














































































































































































































koeficijenata reakcije tla za razli¢ite geoloske slojeve na
predmetnoj lokaciji i verifikuju koriS¢enih modula -
koeficijenata reakcije pri proracunu [3] i [5]. Da bi se
doSlo do trazenih podataka, predvudeno je da se na
Sipove, preko pomoénog horizontalnog rama, nanosi sila
hidraulickom presom tako da se Sipovi medusobno
privlace primi€u u horizontalnom pravcu. Pri
opterecivanju se mjeri sila i inicijalno pomjeranje Sipova
u inkrementima, a takode i vremenska deformacija do
dostizanja brzine deformacije koja se moZe smatrati
zavrSetkom deformisanja.

3.1 Obim i uslovi ispitivanja

Programom ispitivanja je predvideno da se ispitaju
CGetiri para Sipova [4]. Dva para na vrhu doka 3, a dva na
vrhu doka 4. Polozaj Sipova koji su predvideni za
ispitivanje prikazani su na slici i 3. (Pozicije ispitivanja
Sipova su zbog znacajnog smanjenja finansijskih
sredstava odabrane na najpristupacnijim lokacijama
dokova 3 i 4, slika 1.) Zbog tehni¢kih poteSkoc¢a u
pristupacnosti nije ispitan jedan predvideni par Sipova na
doku 3 (test 4).

DOK 4/ JETTY 4

@
TH

method of lateral bearing capacity of vertical piles
assumed simultaneous testing of two piles in pair.
Besides the determination of the allowable bearing
capacity of the piles, the reverse analysis based on the
computational model used in the structural designs
should serve to derive actual coefficients of sub-grade
reaction for different geological layers on the site
concerned and to verify the coefficients of sub-grade
reaction used for the design computations [3],[5]. In
order to obtain the data required, it was envisaged to
apply lateral force by using a hydraulic cylinder, through
an auxiliary horizontal frame, and thus, made possible to
develop the changes of the distance between tested pair
of piles in the horizontal direction. During the testing the
lateral force and initial and incremental displacements of
piles were recorded, as well as the time-dependent
displacements until their rates reach the state that may
be considered as a completion of deformation.

3.1 Testing scope and requirements

Testing program specifies testing of four pairs of
piles - two pairs on the top of Jetty 3 and two pairs on
the top of Jetty 4 [4]. Position of piles subjected to
testing is illustrated in Figure 3 (As a result of a
significant fund size reduction, the positions for pile
testing are selected on the most accessible locations of
Jetties 3 and 4, Figure 1). Due to technical difficulties in
accessibility, testing on one pile pair of Jetty 3 (Test 4)
was not performed.
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Slika 3. Polozaj Sipova predvidenih za testiranje
Figure 3. Position of piles to be tested
Pri definisanju programa istrazivanja vodilo se At defining the Research Program, special attention

raCuna da ispitivanje bude Sto jednostavnije, a uz
koriS¢éenje standardne opreme. Takode, test je morao
biti tako postavljen da se obezbjedi Sto je viSe moguce
sliéni uslovi optereéivanja i granicni uslovi na Sipovima
koji ¢e kasnije biti ugradeni u dokove i sa rasponskom
konstrukcijom  €initi  jedinstvenu  cjelinu.  Posebnu
specifiénost ovog ispitivanja prestavljalo je ispitivanje u
otvorenoj morskoj vodi u kojoj su Sipovi izgradeni i u
vrijeme oseke su iznad povrSine vode maksimalno oko
70cm, dok su u vrijeme plime Sipovi prakticno bili
potopljeni u vodi.

Programom je takode definisano da se u toku

was paid to the most simplified testing method and use
of standard equipment. Further on, the underlying idea
for the test was to provide the conditions most similar to
the loading and boundary conditions for piles which are
planned to be installed in jetties and to form integrated
constituents to the upper-structure. A distinctive
specificity of this testing is related to its performance in
open seawater where the piles are constructed emerging
above water surface to maximum 70 cm in times of high
tide, while practically being submerged in the low tide
period.

The testing program also specifies that, in addition to
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ispitivanja, pored instrumentalnog osmatranja i mjerenja,
vrSi permanentno vizuelno osmatranje svih pomoénih
ramova, presa i instrumenata. Cilj osmaranja je da se
uocCe eventualna pomjeranja, klizanja, krivljenja, uvijanja
ili izvijanja ramova ili opreme koja bi mogla dovesti do
gubitka stabilnosti rama za ispitivanje ili dijela opreme, a
koji moze dovesti u opasnost tim koji ispituje Sipove.
Nosaci opreme i instrumenata za mjerenje pomjeranja
moraju biti dovoljno kruti i fiksirani tako da u toku
ispitivanja budu nepomjerljivi i bez vibracija koje mogu
uticati na mjerenja. Oko Sipova koji se ispituju potrebno
je montirati adekvatne skele i platforme kako bi se
obezbjedio nesmetan pristup [4].

Prije pocCetka ispitivanja nosivosti Sipova na
horizontalno optere¢enje proveden je test integriteta
Sipova ultrazvuénom metodom. Ovim testom je utvrdena
duzina Sipova i konstatovano je da li u Sipovima ima
eventualnih lokalna oStec¢enja u kontinuitetu betona.
Mjerena je dubina — duzina Sipa kroz slobodnu vodu.

3.2 Nagin testiranja

Ispitivanje je vrSeno po standardu ASTM D3966-81,
»Standard Method of Testing Piles Under Lateral Load.
Ovaj standard daje desetak tipi¢nih dispozicija testiranja.
Na slici 3. prikazano je nekoliko nacina ispitivanja
Sipova. Najjednostavniji nacin ispitivanja je da se dva
Sipa sa slobodnim krajem medusobno privlace uzetom ili
razmicu hidraulickom presom, kako je prikazano na slici
4.a. Ovaj nacin ispitivanja je najeftiniji, ali na adekvatan
naéin ne odrazavaju grani¢ne uslove. Naime, prema
projektu za dokove 3 i 4 jedan broj Sipova je ukljeSten u
gornju konstrukciju, kako je prikazano na
karakteristitnom popreénom presjeku doka 4 na slici 5,

[3].

instrumental observation and measurements, a conti-
nuous visual observation of all auxiliary frames, cylinders
and instruments will be performed during the testing.
The purpose of the observation is to identify any
eventual displacement, sliding, bending, twisting or
distortion of frames or equipment which could compro-
mise stability of the frame or equipment constituents
during the test procedure or pose a risk to the personnel
carrying out pile testing. Support frames of the
equipment and instruments for measurement of pile
displacements will be sufficiently rigid and fixed in order
to be immovable during the test procedure and exhibit
no vibrations that may affect the measurement.
Adequate scaffolding and platforms will be mounted
around the piles which are subject to testing to allow
unrestricted access [4].

Prior to testing the pile bearing capacity for lateral
load, the ultrasonic pile integrity test was conducted.
This test was used to determine the length of the piles
and identify any local damages to the concrete
continuity. The pile depth i.e. pile length through free
water was measured as well.

3.2 Testing method

Testing is performed in compliance with ASTM
D3966-81, »Standard Method of Testing Piles Under
Lateral Load«. This standard provides for about ten
typical disposition tests. Figure 3 illustrates several
methods of pile testing. The most simplified testing
method suggests that two piles with free ends are as
illustrated in Figure 4.a. This testing method is the most
cost-effective, yet does not indicate boundary conditions
in a proper manner. The most simplified testing method
is to reduce distance between two free-end piles by
using a rope or increase distance by means of hydraulic
cylinder, as illustrated in Figure 4.a. Though being the
most cost-effective, this method fails to reflect boundary
conditions in an adequate manner. Namely, the design
of Jetties 3 and 4 specifies that certain number of piles
has fixed ends to the upper structure, as illustrated in
Figure 4 showing a typical cross section of Jetty 4 [3].

w EEL HIH UEEEATRTA RS
o o h . -
~b-EHEHLE HEFEH=RGE . ;E:";‘H e GAGE
SEAM — BELH —., ; J._ ~
© o TES PILES IESTPILES - sy k] i
f'_),d—_\ JIAWESME LA . I(/_,{\II -._"i' Tf|'ﬂ'l'|,:l§' E&@‘:M-'.-ﬁ“'ﬁ- g s
T I I T ) | b ) p
T l- L Ry [ ':'r | 3 5 ~ &TFF FIATTE £
< ' = = -
1 ' H\\-._,-/r’ 200 Fin . - __,_,./ _.' |
L h M — — TESTPILES—
DE_GAGE DL GAGE - ]

a) Sistem sa kojim se dva Sipa koja se testriraju privlace uzetom ili odmi¢u presom, respektivno
/ a) Two-pile testing system of reducing or increasing the distance between piles by rope or cylinder respectively
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Slika 4. Moguce dispozicije testova za ispitivanje Sipova po standardu ASTM D3966-81
Figure 4. Possible test dispositions for pile testing in compliance with ASTM D3966-81 standard

Najbolji nacin za ispitivanje Sipova je da se zajedno
ispitaju Sipovi sa projekotvanom rasponskom konstruk-
cijom ili na nacin prikazan na slici 4.b. Ovaj nacin
ispitivanja nije bilo moguée izvesti zbog dugog vremena
za pripremu, cijene koStanja, a posebno zbog uticaja na
dinamiku izvodenja radova. Kao najbolje izvodljivo
rieSenje prihvacen je sistem prikazan na slici 4.c, stim
Sto su izvrSena prilagodavanja postojeéem stanju na
dokovima 3 i 4.

Sipovi su ispitivani u statikim uslovima, nanoSenjem
sile pomoc¢u hidrauli¢ne prese u zatvorenom c&eli€nom
reSetkastom ramu. Za ispitivanje je projektovan
reSetkasti ram prikazan na sl. 6. Celiéni ram obezbjeduje

The best available pile testing method implies that
piles should be tested together with the designed span
upper - structure or in the manner as illustrated in Figure
4.b. However, this testing method was not feasible due
to the long lead-time preparations, cost price and
particularly because of its impact on the schedule of
works. The system illustrated in Figure 4.c. was
accepted as the best possible option, though it required
some adjustments according to the existing conditions of
Jetties 3 and 4.

Tests on piles were conducted in static conditions, by
using hydraulic cylinder to apply force in the enclosed
steel brace frame. A brace frame illustrated in Figure 6
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Slika 5. Karakteristi¢ni poprecni presjek doka 4
Figure 5. Typical cross section of Jetty 4

da je jedan Sip (naspram prese) ukljeSten u ram, dok se
drugi Sip deformiSe-pomjera kao slobodno oslonjen na
vrhu. Medutim, zbog usteda, izvoda¢ radova je Kkoristio
ram, sastavljen od montaznih elemenata za ,Bejli” most,
ojacan i prepravljen za ispitivanje. Ovaj ram je prikazan
na fotografijama na sl. 7.

Prosje¢no ra¢unsko optereéenje vertikanih Sipova u
idejnom projektu dokova u horizontalnom pravcu iznosi
191,36kN, [3]. Programom ispitivanja je definisano da
maksimalna horizontalna sila pri testiranju bude 1.5 puta
veca od proracunske sile, dakle 287,04kN. Predvideno
je da se u toku testiranja optereéenje nanosi u Cetiri
inkrementa, po Cetvrtina maksimalno predvidene sile
testiranja. Opterecivanje i rastereéivanje Sipa se vrSi pri
dostizanju  eksploatacione  sile. Pri  nanoSenju
opterec¢enja mjere se pomjeranja vrha Sipa. Kada se
dostigne projektovana sila pojedinog inkrementa ona se
nadalje odrzava konstatnom dok promjena pomjeranja
ne padne ispod 0.25mm/sat. Pri mjerenju sile se mora
obezbjediti min. taénost od 3% od nanesene sile, a
tacnost mjerenja pomjeranja min 0,1mm. [4].

POGLED 1-1/ VIEW 1-1

was designed for the purpose of testing. The steel frame
provides for one pile (opposite the jack) a fixed end to
the frame, while allowing deformation i.e. displacement
of the other as a free end pile. However, due to cost-
savings, the contractor used a frame composed of the
prefabricated elements for Bailey Bridge, reinforced and
altered for the testing purposes. This frame is illustrated
in Figure 7.

