frequency
(STFT), tako da se u frekventnom domenu jasno moze domain one can clearly observe the variation in
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sagledati promena amplituda u funkciji frekvencija amplitudes as a function of the corresponding signal
odgovaraju¢eg signala (reflektograma), eliminacija i (reflectograms) frequencies, the elimination and
konzervacija odredenih amplituda. conservation of certain amplitudes.
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Slika 9. Reflektogrami i 2D spektrogrami Sipa s manjim diskontinuitetima: a) reflektogram Sipa bez primenjenog filtera;
b) reflektogram Sipa s primenjenim filterom; c) 2D spektrogram Sipa bez primenjenog filtera; d) 2D spektrogram Sipa
s primenjenim filterom

Figure 9. Reflectograms and 2D spectrograms of a pile with smaller discontinuities: a) pile reflectogram without applied
filter, b) pile reflectogram with applied filter, c) 2D pile spectrogram without applied filter, d) 2D pile spectrogram with
applied filter
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Slika 10. Reflektogrami i 2D spektrogrami Sipa s vec¢im defektom u sredini Sipa: a) reflektogram Sipa bez primenjenog
filtera; b) reflektogram Sipa s primenjenim filterom; c) 2D spektrogram Sipa bez primenjenog filtera; d) 2D spektrogram
Sipa s primenjenim filterom

Figure 10. Reflectograms and 2D spectrograms of a pile with larger defects in the middle of the pile: a) pile reflectogram
without applied filter, b) pile reflectogram with applied filter, c) 2D pile spectrogram without applied filter, d) 2D pile
spectrogram with applied filter
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4 ISPITIVANJE INTEGRITETA SIPOVA TESTOM
INTEGRITETA SIPA SA SONDAMA (CSL)

Test integriteta Sipa sa sondama (CSL) zasniva se
na propagaciji talasa, primenom sondi s razdvojenim
transmiterom i risiverom. Ovim testom se interaktivno i
simultano, izmedu instaliranih cevi u Sipu, detaljno moze
ispitati integritet Sipa celom duzinom po svim popreénim
presecima [6]. Ispitivanje integriteta sprovodi se kod svih
tipova armiranobetonskih buSenih Sipova. Metodologija
ispitivanja integriteta Sipa sa sondama (CSL) definisana
je standardom ASTM D6760 [2]. Centar za puteve i
geotehniku Instituta IMS poseduje licenciranu opremu za
test integriteta Sipa sa sondama americke firme Pile
Dynamics. Kori§¢enjem ove opreme moguce je sprovesti
analizu ultrazvuénih profila u vremenskom domenu
(TDA), ali i dodatnu tomografsku analizu integriteta Sipa
(CSLT). Oprema poseduje integrisane softverske
module za: procesiranje, skaliranje, korekciju i filtriranje
signala. CHAMP-Q oprema [14] za test integriteta Sipa
sa sondama (CSL), americke firme Pile Dynamics,
sastoji se iz: metra s tegom za preliminarnu proveru

duzine i nezapuSenosti instaliranih cevi, sondi -
transmitera (generiSu ultrazvuéni signal nominalne
frekvencije 45 kHz), sondi - risivera (nominalne

frekvencije 45 kHz), Cetiri seta kablova za povezivanje
Cetiri sonde, tripoda za kablove sa senzorima za analizu
pozicije sondi u cevima, hardverskog sistema za
akviziciju, memorisanje, procesiranje i vizuelizaciju
podataka i softvera CHA-S, CHA-W i PDI-Tomo.
Konverzija AD signala sprovodi se primenom 12-bitnog
konvertera (frekvencija semplovanja je od 500 kHz do 2
MHz). Na slici 11 prikazana je CHAMP-Q oprema za
ispitivanje integriteta Sipova testom integriteta Sipa sa
sondama (CSL) americke firme Pile Dynamics.

4 PILE INTEGRITY TESTING USING CROSSHOLE
SONIC LOGGING (CSL)

Crosshole Sonic Logging (CSL) is based on wave
propagation using separate transmitter and receiver
sensor. With this test, the integrity of the pile can be
thoroughly examined interactively and simultaneously,
between the installed pipes in the pile, along entire
length and across all cross sections [6]. Integrity testing
is performed on all types of bored reinforced concrete
piles. The testing methodology of CSL is defined by
ASTM D6760 [2]. The Centre for Roads and
Geotechnics of the IMS Institute possesses the licensed
CSL equipment manufactured by the US Pile Dynamics
company. Using this equipment, it is possible to perform
ultrasonic time domain analysis (TDA), as well as
additional Crosshole Sonic Logging Tomography
(CSLT). The equipment has integrated software modules
for: signal processing, scaling, correction and filtering.
The CHAMP-Q equipment [14] for CSL, of the U.S. Pile
Dynamics company, consists of: a meter with a weight
for preliminary checking of the length and possibility of
installed pipes, probes - transmitters (generating
ultrasonic signal of 45kHz nominal frequency), probes -
receivers (nominal frequencies 45kHz), 4 sets of cables
for connecting 4 probes, tripods for cables with sensors
for analyzing the position of probes in the pipes,
hardware system for acquisition, storage, processing
and visualization of data and software CHA-S, CHA-W
and PDI-Tomo. AD signal conversion is conducted using
the 12-bit converter (sampling frequency is from 500kHz
to 2MHz). Figure 11 shows the CHAMP-Q equipment for
CSL by the U.S. Pile Dynamics company.

Slika 11. CHAMP-Q oprema za ispitivanje integriteta Sipova testom integriteta Sipa sa sondama (CSL) americke firme
Pile Dynamics [14]

Figure 11. CHAMP-Q CSL equipment of the U.S. company Pile Dynamics [14]

Pravilno sprovodenje testa integriteta Sipa sa
sondama (CSL) zahteva prethodnu pripremu cevi u koje
se spustaju sonde za ispitivanje. Ove cevi se ugraduju u
telo Sipa, a naknadno se mogu injektirati nakon
sprovedenog ispitivanja. Na slici 12 prikazane su €eliéne
cevi spojene i zavarene za unutrasnju stranu armaturnog
koSa Sipa i krajevi cevi koji vire nakon betoniranja.

A proper procedure of CSL requires the preliminary
preparation of pipes into which test probes are lowered.
These tubes are embedded in the body of the pile and
they can be subsequently injected after testing. Figure
12 shows the steel pipes connected and welded to the
inside of the pile reinforcement cage and the ends of the
pipes protruding after concreting.
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Slika 12. a) i b) celiéne cevi spojene i zavarene za unutra$nju stranu armaturnog ko$a Sipa; c) krajevi cevi koji vire nakon
betoniranja

Figure 12. a) and b) steel pipes joined and welded to the inside of the pile reinforcement cage, c) pipes ends protruding
after concreting

Na slici 13 prikazani su: tripod za kablove sa
senzorima, uredaj za  akviziciju, memorisanje,
procesiranje i vizuelizaciju podataka i povezane i
postavljene sonde u cevima. Sonde na svojim krajevima
imaju tegove, tako da je ukupna duzina sondi i tegova
nesto veéa od 30 cm. U tom smislu, da bi se adekvatno
sprovela analiza integriteta glave Sipa, potrebno je
ispustiti cevi dovoljno izvan glave Sipa, kako bi se i
sonde izvukle izvan glave Sipa, a ostale u cevima.
Buduéi da prilikom krajcovanja glave Sipa vrlo €esto
nastupi oSteéenje cevi za ispitivanje integriteta Sipa sa
sondama (CSL), to je gotovo nemoguce sprovesti
adekvatnu analizu integriteta glave Sipa.

Figure 13 shows: tripod for sensor cables,
acquisition, storage, processing and data visualization
device and connected and placed probes in tubes. The
probes have weights at their ends, so the total length of
the probes and weights is a little over 30 cm. In this
sense, in order to adequately carry out the analysis of
the integrity of the pile head, it is necessary to make the
pipes sufficiently protrude outside the pile head to allow
the probes to be pulled out of the pile head and remain
in the pipes. Since during the trimming of the pile head
the pipe for CSL is very often damaged, it is almost
impossible to perform an adequate analysis of the
integrity of the pile head.

Slika 13. a) tripod za kablove sa senzorima, uredaj za akviziciju, memorisanje, procesiranje i vizuelizaciju podataka
povezan sa sondama; b) povezane i postavljene sonde u cevima

Figure 13. a) tripod for sensor cables, device for acquisition, storage, processing and visualization of data connected to
probes, b) probes connected and placed in pipes

Na slici 14 prikazani su specifiéni slu€ajevi pozicija i
duzina cevi izvan glave Sipa: cevi su adekvatne duzine,
¢ak je i beton nedovoljno okrajcovan, $to je povoljno u
smislu ispitivanja integriteta glave Sipa, cevi nisu
adekvatne duZine i krajevi cevi se zavrSavaju na
razli¢itim visinama, cevi su adekvatne duzine, glava Sipa
je dobro okrajcovana i naknadno obradena (najpovoljnija
situacija) i krajevi cevi se zavrSavaju u ravni glave Sipa,
Sto je nepovolino, jer se sonde ne mogu izvudi
kompletno, pa se samim tim ne moze sprovesti
adekvatna analiza integriteta glave Sipa.

Figure 14 shows specific cases of positions and
lengths of pipes outside the pile head: the pipes are
adequate in length, even the concrete is insufficiently
trimmed, which is advantageous in terms of testing the
integrity of the pile head, the pipes are inadequate in
length and the ends of the pipes end at different heights,
the pipes are of adequate length, the head of the pile is
well-trimmed and finished (the most favourable situation)
and the ends of the pipe end flush with the pile head,
which is unfavourable, since the probes cannot be pulled
out completely, and thus, it is impossible to carry out an
adequate analysis of pile head integrity.
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a)

Slika 14. Specificni slu¢ajevi pozicija i duzina cevi izvan glave Sipa: a) cevi su adekvatne duZine, Cak je i beton
nedovoljno okrajcovan, $to je povoljno u smislu ispitivanja integriteta glave Sipa; b) cevi nisu adekvatne duZine i krajevi
cevi se zavrsavaju na razli¢itim visinama; c) cevi su adekvatne duZine, glava Sipa je dobro okrajcovana i naknadno
obradena (najpovoljnija situacija); d) krajevi cevi se zavrSavaju u ravni glave Sipa, $to je nepovoljno, jer se sonde ne
mogu izvuci kompletno, pa se samim tim ne moZe sprovesti adekvatna analiza integriteta glave Sipa

Figure 14. Specific cases of positions and lengths of pipes outside the pile head: a) the pipes are adequate in length,
even the concrete is insufficiently trimmed, which is advantageous in terms of testing the integrity of the pile head, b) the
pipes are not adequate in length and the ends of the pipes end at different heights, c) the pipes are of adequate length,
the head of the pile is well-trimmed and finished (the most favourable situation), d) the ends of the pipe end flush with the
pile head, which is unfavourable, since the probes cannot be pulled out completely, and thus, it is impossible to carry out
an adequate analysis of pile head integrity.