The average lateral load acting on vertical piles
computed in the preliminary design of docks is 191.36kN
[3]. The Research Program specifies that maximum
lateral load during testing will be 1.5 times the computed
load, meaning 287.04kN. It is anticipated that during
testing the load should be applied in four increments
each equal to one fourth the maximum test load. Pile
loading and unloading was conducted at the level of the
working load. When applying the loading increment, the
displacements of pile head are measured. When each
incremental load is reached, it is held constant until the
rate of displacements is less than 0.25 mm per hour.
During the load measurement, a minimum achievable
accuracy should be 3% of the applied load with the
measurement accuracy of displacements of minimum
0.1mm [4].
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Slika 6. Projektovani ram za ispitivanje Sipova
Figure 6. Frame designed for pile testing
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Geodetska markica /
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Slika 7. Fotografije ispitivanja Sipova na doku 4
Figure 7. Photos of tests on piles supporting Jetty 4

Svi pomoc¢ni ramovi, prese, mjerai pomjeranja i
druga sredstva moraju biti dovoljnog kapaciteta za
ispitivanje. Pri tome prese moraju imati kapacitet min 1.5
x eksploataciona sila, a ostala oprema mora imati
mogiénost da se test izvede pri pomjeranjima dvostruke
veli¢ine u odnosu na ocekivano horizontalno pomjeranje.
Kao osnov za definisanje oc¢ekivanih sila koje mogu da
prenesu Sipovi i pomjeranja koja se mogu ocekivati
posluzili su proracuni provedeni u idejnim projektima

All auxiliary frames, jacks, displacement measuring
instruments and other devices should be of sufficient
capacity to enable testing, where the capacity of jacks is
not less than 1.5 times the working load, and thus, other
devices enable testing conducted at the double values
compared to the estimated lateral displacements. The
calculations provided in the preliminary designs of
Jetties 3 and 4 serve as basis for determining expected
loads that can be transmitted by piles and expected
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dokova 3 i 4. Imajuéi u vidu navedeno, maksimalno
planirano optereéenje Sipa u horizontalno pravcu je 30t
(300kN), pa je ram za optereéivanje, prese i druga
sredstva morala biti dovoljnog kapaciteta za apliciranje
navedene horizontalne sile. Maksimalno oc¢ekivano
pomjeranje jednog Sipa u horizontalno pravcu je oko
100mm.

Mjerenje pomjeranja su vrSena elektronskim
komparaterima i geodetskim opazanjem pomjeranja u
horizontalnoj ravni. Ocitavanja pomjeranja su vrSena
najmanje 5 puta u ravnomjernim intervalima u toku
nanoSenja sile u okviru jednog inkrementa opterecenja ili
rastereCenja. Po dostizanju pojedine sile inkrementa
ocCitavalo se pomjeranje sa komparatera nakon 1, 5, 15,
30 i 60 minuta, u preostalom vremenu na 1 sat do
smirivanja pomjeranja, tj. dok promjena pomjeranja ne
padne ispod 0.25mm/sat.

3.3 Opremaiinstrumenti za ispitivanje

Za nanoSenje opterecenja koriS¢ena je presa
kapacitata 300kN i hodom klipa 20cm. Za postizanje
pritiska u presi je koriSéena ru¢na uljna pumpa. Presa i
pumpa za ulje su vidljive na fotografijama sl. 7. Sila koja
se aplicira presom je mjerena preko bazdarenog
manometra ugradenog u presu. Mjerenje pomjeranja
Sipa ukljeStenog u ram vrSeno je digitalnim elektronskim
komparaterom i preciznim geodetskim instrumentom,
dok je mjerenje slobodno oslonjenog Sipa vrSeno samo
preciznim geodetskim instrumentom. Markice za
geodetsko mjerenje pomjeranja Sipova su vidljive na sl.
7. U svim inkermentima opetere¢ivanja vrSena su
nezavisna mjerenja jednim i drugim instrumentom.
Sematski prikaz mjerenja prema standardu ASTM
D3966-81 je prikazano na sl. 8.

DIAL GAGE MOUNTED
ON REFERENCE BEAM

displacements. Considering the aforesaid, maximum pile
design load in horizontal direction is 30t (300kN), hence
the load frame, cylinders and other devices required
sufficient capacity to accept applying the referred lateral
load. Maximum expected displacement of a single pile in
horizontal direction was about 100mm.

Measurements of displacements were conducted by
means of electronic dial gauges and geodetic
observations of displacements in the horizontal plain.
Displacement readings were conducted not less than
five times in equal time intervals during application of
load within one loading or unloading increment. When
final increment load is reached, the displacement
readings were obtained from the dial gauges in time
intervals of 1, 5, 15, 30 and 60 minutes and in the
remaining period of 1 hour until the displacement
remained constant, meaning the displacement rate was
reduced to less than 0.25 mm per hour.

3.3 Test equipment and instruments

A hydraulic jack of 300kN capacity and 20 cm long
piston was used for applying the load. A manual oil
pump is used to achieve pressure in the hydraulic jack.
The jack and the pump are illustrated in Figure 7. The
load applied by jack was measured by means of the
integrated calibrated manometer. Displacement of the
pile with end fixed to the frame was measured by means
of a digital electronic dial gauges and precise geodetic
instrument, while the free end pile displacement was
measured by the precise geodetic instrument only.
Geodetic referent points for the displacement of piles are
illustrated in Figure 7. In all loading increments the
independent measurements were conducted by either
instrument. The scheme of measurements in compliance
with ASTM D3966-81 standard is illustrated in Figure 8.

TARGET ROD
OR

LOAD mmmpp

J

R
[*—TEST PILES

DIAL GAGE
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Slika 8. Sema mjerenja pomjeranja
Figure 8. Scheme of the displacement measurements

3.4 Vremenski i prostorni raspored ispitivanja

Ispitivanje Sipova je vrSeno u periodu od 9 do 17 jula
2010 godine. Ispitivanje Sipova je izvedeno na
lokacijama koje su predvidene programom ispitivanja,
(vidi sliku 3.) U tabeli 1 prikazano je vrijeme ispitivanja i
pozicija ispitanih Sipova u odnosu na situaciju prikazanu
unasl.li3.

3.4 Schedule and placement of tests

Pile testing was conducted from 9-17 June 2010. Pile
testing was performed at the sites determined in the
Testing Program (Figure 3). Table 1 shows test dates
and position of tested piles compared to the site plan
presented in Figures 1 and 3.
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Tabela 1. Vrijeme ispitivanja i mjesto ispitivanih Sipova
Table 1. Date and place of pile tests

_Oz_n?ka éipa_ u Oznaka_l éipa_l u programu ispitivanja / Pile Datum ispitivanja Mjesto

izvjeStaju / Pile designation in Research Program Sipa ispitivanja /

desggsct)lrc;n n UkljeSten / Fixed end Slobodan / Free end / Pile test date Test site
TEST -1 Sip 1/ pile 1 Sip 2/ pile 1 14. 07. 2010. DOK 4
TEST -2 Sip 3/ pile 3 Sip 4 / pile 4 16. 07. 2010. DOK 4
TEST -3 Sip 5/ pile 5 Sip 6 / pile 6 17. 07. 2010. DOK 3

4 INTERPRETACIJA REZULTATA ISPITIVANJA
VERTIKALNIH SIPOVA NA HORIZONTALNA
OPTERECENJA

Ispitivanje Sipova je izvrSeno na dvije lokacije, i to:
pri vrhu doka 4 i pri vrhu doka 3, kako je i bilo
predvideno programom ispitivanja (sl. 1). Moguée
reprezentativnije lokacije za ispitivanje Sipova (po
sredini dokova) nisu bile slobodne zbog rasponskih
konstrukcija koje su se nalazile na njima. Odabrane
lokacije za ispitivanje Sipova bile su na izvjestan naéin
iznudene slobodnim Sipovima i pristupom, pa se zbog
toga i rezultati ispitivanja na ove dvije lokacije zna¢ajno
razlikuju.

4.1 Razmatrani parametrii procedure

Pri interpretaciji rezultata mjerenja neophodno je
voditi raéuna o tipu i duzini ispitivanih Sipova, vrstama
tla i slojeva u kojim je Sip izgraden, modelu za povratnu
analizu i sl. Radi toga u ovom dijelu se daje opis svih
bitnih parametara koji su razmatrani i procedura koje su
provedene u cilju definisanja dozvoljene nosivosti Sipova
u konstrukciji na horizontalna dejstva, a na bazi
rezultata testova provedenih na pojedinacnim Sipovima.

Tip i duzina Sipa

Ispitivanje je provedeno na Sipovima na kojima je
izvrSeno fundiranje rasponskih konstrukcija dokova 3i 4.
U ovom pogledu nije bilo potrebe vrsiti bilo kakve
korekcije ili skaliranja rezultata testiranja zbog razlike
testiranih i Sipova na kojim je fundirana konstrukcija.

Vrsta tla i slojeva u kojim je Sip izgraden

Ispitivani Sipovi su izgradeni u geoloSkoj sredini koja
se u regularnom poretku slojeva prostire u ¢itavoj zoni
dokova 3 i 4, pa su ispitivani Sipovi u tom pogledu
reprezentativni. Razlike koje se pojavljuju izmedu doka
3 i 4 se prvenstveno odnose na debljinu pojedinih
slojeva koja varira duz dokova.

Modul rekacije tla pojedinih slojeva tla u kojima su
izgradeni Sipovi

Pocetne vrijednosti modula reakcije tla su sraunate
primjenom formule Vesica,

4 INTERPRETATION OF THE RESULTS OF
TESTING VERTICAL PILES UNDER LATERAL
LOAD

Pile tests were conducted at two locations — near the
top of Jetty 4 and Jetty 3 as it was determined in the
Testing Program (Figures 1). Possibly more represen-
tative locations for pile testing (mid part of the docks)
were not available due to the existing span upper
structures. The selected locations were to some extent
conditioned by the presence of free piles and available
access; hence the test results at these two locations are
significantly different.

4.1 Considered parameters and procedures

When interpreting measurement results, attention
should be paid to the type and length of the tested piles,
type of soil and presence of layers, in which the pile is
embedded, reverse analysis model etc. Therefore, the
description of all relevant parameters employed and
procedures applied in order to define the allowable pile
bearing capacity at the structure under lateral loads and
based on the results of the tests conducted on each pile
is provided here below.

Type and length of the pile

Tests were carried out on the piles forming piled
foundation of the span upper- structures of Docks 3 and
4. In this regard no corrections or scaling of the test
results due to the difference arising between the tested
piles and the upper structure piled foundation was
required.

Type of soil and layers in which pile is embedded

Tested piles are built in a geological environment
extending over the total area of Jetties 3 and 4 in the
regular sequence of layers, thus the tested piles are
representative in this regard. Differences between Jetty
3 and Jetty 4 primarily refer to the thickness of single
layers which varies along the jetties.

Modulus of sub-grade reaction to piles for single layers

Initial values of modulus of sub-grade reaction are
calculated by Vesic's equation,

s 44
= 0.6512/ E. d*. E 2 (02)
d E,J, 1-n,
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Gdje suEs — modul elasti¢nosti tla Where Es — elastic modulus of soll
N, - Poasonov koeficijent za tlo N, - Poisson’s ratio for soil

Eplp — krutost Sipa Eplp  — rigidity of pile

d - precnik Sipa d — pile diameter

Table 2 shows values that are calculated based on
the soil properties provided in the Study on geotechnical
properties of individual layers [1].

Na osnovu podataka o karakteristikama tla datih u
elaboratu o geotehni¢kim karakteristikama pojedinih
slojeva tla sracunate su vrijednosti prikazane u tabeli br.
2, [1].

Tabela 2. Vrijednosti modula rekacije tla prema Vesicu
Table 2. Values of modulus of sub-grade reaction according to Vesic

Modul stigliivosti / Modula rekacije tla prema Vesicu / Prosje¢an modul
Vrsta tla (sloj) ! Modulus of sub-grade reaction after rekacije tla
Modulus of .
/ Type of sub-grade - Vesic [kN/m’] / Average modulus of
Compressibility - - - - :
(layer) [kPa] donja granica / gornja granica/ sub-grade reaction
Lower limit Upper limit [kN/m?]
Nasip
/ Embankment 3000 2210
Marinski sedimenti 5674-16467 3000 14604 8785
/ Marine sediments
Meke gline
/ Soft clays 5000 2587
Proluvijum 4545-35714 2334 20844 11588
/ Proluvium
FIiS i eluvijum flisa
/ Flysch and eluvium 10253-33330 8368 31348 19858
flysch

Model za povratnu analizu

Na osnovu izmjerenih pomjeranja vrha Sipa
povratnom analizom se doSlo do modula reakcije tla
pojedinih slojeva. Naime, Sipovi i tlo su modelirani u
programskom paketu TOWER na isti na¢in kako je to
uradeno i u projektu konstrukcije [3]. Sipovi su
modelirani kao Stapovi kojim su dodjeljene realne
geometriske i materijalne karakteristike Sipova, a tlo je
modelirano oprugama sa konstantnim modulima reakcije
tla za pojedine slojeve. Celiéni ram za ispitivanje Sipova
je modeliran kao ravanski. U ospisanom numeri¢kom
modelu su ucinjena izvjesna pojednostavljenja, narogito
u pogledu ponaSanja tla. Medutim, tretiranjem
"problema” na istom modelu tla, u proradunu
konstrukcije i povratnoj analizi, uticaji pojednostavljenja
su priguSeni i bez bitnog uticaja na krajnji rezultat za
predmetni problem. Sema modela za analizu nosivosti
Sipova je prikazana na sl. 9.