Transmiterom se emituju talasi kroz telo Sipa, a s
obzirom na to Sto su transverzalni talasi znatno sporiji,
od interesa za ispitivanje su samo longitudinalni talasi,
koji su dosta brzi i nose u sebi informaciju o stanju Sipa.
Merenje se zasniva, zapravo, na analizi promene:
vremena (FAT) ili brzine propagacije talasa od
transmitera do risivera, a za poznato rastojanje izmedu
cevi po dubini Sipa i koli€ine relativne energije po dubini
Sipa. Signali primljeni risiverom sempluju se i beleze kao
promene amplitude u funkciji vremena, a zatim
procesiraju po duzini ispitanog Sipa. Dobijeni podaci
koriste se za potvrdu kvaliteta betona i za identifikaciju
zona loSeg kvaliteta. Kompletna obrada (procesiranje)
signala sprovodi se primenom teorije i obrade signala,
pri ¢emu se zapis signala prikazuje u digitalizovanom
formatu, a sam signal prikazuje u vremenskom domenu.
Merenje se sprovodi za vertikalni interval od 2 cm do 5
cm. Kriterijumi za analizu o$te¢enja Sipa definisani su
prema [13]:

— zadovoljavajuce (G), (odli¢no): poveéanje FAT od
0 do 10% (mada se moze tolerisati i do 15%) ifili
redukcija energije < 6 db (mada se moze tolerisati i do
7.5 db);

— odstupanje (Q), (devijantno): povecanje FAT od
11% do 20% i/ili redukcija energije od 6 db do 9 db;

— prslina/pukotina (P/F), (loSije): poveéanje FAT od
21% do 30% i/ili redukcija energije od 9 db do 12 db;

— defekat (P/D), (defekat/diskontinuitet): povecanje
FAT > 31% i/ili redukcija energije > 12 db.

S obzirom na to 8to se ispitivanje integriteta Sipova,
testom integriteta Sipa sa sondama (CSL), sprovodi s
Cetiri sonde, simultano se u Sest pravaca dobijaju
ultrazvuéni profili. Na slikama 15, 16 i 17, za jedan
pravac, prikazani su ultrazvucni profili integralnog Sipa
(bez defekata), Sipa s diskontinuitetom u domenu baze i
defektnog Sipa - dijagrami promena: brzina propagacije
talasa, relativne energije, vremena dolaska signala

Transmitters emit waves through the body of the pile,
and since transversal waves are considerably slower,
only longitudinal waves, which are much faster and carry
information about the state of the pile, are interesting for
testing. In fact, the measurement is based on an
analysis of variation: of time (FAT) or the wave
propagation speed from the transmitter to the receiver,
for the known distance between the pipes along the
depth of the pile and the quantity of relative energy along
the depth of the pile. The signals received by the
receiver are sampled and recorded as variation in
amplitude as a function of time and then processed
along the length of the test pile. The data obtained are
used to confirm the quality of concrete and identify poor
quality zones. Complete signal processing is performed
by applying theory and signal processing, whereby the
signal record is displayed in a digitized format and the
signal itself is displayed in the time domain. The
measurement is carried out for a vertical interval of 2cm
to 5cm. Criteria for pile damage analysis are defined
according to [13]:

— satisfactory (G) (good): increase of FAT from 0 to
10% (even though up to 15% can be tolerated) and/or
energy reduction < 6db (even though up to 7.5db can be
tolerated),

— deviation (Q) (questionable): increase of FAT from
11% to 20% and/or energy reduction from 6db to 9db,

— flaw (P/F) (poor/flaw): increase of FAT from 21%
to 30% and/or energy reduction 9db to 12db,

— defect (P/D) (poor/defect): increase of FAT > 31%
and/or energy reduction > 12db.

Since the pile integrity test, CSL, is performed with 4
probes, ultrasonic profiles are obtained simultaneously in
6 directions. For one direction, Figures 15, 16 and 17,
show ultrasonic profiles of an integral pile (without
defects), a pile with discontinuity at the toe and a
defective pile — variation diagrams: of wave propagation
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Slika 15. Ultrazvuéni profili integralnog Sipa (bez defekata): a) dijagrami promena brzina propagacije talasa, relativne
energije i vremena dolaska signala (FAT); b) dijagrami povecanja vremena dolaska signala (FAT) i redukcije relativne

energije duZ stabla Sipa

Figure 15. Ultrasonic profiles of an integral pile (without defects): a) diagrams of variations in wave propagation
velocities, relative energy and signal first arrival time (FAT), b) diagrams of increase of time of signal first arrival time
(FAT) and reduction of relative energy along the pile shaft
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Slika 16. Ultrazvuéni profili Sipa s diskontinuitetom u domenu baze: a) dijagrami promena brzina propagacije talasa,
relativne energije i vremena dolaska signala (FAT); b) dijagrami povecanja vremena dolaska signala (FAT) i redukcije

relativne energije duz stabla Sipa

Figure 16. Ultrasonic profiles of a pile with a discontinuity at the toe: a) diagrams of variations in wave propagation
velocities, relative energy and signal first arrival time (FAT), b) diagrams of increase of time of signal first arrival time
(FAT) and reduction of relative energy along the pile shaft

(FAT), povecanja vremena dolaska signala (FAT) i
redukcije relativne energije duz stabla Sipa, respektivno.
U konkretnom slu€aju, kod integralnog Sipa, analizom
ultrazvuénih profila za sve pravce (nisu svi prikazani, s
obzirom na obimnost ispitivanja), moZe se konstatovati

velocity, relative energy, first arrival time (FAT) increases
in first arrival time (FAT) and reductions in relative
energy along the pile shaft, respectively. In the specific
case of the integral pile by analyzing the ultrasonic
profiles for all directions (not all of them are shown,
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da je Sip u pogledu integriteta zadovoljavajuc¢eg
kvaliteta. Kod integralnog Sipa (bez defekata) nije bilo
moguce detaljno snimiti bazu Sipa, jer su odredene cevi
bile zapu$ene, dok su kod Sipa s diskontinuitetom u
domenu baze, za sve pravce, konstatovana povecanja
FAT i redukcija energije.

U sluCaju defektnog Sipa, za sve pravce,
konstatovana su znacajnija povecanja FAT i redukcija
energije na odredenom intervalu duzine Sipa. Snimanje
je jo$ dva puta ponovljeno i dobijeni su gotovo identi¢ni
rezultati.

given the scope of the test), it can be concluded that the
pile has satisfactory quality in terms of integrity. In the
case of the integral pile (without defects) it was
impossible to record the pile toe in detail because certain
pipes were obstructed, while in the case of piles with a
discontinuity at the toe, for all directions, FAT increases
and energy reductions were observed.

In the case of defective pile, for all directions,
significant increases in FAT and energy reduction of
certain pile length interval were observed. Recording
was repeated two times more and almost identical
results were obtained.
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Slika 17. Ultrazvuéni profili defektnog Sipa: a) dijagrami promena brzina propagacije talasa, relativne energije i viemena
dolaska signala (FAT); b) dijagrami povecanja vremena dolaska signala (FAT) i redukcije relativne energije duz stabla

Sipa

Figure 17. Ultrasonic profiles of a defective pile: a) diagrams of variations in wave propagation velocities, relative energy
and signal first arrival time (FAT), b) diagrams of increase of time of signal first arrival time (FAT) and reduction of
relative energy along the pile shaft

Na osnhovu sprovedenih ispitivanja i prikazanih
ultrazvuénih profila integralnog Sipa (bez defekata), Sipa
s diskontinuitetom u domenu baze i defektnog Sipa,
primenom softvera PDI-Tomo za tomografiju, dodatno su
analizirane identifikovane karakteristicne zone promena
povecanja i smanjenja brzina propagacije talasa u
betonu. Ove zone prikazane su primenom izopovrsi, Cije
boje odgovaraju brzinama propagacije talasa u betonu.
Na slici 18 prikazani su poprecni preseci za integralni Sip
(bez defekata), Sip sa diskontinuitetom u domenu baze i
defektni Sip, kod kojih se najviSe identifikuju povecanja
FAT i redukcije energije, a prikazane su takode i
odgovaraju¢e proracunate efektivne povrSine ovih
poprecnih preseka Sipova. Efektivna povrSina popre¢nog
preseka proracunata je kao odgovarajuéi procenat
povrSine popre¢nog preseka Sipa, kod kojeg je brzina
propagacije talasa u betonu veéa od 3600 m/s.

Using PDI-Tomo tomography software, the identified
characteristic zones of variation of increase and
decrease of wave propagation velocity in concrete were
additionally analyzed based on the performed tests and
presented ultrasonic profiles of an integral pile (without
defects), pile with a discontinuity at the toe and defective
pile. These zones are shown using isosurface, the
colours which correspond to the wave propagation rates
in concrete. Figure 18 shows the cross sections for the
integral pile (without defects), the pile with the
discontinuity at the toe, and the defective pile, where
FAT increases and energy reductions are mostly
identified. In addition, the corresponding calculated
effective surfaces of these pile cross sections are shown
as well. The effective cross-sectional area was
calculated as the corresponding percentage of the pile
cross-sectional area where the wave propagation
velocity in concrete is higher than 3600m/s
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Slika 18. Poprecni preseci kod kojih se najvise identifikuju povecanja FAT i redukcije energije, a takode prikazane
su i odgovarajuce proracunate efektivne povrSine ovih poprecnih preseka Sipova: a) integralni Sip (bez
defekata) - efektivna povrsina je 95%; b) Sip s diskontinuitetom u domenu baze - efektivna povrsina je 52%,
c¢) defektni Sip - efektivna povrsina je 31%

Figure 18. Cross-sections where FAT increases and energy reductions are identified the most, and corresponding
calculated effective surfaces of these cross-sections of piles are also shown: a) integral pile (without defects) - effective
surface is 95%, b) pile with discontinuity at the toe - effective area is 52%, c) defective pile - effective area is 31%

5 ZAVRSNE NAPOMENE | ZAKLJUCCI

Ispitivanje integriteta Sipova metodoloSki se moze
prikazati u nekoliko faza: priprema ispitivanja, in-situ
ispitivanje Sipova na gradiliStu, analiza i odlu€ivanje
tokom ispitivanja, analiza, interpretacija i prezentacija
rezultata ispitivanja, dodatne numericke analize
integriteta, donoSenje odluke o integralnom stanju Sipa i
pisanje izveStaja o integritetu Sipa. S obzirom na
troSkove ispitivanja, najceS¢e se za ispitivanje integriteta
Sipova koristi test integriteta Sipa sa senzorom (SIT).
Medutim, u zavisnosti od stepena vaznosti objekta, pa i
pouzdanost reSenja na raspolaganju je ispitivanje
integriteta Sipova testom integriteta Sipa sa sondama
(CSL). U praksi, za gotovo sve Sipove objekata,
primenjuje se test integriteta Sipa sa senzorom (SIT), s
obzirom na efikasnost i brzinu ispitivanja, ali se Cesto i
zanemaruje to da je ovo indirektna metoda. Istraziva-
njem su pokazani karakteristicni modeli reflektograma,
na osnovu kojih se lako mogu doneti odluke o stanju
integriteta Sipa. Medutim, veoma C&esto se u praksi
pojavljuju diskutabilne situacije u kojima nije moguée
odmah dati odgovor o stanju integriteta Sipa, pa je
preporuka da se koriste dodatne metode koje se
zasnivaju na talasnoj teoriji, kompatibilizaciji signala i
numeric¢kim analizama.