UkljeSteni Sip je analiziran posebnim modelom
zajedno sa ramom-reSetkom za nanoSenje horizontalne
sile (sl.9.a), dok je u posebnom modelu analiziran
slobodno oslonjen Sip optereéen istom horizontalnom
silom i vertikalnom rekacijom rama na mjestu slobodno
oslonjenog Sipa, sl.9.b. Nakon iterativnog postupka
iznalazenja vrijednosti modula reakcije tla, prema
rezultatima testa 3, dobijene su racunske vrijednosti iz
povratne analize prikazane u tabeli 3.

Reverse analysis model

Based on the measured pile head displacements, the
modulus of sub-grade reaction of individual layers was
derived from the reverse analysis. Namely, the piles
embedded in soil were modeled using TOWER software
package in the same manner as applied for the
structural design [3]. The piles were defined as rods
having the same geometric and material properties as
the real pile, while the soil was modeled using springs
with constant modulus of sub-grade reaction for
individual layers. Steel frame for pile testing was
modeled as a plane frame. The described numerical
model involved some simplifications, particularly for the
soil behavior. However, effects of such simplifications
were mitigated and did not cause any relevant impact to
the final result for the problem concerned by the
treatment of “the problem” using the same soil model as
in the structural computations and reverse analysis. The
schematic model used for analysis of the pile bearing
capacity is illustrated in Figure 9.

The fixed end pile was analyzed in one model case
together with the frame-grid used for applying the lateral
load (Figure 9.a), while another model case was used for
the analysis of the free end pile being subject to the
same lateral load and vertical reaction of the frame at
the point of the free end of the pile (Figure 9.b). After
iterative process of determining values of the modulus of
sub-grade reaction, based on the Test 3 results, the
computed values were obtained from the reverse
analysis as shown in Table 3.
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Tabela 3. Vrijednosti modula rekacije tla dobijene povratnom analizom
Table 3. Values of modulus of sub-grade reaction derived from the reverse analysis

Prosje¢an racunski modul rekacije tla prema Vesiéu /
Vrstatla (sloj) Average computed modulus of sub-grade reaction
/ Type of sub-grade (layer) according to Vesic
[kN/m?)
Nasip / Embankment 3000
Marinski sedimenti / Marine sediments 14000
Meke gline / Soft clays 5000
Proluvijum / Proluvium 10000
FIiS i eluvijum flisa
/ Flysch and flysch eluvium 20000
W
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Slika 9. Sematski prikaz modela $ipa i rama za ispitivanje a) ukljedten 3ip, b) slobodan 3ip
Figure 9. Schematic model of pile and frame for a) fixed end pile, b) free end pile

Rezultati prikazani u tabeli 3 su dalje analizirani u
kontekstu dobijenih rezultata mjerenja na parovima
Sipova testiranih na doku 3 i 4.

4.2 Uporedna analiza rezultata mjerenja i proraéuna

Test 3 proveden na paru Sipova u produzetku doka 3
ukazuje na relativno malu dozvoljenu nosivost Sipova na
horizontalna optere¢enja. Naime, ovi Sipovi su izgubili
nosivost ve¢ kod horizontalne sile od 75-80kN, dok je
zahtjevana dozvoljena nosivost 190kN. Koristeci

The results shown in Table 3 were further analyzed
in the context of the results obtained from measure-
ments conducted on the pairs of piles tested at Jetties 3
and 4.

4.2 Comparative analysis of measuring and
computation results

Test 3 conducted on the pair of piles located in
continuation of Jetty 3 indicates a relatively low
allowable bearing capacity of piles under lateral load.
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pomjeranja vrha Sipa dobijena pri horizontalnoj sili od
70kN povratnom analizom su dobijene vrijednosti
modula reakcije tla prikazane u tabeli 3.

Sracunata pomjeranja vrha Sipa pri horizontalnoj sili
od 70 kN (vidi sl. 10), ralativno dobro se poklapaju sa
izmjerenim vrijednostima. Tako za slobodno oslonjen Sip
sraunato pomjeranje iznosi 64.97mm, dok je izmjerena
vrijednost oko 74mm. Za ukljeSteni Sip sracunato
pomjeranje iznosi 35.68mm, dok je izmjerena vrijednost
oko 25mm. Na slici 10. je prikazan dijagam mjerenih i
sradunatih horizontalnih pomjeranja vrha Sipa.

Namely, these piles loose bearing capacity already
under lateral load of 75-80kN, while the required
allowable bearing capacity is 190kN. Using the pile head
displacements, values of modulus of sub-grade reaction
reached under lateral load of 70kN (Table 3) were
derived from the reverse analysis.

Computed pile head displacements under lateral
load of 70kN (Figure 10) relatively well coincide with the
measured values. Consequently, the computed value for
the free end pile is 64.97 mm and the measured value is
74 mm. In case of the fixed end pile, the computed value
is 35.68 mm and the measure value is 25mm. Chart of
measured and computed lateral displacements of pile
head is illustrated in Figure 10.

Sile / Farce [kN]
o S0 L O 150
% o0
£
= 20
=
a
E a0 35.6
=
F 60
[}
—
& 80 t 64.9
=
e
A 100
E
f=]
& 120

250 300

==Lk |jijedten Sip
[ fix end pile

—— Slobodan Sip [/
free end pile

Slika 10. Dijagram mjerenih i sra¢unatih horizontalnih pomjeranja vrha Sipa TEST 3
Figure10. Chart of measured and computed lateral displacements of pile head TEST 3

Testovi 1 i 2 su proveden na dva para Sipova u pro-
duzetku doka 4 i prenjeli su znacajno veée horizontalne
sile (prije gubitka nosivosti) u odnosu na Sipove ispitane
u vrhu doka 3. Ovi Sipovi su premasili zahtjevanu
dozvoljenu nosivost od 190kN i izgubili nosivost kod
horizontalne sile 240kN ili iznad 280kN. Koristeci
rezultate povratne analize za module reakcije tla iz testa
3, pri horizontalnoj sili od 190kN (radno optereéenje)
dobijene su raéunske vrijednosti pomjeranja vrha Sipa,
Sto je prikazano na dijagramima Slika 11 i 12.

Sradunata pomjeranja vrha ukljijeStenog Sipa pri
horizontalnoj sili od 190 kN (vidi sl. 11 i 12), relativho
dobro se poklapaju sa izmjerenim vrijednostima. Za
slobodan Sip sraunata pomjeranja su znac¢ajno veéa. U
cilju iznalazenja modula reakcije pojedinih slojeva tla,
koji ¢e dati dobra poklapanja sracunatih i izmjerenih
pomjeranja slobodno oslonjeg i ukljeStenog Sipa,
izradeno je desetak modela i variran veliki broj
kombinacija modula reakcija tla za razli¢ite slojeve tla u
realnom geoloSkom presjeku. Medutim, ukoliko se
zadaju moduli reakcije takvi da se racunski rezultati
pomjeranja vrha ukljeStenog Sipa dobro poklapaju, onda
rezultati za slobodni Sip znacajno odstupaju i obrnuto.

Test 1 and Test 2 were conducted on the two pairs of
piles located in continuation of Jetty 4 and their recorded
transmission was of significantly higher lateral load
(before losing bearing capacity) compared to the piles at
the top of Jetty 3. These piles have exceeded the
allowable bearing capacity of 190kN and lost bearing
capacity under lateral load of 240 to 280kN. Using the
results of the reverse analysis for modulus of sub-grade
reaction applied for Test 3, values of pile head
displacements under lateral load of 190kN (work load)
are obtained, as illustrated in Figure 11 and Figure 12.

Computed displacements of fixed end pile head
under lateral load of 190kN (Figure 11 and Figure 12)
relatively well coincide with the measured values. In the
case of free end pile, computed displacements are
significantly higher. In order to determine modulus of
reaction of single soil layers that would ensure a close
match of computed and measured displacement of free
end and fixed end piles, about ten models was
generated with different values used for modules of sub-
grade reaction of individual layers in the real geological
section. However, where used modules of sub-grade
reaction are such that results of displacement of the
fixed end pile head provide a close match, the results for
the free end pile exhibit significant discrepancies and
vice versa.
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Slika 11 . Dijagram mjerenih i sracunatih horizontalnih pomjeranja vrha Sipa TEST 1
Figure 11. Chart of measured and computed lateral displacements of pile head TEST 1
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Slika 12. Dijagram mjerenih i sracunatih horizontalnih pomjeranja vrha Sipa TEST 2
Figure 12. Chart of measured and computed lateral displacements of pile head TEST 2

Dalje analize su ukazale da se dolazi do prihvatljivih
rezultata, ako se u visini dna mora (aktuelnog terena)
postavi ojaanje tipa AB plo¢e, sloja vrlo nabijenog
kamena, i sl. Ovo ojacanje bi se moglo povezati, ali ne i
dokazati bez dodatnih radova, sa lokacijom ispitivanja
na vrhu doka 4 gdje je, moguce, vrSeno ojacanje
"grudobrana” od talasa.

Jedan ovakav model sa ojaGanjem u visini morskog
dna je dao rezultate koji se najbolje uklapaju u izmjerena
pomjeranja Sipova u testu 2 kako je prikazano na slici
13. Pri racunskoj analizi su koriS¢eni ve¢ ranije definisani
moduli reakcije tla iz testa 3, prikazani u tabeli 3.
OjaCanje u visini morskog dna nije bitno uticalo na
sracunate vrijednosti pomjeranja vrha uklijeStenog Sipa,
dok su vrijednosti pomjeranja vrha slobodnog Sipa
smanijene i priblizile su se mjerenim vrijednostima, sl 14.
Uporedna analiza izmjerenih vrijednosti pomjeranja
Sipova i racunskih modela ukazuju da su povratnom
analizom dobijene realne vrijednosti modula rekacije
pojedinih slojeva tla.

Further analysis indicated that acceptable results for
pile behavior can be achieved if a concrete slab or
similar reinforcement, as densely compacted stone layer
etc. is installed at the sea floor level (actual ground
surface). This kind of reinforcement could be joined but
not verified without additional works at the location of
testing place at the top end of Jetty 4, where, possibly,
the reinforcement of breakwater against wave action
was already carried out.

Previous model with reinforcement at the sea floor
level showed the results which fit best to the computed
displacements of piles subject to Test 2 as illustrated in
Figure 13. Computational analysis employed modules of
sub-grade reaction as previously defined in Test 3 and
shown in Table 3. Reinforcement at the sea floor level
displayed no relevant impact on the computed
displacement values of the fixed end pile head, while
displacement values of the free end pile head were
reduced and approached the measured values, Figure
14. Comparative analysis of computed values of pile
displacements and computational models from reverse
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Slika 13. Sematski prikaz modela sa ojadanjem a) ukljesten Sip, b) slobodan Sip
Figure 13. Schematic model with reinforcement for a) fixed end pile, b) free end pile
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Slika 14 . Dijagram mjerenih i sracunatih horizontalnih pomjeranja vrha Sipa za model sa ojac¢anim slojem u nivou
morskog dna
Figure 14. Chart of measured and computed lateral displacements of pile head for model with reinforced layer at the sea
floor level
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Iz dijagrama sila — pomjeranje prezentovanih na
slikama 11 i 12 moZe se vidjeti da se pri ciklusima
opterecenja (do projektovane sile 190 kN) i rasterecenja
akumuliraju plastiéne (nepovratne) deformacije koje
progresivno rastu sa povecanjem broja ciklusa. Pri
testiranju na staticka optere¢enja Sipova nije izveden
veliki broj ciklusa opterecenja i rasterecenja da bi se
mogala ocijeniti deformacija posle velikog broja ciklusa
(npr. pri dejstvu zemljotresa), ali je iz ponovljenog testa
1, sl.11, sasvim vidljivo da posle tri cikusa opterecéivanja
prirast plasticne deformacije nije konacan. Ciklicno
optereceivanje nije bilo predmet ispitivanja pa nije bilo
moguce provesti detaljnije analize.