Kada je u pitanju veliki broj Sipova objekta,
pouzdanije je napraviti plan ispitivanja pre izgradnje
Sipova. Kvalitetnim planom ispitivanja, mogu se definisati
probni (testni) Sipovi na kojima ¢e se sprovesti testovi
integriteta Sipa sa sondama (CSL) i uticati na korekciju
tehnologije izgradnje i/ili dispozicije ifili broja Sipova.
Naknadno se svi radni (eksploatacioni) Sipovi mogu
ispitati testom integriteta Sipa sa senzorom (SIT).
Najveéi problem pojavljuje se kada se svi Sipovi objekta
izgrade, pa se nakon toga =zahteva sprovodenje
ispitivanja integriteta Sipova, jer se stvara ograni¢en
prostor za korekcije — kako na konstruktivnom nivou,
tako i na nivou dinamic¢kog plana izgradnje objekta. U
velikom broju sluajeva, kada narucioci ispitivanja
interpretiraju  rezultate  ispitivanja  prikazane u
izveStajima, kriterijumi integriteta i nosivosti Sipova
razmatraju se nezavisno. Takode, vrlo Cesto se jedan
kriterijum favorizuje ili se potpuno iskljuCuje drugi
kriterijum. Jedino i inZenjerski ispravno reSenje jeste da
se oba kriterijuma postuju i da se uvazavaju uslovi pod
kojima se ispunjavaju ovi kriterjumi. Sve to, pored

5 CLOSING REMARKS AND CONCLUSIONS

Pile integrity testing can be methodologically
presented in several stages: test preparation, in-situ pile
testing at the construction site, analysis and decision-
making during testing, analysis, interpretation and
presentation of test results, additional numerical integrity
analysis, decision on the integral condition of a pile and
pile integrity report writing. Given the cost of testing, SIT
is the most commonly used pile integrity test. However,
CSL pile integrity test is also available depending on the
degree of importance of the structure and even the
reliability of the solution. In practice, SIT is applied for
almost all structural piles given the efficiency and speed
of testing, but it is often neglected that it is an indirect
method. The research has shown characteristic models
of reflectograms on the basis of which it is possible to
make decisions on the state of pile integrity. However,
there are often debatable situations in practice where it
is impossible to immediately provide an answer
concerning the pile integrity state, so it is recommended
to use additional methods based on wave theory, signal
matching, and numerical analyses.

When there is a large number of piles in a structure,
it is more reliable to make a test plan before building the
piles. A quality test plan can define the test piles on which
CSL will be conducted and the construction technology
and/or the arrangement and/or number of piles can be
corrected. Subsequently, all working (service) piles can
be tested with SIT. The biggest problem arises when all
the piles of a structure are built, and then subsequently
the pile integrity test is applied. In that case the space for
corrections is limited, both in terms of the structural level
and the dynamical construction plan of the structure. In
many cases the integrity and load-bearing criteria of
piles are considered independently when test results
presented in the reports are interpreted by the
contracting party. In addition, very often one criterion is
favoured or another criterion is completely excluded. The
only correct engineering solution is that both criteria are
observed and the conditions under which these criteria
are met are considered. All this, in addition to knowledge
and experience, requires continuous improvement in this
multidisciplinary pile testing problem which goes beyond
the usual domains of construction and geotechnical
practice.
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znanja i iskustva, zahteva i kontinualno usavrSavanje iz
ove multidisciplinarne problematike ispitivanja Sipova,
koje pravazilazi uobiCajene domene gradevinske i
geotehniCke prakse.
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ISPITIVANJE INTEGRITETA SIPOVA: TESTIRANJE |
ANALIZA REZULTATA
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Kristina BOZIC-TOMIC
Nenad SUSIC

U radu su prikazani karakteristi¢ni primeri ispitivanja
integriteta Sipova sa analizom rezultata, pri ¢emu se
metodologija ispitivanja oslanja na postojeée ASTM
standarde, ali i na metodologiju ispitivanja prikazanu u
nauénom radu ,Ispitivanje integriteta i nosivosti Sipova:
metodologija i klasifikacija”, koji je publikovan u ovom
Casopisu. Ispitivanja Sipova sprovedena su primenom
licenciranih oprema za test integriteta Sipa sa senzorom
(SIT) i test integriteta Sipa sa sondama (CSL).
Ispitivanjima su prikazane korektne i problemati¢ne
situacije, koje se pojavljuju prilikom analize integriteta
Sipova. Ukazano je na aspekte primene talasne teorije,
ali i na procesiranja signala i numeri¢ke analize. Takode,
posebno je skrenuta paznja na potrebu izrade plana
ispitivanja integriteta Sipova kod objekata s velikim
brojem Sipova.
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SIT, ultrazvuéni profil, CSL

[27] Ya-lun C.: Statistical Analysis with Business and
Economic  Applications, Holt, Rinehart and
Winston, USA, 1975.

[28] Zhang L., Wu Y., Wei M.: Detection of Defective
Piles Using Analysis Tools, Electronic Journal of
Geotechnical Engineering, Vol. 20, No. 14, 2015,
pp. 6073-6082.

[29] Zheng C., Kouretzis G., Ding X., Liu H., Poulos H.:
Three-Dimensional Effects in Low-Strain Integrity
Testing of Piles: Analytical Solution, Canadian
Geotechnical Journal, Vol. 53, No. 2, 2017, pp.
225-235.

[30] Zheng C., Liu H., Ding X., Kouretzis G., Sheng D.:
Three-Dimensional Effects in Low-Strain Integrity
Testing of Large Diameter Pipe Piles, Journal of
Engineering Mechanics, Vol. 142, No. 9, 2016.

SUMMARY

PILE INTEGRITY TESTING: TESTING AND RESULTS
ANALYSIS

Mladen COSIC
Kristina BOZIC-TOMIC
Nenad SUSIC

The paper presents typical examples of pile integrity
testing and the results analysis, whereby the testing
methodology relies on existing ASTM standards, as well
as on the testing methodology presented in the scientific
paper Pile Integrity and Load Testing: Methodology and
Classification, published in this journal. The pile tests
were conducted using licensed equipment for Sonic
Integrity Test (SIT) and Crosshole Sonic Logging (CSL).
The tests have shown the correct and problematic
situations that arise when analyzing pile integrity. Some
aspects of the wave theory implementation, but also of
signal processing and numerical analysis have been
indicated. Also, the need to develop a plan for testing the
integrity of piles in structures with a large number of piles
has been emphasized.

Key words: pile, testing, integrity, reflectogram, SIT,
ultrasonic profile, CSL
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IN MEMORIAM

Akademik profesor dr NIKOLA HAJDIN, dipl.inz.grad.
Academician, Professor Dr. NIKOLA HAJDIN, B.Sc. Eng.Civ.

(1923 — 2019)

Ovog leta, 17. jula, preminuo je akademik Nikola
Hajdin, doktor tehni¢kih nauka, diplomirani gradevinski
inZzenjer, redovni profesor (u penziji) Gradevinskog
fakulteta Univerziteta u Beogradu. Pored predmeta na
osnovnim studijama — Teorije konstrukcija, Otpornosti
materijala i Teorije povrSinskih nosata na Gradevin-
skom fakultetu u Beogradu, predavao je i na posle-
diplomskim studijama — Teoriju plasti¢nosti, Nelinearnu
elasticnost i Teoriju tankozidnih nosaca. Dekan
Gradevinskog fakulteta bio je u mandatu 1975/76 —
1976/77. godine. Za dopisnog ¢lana SANU izabran je
1970. godine, a za redovnog ¢lana — 1976. godine.
Potpredsednik SANU bio je od 1994. do 2003. godine, a
predsednik SANU — od 2003. do 2015. godine.

Tokom svoje profesionalne karijere, Nikola Hajdin
obavljao je nau¢ne i struéne funkcije u razli€itim doma-
¢im i stranim drustvima. I1zmedu ostalog, bio je pred-
sednik Jugoslovenske grupe Medunarodnog udruZenja
za mostove i visokogradnju, predsednik Jugoslovenskog
komiteta Medunarodne unije za teorijsku i primenjenu
mehaniku i predsednik Jugoslovenskog drustva grade-
vinskih konstruktera.

Nikola Hajdin bio je ¢lan Atinske akademije nauka,

Academician Nikola Hajdin, Doctor of Technical
Sciences, Bachelor of Civil Engineering, full professor
(retired) at the Faculty of Civil Engineering, University of
Belgrade passed away this summer, on July 17. In
addition to the subjects in basic studies: Structural
Mechanics, Strength of Materials, and Theory of Plates
and Shells at the Faculty of Civil Engineering in
Belgrade, he also delivered lectures at postgraduate
studies in subjects Theory of Plasticity, Nonlinear
Elasticity, and Theory of Thin-Walled Members. Within
the period 1975/76 - 1976/77, he held the position of the
Dean of the Faculty of Civil Engineering. He was elected
a corresponding member of Serbian Academy of
Science and Arts (SANU) in 1970 and a full-time
member in 1976. From 1994 to 2003 he was the vice-
president of SANU, and its president from 2003 to 2015.

During his professional career, Nikola Hajdin held
scientific and professional positions in various domestic
and foreign associations, including president of the
Yugoslav Group of the International Association for
Bridges and Structural Engineering, president of the
Yugoslav Committee of the International Union for
Theoretical and Applied Mechanics and president of the
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Slovenacke akademije znanosti i umetnosti (Ljubljana),
Evropske akademije nauka, umetnosti i literature (Pariz),
Evropske akademije nauka i umetnosti (Salcburg), kao i
Evropske akademije nauka (Lijez). lzabran je 2000.
godine za pocCasnog doktora Nacionalnog tehnic¢kog
univerziteta u Atini. Takode, bio je ¢lan Grékog udruze-
nja za nauCna istrazivanja metalnih konstrukcija,
Nau¢nog komiteta italijanskog Casopisa za metalne
konstrukcije, Svajcarskog udruZenja za &eliéne
konstrukcije, Medunarodnog udruZenja za mostove i
visokogradnju (Cirih) i Nau€nog komiteta medunarodnog
udruZenja za Celi¢ne konstrukcije; pritom, bio je i po€asni
¢lan Jugoslovenskog drustva za mehaniku, Jugo-
slovenskog drustva gradevinskih konstruktera i Grckog
nacionalnog drustva za teorijsku i primenjenu mehaniku.

Nikola Hajdin je sedam decenija bio aktivan na
nau¢nom i stru€nom polju u naoj zemlji i u inostranstvu.

Naucni rad Nikole Hajdina odnosio se najveéim
delom na radove iz oblasti primenjene mehanike,
posebno iz teorije konstrukcija. Medutim, ubrzo je doSao
do uverenja da rad u oblasti teorije konstrukcija dodatno
dobija na znacaju i na vrednosti ako je prozet, pored
svoje teorijske osnove, i poznavanjem realnih konstruk-
cija — koje tehnoloSkim razvojem utiCu na naucni rad u
ovoj oblasti; jer su u pitanju simultani procesi teorije i
primene, koji utiu jedan na drugi. Usled ovakvog
shvatanja, kao i zbog potrebe privrede da se ljudi iz
nauke pozabave praktiénim problemima, Nikola Hajdin
zainteresovao se za projektovanje — kao paralelnu
aktivnost. Upravo ta primenjena, visokokvalitetna sprega
teorije i prakse predstavlja krunu nauc¢nostruénog rada
Nikole Hajdina.

Pored izuzetno bogatog nau¢nog rada, Nikola Hajdin
istakao se kao autor i veoma cenjeni projektant €eli¢nih,
betonskih i spregnutih konstrukcija.

Stvaralacki opus profesora Hajdina moze se okvirno
podeliti na Sest perioda, odnosno Sest oblasti u kojima je
dao svoj doprinos nauci i njenim primenama, a moze se
slobodno reéi — i prilog opStem napretku. Te oblasti jesu:
metod integralnih jednacina, spregnute konstrukcije,
tankozidni Stapovi, mostovi s kosim kablovima, udar
saobracéajnih sredstava na gradevinske objekte, stabil-
nost i nosivost Celi¢nih nosaca.