5 ZAKLJUCAK O PROCJENI DOZVOLJENE
HORIZONTALNE NOSIVOSTI VERTIKALNIH
SIPOVA

Ispitivanjem  dozvoljene nosivosti  Sipova na
horizontalno staticko opterecenje doSlo se do realnih
podataka o dozvoljenoj nosivosti Sipova, koja je
pokazala da su prosje¢ne nosivosti Sipova oko 196kN.
Ova dozvoljena nosivost se moze povezati sa slobodno
oslonjenim Sipom, dok je dozvoljena nosivost Sipova
ukljeStenih u konstrukciju veéa. Uporednom analizom
rezultata radunskog modela i mjerenih vrijednosti
pomjeranja vrha Sipa doSlo se do relativno pouzdane
procjene o modulima reakcije tla u horizontalnom pravcu
za pojedine slojeve tla na predmetnoj lokaciji i prosje¢ne
dozvoljene horizontalne nosivosti Sipova.

Na osnovu rezultata mjerenja na terenu i dobijenih
vrijednosti parametara iz povratne analize mozZe se
zakljuciti da su moduli reakcije tla dobijeni povratnom
analizom znacajno veéi od prosje¢nih modula koji su
dobijeni primenom formule Vesiéa, a na osnovu
procjenjenih vrijednosti modula stiSljivosti  pojedinih
slojeva tla u geoloskom elaboratu. Realne vrijednosti
modula rekacije tla primjenom formule Vesi¢a se
dobijaju za gornje procjenjene vrijednosti modula
stisljivosti tla, Sto su korisni podaci za buduce projekte
koji su planirani u zoni marine.

Iz prezentovanih dijagrama sila — pomjeranje moze
se vidjeti da se pri ciklusima optereéenja i rasterecenja
akumuliraju plastiéne (nepovratne) deformacije koje
progresivno rastu sa povecanjem broja ciklusa i nivoa
dostignute sile pri optere¢ivanju. Zaostale plasticne
deformacije zglobno vezanih Sipova za konstrukciju su 2
do 2,5 puta vece od plasticnih deformacija Sipova
ukljeStenih u gornju konstrukciju.

analysis indicates that the reverse analysis provided
actual values of modulus of sub-grade reaction for
individual layers.

It is evident from the load-displacement chart
illustrated in Figure 11 and Figure 12 that the irreversible
plastic deformations increasing progressively as the
number of cycles increases, and accumulate under
loading (up to design load of 190kN) and unloading
cycles. At testing piles for static loads, number of loading
and unloading cycles applied was not high enough in
order to enable estimation of accumulated deformation
after much higher number of cycles (e.g. during
earthquake impact). Therefore, from repeated loading in
Test 1 (Figure 11), it is clearly visible that after three
loading cycles, the increment of plastic deformation is
not final. As the load-cycling versus displacements study
was not envisaged for consideration during these tests,
no further analysis could be conducted.

5 CONCLUSION ON ESTIMATION OF THE
ALLOWABLE LATERAL BEARING CAPACITY OF
VERTICAL PILES

By testing the allowable bearing capacity of piles
under lateral static load the actual data on the allowable
pile bearing capacity is derived indicating an average
bearing capacity of piles of approximately 196kN. This
allowable bearing capacity can be related to the free end
piles, while it is higher in the case of the files having
fixed ends to the upper structure. By comparative
analysis of the computational model results and
measured displacement values of pile head, a relatively
reliable estimation was obtained for modulus of sub-
grade reaction in horizontal direction for individual soil
layers on the location concerned and also average
allowable lateral bearing capacity of piles.

Based on the in-situ measuring results and the
values of parameters obtained from the reverse analysis,
it can be ascertained that the modules of sub-grade
reaction derived from the reverse analysis are
significantly higher than the average modules obtained
by Vesic's equation based on the estimated elastic
modules of individual soil layers in the Geological Study.
Actual values of the modules of sub-grade reaction
based on Vesic's equation are obtained using upper
estimated values of the modules of soil compressibility;
this is a useful information for further projects planned in
the same marina zone.

It is evident from the presented load-displacement
charts, that the irreversible plastic deformations
increase progressively as the number of cycles and level
of the achieved load raise, and accumulate under
loading and unloading cycles. Residual plastic
deformations of the piles with a hinged joint to the upper
structure are from 2 to 2.5 times larger than the plastic
deformations of the piles having ends fixed to the upper
structure.
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REZIME

ISPITIVANJE DOZVOLJENE NOSIVOSTI VERTIKAL-
NIH SIPOVA NA HORIZONTALNA STATICKA
OPTERECENJA NA DOKOVIMA MARINE ZA MEGA
JAHTE PORTO MONTENEGRO TIVAT, CRNA GORA

Zvonko TOMANOVIC

Sipovi postojeéih dokova marine za mega jahte
~Porto Montenegro” su izvedeni uglavnom kao vertiklani.
Pored nosivosti u vertikalnom pravcu, vertiklani Sipovi
moraju imati i dovoljnu nosivost u horizontalnom pravcu
zbog prenoSenja horizontalnih sila od brodova (sile
vezivanja ili udar broda), vjetra, sila ko¢enja od vozila, i
sl. Na predmetnoj lokaciji nema podataka o ranijem
ispitivanju Sipova na horizontalna dejstva, postoji
ograni¢eno iskustvo u prenoSenju horizontalnih sila
vertikalnim Sipovima u predmentoj geoloskoj sredini
(gornji slojevi tla su marinskog porijekla). Imajuéi u vidu
navedeno, moguci rizik na predmetnoj lokaciji se moze
okarakterisati kao visok, pa se pristupilo ispitivanju
dozvoljene nosivosti vertikalnih Sipova na horizontalne
sile testiranjem na licu mjesta, a u cilju verifikacije
prora¢una dozvoljene nosivosti vertikalnih Sipova na
horizontalna dejstva datih u idejnim projektima dokova.
Povratnom analizom su definisani moduli reakcije
pojedinih slojeva tla.
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nosivost, test, marina
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SUMMARY

TESTING OF ALLOWABLE BEARING CAPACITY OF
VERTICAL PILES UNDER LATERAL STATIC LOAD
ON THE DOCKS OF THE MEGA-YACHT MARINA
PORTO MONTENEGRO TIVAT, MONTENEGRO

Zvonko TOMANOVIC

Pile support system of the existing docks of marine
for mega yachts “Porto Montenegro” is mainly consisted
of vertical piles. In addition to the vertical bearing
capacity, the piles must have adequate lateral bearing
capacity to stand lateral load transmitted by vessels
(anchor force or ship collision force), wind load, vehicle
break force etc. There is a limited experience in
transmission of lateral forces by vertical piles in the
referred geological environment that is relatively
unfavorable (upper soil layers are of marine origin).
Considering the aforementioned circumstances, the risk
level for the jetty structure on the site concerned may be
designated as high; hence the in-situ tests of the
allowable bearing capacity of piles for lateral loads were
conducted in order to verify computation of the allowable
bearing capacity of vertical piles for lateral loads as set
out in the preliminary designs of jetties. Reverse analysis
was used to determine modules of sub-grade reaction
for individual layers.

Key words: vertical pile, lateral bearing capacity,
test, marine jetty
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NEKI PRIMERI PRIMENE TERMOGRAFIJE U DIJAGNOSTICI POSLEDICA
ZEMLJOTRESA NA OBJEKTIMA ZASTITE KULTURNE BASTINE

SOME EXAMPLES OF THERMOGRAPHY APPLICATION IN DETECTING
EARTHQUAKE DAMAGES TO BUILDINGS OF CULTURAL HERITAGE PROTECTION

Slavica RISTIC

Suzana POLIC-RADOVANOVIC
Mila POPOVIC-ZIVANCEVIC
Bore JEGDIC

1 uvoD

Multidisciplinarni pristup istrazivanju problema zastite
bastine polazi od dijagnostike stanja okruZenja, ukljucuje
i interdisciplinarno povezuje sve neophodne aktivnosti i
mere zaStite objekata i artefakata, koji su valorizovani
kao prirodne i kulturne vrednosti. Navedeni pristup na
navedene probleme obuhvata razli¢ite oblasti kao Sto su:
termoenergetika, procesna tehnika, tehnologija materi-
jala, laserske tehnike, mehanika fluida, heritologija,
meteorologija, ekologija, arheologija, informatika, istorija
umetnosti i mnogo drugih disciplina [1-20].

Navedeni pristup zaStite od posebnog je znacaja u
akcidentnim situacijama, kao Sto je slu¢aj zemljotresa u
Kraljevu. U zemljotresu koji se dogodio 3 novembra
2010. godine, kao i u potresima koji su usledili, oSte¢eno
je viSe objekata ustanova zaStite. Za analizu uticaja
zemljotresa na gradevinske konstrukcije koriste se
razli¢ite metode [3,4]. U cilju blagovremenog otkrivanja
oStecenja usled zemljotresa na zgrade Narodnog
muzeja i Istorijskog arhiva, kao i utvrdivanja delovanja
klimatskih uslova i vlage na tim objektima, izvrSena su
ispitivanja primenom infracrvene termografije.

Termografija je samo jedna od metoda koje nalaze
Siroku primenu u procesu preventivne i kurativne
konzervacije. Ona je jedna od najefikasnijih tehnika
beskontaktnog ispitivanja i monitoringa kompleksnih
gradevinskih objekata [1,2,5-108,14-20]. Neprocenjiva je
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UDK: 772.96:699.841 = 861

1 INTRODUCTION

A multidisciplinary approach to research problems of
cultural heritage protection is based on the diagnostics
of the environmental surrounding, including inter-
disciplinary links all the necessary actions and measures
to protect objects and artefacts, which are determined as
natural and cultural values. A mentioned approach of
these problems involves a variety of areas such as:
thermal techniques, processing techniques, materials
technology, laser technology, fluid mechanics, herito-
logy, meteorology, ecology, archaeology, computer
science, art history and many other disciplines [1-20].

This approach of protection is particularly important
in accident situations, as it is earthquake in Kraljevo.
During the earthquake, which occurred on the 3rd
November 2010 year, and earthquakes, that followed,
several buildings of heritage protection were damaged.
These buildings need to be quickly restored, but first of
all checked. For the analysis of the structures subjected
to earthquake, the different methods are used [3,4]. For
the purpose of early earthquake damage detection to the
buildings of the National Museum and the Historical
Archives, as well as determining the effects of climate
and moisture conditions, tests were carried out using
infrared thermography.

Thermography is one of the methods that are widely
used in the process of preventive and curative conserva-
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u dijagnostici toplotnih gubitaka u gradevinama,
prisustvu vlage u gradevinskim objektima, stanju
betonskih konstrukcija, pregledu podnog grejanja i
eventualnih curenja sistema vodovodnih i grejnih cevi,
lociranja loSe izolacije, proceni termickih performansi,
dihtunga i zaptivki, lociranju grejnih Zica i cevi, detekciji
delaminacije na fasadama, u betonskim mostovima i
drugo. Termografija se koristi i za detekciju kapilarnog
prodiranja vode u gradevinskim objektima, kao i za
otkrivanje zone potencijalne kondenzacije vlage iz
vazduha.

U svetu se termografija koristi kao metoda za
preventivho odrzavanje objekata i metoda ispitivanja
njihove energetske efikasnosti. Kod nas je metoda koja
beleZi sve vecu primenu, ali joS uvek nije dostigla
zadovoljavajuci nivo primene.

2 OSNOVNI PRINCIPI INFRACRVENE
TERMOGARFIJE

Termografija se moze definisati kao tehnika pomocéu
koje se registruje infracrveno zracenje, karakteristicno za
svaki objekat, Cija temperatura je iznad apsolutne nule.
Ovo zraCenje je posledica neprekidnog kretanja
elementarnih naelektrisanih €estica unutar materije.
Danas se Kkoristi veoma sofisticirana opreme za
termografijju, podrzana slozenim  softverom za
dijagnostiku  stanja objekata na bazi njihovog
infracrvenog zragenja [1,64,19,20].