Prvi period odnosno prva oblast — metod integralnih
Jjednacina

Nikola Hajdin je predlozio (1954) i razradio jedan
metod za numericko reSavanje grani¢nih zadataka
teorije elastiCnosti, koji se pokazao prikladnim — kako u
teoriji linijskih nosaca, tako i u teoriji povrSinskih nosaca.
Metod je =zasnovan na osnovnim diferencijalnim
jednacginama teorije elasti¢nosti, primenjenim na dvo-
dimenzionalne probleme. Pretvarajuéi osnovne diferen-
cijalne jednacine u integralne, duz usvojenih linija mreze
i njihovim pribliznim reSavanjem numeri¢kim putem,
dobija se sistem linearnih jednacina, koji vodi ka reSenju
problema. Metod je nasao Siroku primenu u razli¢itim
granama tehnike, posebno u gradevinskom konstruk-
terstvu, hidrotehnici, analizi saobrac¢ajnih vozila, analizi

Yugoslav Society of Structural Engineers.

Nikola Hajdin was a member of the Athens Academy
of Sciences, the Slovenian Academy of Sciences and
Arts (Ljubljana), the European Academy of Sciences,
Arts and Literature (Paris), the European Academy of
Sciences and Arts (Salzburg), and the European
Academy of Sciences (Liege). In 2000, he was elected
Honorary Doctor of the National Technical University of
Athens. He was also a member of the Greek Society of
the Scientific Research of Metal Structures, the Scientific
Committee of the Italian Journal of Metal Structures, the
Swiss Association for Steel Structures, the International
Association for Bridges and Structural Engineering
(Zurich), the Scientific Committee of the International
Association for Steel Structures; and was an honorary
member of the Yugoslav Society for Mechanics, the
Yugoslav Society of Structural Engineers, and the Greek
National Society for Theoretical and Applied Mechanics.

Nikola Hajdin was involved in the scientific and
professional research in civil engineering in our country
and abroad for seven decades.

Nikola Hajdin's scientific work was mostly related to
the research and papers in the field of applied
mechanics, especially Theory of Structures. However,
he soon realized that the work in the field of Theory of
Structures gains in importance and value when
permeated (in addition to its theoretical basis) with
knowledge of actual structures, the technological
development which affects the scientific work in this
field, so that they are simultaneous processes of theory
and application that affect one another. This
understanding, as well as the need of the economy for
people in science to address practical problems, makes
the basis of Nikola Hajdin's interest in designing as a
parallel activity. This applied high quality combination of
theory and practice is the crown of Nikola Hajdin's
scientific and professional work.

In addition to his extremely rich scientific work,
Nikola Hajdin was a distinguished author and a highly
respected designer of steel, concrete, and composite
structures.

Professor Hajdin's creative oeuvre can be roughly
divided into six periods, or six fields in which he
contributed to science and its applications, and thereby
to the general progress: integral equations method,
composite structures, thin-walled members, cable-
stayed bridges, vehicle impact on structures, stability
and bearing capacity of steel girders.

First period - first field: the integral equations
method.

In 1954, Nikola Hajdin proposed and developed a
method for numerically solving boundary problems of
Theory of Elasticity, which proved to be suitable in both
Linear Beam Theory and Theory of Plates and Shells.
The method is based on basic differential equations of
the Theory of Elasticity applied on two-dimensional
problems. By converting the basic differential equations
in integral equations along the adopted lines of the net
and their approximate solving by numerical means, a
system of linear equations is obtained which leads to the
solution of the problem. The method found widespread
application in various branches of engineering,
particularly in civil engineering, hydraulic engineering,
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zvuka, kao i u nekim drugim problemima slicne matema-
ticke prirode. ViSestruko je citiran i kori8¢en u radovima
stranih autora. |z ove oblasti, izdvaja se rad Integral
Equation Method for Solution of Boundary Value
Problems of Structural Mechanics, objavijen u medu-
narodnom Casopisu Numerical Methods in Engineering.
Izuzetno je vredna primena ovog postupka u proraéunu
hidrotehnickih konstrukcija. Velike lu¢ne brane, kao Sto
su Grancarevo, Mratinje i Glaznja, analizirane su prime-
nom ovog metoda. Baveéi se u pocetku svoje karijere
teorijom luénih brana, profesor Hajdin u¢estvovao je kao
konsultant na &itavom nizu hidrotehni€kih konstrukcija.
Kao svoj prilog realizaciji luénih brana, projektovao je
branu Glaznja u Makedoniji, jednu od najvecih luénih
brana (trecu po visini u bivSoj Jugoslaviji).

Drugi period odnosno druga oblast — spregnute
konstrukcije

Nikola Hajdin posvetio je jedan deo svoje aktivnosti
spregnutim konstrukcijama od betona i Celika. Osnovni
naucni problem — koji je po€eo ozbiljnije da se proucava
posle Drugog svetskog rata — bio je izu€avanje feno-
mena puzZenja i skupljanja betona, koji dovodi tokom
vremena do preraspodele naprezanja u spregnutoj
konstrukciji. Pored viSe nau¢nih radova iz oblasti
spregnutih konstrukcija, Nikola Hajdin je i projektovao
spregnute mostove, od kojih se izdvaja most Orasje
preko reke Save, na kome je prvi put u svetu primenjeno
tzv. dvostruko sprezanje, gde je kod kontinualnog
nosata mosta, pored betonske kolovozne plo¢e gore,
primenjena i betonska plo¢a u donjoj zoni nosaca iznad
oslonaca. Most Ora$je, osim toga, imao je najveci
raspon za spregnute mostove u to vreme u svetu. Ovde
treba dodati i izvedene projekte nadvoznjaka u Ljubljani,
sa originalnim nac¢inom sprezanja u donjoj zoni na celoj
duzini nadvoznjaka, kao i most preko reke Ibar kod
Rozaja i most preko akumulacije za hidroelektranu
Spilie. Sve ove konstrukcije mostova imale su poneku
svojevrsnu inovaciju u nasem gradevinskom konstruk-
terstvu, upravo zahvaljujuci autoru-projektantu — Nikoli
Hajdinu.

Treci period odnosno tre¢a oblast — tankozidni
Stapovi

Naucna oblast Teorije konstrukcija, u kojoj je Nikola
Hajdin takode dao izuzetan doprinos, jesu tankozidne
konstrukcije koje se zbog svojih osobina upotrebljavaju u
viSe grana tehnike, kao S$to su: gradevinarstvo,
masinstvo, brodogradnja, aeronautika i druge. Radovi
Nikole Hajdina iz ove oblasti objavljeni su uglavnom u
inostranstvu u viSe Casopisa i stru¢nih publikacija; a
citirani su i koriS¢eni u brojnim objavljenim radovima
stranih i domacih nauénih radnika. Izuzetnu vrednost iz
ovog opusa predstavljagju dve monografije —
Dunnwandige Stabe, Bd. 1 i 2 (s koautorom Kurtom
Kolbrunerom), objavljene u prestiznoj izdavackoj kuci
Springer (1972. i 1975). Prema sadrzaju, te monografije
su jedinstveno delo i na originalan nacin, sa Citavim
nizom priloga, izlaZzu oblast kojom se Nikola Hajdin bavio
viSe od 20 godina. Kako su ovi radovi bili medu prvima
koji su se na Sirokom planu bavili ovom problematikom,

analysis of traffic vehicles, sound analysis and in some
other problems of similar mathematical nature. It was
repeatedly cited and used in papers of foreign authors.
The paper "Integral Equation Method for Solution of
Limit Value Problems of Structural Mechanics" published
in the international journal "Numerical Methods in
Engineering" is the most important one. The application
of this approach on hydro engineering structures is
highly valuable. Large arch dams, like Grancarevo,
Mratinje, and Glaznja were analyzed using this method.
Dealing with the theory of arch dams at the beginning of
his career, professor Hajdin participated as a consultant
on a series of hydro engineering structures. As a
contribution to the field of arch dams, he designed the
Glaznja dam in Macedonia, one of the largest arch dams
and the third highest dam in the former Yugoslavia.

Second period — second field: composite structures.

Nikola Hajdin dedicated a part of his activity to
composite structures of concrete and steel. The basic
scientific problem that attracted the attention of
engineers in the field after the World War Il was the
phenomenon of creep and shrinkage of concrete, which
over time leads to the redistribution of stresses in
composite structures. In addition to several scientific
papers in the field of composite structures, Nikola Hajdin
also designed composite bridges. The Orasje Bridge
over the Sava River is the most important one. What
makes this bridge outstanding is the first application of
the so-called double composite action, where in the case
of a continuous girder, in addition of the surface concrete
slab, a concrete slab was also applied in the bottom
zone of the girder above the supports. Moreover, the
Ora$je Bridge had the largest span in the world for
composite bridges at the time. Here, we should mention
the overpass projects in Ljubljana, with the original
method of composite action in the bottom zone along the
entire length of the overpass, as well as the bridge over
the Ibar River near Rozaje and the bridge over the
reservoir for the Spilie hydroelectric power plant. All
these bridge structures contained some kind of
innovation in our structure engineering thanks to the
author-designer Nikola Hajdin.

Third period — third field: thin-walled members.

The scientific field of Theory of Structures in which
Nikola Hajdin made a remarkable contribution is thin-
walled structures that, due to their properties, are used
in many branches of engineering, such as civil
engineering, mechanical engineering, shipbuilding,
aeronautics and others. Nikola Hajdin's papers in this
field were published, for the most part abroad, in a
number of journals and professional publications, and
were cited and used in many published papers by
foreign and domestic scholars. Two monographs:
"Dunnwandige Stébe", Bd. 1 and 2 (with C.F.
Kollbrunner) published by the prestigious Springer
Publishing House (1972 and 1975) have exceptional
value in this opus. The monographs are unique in their
contents, presenting in an original way the scientific
fields on which Nikola Hajdin was focused for more than
20 years with a series of contributions. As these papers
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veoma vaznom u konstrukterstvu, a i s obzirom na
novine u oblikovanju konstrukcija, izazvane Sirokom
primenom tehnologije zavarivanja, interes za radove ove
vrste bio je znatan medu inzenjerima i projektantima,
vec¢inom u oblasti ¢eliénih konstrukcija.

Cetvrti period odnosno &etvrta oblast — mostovi s
kosim kablovima

Nikola Hajdin dao je zna¢ajan doprinos — u nau¢nom
i stru¢nom pogledu — analizirajuéi i projektuju¢i mostove
s kosim kablovima, koji su se pojavili kao novost u
mostogradnji poCetkom Sezdesetih godina dvadesetog
veka.

U vreme kada je Nikola Hajdin projektovao
beogradski zelezni¢ki most s kosima kablovima, u svetu
je bilo izgradeno samo dvadesetak mostova s kosim
kablovima za drumske mostove. Nikola Hajdin (sa
koautorom Ljubomirom Jevtovicem), prvi u svetu,
isprojektovao je most s kosim kablovima samo za
zeleznicki saobracaj, iako je tada vladalo misljenje medu
struénjacima u svetu da takav relativno fleksibilan
konstrukcijski sistem nije primenjiv za Zeleznicki
saobracéaj. Kosi kablovi, rasporedeni u dve vertikalne
ravni, prihvataju mostovsku gredu na petinama raspona
od 254 metara. Primenjena su uzad s paralelnim Zicama
sistema BBR sa izuzetno otpornim na zamor Hi-Am
ankernim glavama, uz mere za povec¢anje mase mosta s
kolovozom u zastoru, dobijeni su izvanredno iskoriS¢enje
napona (uklju€ivo i na zamor), dobra napetost uzadi za
stalno opterecenje i mali uticaj izduZzenja uzadi na ugib
konstrukcije. Treba napomenuti i to da je ovo prva
primena ove vrste uzadi u Evropi. Most je zavrSen 1979.
godine (slika 1).

were among the first to deal extensively with this issue,
which is very important in structure engineering from the
aspect of novelties in the design of structures caused by
the widespread use of welding technology, there was a
considerable interest in papers of this kind among
engineers and designers, mostly in the field of steel
structures.