Objekti u naSem okruzenju razmenjuju toplotu
neprekidnim apsorbovanjem i emitovanjem infracrvenog
zraCenja. Emisija toplotnog zraCenja je zavisna od
raspodele temperature, a preko nje je zavisna od
kompletnog stanja ispitivanog predmeta. IC termografija
je beskontaktna metoda merenja temperature i njene
raspodele na povrsSini tela. Rezultat termografskog
merenja je termogram, koji u sivim tonovima ili nekom
kodu boja, daje sliku temperaturne raspodele na povrsini
posmatranog  objekta.  Temperaturna  raspodela
posredno daje informaciju o stanju same povrsine ili je
pak odraz strukture i unutraSnjeg stanja posmatranog
objekta. U najjednostavnijoj verziji, termografski sistem
se sastoji od termografske kamere i jedinice za obradu
termograma (PC). U samoj kameri integrisana je IC
optika visokog kvaliteta, senzor IC zracenja, jedinica za
pretvaranje elektricnog u video signal, monitor i kartica
za prikupljanje podataka. Racunar sluzi za obradu
termograma pomocu specijalnog softvera. Materijali koji
se koriste za izradu so€iva termografskih kamera moraju
biti propusni za IC zragenje, a to su; germanijum, cink
sulfid, cink selenid, za dugotalasna IC zraenja, te
silikon, safir, kvarc ili magnezijum, za kratka i
srednjetalasna IC zraenja.

Sve podatke, vezane za svojstva povrSine objekta
(emisivnost, transparentnost i absorptivnost),
temperaturu okolnih objekata, udaljenost kamere od
posmatranog objekta, temperaturu i relativnu vlaznost
vazduha, potrebno je prethodno podesiti kao ulazne
parametre u softveru kamere. Takode je veoma bitno
termografska ispitivanja raditi pri temperaturnim i
metroloSkim uslovima pogodnim za primenu ove
metode. Danas se infracrvena termografija koristi u
skoro svim sferama ljudske delatnosti. Pored spomenute
primene u tehnici i gradevinarstvu, posebno

tion. It is one of the most effective techniques for
contactless testing and monitoring of complex buildings
[1,2,5-108,14-20]. The thermography is invaluable tool in
the diagnosis of heat losses and the presence of
moisture in buildings, the state of concrete structures,
review of floor heating systems, leakage of water or
heating pipes, locating the poor insulation, estimation the
thermal performance, seals and gaskets, location of
wires and heating pipes, delamination detecting on the
facades, in concrete bridges and so on. Thermography
is used for detection the capillary water penetration in
buildings, and to detect potential areas of moisture
condensation from the air.

Thermography is used throughout the world as a
method for preventive maintenance of buildings and
method of their energy efficiency testing. In our country
thermography records the increasing use, but has not
yet reached a satisfactory level of implementation.

2 THE BASIC PRINCIPALS OF THERMOGRAPHY

Thermography can be defined as a technique by
which the infrared radiation can be recorded,
characteristic for each object whose temperature is
above absolute zero. This radiation is the result of
continuous motion of elementary charged particles
inside matter. Today, a very sophisticated equipment for
thermography is in use, and it is supported by complex
software for diagnostic the state of objects, based on
their infrared radiation [1,64,19,20].

Objects in our environment continuously exchange
heat by absorbing and emitting the infrared radiation.
Emission of thermal radiation depends on temperature
distribution, and through it is dependent on the entire
state of the investigated objects. IR thermography is a
contactless method of temperature measurements and
its distribution on the object surface. The result of
thermographic measurements is a thermogram, which in
a gray scale or colour code shows the temperature
distribution on the surface of the observed object.
Temperature distribution provides indirectly information
about the state of the object surface, internal structure
and the internal state of the observed object. In the
simplest version, the thermographic system is consisted
of a thermal imager and thermogram processing unit
(PC). The infrared, high performance optics, infrared
radiation sensor, the unit for converting the electrical in a
video signal, viewfinder and the card for data acquisition
and primary reduction are integrated in the IC camera.
The computer for IR images processing uses special
software. The materials used for making thermal
imagers lenses must be permeable to infrared radiation,
and they are made of: germanium, zinc sulphide, zinc
selenite for the long wave infrared radiation, and silicon,
sapphire, quartz or magnesium, for medium and
shortwave infrared radiations.

All data related to the properties of the object surface
(emissivity, transparency and reflectivity), the
temperature of surrounding objects, camera distance to
the observed object, temperature and relative humidity
of air are needed to set up previously as input
parameters in the camera software. The temperature
and metrological conditions must be also suitable for the
application of thermographic testing. Today, infrared
thermography is used in almost all spheres of human
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visokogradnji, treba spomenuti i njenu primenu u
medicini, kriminalistici, biologiji, svakodnevnom Zivotu
itd.

Infracrveno zracenje (IC) je deo elektromagnetnog
spektra, Cije su talasne duzine A u opsegu 0,7-1000 pym i
predstavija toplotno zraenje koje proizvode sva tela
zagrejana iznad temperature apsolutne nule. Sa
poveéanjem temperature objekta raste i intenzitet
emitovanog IR zraenja. Raspodela energije po
pojedinim talasnim duZinama zavisi od temperature
objekta i fizickih kaarkteristika njegove povrSine. U
termografiji se koriste dve vrste detektora:

- kratkotalasni, otkriva talasne duzine u opsegu 3-4
pm;

- dugotalasni, u opsegu 8-14 pm.

Ova dva opsega nisu slu€ajno izabrana. Oni su
takozvani atmosferski prozori u kojima je veéa
propustljivost atmosfere za IR zrake [19].

Termografija moze biti “pasivna” i “aktivna“. Pasivna
termografija detektuje zracenje tela koja su na viSoj
temperaturi od okoline, a aktivna detektuje zracenje tela,
koje je rezultat Sirenja toplote unete na razlicite nacine u
ispitivani objekat.

2.1 Osnoviinfracrvene tehnologije

Osnovni postulat klasiéne elektromagnetne teorije je
da ubrzane naelektrisane Cestice zrae energiju [4].
Toplotno kretanje elektrona i protona povecavaju se sa
temperaturom, zbog €ega sledi da energija zracenja
odredenog wuzorka, mora da se povetava sa
temperaturom.

Intenzitet infracrvenog zracenja zavisi prvenstveno
od temperature objekta kao i od spektralne emisivnosti
materijala. Objekat sa visokom emisivnoSéu ima i visoku
apsorpciju.

Crno telo je idealan apsorber celokupnog zra¢enja,
koje pogada telo sa bilo kojom talasnom duzinom, pod
bilo kojim uglom. Ako je crno telo u fizi€koj ravnotezi,
ono mora da emituje zraCenjem ta¢no onoliko energije
koliko apsorbuje. Otuda sledi da crno telo nije samo
savrSen apsorber, nego i savrSen emiter. Za opisivanje
pojava vezanih za pojam crnog tela koriste se Plankov,
Winov i Stefan/Bolcmanov zakon.

Karakteristike zraCenja stvarnih necrnih  (sivih)
povrsSina, razlikuju se od idealno crnog tela na nekoliko
na¢ina. ZraCenje stvarnih povrSina zavisi od
mnogobrojnih faktora kao Sto su sastav, zavrSna obrada
povrSine, temperatura, talasna duzina zracenja, ugao
pod kojim se zraenje emituje, spektralna raspodela
upadnog zra€enja i od toga da li je telo neprozirno [4].

Za opisivanje zraCenja realnih tela u odnosu na
zraCenje crnog tela, koriste se razliCita svojstva IC
zraCenja, koja karakteriSu emisivnost, apsorpciju i
odbijanje odnosno refleksiju. Sposobnost zracenja, ili
emisivnost oznaava osobine realnog tela koje su
vezane za zraCenje u poredenju sa crnim telom.
Emisivnost je funkcija temperatura tela, talasne duzine i
ugla detekcije. Apsorbovana koli¢ina upadnog zragenja
je teSko merljiva vrednost. Eksperimentalno je cesto

activities. In addition to mentioned applications of
thermography in  engineering and construction,
particularly construction, it is important to point out its
use in medicine, criminalistics, biology, everyday life and
SO on.

Infrared radiation (IR) is a part of electromagnetic
spectrum, whose wavelength A in the range of 0.7 to
1000 microns and represents thermal radiation,
produced by the entire object with the temperature
above absolute zero. With temperature increasing, the
intensity of emitted IR radiation increases, too. The
energy distribution at particular wavelengths depends on
the temperature and physical properties of the emitting
surface. The two types of detectors are used in
thermography:

- Shortwave, detects wavelengths in the range of 3-
4 microns;

- Long wave, in the range of 8-14 microns.

These two bands are not randomly selected. They
are called atmospheric “windows” in which the greater
permeability of the atmosphere for the IR beam exists
[17].

Thermography can be "passive” and "active" one.
Passive thermography detects radiation of bodies on
higher temperature than ambient, and active
thermography detects radiation, as the result of the
added heat spread in tested object.

2.1 The basis of infrared technology

The basic postulate of classical electromagnetic
theory is that accelerated charged particles radiate
energy [4]. Thermal motion of electrons and protons
increases with temperature, so the radiation energy must
increase with temperature, too.

The intensity of infrared radiation depends primarily
on the temperature of the object and the spectral
emissivity of the material. The object with the high
emissivity, has the high absorption, too.

Black body is a perfect absorber of the entire
incoming radiation, regardless to wavelength and
incidence angle. If the black body is in a thermal
balance, it must emits the energy exactly as much as it
absorbed. The black body is not only a perfect absorber,
but it is also a perfect emitter. To describe phenomena
related to the black-body, Plank, Win and Stefan /
Boltzmann law are used.

The radiation characteristics of real (grey) bodies are
different from an ideal black body radiation in several
ways. Radiation from real body depends on many
factors, such as composition, surface finish,
temperature, wavelength of radiation, the angle of the
transmitted radiation, spectral distribution of incident
radiation and whether the body is opaque or not [4].

To describe the radiation of real bodies in relation to
the radiation of the black body, the different properties of
infrared radiation, such as emissivity, absorption and
reflection are used. The emissivity properties of the real
body are compared with black body properties.
Emissivity is a function of body temperature, wavelength
and angle of detection. Amount of incident radiation
absorbed is hard measured value. Experimentally, it is
often easier to determine the emissivity, and determine
the coefficient of emissivity. Therefore it is desirable to
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lakSe odrediti emisivnost, odnosno odrediti koeficijent
emisivnosti. Zato je pozeljno znati odnos izmedu ovih
veli¢ina, tako da vrednosti izmerenih svojstava jedne
povrSine omogucée izracunavanje drugih.

Kirhofov zakon je vezan za odnos izmedu emitujuéih
i apsorbujuc¢ih svojstava tela. Ovaj zakon moze da
obuhvati razli¢ite uslove, u zavisnosti od toga da li se
razmatraju spektralne, ukupne, usmerene ili osobine u
poluprostoru. Primenom Kirhofovog zakona i uzimajuéi u
obzir da je materijal potpuno neproziran, mogu se utvrditi
odnosi izmedu sposobnosti apsorpcije, zraenja i
refleksije tela.

U opStem sluéaju, sredina koja okruzZuje objekat
razmatra se kao prozra¢na, neemitujuc¢a neapsorbujué¢a
sredina, Sto nije uvek slu¢aj. Zbog toga je bitno
poznavati zakone poremecéaja IC zralenja u
apsorbujucoj, emitujucoj i rasejavajucoj sredini.

IC zracenje koje telo emituje kroz sredinu, moze da
se poremeti emisijom zraCenja sredine i apsorpcijom
zraCenja u sredinu. Emisija zracenja u sredini identifikuje
se sa oslobadanjem energije u obliku fotona, dok se
apsorpcija identifikuje sa apsorpcijom fotona. Takode,
tokom prolaska kroz sredinu prisutan je i efekat
rasejanja, koje moze da bude: elasti¢no, neelasti¢no,
izotropno i anizotropno rasejanje. Kako zra¢enje prolazi
kroz dati sloj sredine, tako se njegov intenzitet smanjuje
usled apsorpcije i rasejanja. Eksperimentalno je
utvrdeno da promene u intenzitetu zavise od koeficijenta
ekstinkcije, rasejanja i koeficijenta apsorpcije sredine.