Fourth period — fourth field: cable-stayed bridges.

Nikola Hajdin made significant scientific and
professional contribution by analyzing and designing
cable-stayed bridges, which emerged as a novelty in
bridge construction in the early 1960s.

At the time when Nikola Hajdin was designing the
Belgrade railway cable-stayed bridge with inclined
cables, only about twenty bridges with inclined cables for
road bridges were in existence in the world. Nikola
Hajdin (with co-author Ljubomir Jevtovic) was the first in
the world to design a bridge for railway traffic only,
although at that time it was believed among experts in
the world that such a relatively flexible structural system
was inapplicable in railway traffic. The stay cables are
arranged in two vertical planes, holding the bridge girder
in fifths of the 254 m span. It was applied the BBR
system of parallel wires with extremely fatigue resistant
Hi-Am anchor heads, with measures for increasing the
mass of the bridge by application of carriageway in
gravel, an extraordinary stress utilization was obtained
(including fatigue), good cable tension for permanent
load and low influence of rope elongation on structural
deflection. It should be noted that this is the first
application of this type of cables in Europe. The bridge
was completed in 1979 (Figure 1).

Slika 1. Zeleznicki most preko Save u Beogradu (autori — projektanti: Nikola Hajdin i Liubomir Jevtovic)
Figure 1. Railway Bridge over the Sava River in Belgrade (authors-designers: Nikola Hajdin and Ljubomir Jevtovic)

Posle ovog beogradskog mosta, Nikola Hajdin je
isprojektovao Most slobode preko Dunava u Novom
Sadu. S rasponom od 351 metar, ova mostovska
konstrukcija, u trenutku gradenja, predstavljala je svetski
rekord za mostove s kosim kablovima, kod kojih su piloni
i kosi kablovi u srednjoj ravni mosta. Most je zavrSen i

After this bridge in Belgrade, Nikola Hajdin designed
the Liberty Bridge over the Danube in Novi Sad. With its
span of 351 m, at the time of construction this bridge
structure represented a world record for cable-stayed
bridges, with the pylons and stay cables being situated
in the central plane of the bridge. The bridge was
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puSten u saobra¢aj 1981. godine, ali je poruSen
projektilima, aprila 1999. godine. Objekat je u potpunosti
obnovljen u prvobitnom obliku, te je zavrSen i ponovo
pusten u saobrac¢aj 2005. godine (slika 2).

completed and put into service in 1981. The bridge was
destroyed by missiles in April 1999. It was completely
renovated in its original form and was completed and re-
launched for traffic in 2005 (Figure 2).

Slika 2. Most slobode preko Dunava u Novom Sadu (autor — projektant Nikola Hajdin)
Figure 2. Liberty Bridge over the Danube River (author-designer: Nikola Hajdin)

Nikola Hajdin (s koautorom Bratislavom Stipaniéem)
isprojektovao je most preko reke Visle u poljskom gradu
Plocku, koji je nagraden prvom nagradom na
medunarodnom konkursu za projekat. S rekordnim
rasponom od 375 metara, za mostove s kosim
kablovima (s kablovima u srednjoj ravni i pilonima
ukljeStenim u gredu), predstavlja napredak u odnosu na
most u Novom Sadu. Ukupna duzina mosta jeste 1.200
metara, od €ega je 615 metara duzina glavnog dela
mosta nad koritom reke Visle, a 585 metara je duzina
prilaznog dela spregnutog mosta nad inundacijom.
Glavna mostovska konstrukcija je simetricna kon-
strukcija od Celika — most s kosim kablovima, koji €ine:
kontinualna greda, kosi kablovi i dva pilona. Ovo je most
s najve¢im rasponom u Poljskoj i predstavlja korak dalje
u razvoju mostova s kosim kablovima. Most je zavr§en
2005, a sa pristupnim vijaduktom otvoren je za
saobracaj 2007. godine (slika 3).

Nikola Hajdin (co-authored with Bratislav Stipanic)
designed the bridge over the Wisla River in the Polish
city of Plock, which was awarded the first prize in the
international design competition. With the record range
of 375 meters for cable-stayed bridges (with cables in
the central plane and pylons fixed in beam), it
represented a further improvement in relation to the
bridge in Novi Sad. The total length of the bridge is 1200
m, of which 615 m accounts for the length of the main
part of the bridge over the riverbed of the Vistula River,
and 585 m is the length of the access part of the
composite bridge over the inundation. The main bridge
structure is a symmetrical steel structure, a cable-stayed
consisting of a continuous girder, stay cables, and two
pylons. The bridge represents a step further in the
development of cable-stayed bridges. It is the bridge
with the largest span in Poland. The bridge was
completed in 2005 and open for traffic with the approach
viaduct in 2007 (Figure 3).

Slika 3. Most solidarnosti preko Visle u Plocku (autori — projektanti: Nikola Hajdin i Bratislav Stipanic)
Figure 3. Solidarity Bridge in Plock over the Vistula River (authors-designers: Nikola Hajdin and Bratislav Stipanic)
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Peti period odnosno peta oblast — udar saobracajnih
sredstava na objekte

Nikola Hajdin, krajem devedesetih godina, nau¢no se
posvetio nelinearnim dinamic¢kim problemima mehanike,
posebno izu€avanju udara (impakta) saobracajnih
sredstava na gradevinske konstrukcije, kao Sto su udari
od zelezni¢kih kompozicija i plovnih objekata. Ovi radovi,
izmedu ostalog, nastali su iz praktiénih potreba da se
zastite gradevinski objekti izloZzeni moguénosti udara
saobraéajnih sredstava, prvenstveno u Svajcarskoj, tako
da su ih delimi¢no finansirale zainteresovane drZzavne
institucije zaduZene za ovu problematiku. Na osnovu tih
radova, objavljenih u ¢asopisima, izradene su zvani¢ne
preporuke za proraun mostova, posebno mostovskih
stubova na udar.

Sesti period odnosno $esta oblast — stabilnost i
nosivost ¢elicnih nosaca

Sredinom sedamdesetih godina proslog veka, Nikola
Hajdin objavio je niz radova koji se bave problemima
stabilnosti i grani€ne nosivosti limenih nosa¢a odnosno
problemima izbo¢avanja plo¢a. U to vreme, posle niza
havarija mostova, u svetu su intenzivirana i teorijska,
kao i eksperimentalna istrazivanja raznih aspekata
stabilnosti i nosivosti Celicnih nosaca. U radovima
profesora Hajdina analizirana su najnovija saznanja, kao
i njihova primena u okviru nasih propisa za proracun
Celicnih konstrukcija.

Krajem sedamdesetih godina, posebna paZnja u
svetu po€inje da se posvecuje problemu takozvanog
patch loading, opterecenja pojaseva limenih nosaca
koncentrisanim ili optere¢enjem raspodeljenim na maloj
duzini u ravni rebra, koje moze da dovede prvo do
lokalnog izboCavanja u zoni uno$enja optere¢enja, a — u
zavisnosti od ostalih uslova — i do progresivhog loma
nosaca. Ovaj problem posebno je vazan prilikom
montaze Celicnih mostova prevlaenjem  preko
priviemenih ili stalnih oslonaca. Krajem sedamdesetih i
pocetkom osamdesetih godina, profesor Hajdin je u
Beogradu rukovodio istrazivanjima u ovoj oblasti.
Njegovi saradnici s Gradevinskog fakulteta u Beogradu
dobijaju priliku da na University College Cardiff u Velikoj
Britaniji, veoma vaznom istrazivaCkom centru u tom
periodu, u€estvuju u istrazivanjima koja se duZi niz
godina sprovode u svetu u ovoj oblasti. Oni nadalje
nastavljaju sopstvena istrazivanja u zemlji. U tom
periodu, istraZivanja se sprovode u okviru saradnje sa
Institutom za mehaniku Cehoslovac¢ke akademije nauka.
Iz tih istrazivanja proizaSao je vecéi broj radova
publikovanih u medunarodnim casopisima i na
medunarodnim naucnim skupovima, koje su kasnije
citirali autori iz razli¢itih zemalja, koji se bave ovim
problemima. Izmedu ostalog, u okviru ovog problema,
analiziran je uticaj poduznih ukruéenja u zoni uno$enja
opterecenja na izbo€avanje limenih nosaca i dat je
predlog izraza kojim se taj uticaj uzima u obzir. Ovaj
predlog Nikole Hajdina (sa koautorom Nenadom
Markoviéem), u 2000. godini, prihvaéen je u celosti u
novoj verziji britanskih propisa za celicne mostove, u
kojima je ranije bio obuhvaéen samo proraéun za
nosate bez poduznih ukruéenja. Tako da je to prvi
propis u svetu koji je direktno ukljucio uticaj poduznih
ukruéenja na nosivost limenih nosa¢a pod dejstvom

Fifth period — fifth field: vehicle impact on structures.

In the late 1990s, Nikola Hajdin was scientifically
devoted to nonlinear dynamic problems in mechanics,
particularly to studying the impact of vehicles on
structures, such as impacts from railway compositions
and floating vessels. These papers were created, among
the other things, from the practical need to protect the
structures exposed to the possibility of traffic collisions,
primarily in Switzerland, and therefore they were partially
funded by the interested state institutions in charge of
this issue. Due to these papers published in the journals,
official recommendations were made for the calculation
of bridges, especially bridge piers, against the impact.

Sixth period — sixth field: stability and bearing
capacity of steel girders

In the mid-1970s, Nikola Hajdin published a series of
papers dealing with the problems of stability and limit
bearing capacity of plate girders, i.e. the problems of
plate buckling. At that time, after a series of bridge
failures, theoretical and experimental research into
various aspects of stability and ultimate bearing capacity
of steel girders intensified in the world. In his papers,
professor Hajdin analyzed the latest findings and their
application within the framework of our regulations for
the calculation of steel structures.

In the late 1970s, the attention in the world was
specifically focused on the problem of so-called "patch
loading", loading subjected to flanges of plate girders
with concentrated or distributed load over a small length
in the web plane, which may first lead to local buckling in
the loading zone and, depending on other conditions,
even to progressive failure of the girder. This problem is
especially important when installing steel bridges by
launching over temporary or permanent supports. In the
late 1970s and early 1980s, professor Hajdin was the
head of the research in this area in Belgrade. His
associates from the Faculty of Civil Engineering in
Belgrade were given the opportunity to participate in
research at the University College Cardiff in the UK, a
very important research center at that time, a research
that was conducted in the field worldwide for many
years. They further continue their own research in the
country. During this period, the research was conducted
in cooperation with the Institute of Mechanics of the
Czechoslovak Academy of Sciences. These studies
resulted in a large number of papers published in
international journals and presented at international
scientific conferences, which were later cited by authors
from different countries involved in these issues. Among
other things, effects of longitudinal stiffeners in the
loading zone on the buckling of plate girders were
analyzed within the framework of this issue, and a term
was proposed to take these effects into account. This
proposal by Nikola Hajdin (co-authored with Nenad
Markovi¢) was fully accepted in 2000 in a new version of
the British regulations for steel bridges, which previously
covered only the calculation for girders without
longitudinal stiffeners. Thus, this is the first regulation in
the world that directly included the effect of longitudinal
stiffeners on the bearing capacity of plate girders under
the action of concentrated load on flange of plate girder.
In recent decades, research into this issue has been
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koncentrisanog optereé¢enja po pojasu limenih nosaca.
Poslednjih decenija nastavljaju se u svetu intenzivna
istraZzivanja ovog problema i publikovan je znatan broj
radova, doktorskih i magistarskih disertacija, a u
mnogima je citiran doprinos rada Nikole Hajdina.

Nau¢ni opus Nikole Hajdina €ini viSe od 230 radova,
od Cega je priblizno polovina objavljena u inostranstvu, u
najuglednijim &asopisima ili na znacajnim nauénim
konferencijama. Prema podacima iz Casopisa koji su
nam dostupni, citiran je viSe od 300 puta u inostranoj
literaturi i viSe od 500 puta u domacoj, dok su njegova
projektantska ostvarenja, posebno kada je re€¢ o Mostu
Slobode u Novom Sadu, citirani nekoliko stotina puta.

U kineskoj enciklopediji Yingliang Wang, iz 2007
godine, najznacajnijih mostova Evrope i Amerike za
poslednjih 200 godina, navode se Cetiri mosta autora-
projektanta Nikole Hajdina (most Orasje, Zelezni¢ki most
u Beogradu, Most Sloboda u Novom Sadu i novi most u
Plocku).

Nikola Hajdin, kao medunarodno priznati ekspert,
uCestvovao je kao konsultant viSe svetski poznatih
organizacija iz oblasti projektovanja i izvodenja raznih
gradevinskih konstrukcija.

Nikola Hajdin bio je gostujuéi profesor za predmet
Tankozidni Stapovi na Saveznoj visokoj Skoli (ETH) u
Cirihu, od 1971. do 1973. godine, gost-nauénik
Svajcarskog udruZenja za &eliéne konstrukcije. U vie
navrata, boravio je u Svajcarskoj, gde je ugestvovao u
istrazivanju iz oblasti Teorije tankozidnih Stapova. Pored
toga, odrzao je Citav niz predavanja na naucnim
skupovima, na stranim univerzitetima, na nauénim i
strugnim institucijama u Velikoj Britaniji, Svajcarskoj,
Ceskoj, Slovacgkoj, Nemackoj, Kini, Indiji, Austriji, Iraku,
Grékoj, Rumuniji, Italiji... Uestvovao je u radu vise
razli¢itih nauénih komiteta internacionalnih simpozijuma i
konferencija.

Kao profesor posebnih nauénih oblasti, Nikola Hajdin
odrzao je viSe predavanja i kurseva na poslediplomskim
studijama na Prirodno-matematickom fakultetu u Beo-
gradu, na Gradevinskom fakultetu i MaSinskom fakultetu
u Skoplju, na Gradevinskom fakultetu u Zagrebu i Fakul-
tetu za arhitekturu, gradevinarstvo i geodeziju u Ljublja-
ni. Saradivao je s Drustvom gradevinskih konstruktera
Slovenije i 3. razredom SAZU (Slovenacke akademije
nauka i umetnosti).

Rukovodio je izradom odnosno bio je ¢lan komisija
za 52 magistarske i 42 doktorske disertacije na matic-
nom fakultetu, kao i za mnogobrojne disertacije na
razli¢itim fakultetima bivSe Jugoslavije, te na Atinskom i
HelsinSkom univerzitetu. Rukovodio je projektom
»leorijska i eksperimentalna istrazivanja metalnih kons-
trukcija i njihov uticaj na savremeno projektovanje i izvo-
denje” u SANU. Rukovodio je nizom naucnoistrazivackih
projekata na Gradevinskom fakultetu u Beogradu.

Za svoj izuzetni doprinos nauci i struci, Nikola Hajdin
dobio je brojna priznanja i viSe nagrada, od koji se
izdvajaju: Oktobarska nagrada Beograda za 1959.
godinu, Oktobarska nagrada Novog Sada za 1981.
godinu, Nagrada AVNOJ-a za 1987. godinu, nekoliko
nagrada na anonimnim konkursima za projekte mostove
u Jugoslaviji i prva nagrada na medunarodnom konkursu
za most preko reke Visle u Poljsko;.

intensified in the world, and a considerable number of
papers, doctoral and master's theses have been
published with the contribution of Nikola Hajdin being
widely cited in many of them.

Nikola Hajdin's scientific contribution consists of
more than 230 papers, of which approximately half were
published abroad in the most reputable journals or
presented at important scientific conferences. According
to data from journals available to us, he has been cited
more than 300 times in foreign literature and more than
500 times in domestic literature. Nikola Hajdin's
achievements in bridge design, especially the Liberty
Bridge in Novi Sad, have been cited several hundred
times.

The Chinese encyclopedia Yingliang Wang (2007)
lists four bridges of Nikola Hajdin among the most
important bridges in Europe and America for the last 200
years (OraSje Bridge, Belgrade Railway Bridge, Liberty
Bridge in Novi Sad and new Plock Bridge).

As internationally recognized expert, Nikola Hajdin
participated as a consultant to several world-renowned
organizations in the field of design and construction of
various structures of civil engineering.

Nikola Hajdin was a visiting professor for the subject
of thin-walled members at the Federal High School
(ETH) in Zurich from 1971 to 1973, and a visiting scholar
at the Swiss Association for Steel Structures. He
repeatedly visited Switzerland where he participated in
research in the field of Theory of Thin-Walled Members.
In addition, he delivered a whole series of lectures at
scientific conferences, foreign universities, scientific and
professional institutions in the United Kingdom,
Switzerland, Czech Republic, Slovakia, Germany, China,
India, Austria, Iraq, Greece, Romania, Italy, etc. He
participated in the work of several different scientific
committees, international symposia and conferences.

As a professor of specific scientific fields, Nikola
Hajdin delivered lectures and courses at postgraduate
studies at the Faculty of Natural Sciences and
Mathematics in Belgrade, the Faculty of Civil
Engineering and Mechanical Engineering in Skopje, the
Faculty of Civil Engineering in Zagreb and the Faculty of
Architecture, Civil Engineering and Geodesy in
Ljubljana. He collaborated with the Society of Slovenian
Structural Engineers and the 3. class of SAzZU
(Slovenian Academy of Sciences and Arts).

He led the preparation or was a committee member
for 52 masters and 42 doctoral theses at the parent
faculty, and for a large number of them at various
faculties from the former Yugoslavia, as well as at the
University of Athens and the University of Helsinki. He
was the head of the project called "Theoretical and
Experimental Research of Metal Structures and Their
Effect on Contemporary Design and Construction" at the
SANU (Serbian Academy of Sciences and Arts). He was
the head of a number of research projects at the Faculty
of Civil Engineering in Belgrade.

Nikola Hajdin received numerous awards for his
outstanding contribution to the science and profession,
including: October Award of the city of Belgrade in 1959,
October Award of the city of Novi Sad in 1981, AVNOJ
Award in 1987, several awards at anonymous contests
for bridge designs in former Yugoslavia, and the first
prize at the international contest for the bridge over the
Wisla River in Poland.
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Na onovu svega iznetog, moze se zakljuditi da je
Nikola Hajdin bio izuzetna li€nost, koja je ne samo
svojim bogatim opusom naucnih radova i projektima
gradevinskih konstrukcija, ve¢ i svojim uticajem i
delovanjem u akademskom i javnom Zivotu u nasoj
zemlji, aktivno obelezila protekli period od sedam
decenija; $to je nadasve teSko dostizan fenomen.

Prof. dr Bratislav Stipanic¢, dipl.inz.grad.

It can be concluded from the above that Nikola
Hajdin was an extraordinary person who actively marked
a period within last seven decades both with his rich
oeuvre of scientific work and designs of structures in civil
engineering, as well as his influence and activity in the
academic and public life in our country. A truly hard-to-
reach phenomenon.

Professor Bratislav Stipanic, Ph.D. M.Sc. B.C.Eng.
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UPUTSTVO AUTORIMA®

Prihvatanje radovai vrste priloga

U Casopisu Materijli i konstrukcije Stampace se neobja-
vljeni radovi ili ¢lanci i konferencijska saopS$tenja sa odre-
denim dopunama, iz oblasti gradevinarstva i srodnih
disciplina (geodezija i arhitektura). Vrste priloga autora i
saradnika koji ¢e se Stampati su: originalni nau¢ni radovi,
prethodna saopS$tenja, pregledni radovi, struéni radovi,
prikazi objekata i iskustava (studija slu¢aja), kao i diskusije
povodom objavljenih radova.

Originalni naucni rad je primarni izvor nauénih informa-
cija i novih ideja i saznanja kao rezultat izvornih istrazivanja
uz primenu adekvatnih nau¢nih metoda. Dobijeni rezultati
se izlazu sazeto, ali tako da poznavalac problema moze
proceniti rezultate eksperimentalnih ili teorijsko numerickih
analiza, tako da se istraZzivanje mozZe ponoviti i pri tome
dobiti iste ili rezultate u okvirima dopustenih odstupanja,
kako se to u radu navodi.

Prethodno saopstenje sadrzi prva kratka obavestenja o
rezultatima istrazivanja ali bez podrobnih objasnjenja, tj.
krace je od originalnog nau¢nog rada.

Pregledni rad je nau¢ni rad koji prikazuje stanje nauke u
odredenoj oblasti kao plod analize, kritike i komentara i
zaklju€aka publikovanih radova o kojima se daju svi neop-
radove. Navode se sve bibliografske jedinice kori§¢ene u
obradi tematike, kao i radovi koji mogu doprineti rezultatima
daljih istrazivanja. Ukoliko su bibliografski podaci metodski
sistematizovani, ali ne i analizirani i raspravljeni, takvi
pregledni radovi se klasifikuju kao struéni radovi.

Struéni rad predstavlja koristan prilog u kome se iznose
poznate spoznaje koje doprinose Sirenju znanja i prila-
godavanja rezultata izvornih istrazivanja potrebama teorije i
prakse.

Ostali prilozi su prikazi objekata, tj. njihove konstrukcije i
iskustava-primeri u gradenju i primeni razli€itih materijala
(studije slucaja).

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

Uputstva za pripremu rukopisa

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

Od broja 1/2010, prema odluci Upravnog odbora
Drustva i Redakcionog odbora, radovi sa pozitivhim
recenzijama i prihvacéeni za Stampu, publikovace se na
srpskom i engleskom jeziku, a za inostrane autore na
engleskom (izuzev autora sa govornog podrucja
srpskog | hrvatskog jezika).

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

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

GUIDELINES TO AUTHORS

Acceptance and types of contributions

The Building Materials and Structures journal will
publish unpublished papers, articles and conference reports
with modifications in the field of Civil Engineering and
similar areas (Geodesy and Architecture).The following
types of contributions will be published: original scientific
papers, preliminary reports, review papers, professional
papers, objects describe / presentations and experiences
(case studies), as well as discussions on published papers.

Original scientific paper is the primary source of scien-
tific information and new ideas and insights as a result of
original research using appropriate scientific methods. The
achieved results are presented briefly, but in a way to
enable proficient readers to assess the results of experi-
mental or theoretical numerical analyses, so that the
research can be repeated and yield with the same or results
within the limits of tolerable deviations, as stated in the
paper.

Preliminary report contains the first short notifications on
the results of research but without detailed explanation, i.e.
it is shorter than the original scientific paper.

Review paper is a scientific work that presents the state
of science in a particular area as a result of analysis, review
and comments, and conclusions of published papers, on
which the necessary data are presented clearly and
critically, including the own papers. Any reference units
used in the analysis of the topic are indicated, as well as
papers that may contribute to the results of further research.
If the reference data are methodically systematized, but not
analyzed and discussed, such review papers are classified
as technical papers.

Technical paper is a useful contribution which outlines
the known insights that contribute to the dissemination of
knowledge and adaptation of the results of original research
to the needs of theory and practice.

Other contributions are presentations of objects, i.e.
their structures and experiences (examples) in the construc-
tion and application of various materials (case studies).

In order to speed up the acceptance of papers for
publication, authors need to take into account the
Instructions for the preparation of papers which can be
found in the text below.