Toplotno zraenje koje prima infracrveni objektiv,
sastoji se od zrac¢enja koje emituje ne samo objekat, ve¢
i njegova okolina. Kada signali prvobitnog zragenja
dospeju u IC detektor, signali su modifikovani zbog
zraCenja koje emituje socCivo, skenirajuc¢i sistem i
detektor. Imajuci u vidu kompleksnost detektovanja IC
zraCenja vrSi se filtracija svih uticaja na zracenje
emitovano od ispitivanog objekta.

Materijali koji su transparentni za infracrvene talasne
duzine nisu nuzno transparentni za talasne duZine
vidljive oblasti spektra zraCenja. Na primer, dok su
silicijum i germanijum neprozirni u vidljivim talasnim
duzinama, oni su transparentni u delovima infracrvenog
spektra. Za germanijum, koji se obi¢no koristi kao
materijal za izradu infracrvenih socliva, indeks
prelamanja n=4, a transparentnost ovog materijala
postaje t=0,47. Veliki gubici u transparentnosti obi¢no se
minimiziraju primenom anti-refleksionin premaza na
povrsSini soc¢iva. Time se koeficijent transmisije povecava
na oko 94% - 99% za dati interval talasnih duzina.
Interval talasnih duzina odreduje naneti materijal i
debljina antirefleksnog sloja.

Infracrveni detektori su veoma zna¢ajna komponenta
u termografskim sistemima. To su konvertori Koji
apsorbuju IR-energiju i konvertuju je u signal, obi¢no
elektriéni napon ili struju. Infracrveni detektori mogu se
podeliti u dve grupe: termi¢ke i fotonske detektore
[1,3,17].

2.2 Termografske metode

Klasifikacija termografije se moze vrSiti prema
razlicitim kriterjumima. Termografija se moze podeliti na
pasivnu i aktivhu. Pasivna termografija se zasniva na
prirodnom temperaturnom distribucijom na povrSini

know the relationship between these values, so that
values measured on one surface enable the calculation
of the other body properties.

The Kirhoff's law relates the relationship between
emission and absorbtion properties of the body. This low
may includes variety of conditions, depending on
whether it consider the spectral, total, or directed
features in half space. Applying the Kirhoff's law, and
taking into account that the material is completely
opaque, the relationship between the ability of
absorption, radiation and reflection can be determined.

In general, the environment surrounding the object is
considered as a transparent, no emissive and no
absorptive medium, which is not always the case. It is
therefore important to know the laws of medium
influence on the infrared radiation in absorbing, radiated
and scattering environment.

The body IR radiation transmitted through the
atmosphere, may be disrupt by he emission, radiation
and absorption of the environment. The radiation in the
environment is identified with the emission of energy in
the form of photons, while the absorption is identified
with the absorption of photons. Also, when the IR
radiation is passing through the atmosphere, there is a
scattering effect, which may be: elastic, inelastic,
isotropic and anisotropic scattering. As radiation passes
through atmosphere, or some outer medium, so the
intensity is reducing due to absorption and scattering
occurred. It is confirmed experimentally that the changes
in intensity depend of the extinction coefficient,
scattering and absorption coefficient of the medium.

Thermal infrared radiation received by the lens, is
consisted of the radiation emitted from not only tested
body, but by its surroundings also. When the initial
radiation signals reach the infrared detector, the signals
have been modified due to radiation emitted by the lens,
scanning system and detector. Having in mind the
complexity of detecting infrared radiation, the filtration of
the body radiation must be done.

Materials that are transparent for infrared
wavelengths are not necessarily transparent for the
wavelength of the visible part of spectrum. For example,
while silicon and germanium are opaque in visible
wavelengths, they are transparent in the infrared parts of
the spectrum. For germanium, which is commonly used
as material for making infrared lenses, refractive index n
= 4, and transparency of this material becomes t = 0.47.
Large losses in transparency are usually minimized by
applying anti-reflection coating on the surface of the
lens. This increases the transmission coefficient from
94% to 99% for a selected wavelength interval. The
material and thickness of antireflection layer, determine
the wavelength interval.

Infrared detectors are very important components in
the thermographic systems. These are the converters
that absorb IR energy and convert IC signal, usually to
voltage or current. Infrared detectors can be divided into
the two groups: thermal and photon detectors [1,3,17].

2.2 Thermographic methods

The classification of thermography can be made by
different criteria. Thermography can be divided into
passive and active. Passive thermography is based on
the natural temperature distribution on the surface of the
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objekta i spontanim IC zraCenjem istih. Ona se koristi u
ispitivanjima  strukture objekata ili njihovih delova.
Pasivna termografija u najve¢em broju ispitivanja je
povezana sa kvalitativnim odredivanjem anomalija u
konstrukcijama, a u nekim specijalnim slu¢ajevima moze
biti koriS¢ena i za kvantitativna ispitivanja.

Aktivna termografija je metoda koja Koristi spoljne
izvore, kao Sto su lampe, laseri itd., da uniformno
zagreje ili ohladi predmet koji se ispituje. Termalni
gradijent koji se u tom sluéaju uspostavlja na povrsini
ispitivanog objekta, snima se pomocu termografskog
uredaja.

Prsline, uklju€ci, delaminacije, prisustvo viage ili
vazduSnih dZepova i sl. su elementi koji unose
temperaturni gradijent zbog toga Sto imaju razliGit
koeficijent prenosa toplote [7,13,18]. Uslov za pravilnu
vizuelizaciju strukture pomoéu termografije je da se vrSi
strogo ravnomerno zagrevanje ispitivanog objekta.
Postoji viSe nacina kako se unosi spoljna temperatura.
Prema tom kriterijumu termografija se moze podeliti na:

- impulsnu,

- sa stepenastim zagrevanjem,

- Lock-in (sinhronu) termografiju i

- Vibrotermografiju.

Impulsna termografija je jedna od najceSce
koris¢enih metoda za nedestruktivna testiranja (NDT).
Toplotna stimulacija objekta se vrSi sa izvorima toplote
koji zraCe energiju u kratkim vremenskim intervalima od
nekoliko ns do stotina ms. Kao izvori toplote sluze
impulsne lampe, laseri itd. U kratkom vremenskom
intervalu dolazi do naruSavanja toplotne ravnoteze
ispitivanog objekta. Nakon prestanka delovanja izvora
toplote, dolazi do brzog hladenja zbog difuzije,
konvekcije, kondukcije i zra€enjem sa povrSine tela. Na
osnovu snimljenog temperaturnog kontrasta, moze se
vrSiti kvantitativna analiza i postaviti zavisnost izmedu
vremena prenosa toplote i dubine defekta u odnosu na
povrsinu objekta.

Prisustvo defekata ispod povrSine objekta smanjuje
brzinu difuzije, tako da kada se posmatra povrSinska
temperatura, registruju se razliCite temperature kod
defekata u odnosu na okolinu. Prema drugoj klasifikaciji,
postoji transmisiona i refleksiona impulsna termografija.
U transmisionoj, uzorak se greje sa jedne strane, dok
infracrvena kamera snima sa druge strane, dok u
drugom tipu termografije, i izvor zraenja i kamera se
nalaze na istoj strani. Suprotno od impulsne, gde se prati
hladenje (nakon greanja), ispitivanja termografijom sa
stepenastim grejanjem se odvija u toku grejanja, vrSi se
posmatranje tokom procesa zagrevanja. Promene
povrSinske temperature sa vremenom su direktno
povezane sa karakteristikama objekta. Ova tehnika se
¢esto naziva i infracrvena radiometrija sa vremenskom
rezolucijom (time-resolved infrared radiometry-TRIR).
Koristi se najéeSée za ispitivanje viSeslojnih struktura,
kompozita, keramike itd.

Lock-in (sinhrona) termografija je dinami¢ki metod
analiza toplotnih talasa, generisani u objektu. U ovoj
metodi se uzorak je izlozen sinusnom, moduliranom
signalu sa frekvencijom koja proizvodi termalne talase u
materijalu sa razli¢itom frekvencijom | atenuacijom.
Toplotni izvori mogu biti halogene lampe, laseri ili
toplotni pistolji. Za vreme ispitivanja, istovremeno se
registruju signali pobude i signali odgovora ispitivanog
predmeta. U ovoj metodi je neophodno da se vrSi

object and the spontaneous IC radiation. It is used to
examine the structure of objects or their parts. Passive
thermography in most studies has been associated with
the determination of qualitative abnormalities in
structures and in some special cases can be used for
quantitative testing.

Active thermography is a method that uses external
sources such as flashlights, lasers, etc.., for uniformly
heating the tested object. Thermal gradient established
in this case on the surface of the test object, can be
recorded using thermographic devices. Cracks,
inclusions, delaminations, the presence of moisture or
air pockets inside object, are the elements that cause
the temperature gradient because they have different
coefficients of heat transfer [7,13,18]. The requirement
for correct visualization of the structure using
thermography is strictly depend of the uniform test object
heating. There are several ways to generate
temperature into test object. According to this criterion
thermography can be divided into:

- Pulse,

- Step-heating,

- Lock-in (synchronous) thermography,

- Vibrothermografphy

Pulsed thermography is one of the most commonly
used methods for non-destructive testing (NDT).
Thermal stimulation of the object is done with the heat
source which radiates energy at short time intervals,
several hundreds of ns to ms. Pulse lamps, lasers and
SO on, serve as sources of heat. In a short time, there is
a violation of thermal equilibrium of the investigated
object. After the cessation of operation of heat sources,
leads to rapid cooling due to diffusion, convection,
conduction and radiation from the surface of the body.
Based on the recorded temperature contrasts can be
made quantitative analysis and set between the time
dependence of heat transfer and the depth of the defect
to the surface objects.

The presence of defects below the surface of the
object reduces the speed of thermal diffusion, so that
when the surface temperature is measured, different
temperatures are recorded for defects locations in
relation to the environment. According to another
classification, there is a transmissive and reflective pulse
thermography. In transmisive thermography, the sample
is heated on the one side, while an infrared camera
captures the temperature changes on the outer side,
while in the second type of thermal imaging, the
radiation source and the camera are on the same side of
tested object. Contrary to pulse, for which the
temperature decay is of interest (after the heat pulse),
thermography tests with stepped heating occur during
heating, the increase of surface temperature is
monitored during the application of a step heating.
Changes in surface temperature in the time are directly
related to the characteristics of the object structure. This
technique is often referred to as infrared radiometry with
time resolution (time-resolved infrared radiometry -
TRIR). It is used mostly for testing of multilayer
structures, composites, ceramics and so on..

Lock-in (synchronous) thermography is a dynamic
method of heat waves, generated inside the object,
analysis. In this method using, the specimen is
submitted to a sine-modulation heating at a frequency
which introduces highly attenuated and dispersive
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precizni monitoring vremenske zavisnosti snimljenih
signala. Moze se dobiti amplitudna raspodela IC
zraenja sa povrSine, ali isto tako i fazna raspodela.
Prva zavisi od viSe karakteristika povrSine objekta, dok
druga ne zavisi od stanja povrSine objekta, nego od
vremena kaSnjenja, odnosno od fazne razlike izmedu
pobudnog i dobijenog signala, povezana je sa
vremenom Sirenja i termalnom difuzijom.

Vibrotermografija je aktivha metoda, u kojoj se vrSi
direktna konverzija mehanicke energije unetih vibracija u
toplotnu energiju. Toplotna energija je posledica trenja
molekula na mestima gde postoje defekti, kao Sto su
prsline ili raslojavanje, odnosno delaminacija. Metoda je
pogodna za ispitivanje  objekata sa  visokom
temperaturnom provodnoScu.

Postoji viSe proizvodaca termografske opreme
[1,3,17]. Najjednostavnije kamere daju samo kvalitativnu
sliku raspodele temperature na povrSini objekta sa
skromnom rezolucijom. Najnovije kamere su veoma
kompleksni sistemi sa vrhunskim elektronskim i optic¢kim
komponentama i sa softverom koji omoguéava kon-
trolisanje rezima snimanja, automatsku kompenzaciju
ambijentalnih uslova, emisivnosti povrSine, obradu
termograma u toku snimanja i naknadnu obradu po
zadatim kriterijumima i za viSe promenijivih.

3 PRIMENA TERMOGARFIJE U GRADEVINARSTVU

Termografija je metoda koja ima Siroku primenu u
gradevinarstvu. Ona je metoda izbora pri odredivanju
energetske efikasnosti gradevinskih objekata,
beskontaktnom i daljinsko otkrivanju i vizuelizaciji
slozenih struktura, kao i detekciji strukturnih oStecenja,.
UspeSna primena termografije u ovoj oblasti
podrazumeva da su stvoreni optimalni uslovi za njeno
koriS¢enje, da su eliminisani faktori koji dovode do
nepozeljnih uticaja na ukupnu termografsku sliku
objekta, zatim da je izvrSena kompenzacija atmosferskih
uticaja, da je pravilno izabrana emisivnost ispitivanih
povrSina i da ispitivanje radi termografer sa iskustvom.