Instructions for writing manuscripts

The manuscript should be typed one-sided on A-4
sheets with margins of 31 mm (top and bottom) and 20 mm
(left and right) in Word, font Arial 12 pt. The entire paper
should be submitted also in electronic format to e-mail
address provided here, or on CD. The author is obliged to
keep one copy of the manuscript.

As of issue 1/2010, in line with the decision of the
Management Board of the Society and the Board of
Editors, papers with positive reviews, accepted for
publication, will be published in Serbian and English,
and in English for foreign authors (except for authors
coming from the Serbian and Croatian speaking area).

Each page should be numbered, and the optimal length
of the paper in one language is about 16 pages (30.000
characters) including pictures, images, tables and
references. Larger scale works require the approval of the
Board of Editors.
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Naslov rada treba sa $to manje reci (pozeljno osam, a
najviSe do jedanaeset) da opiSe sadrzaj ¢lanka. U naslovu
ne Koristiti skrac¢enice ni formule. U radu se iza naslova daju
ime i prezime autora, a titule i zvanja, kao i ime institucije u
podnoznoj napomeni. Autor za kontakt daje telefon, adresu
elektronske poste | poStansku adresu.

Uz sazetak (rezime) od oko 150-250 na srpskom i
engleskom jeziku daju se klju¢ne reci (do sedam). To je
jezgrovit prikaz celog ¢lanka i €itaocima omogucuje uvid u
njegove bitne elemente.

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

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

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

Prilozi (tabele, grafikoni, sheme i fotografije) rade se u
crno-beloj tehnici, u formatu koji obezbeduje da pri
smanjenju na razmere za Stampu, po Sirini jedan do dva
stupca (8 cm ili 16,5 cm), a po visini najviSe 24,5 cm, ostanu
jasni i Citljivi, tj. da veliCine slova i brojeva budu najmanje
1,5 mm. 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.

U popisu literature na kraju rada daju se samo oni
radovi koji se pominju u tekstu. Citirane radove treba
prikazati po abecednom 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 naéi u Popisu citirane
literature i obrnuto svaki podatak iz Popisa se mora citirati u
tekstu.

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

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 prihvacéen za Stampu, autori su duzni
da, po uputstvu Redakcije, unesu sve ispravke i dopune u
tekstu i prilozima.

Rukopisi i prilozi objavljenih radova se ne vracaju. Sva
eventualna objasSnjenja 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

Veb sajt Drustva | ¢asopisa: www.dimk.rs

The title should describe the content of the paper using
a few words (preferably eight, and up to eleven). Ab-
breviations and formulas should be omitted in the title. The
name and surname of the author should be provided after
the title of the paper, while authors' title and position, as well
as affiliation in the footnote. The author should provide
his/her phone number, e-mail address and mailing address.

The abstract (summary) of about 150-250 words in
Serbian and English should be followed by key words (up to
seven). This is a concise presentation of the entire article
and provides the readers with insight into the essential
elements of the paper.

The manuscript is divided into chapters and sub-
chapters, which are hierarchically numbered with Arabic
numerals. The paper consists of introduction and content
with results, analysis and conclusions. The paper ends with
the list of references. All dimensional units must be
presented in international SI measurement units. The
formulas and equations should be written carefully taking
into account the indexes and exponents. Symbols in
formulas should be defined in the order they appear, or
alternatively, symbols may be explained in a specific list in
the appendix. lllustrations (tables, charts, diagrams and
photos) should be in black and white, in a format that
enables them to remain clear and legible when downscaled
for printing: one to two columns (8 cm or 16.5 cm) in height,
and maximum of 24.5 cm high, i.e. the size of the letters
and numbers should be at least 1.5 mm. Original drawings
should be of high quality and fully prepared for copying.
They also can be high-quality, sharp and contrasting photo-
copies. Photos should be in black and white, on quality
paper with sharp contours, which enable clear reproduction.

The list of references provided at the end of the paper
should contain only papers mentioned in the text. The cited
papers should be presented in alphabetical order of the
authors' first name. References in the text should be
numbered with Arabic numerals in square brackets, as
provided in the list of references, e.g. [1]. Each citation in
the text must be contained in the list of references and vice
versa, each entry from the list of references must be cited in
the text.

Entries in the list of references contain the author's last
name and initials of his first name, followed by the full title of
the cited article, the name of the journal, year of publication
and the initial and final pages cited (from - to). If the doi
code exists it is necessary to enter it in the references. For
books, the title should be followed by the nhame of the editor
(if any), the number of issue, the first and last pages of the
book's chapter or part, the name of the publisher and the
place of publication, if there are several cities, only the first
in the order should be provided. When the cited information
is not taken from the original work, but found in some other
source, the citation should be added, "cited after ..."

Authors are responsible for the content presented and
must themselves provide any necessary consent for specific
information and illustrations used in the work to be
published.

If the manuscript is accepted for publication, the authors
shall implement all the corrections and improvements to the
text and illustrations as instructed by the Editor.

Writings and illustrations contained in published papers
will not be returned. All explanations and instructions can be
obtained from the Board of Editors.

Contributions can be submitted to the following e-mails:
folic@uns.ac.rs or miram@uns.ac.rs

Website of the Society and the journal: www.dimk.rs
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dokao

Oplatna tehnika.

Vas pouzdan
partner

za brzu, bezbednu i ekonomicnu gradnju!

Doka Serb je srpski ogranak austrijske kompanije Doka GmbH,
jednog od svetskih lidera na polju inovacija, proizvodnje i distribucije
oplatnih sistema za sve oblasti gradevinarstva. Delatnost kompanije
Doka Serb jeste isporuka oplatnih sistema i komponetni za primenu
u visokogradniji i niskogradnji, pruzanje usluga konsaltinga, izrade
tehnickih planova i asistenicije na gradiliStu.

Panelna oplata za plo¢e Dokadek 30 — Evolucija u
sistemima oplate za ploce

Dokadek 30 je ru¢na oplata lake Celicne konstrukcije, bez nosaca
sa plastificiranim ramovima, koji su prekriveni kompozitnim
drveno-plasti¢nim panelom povrSine do 3 m?,

lzuzetno brzo, bezbedno i lako postavljanje oplata

= Mali broj delova sistema i pregledna logistika uz samo dve
veli¢ine panela (2,44 x 1,22 mi 2,44 x 0,81 m)

= Dovoljan 2-Clani tim za jednostavnu i brzu montazu elemenata sa
tla bez merdevina i bez krana

= Sistemski odreden poloZaj i broj podupiraca i panela, unapred
definisan redosled postupaka

= Prilagodavanje svim osnovama zahvaljujuci optimalnom
uklapanju sa Dokaflex-om

= Specijalni dizajn sprecava odizanje panela pod uticajem vetra

= Horizontalno premestanje do 12 m? Dokadek 30 pomocu DekDrive

ViSe informacija o sistemu naci ¢ete na naSem sajtu www.doka.rs

Doka Serb d.0.0. | Svetogorska 4, 22310 Simanovei | Srbija | T +381 22 400 100
F +381 22 400 124 | serb@doka.com | www.doka.rs
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Kada birate, birajte tehnoloski napredna reSenja, stru¢nost i Mapei proizvode najviseg kvaliteta.
Za izgradnju novih, sanaciju i rekonstrukciju postojecih ili konzervaciju istorijskih gradevina.
Napravite razliku, odaberite Mapei - vaseg partnera u izgradniji.

GRADEVINSKI LEPKOVI « HIDROIZOLACIONI SISTEMI
HEMIJSKI PROIZVODI ZA GRADEVINARSTVO

. BMAPEl /A
Vide na; mapei.rs i mapei.com . -.’1}.("1
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MATEST "IT TECH" KONTROLNA JEDINICA

JEDNA TEHNOLOGIJA
MNOGO RESENJA

IT Touch Techlogy je Matestov najnoviji koncept koji ima za cilj
da ponudi inovativna i user-friendly tehnologiju za kontrolu i
upravijanje najmodernijom opremom u domenu testiranja
gradevinskih materijala

Ova tehnologija je srz Matestove kontrolne jedinice, software
baziran na Windows platformi i touch screen sistem koji je
modularan, fleksibilan i obavlja mnoge opcije

iT TECH pokriva | INOVATIVNOST
| INTERNET KONEKCLA
| INTERFEJS SA IKONICAMA
| INDUSTRIJALNA TEHNOLOGLA

SISTEM JEDNOG RAZMISLIANJA JEDNOM SHVATIS - SVE TESTIRAS

NAPREDNA TEHNOLOGLUA ISPITIVANJA ASFALTA

| GYROTRONIC - Gyratory Compactor

| ARC - Electromechanical Asphalt Roller Compactor

| ASC - Asphalt Shear Box Compactor

| SMARTRACKER™ - Multiwheels Hamburg Wheel Tracker,
DRY + WET test environment

| SOFTMATIC - Automatic Digital Ring & Ball Apparatus

| Ductilometers with data acquisition system

MULTIFUNKCIONALNI RAMOVI ZA TESTIRANJE

| CBR/Marshall digital machines

| Universal multispeed load frames

| UNITRONIC 50kN or 200kN Universal multipurpose
compression/flexural and tensile frames

OPREMA ZA GEOMEHANICKO ISPITIVANJE

| EDOTRONIC - Automatic Consolidation Apparatus

| SHEARLAB - AUTOSHEARLAB - SHEARTRONIC
Direct / Residual shear testing systems

| Triaxial Load Frame 50kN

MIXMATIC - Automatic Programmable Mortar Mixer

INELAS ERECO ©.0.0
TosSin bunar 274a, 11070, Novi Beograd tel. +381 11 2284 574 email. info@inelasereco.rs



www.koto.rs | office@koto.rs | 011 309 7410 | Vojvode Stepe br. 466, Beograd



Gradevinska hemija
za profesionalce

TKK DODACI ZA BETONE |
MALTERE 1 ZASTITNI PREMAZI

CEMENTOL
dodaci za proizvodniu trajnog i kvalitetnog betona

SILIFOB
vodootporne i druge zastite mineralnih i drugih
gradevinskih materijala

TEKAMAL

vodonepropusni cementni premazi
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% INSTITUT IMS.a.d.

.

Institut za ispitivanje materijala IMS, sa tradicijom od 1929. godine, predstavlja najstariju naucno-
istraZivacku instituciju u Srbiji. Osnovna ideja prilikom osnivanja bila je potreba za jedinstvenom
institucijom koja bi se osim istraZivanja bavila i kontrolom gradevinske industrije.

Delatnost Instituta IMS obuhvata laboratorijska ispitivanja gradevinskih materijala, sertifikaciju proizvoda, nadzor nad
izvodenjem radova i ispitivanje razli¢itih tipova konstrukcija, izradu projektne dokumentacije, kao i naucno - istrazivacki
rad u svim oblastima gradevinarstva.

INSTITUT IMS a.d.

Bulevar vojvode MisSica 43

Poslovni centri Instituta IMS :

) ) 11 000 Beograd
e  (Centar za puteve i geotehniku Tel: 011-2651-949
e C(Centar za materijale Faks: 011-3692-772
e  Centar za metale i energetiku office@institutims.rs

e  Centar za konstrukcije i prednaprezanje e waw—.

Institut IMS sertifikovao je sistem kvaliteta prema zahtevima standarda SRPS ISO 9001:2001. Svoju kompetentnost je
potvrdio najveé¢im obimom akreditacije kod Akreditacionog tela Srbije (ATS) i Sertifikacionog tela.

Kadrovsku strukturu Instituta IMS ¢ine doktori nauka, diplomirani inZenjeri sa licencama Inzenjerske komore Srbije i
strucni tehnicki kadar. Inzenjeri Instituta IMS aktivno ucestvuju na nau¢no-stru¢nim skupovima u zemlji i inostranstvu.

Institut IMS kontinuirano unapreduje kvalitet poslovanja na svim nivoima, kako u okviru terenskih i laboratorijskih
ispitivanja, tako i na izradi projektno-tehnicke dokumentacije s ciljem uspesne realizacije postavljenih zadataka.




Geotehnicka istraZivanja i ispitivanja - in situ

Od terenskih istraznih radova izdvajamo izvodenje istraznih buSotina (IB),
standardnih penetracionih opita (SPT), statickih penetracionih opita (CPT i
CPTU), opita dilatometarskom sondom (DMT i SDMT), ispitivanja
vodopropustljivosti  tla razli¢itim terenskim metodama (VDP), ugradnja
pijezometaraidr.

Terenske metode ispitivanja Sipova zauzimaju znacajno mesto u nasoj
delatnosti, a na trzi$tu se izdvajamo kao lideri u toj oblasti u protekloj deceniji.

Ispitivanje Sipova

SLT metoda (Static load test) ispitivanje nosivosti Sipova  statickim
opterecenjem;

DLT metoda (Dynamic load test) ispitivanje nosivosti Sipova dinamickim
opterecenjem;

PDA metoda (Pile driving analysis) omogucava pracenje i optimizaciju
procesa pobijanja prefabrikovanih betonskih i ¢eli¢nih Sipova u tlo;

PIT (SIT) metoda (Pile(Sonic) integrity testing) koristi se za ispitivanje
integriteta izvedenih Sipova (duzine, prekida, suzenja ili prosirenja).

oprema za ispitivanje vodopropusnosti
stena pod pritiskom do 10 bar-a
metodom LIZONA

Fig 0 IAC GD Reguiar do

Laboratorija za puteve i geotehniku
Laboratorija za puteve i geotehniku akreditovana je kod Akreditacionog tela Srbije - ATS prema SRPS ISO/IEC
17025:2006. U njoj se vrSe ispitivanja tla (identifikaciono-klasifikaciona ispitivanja, fizicko-mehanicka modelska
ispitivanja), kamenog agregata i braSna, bitumena i bitumenskih emulzija, asfaltnih mesavina. U okviru laboratorijskih
ispitivanja na terenu vrsi se kontrola kvaliteta ugradenog materijala i izvedenih radova ( prethodna, tekuca, kontrolna
ispitivanja i izvodenja opita in situ ).

Projektovanje puteva i sanacija klizista
U okviru projektovanja znac¢ajno mesto u radu zauzimaju geotehnicka istrazivanja terena i projekti sanacije Kklizista -

nestabilnih kosina useka i nasipa puteva i prirodno nestabilnih padina . Znacajna su i projekovanja svih vrsta fundiranja
specijalnih geotehnickih konstrukcija. Istice se i iskustvo u oblasti putarstva, na projektovanju novih, rehabilitacija i
rekonstrukcija postojecih puteva svih rangova sa prate¢im objektima i dimenzionisanjem kolovoznih konstrukcija.

Nadzor
Nasi inZenjeri imaju veliko iskustvo u kontroli i proveri kvaliteta izvodenja svih vrsta radova, kontroli gradevinske
dokumentacije i pracenju radova u skladu sa njom, kao i reSavanju novonastalih situacija tokom izvodenja radova.
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Aditivi za betone i maltere
Smese za zalivanje
Reparacija betona
Industrijski i sportski podovi
Kitovi

Hidroizolacije

Kompanija za proizvodnju hemijskih
materijala za gradevinarsvo, od 1969

PROIZVODNI PROGRAM

Zastitni premazi
ProtivpoZarni materijali
Gradevinska lepila
Smese za izravnavanje

Dekorativni premazi i malteri
Proizvodi za gradevinarstvo

www.ading.rs




ACO. The future
of drainage.




BUILDING TRUST

Kompanija Sika pruza trajnu dodatnu vrednost viasnicima od ispitivanja uslova i razvoja inicijalnog koncepta ojatanja
gradevinskih objekata, njihovim konsultantima i izvodacima, pa sve do uspesnog zavrsetka i primopredaje projekta
kao i tehnicku podrsku tokom svih faza projekta,

SIKA - VAS PARTNER NA GRADILISTU SIKA VREDNOSTI I INOVACIJE U GRABEVINI

BT *
&"ﬂ&ﬁ
m Globalni lider na trzistu gradevine i gradevinske hemije m Integrisani proizvodi i sistemi visokih performansi koji
m Najbolja tehnitka ekspertiza i praksa za sanaciju betona i mogu da povecaju i poboljsaju kapacitet, efikasnost,
strukturalna ojacanja trajnost i estetiku zgrada i drugih objekata - u korist nasih
m Odlicna reputacija kod vodecih izvodaca i ugovaraca posla klijenata i boljeg odrZivog razvoja

m Sika mreZa obucenih i iskusnih gradevinskih stru¢njaka

POTVRBDENI SIKA SISTEMI | TEHNIKE APLICIRANJA

m ReSenja za gotovo sve uslove apliciranja m Preko 40 godina iskustva u strukturalnim ojacanjima,
m Kontrolisano vreme rada, vreme sazrevanja i otvrséavanja sistemima i tehnikama

za razlitite vremenske uslove m Proizvodi i sistemi sa brojnim testovima i procenama kako
m Posebna resenja zavrsnih ojacanja za koris¢enje kod betona internim tako i eksternim

slabije jacine i drugih podloga m Najvisi medunarodni standardi proizvodnje i kontrole

kvaliteta
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Put inZenjering d.o.o punih 25 godina
radi kao specijalizovano preduzece za
izgradnju infrastrukture u niskogradniji i
visokogradnji, kao i proizvodnjom
kamenog agregata i betona. Preduzece
se bavi i transportom, uslugama
gradevinske mehanizacije i
specijalne opreme.

+

Koristeci inovativne tehnike i kvalitetan
gradevinski materijal iz sopstvenih resursa,
spremni smo da odgovorimo na mnoge zahteve
. nasih klijenata iz oblasti
niskogradnje.

Osnovna prednost prefabrikovane konstrukcije
jeste brzina kojom konstrukcija moze biti

== projektovana, proizvedena, transportovana i
namontirana.

[

Izvodimo hidrogradevinske radove u izgradnji
kanalizacionih mreza za odvodenje atmosferskih,
otpadnih i upotrebljenih voda, izvodenjem
hidrogradevinskih radova u okviru regulacije
re¢nih tokova, kao i izvodenjem hidrotehnickih
objekata.

Povrsinski kop udaljen je 35 km od Nisa. Savremene
drobilice, postrojenje za separaciju i sejalica
efikasno usitnjavaju i razdvajaju kamene agregate
po veli¢inama. Tehnicki kapacitet
trenutne primarne drobilice

je 300 t/h.
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Za spravljanje betona koristimo drobljeni
kre¢njacki agregat sa naseg kamenoloma,
deklarisanih frakcija, kontrolisane vlaznosti.
Kompletan proces proizvodnje i kontrole kvaliteta
vrSimo prema vaze¢im

standardima.

| Obradu armature vr$imo brzo, stru¢no i
kvalitetno, sa kompjuterskom preciznoséu i
dimenzijama po projektu.

L7555 2

Nasa kompanija u oblasti visokogradnje
primenjuje sistem prefabrikovnih betonskih
elemenata koji u odnosu na klasi¢nu gradnju
ima brojne prednosti.

Prednapregnute 3uplje ploce su konstruktivni
elementi visokog kvaliteta, proizvedeni u fabricki
kontrolisanim uslovima.

Izradujemo betonske "New Jersey profile" koji se u
svetu koriste za preusmeravanje saobracaja i
zastitu peSaka u toku izgradnje puta, kao i
Betonblock sistem betonskih

blokova.
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Uslugu transporta vrsimo automikserima,
kapaciteta bubnja od 7 m* do 10 m? betonske
mase. Za ugradnju betona posedujemo
auto-pumpu za beton, radnog utinka 150 m*/h,
sa duzinom strele
od36m.
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Kao generalni izvodac radova, vrsimo koordinaciju i

5_

svih u¢esnika na projektu, planiranje, pracenje i

nabavku materijala, kontrolu kvaliteta izvedenih

radova, postujuci zadate vremenske rokove i
finansijski okvir investitora.

Osnovi princip naseg poslovanja zasniva se na
individualnom pristupu svakom klijentu i
pronalaZenje najoptimalnijeg redenja za njegove

transportne i logisticke
potrebe.

Usluge gradevinskom mehanizacijom vrsimo
tehnicki ispravnim masinama, sa potrebnim
sertifikatima kako za rukovaoce gradevinskim
masinama tako i za same masine.

-

Raspolazemo opremom i masinama za sve
zemljane radove, kipere i dampere zarad u
teskim terenskim uslovima, automiksere i
pumpe za beton, autodizalice, podizne
platforme.

Sakupljanje i privremeno skladistenje otpada
vr$imo nasim specijalizovanim vozilima i
deponujemo na nasu lokaciju sa odgovaraju¢om
dozvolom. Kapacitet masine je 250 t/h

(@ gradevinskog neopasnog

NIS

Knjazevacka bb, 18000 Ni3 - Srbija
+38118 215 355
office@putinzenjering.com

BEOGRAD

Jugoslovenska 2a, 11250 Beograd - Zeleznik
+3811125 81111
beograd@putinzenjering.com
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;llu Tondach Krovni sistemi

Continental Plus Natura je premium crep u natur
segmentu! Dobro poznatog oblika, trajan i veoma
otporan, a povrh svega pristupa¢an, naprosto
oduzima dah svima. Cak i vasim komé&ijamal!

Continental Plus Natura crep potrazite kod
ovlaséenih Tondach partnera.

!

Wienerberger



VODOGRHDNM

PROIZVODNJA
| SPORUKA BETONA

ISPORUKA 1 UGRADNJA
ASFALTA

"MEDARCI"

18255 Pukovac, tel.018/813-622 separacija
mob. 062/2000-99, 063/475-350

VODOURADYA

E-mail: doovodogradnja@gmail.com




JiMaTe moKanmjy 3a usrpagmy
y beorpany niau Kparyjesny?
‘Q KoHTakTnpajie

\

Eﬂ
&
2
A N

( Z1
. z ; > ,’/.\'“'*
= ¥ "z
~f # ~
,f":! l/ | .
— g ﬂ‘ LB
"= I 2 A7
f/! F -~
=1 = N ri
A |‘§ - =
Z Fl -
s " I! 5
Z l =
= s
= III ; = =

3

| \/ TUM Cprq}baKa
_-u. IR |
Pr| »s \/ 25 ropgmnHa I/ICKYCTBa

' "ﬂ = TERRTHNT Fe. S
\/ BUIIIE CTOTMHA 06]eKaTa



PERI sistemi oplata i skela
Resenja za infrastrukturne projekte

Optimizacija procesa, sigurnost i efikasnost izvrSenja. P E RI
Ve¢ 50 godina PERI je pouzdan partner u oblasti sistema oplata i skela

| to u svim fazama projekta, od planiranja do zavrSetka radova. PERI

sisteme karakteriSe maksimalna jednostavnost montaze i rukovanja kao

i maksimalna fleksibilnost prilikom medusobnog kombinovanja kod
specijalnih objekata, inovativni dizajn, odlicna mehanicka svojstva i Oplate

Skele

prakti¢ni detalji izradeni prema visokim standardima kvaliteta koji su InZenieri
nZenjering

idealni za teSke uslove rada na gradiliStu.

Saznaijte viSe o PERI sistemima i reSenjima na naSem sajtu. www.peri.rs
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