Termogarfsko ispitivanje  strukture gradevinskih
objekata i postojanje defekata u njima je bazirano na
razlikama u termalnim karakteristikama materijala.
Posebno znagajna je uloga termografije u otkrivanju
struktura ispod maltera. Otkrivanje toplotnih greda,
pukotina i loSih spojeva je u direktnoj funkciji odredivanja
energetske efikasnosti objekata, a veoma cesto i
bezbednog koriSéenja istih.

Detekciju vlage i prodiranje vode u gradevinskim
objektima, koriS¢enjem infracrvenih kamera, bazira se
na razli¢itim svojstvima termalne provodljivosti i
termalnog kapaciteta vode i materijala od kojeg je
izgraden objekat. Mnogo faktora uti¢e na to kako e se
vlaga pojaviti u infracrvenoj slici, odnosno na
termogarmu. Na primer, grejanje i hladenje vlaznih zona
¢e se drugacije prikazati u zavisnosti od materijala, doba
dana itd. 1z tog razloga je vazno da se za sprovodenje
sanacionih radova koriste i druge metode za proveru
vlage u zidovima i krovnim konstrukcijama.

Utvrdivanje prisustva vlage i nedostaci termoizolacije
objekata zaStite kulturne bastine je veoma bitno pri

thermal waves of different frequency inside the material.
Heat sources can be halogen lamps, heat guns or
lasers. The excitation signals and response signals of
the tested object are recorded at the same time. In this
method it is necessary to perform precise monitoring of
the exact time dependence between the recorded
temperature signal and the reference signal. It can be
obtained amplitude distribution of infrared radiation from
the surface, but also the phase distribution. The first
depends on several characteristics of the object surface,
while the other does not depend on the state of object
structure, but the time delay or the phase difference
between the excitation and received signals is related to
the propagation time and a thermal diffusivity.

Vibrothermography is the active technique, where a
direct conversion of mechanical energy of vibration
entered into object to thermal energy occurs. Thermal
energy is the result of molecular friction in areas where
defects such as cracks, disintegration or delamination
exist. The method is suitable for testing objects with the
high temperature conductivity.

There are several manufacturers of thermographic
equipment [1,3,17]. The simplest cameras provide only a
qualitative monitoring and recording of the temperature
distribution on the surface of the object, with a low
resolution. The latest cameras are very complex
systems with superior electronic, high performance
optical components and software that lets control
shooting modes, automatic compensation of ambient
conditions, surface emissivity, processing IR images
during recording and post processing with the specified
criteria for multiple variables.

3 THERMOGARAPHIC APPLICATION IN CIVIL
ENGINEERING

Thermography is a method widely used in civil
engineering. It is the method of choice in determining the
energy efficiency of buildings, distance and contactless
detection and visualization of complex structures, as well
as structural damages detection. Successful application
of thermography in this area means that there were
optimal conditions for its use; adverse impact factors on
the IC camera image of an object were eliminated, the
atmospheric influences compensation was carried out,
the properly surface emissivity is chosen and testing is
performed by termografer with experience.

Thermographic test of the building structure and the
existence of defects in them are based on differences in
thermal properties of materials. Especially important is
the role of thermography in the detection of structures
under the plaster. Detection of thermal beams, cracks
and poor joints is in a direct function of determining the
energy efficiency of buildings, and very often the safe
use of them.

Detection of moisture and water penetration in
buildings, using infrared cameras, is based on different
thermal conductivity and thermal capacity of water and
the material built in building. Many factors affect the way
the moisture will appear in the infrared image, i.e.
thermogram. For example, heating and cooling of moist
zone will be displayed differently depending on the
material, time of day, etc. For this reason it is important
to simultaneous used the other methods to check the
moisture in the walls and roof structures.
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obezbedivanju optimalnih temperaturnih uslova i viage u
depoima i galerijama muzeja. Ovaj problem je posebno
znaCajan za metalne i papirnate eksponate. Nedovoljna
izolacija mozZze da se pojavi zbog gubitka izolacione
mase s vremenom, mehanickih oStecenja, ili nestruénom
intervencijom prilikom razli¢itih sanacionih radova, Sto
stvara  nepotpuno  ispunjene  zidne  strukture.
Termografska kamera omoguéava da se vide delovi sa
nedovoljnom izolacijom zato Sto ona ili imaju drugadija
svojstva toplotne provodijivosti u odnosu na podrucja sa
dobrom izolacijom, odnosno na termogramu mogu da se
vide zone pothladivanja.

U svetu se realizuje znac¢ajan broj istrazivanja u cijoj
osnovi je primena termografije u dijagnostikovanju stanja
objekata zaStite kulturne bastine. [2,6,8,11-16]

Termografaijjom se mogu uspeSno detektovati i
mesta gde dolazi do strujanja vazduha zbog slabe
zaptivenosti, loSe izvedene izolacije ili oSte¢enja na
objektima delovanjem spoljnih ili unutradnjih sila.
Prodiranje hladnog i vlaznog vazduha je takode vazna
komponenta pri obezbedivanju stabilnih temperaturnih
uslova za Cuvanje i izlaganje eksponata izradenih od
papira, tekstila ili metala.

Slededi uslovi treba da se obezbede kada se ispituje
energetska efikasnost gradevinskih objekata.
Termografsko ispitivanja unutrasnjosti objekata zahteva
konstantnu temperaturnu razliku vazduha u ispitivanim
delovima objekta u odnosu na spoljnu sredinu. Ona
mora biti najmanje 10°C i to nekoliko sati pre snimanja,
kao i za vreme snimanja. Za period od nekoliko sati,
spoljna temperatura ne sme da varira viSe od 30 %, od
trenutka kada po¢ne snimanje. Za vreme termografskog
snimanja, unutrasnja, ambijentalna temperatura ne sme
da se menja viSe od + 2°C. Nekoliko sati pre pocetka
snimanja i dok ono traje, ne sme biti uticaja sunca na
posmatrane delove objekta. Negativni pritisak unutar
objekta 10-50 Pa je pozeljan ako se ispituje zaptivanje
prozora i vrata.

4 REZULTATI TERMOGRAFSKIH ISPITIVANJA

Zastita kulturne baStine predstavlja jedan od
druStvenih prioriteta u savremenom svetu [11]. To
potvrduju brojni medunarodni dokumenti i konvencije,
koje su donete u cilju uspostavljanja standarda zastite
kulturne i istorijske bastine. U dokumentima se posebno
istiCe da je preventivha zaStita kao strategija izuzetno
vazna za zaStitu celokupnog nasleda. Menadzment
zastite kulturne bastine u smislu sistemskog planiranja
preventivne i kurativne konzervacije, obuhvata ne samo
zastitu kulturnog dobra, veé¢ i intervencije u objektima
zaStite i degradiranom prostoru koji okruzuje kulturno
dobro. Nauéni rezultati u menadZzmentu rizika unose
nove metodologije u procese upravljanja kulturnom
bastinom.

Imajuci u vidu ovakva glediSta, logi¢an zaklju¢ak
namece potrebu za primenu najsavremenijih tehnologija
u ispitivanju zagadenja okoline, degradacije materijala
predmeta i objekata baStine, uticaja globalnih
metereoloSkih promena, ispitivanju posledica
katastrofalnih zemljotresa na objekte kulturne bastine i
drugo.

Determining the presence of moisture and thermal
insulation defects of cultural heritage protection buildings
is very important in providing optimal temperature and
moisture conditions in the museum depot and galleries.
This problem is particularly significant for the metal and
paper artefacts. Insufficient insulation can occur due to
loss of insulation mass over time, mechanical damage,
or improper intervention in the various repair works,
which creates incompletely filled wall structure. Thermal
Imager allows seeing places with insufficient insulation
because they have different properties and thermal
conductivity compared to areas with good insulation,
thermogram shows the over-cooling zones.

The considerable researches which are based on the
application of thermography in diagnosing the condition
in the buildings of cultural heritage protection are carried
out in the world, last few years [2,6,8,11-16].

Thermography can be successfully applied in
detection of air circulation due to poor tightness, badly
made insulation, or damage to the structure because of
external or internal forces. Penetration of the cold and
humid air is also an important component in ensuring
stable temperature conditions for storage and show
exhibits made of paper, textile or metal.

The following conditions must be fulfiled when the
energy efficiency of buildings is investigated. Thermo-
graphic tests inside buildings require the constant air
temperature difference in the investigated parts of the
object relative to the external environment. It must be at
least 10°C a few hours before the test and during test.
For a period of several hours, the ambient temperature
must not vary more than 30%, from the moment of test
starting. During the thermographic recording, ambient
temperature must not change more than + 2 ° C. Several
hours before the thermographic test and while it lasts, it
has to eliminate effects of the sun on the building. The
negative pressure inside the building 10-50 Pa is
desirable if the windows and doors sealing is tested.

4 RESULTS OF THERMOGRAPHIC TESTS

Protection of cultural heritage is one of social
priorities in the modern world [11]. This is confirmed by
numerous international documents and conventions,
which have been made to establish standards for the
protection of cultural and historical heritage. The
document specifically states that preventive care is
extremely important as a strategy for the protection of
whole heritage. The management of cultural heritage in
terms of systematic planning of preventive and curative
conservation includes not only the protection of cultural
property, but also interventions in care facilities and
degraded space that surrounds the monuments. Scien-
tific results in risk management entered a new methodo-
logy in cultural heritage management processes.

Having in mind this aspect, a logical conclusion leads
to the implementation of the modern technology in
environmental pollution research, degradation of
artefacts and objects material, the impact of global
meteorological changes, the impact of the catastrophic
earthquake in objects of cultural heritage and so on.
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4.1 Termografsko ispitivanje zgrade Narodnog
muzeja u Kraljevu

U zemljotersu koji se dogodio 3. novembra 2010.
godine, kao i u potresima koji su usledili, oSteceno je
viSe objekata zastite kulturne bastine. Ovaj momenat je
prepoznat kao veoma rizican za ocuvanje kulturne
bastine u zoni pogodenoj zemljotresom. Sproveden je
obiman program istraZivanja [16]. U ovom radu ée biti
prikazani rezultati istraZivanja posledica razaranja na
zgrade Narodnog muzeja u Kraljevu i zgrade Istorijskog
arhiva.

Snimanje termograma vrSeno je infracrvenom
kamerom Therma CAM T-335, FLIR Systems, dije
tehnicke karakteristike su:

- Detektor: nehladeni mikrobolometar, rezolucije
320x240 piksela

- Temperaturni opseg: od — 20 °C do + 650 °C

- Temperaturna osetljivost: 0.05 °C

- Spektralni opseg: od 7,5 do 13 um

- Objektivi: 45°x 33.8° i 25°x 19°

Snimanja su vrSena u sledeéim temperaturnim
uslovima: spoljna temperatura 12°C, unutrasnja
temperatura 18°C, vremenski uslovi, sunéano, bez vetra.

Na slici 1. je prikazan video snimak i termogram dela
plafona i zida u hodniku muzeja, gde su se pojavile
pukotine i gde je vidljiv prodor vlage. Prisustvo vlage je
posebno Stetno za eksponat izloZzen u ovom prostoru.

Vidljiva pukotina na spoljnjem zidu istorijskog depoa,
sl.2, je uzrokovala odlepljivanje maltera na gornjem delu

4.1 Thermographic investigation of the National
Museum building in Kraljevo

The earthquakes which occurred on 3rd November
2010, as well as earthquakes that followed, several
buildings of cultural heritage protection were damaged.
This is recognized as a very risky for the preservation of
cultural heritage in the area affected by the earthquake.
A comprehensive program of thermogarphic research is
performed [16]. This paper presents the results of the
destructive consequences of National Museum building
in Kraljevo and the building of the Historical Archives.

Thermogram recording was done with an infrared
camera Therma CAM T-335, FLIR Systems, whose
technical characteristics are:

- Detector: uncooled micro bolometer with a
resolution of 320x240 pixels

- Temperature range: from-20°Cto +650°C

- Thermal sensitivity 0.05 ° C

- Spectral range: 7.5 to 13 microns

- Lenses: 45°x33.8°and 25 °x 19 °.

Recordings were performed in the following
temperature conditions: ambient temperature 12°C, the
internal temperature of 18°C, weather conditions, sunny,
no wind.

Figure 1 shows the thermogram and a video photo of
ceiling and wall in the hallway of the museum, where the
cracks and moisture are visible. The presence of
moisture is especially detrimental to the paint exhibited
in this area.
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Slika 1. Video snimak i termogram dela hodnika
Figure 1. Digital photo and thermogarm of the museum hallway
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Slika 2. Istorijski depo sa Vidljiva pukotina spoljneg zida
Figure 2. Visible cracks in the outer wall of the Historical depot
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zida. Zbog toga je odlepljeni sloj maltera na viSoj
temperaturi u odnosu na kompaktni deo zida. Razlika u
temperaturi je oko 2°C. Temperatura vazduha u ovom
depou je u trenutku snimanja bila 21°C. Spoljni betonski
zid je slabo termicki izolovan i predstavlja potencijalno
mesto za kondenzaciju vlage iz vazduha tokom zimskih,
niskih temperatura.

Sliéna situacija po pitanju termicke izolacije je
dijagnostikovana u najveéem delu zgrade Narodnog
muzeja u Kraljevu. U hodniku, na spratu, termografska
ispitivanja su pokazala da deo spoljnog zida, prema ulici,
ima hladne zone koje su indikacija za postojanje vlage
(sl. 3).

Visible cracks in the outer wall of the historic depot,
Figure 2, caused the plaster peeling on the upper part of
the wall. Because of that plaster peeling layer was at a
higher temperature compared to the compact part of the
wall. The difference in temperature is about 2°C. The air
temperature in the depot at the time of recording was
21°C. This concrete wall is poorly insulated and is a
potential place for the air moisture condensation during
the winter, when low temperatures were in surrounding.

A similar situation, in terms of thermal insulation, is
diagnosed in most parts of the National Museum building
in Kraljevo. In the first floor hallway, thermography records
have shown that the outer wall facing the street, has cold
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Slika 3. Digitalni snimak il termogram zida u hodniku, deo prema ulici savidljivime hladnijim zonama
Figure 3. Digital photo and thermogram of the outer wall facing the street, cold zones are visible

Detaljnija ispitivanja dela zida u hodniku su izvedena
primenom aktivne termografije. Zid je sa spoljasnje
strane zagrejan suncem, a sa unutrasnje strane
postavljene su u hodniku, dve grejalice ukupne snage
6KW. UnoSenje dodatne toplote uslovilo je termicku
neravnotezu i pojavu temperaturnog gradijenta.
Diskontinuiteti u strukturi zida predstavljaju barijere za
Sirenje toplote i kao takvi unose dodatni gradijent. Na
slikama 4a do 4d prikazani su video snimci i termogrami
donjeg dela zida oko vitrine, snimljeni tokom grejanja i
nakon iskljucivanja grejalica.

Ispitivanja ovom metodom su pokazala da u zidu
postoje nehomogenosti (mozda pukotine ili odlepljeni
slojevi) u zidu ili malteru, koji se golim okom ne mogu
videti. Razlika u temperaturi u trenutku isklju¢enja (u
uokvirenoj zoni, sl 4d) je preko 2°C, Sto je indikator da
tamniji delovi na termogramu mogu biti hladnija mesta
na zidu povezana sa postoje¢im pukotinama koje
propustaju hladan vazduh spolja.

Sli¢na fenomenologija je registrovana i na delu zida
sa druge strane vitrine (sl. 5a-5c¢). Termogrami pokazuju
da tu postoje nehomogeni delovi zida, diskontinuiteti u
zidu ili malteru.

Termografska ispitivanja su pokazala da postoji
kapilarna vlaga u zidovima naa prilazu i u arheoloSkom
depou (sl.6). Hladne zone sa izrazenom vlagom su
okruZene izotermama na termogramu na slici 6d. Svi
bocni zidovi depoa, su sa manjim ili veéim povrSinama
pod vlagom. U depou je izmerena vlaznost 67%, a
temperatura vazduha je bila 18°C. Pri promenjivim
temperaturama, osim kapilarne vlage, ovde je mogucéa i
pojava vlage zbog kondenzacije iz vazduha.

zones that are an indication of the existence of moisture
(Fig.3).

More detailed tests of the wall in the hallway were
performed using active thermography. The wall is the
outside sun warmed and the set of two heaters, total
power 6KW, were positioning inside, in the hallway. The
additional heat caused the appearance of thermal
unbalance and temperature gradient. Discontinuities in
the structure of the wall are the barriers to the heat
spread making additional temperature gradient. The
digital photo and thermograms around the bottom of the
wall cabinets, recorded during heating and after
switching off the heater, are shown in figures 4a to 4d.

Tests performed by this method have shown that
there are unhomogeneities, (possible cracks or detached
layers) in the wall or in the plaster that can not be seen
by the naked eye. The difference in temperature at the
time of disconnection (the framed area, fig. 4d) was
more than 2°C, which is an indicator that the dark colder
parts in the thermogram, may be wall places related with
the cracks leaking cold air from outside.

The similar phenomenology is registered on the
other side of the wall cabinet (figs. 5a-5¢). Thermograms
show that there are unhomogeneous parts of the wall,
discontinuities in the wall or plaster.

Thermal tests have shown that there is rising
moisture in the walls of the entrance to the archaeolo-
gical depot (Fig.6). Cold zone are surrounded by iso-
therms on the thermogram and marked moisture zones
(fig.6d). All depot side walls have smaller or larger
moisture areas. The humidity measured in the depot was
67% and air temperature was 18°C. At varying tempera-
tures, except capillary moisture, here is possible the
occurrence of air moisture condensation.
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Slika 4. Doniji deo zida, a- video snimak, b-termogram u toku zagrevanja, c- u trenutku isklju¢enja grejnih tela,
d-termogram sa mernim alatom za odredivanje temperature izabrane povrSine
Figure 4 The bottom of the wall, a-digital photo-, b-thermogram during heating, c-at the time of disconnection heaters,
d-thermogram with a measuring tool for determining the temperature of the selected area
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Slika 5. Doniji deo zida, a- video snimak, b-termogram u toku zagrevanja, c- u trenutku isklju¢enja grejnih tela,
d-30 s nakon iskljucenja
Figure 5 The bottom of the wall, a-digital photo, b-thermogram during heating, c-at the time of disconnection heaters, d-
30 s after disconnection
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c
Slika 6. a, b-Stepeniste za arheoloski depo, vidljiva vlaga u uglu, c i d- srednja prostorija arheoloSkog depoa sa vlaznim
zonama obelezeni izotermima
Figure 6 a, b-The stairs of the archaeological depot, visible moisture in the corner, c, d-the mean archaeological depot,
the part with wet zones marked by isotherms

4.2 Termografsko ispitivanje zgrade Istorijskog
arhiva u Kraljevu

Zgrada Istorijskog arhiva Kraljeva je pretrpela znatna
oSte¢enja tokom zemljotresa. Na slici 7 a - 7e su
prikazani termogrami dela zgrade. Postoje ozbiljna
oStecenja, koja je neophodno brzo sanitati. Ulazni deo i
stepeniste koje vodi ka prvom spratu su znatno ostecéeni.
Pukotine su vidlive golim okom. Termografija je
omogucila preciznije definisanje pozicije, duzinu i Sirinu
pukotine.

Gornji i donji deo zidova na prvom odmaralistu je sa
vidljivim pukotinama kroz koje prodire hladniji vazduh i
vlaga. Razlika u temperaturi na pojedinim delovima zida
je i do 2,5°C. Merne linije su postavljene na zidu preko
delova koji su sa vlagom i bez vlage. Termografija je
potvrdila da su nastale pukotine po celoj Sirini zida.
Ispitivanja su pokazala da na mnogim mestima postoje
zone gde se malter odlepio i da je loSa termalna
izolacija. Termogram fasade zgrade Istoriskog arhiva u
Kraljevo (sl.8) potvrduje da je veoma loSa termalna
izolacija zgrada arhiva.

20.1 °C

20
ris
r16
ri4

12.0

19.5 °C

ri8

r 16

15.3

4.2 Thermographic test of the Historical Archive
building in Kraljevo

The building of the Historical Archives in Kraljevo
suffered considerable damage during the earthquake.
Figures 7a-7e shows the digital photos and
thermograms of this building. There are serious defects,
which have to be quickly repaired. Entryway and
staircase, leading to first floor, were badly damaged. The
cracks are visible by the naked eye. Thermography has
enabled a more precise definition of the position, length
and width of cracks.

In the first stair gap between the floors, the upper
and lower wall was with visible cracks with colder air and
moisture penetration through its wall. The difference in
temperature on these parts of the wall is up to 2.5°C.
The measurement lines are placed on the wall over the
parts where are moisture and without moisture.
Thermography confirmed that the cracks formed across
the whole width of the wall. Tests have shown that in
many places there are areas where the plaster layer is
detached from the wall and the poor thermal insulation
exists. Thermogram of the Historical Archives building
facade in Kraljevo (fig.8) confirms the poor thermal
insulation of the building.
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Slika 7.a- Digitalni video snimak gornjeg dela zida iznad stajaliSta, b-termogram. c-donji deo zidova, stajaliSta,

d - termogram donjeg dela zida, e- temperaturna raspodela po izabranim mernim linijama
Figure 7a-Digital video photo of the upper wall above the first stair gap between the floors, b-thermogram of the same
place. c-lower part of the walls, , d — thermogram of lower wall, e-temperature distribution at selected measuring lines
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Slika 8. Termogram fasade zgrade Istoriskog arhiva u Kraljevo
Figure 8. Thermogram of the Historical Archives building facade in Kraljevo

5 ZAKLJUCAK

Primena novih tehnika u zastiti kulturne baStine
predstavlja  medunarodno  prihvacen  savremeni
standard. Termografska ispitivanja zgrada Narodnog
muzeja i Istorijskog arhiva u Kraljevu pokazala su
prednosti termografije kao beskontaktne, nedestruktivne
metode istraZivanja u dijagnostikovanju oStecenja
nastalih u zemljotresu. Nalazi potvrduju da postoje
pukotine, mesta prodora vlage kroz pukotine i oStecenja
krova, kao i da je prisutna kapilarna vliaga. Obe zgrade
imaju veoma loSu termiCku izolaciju. Posebno treba
naglasiti da su ispitivanja uz primenu aktivhe
termografije omogucila detaljniju analizu i otkrivanje
nevidljivih oSte¢enja. Sprovedene mere u okviru ovog
projekta pripadaju postupcima preventivne konzervacije
objekata u kojima se Stite kulturna dobra nacionalne
bastine.
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podrSku termografskih ispitivanja. Takode zahvaljuju
Narodnom muzeju u Kraljevo koji je omogucio snimanja.
Ova istrazivanja su finansiski podrZzana i od Ministarstva
za obrazovanje i nauku u okviru projekta br TR-45046.

6 LITERATURA
REFERENCES

[1] AB, Agema Infrared systems, User manual for
installation and operation of Thermovision®900,
Stockholm, 1993, electronic series, ed. F.E.
Terman., New York, McGraw-Hill book company,
1963.

[2] Avdelidis, N.P. and Moropoulou, A. Review Paper:
Applications of infrared thermography for the
investigation of historic structures, Journal of
CulturalHeritage, 5, 119-127, (2004).

5 CONCLUSION

Application of new techniques in the preservation of
cultural heritage is an internationally accepted modern
standard. Thermographic tests of National Museum and
Historical Archives buildings in Kraljevo have shown the
benefits of thermography as non-contact, non-
destructive method in the diagnosis of the damage
caused by the earthquake. The results confirm that there
are cracks, penetration of moisture through the cracks,
roof damages and that there is rising moisture. Both
buildings have very poor thermal insulation. It should be
point out that the tests with the use of active
thermography provide detailed analysis and detection of
invisible damages. Implemented activities under this
project belong to the preventive conservation procedures
of buildings concerning to protect the artefacts of
national cultural heritage.

ACKNOWLEDGEMENTS

The authors thank the Ministry of Culture, for
financial support of thermographic research project, and
also thank the National Museum in Kraljevo, which has
enabled the implementation of tests. This research was
financially supported by the Ministry of Education and
Science of Serbia under Project No. TR-35046, too.

[3] Ladinovi¢ B., Modern methods for seismic analysis
of Building structures, Materijali i konstrukcije, 40
51 (2008) 2 (25-40)

[4] Ademovi¢ N., Hrasnica M., Damage assessment of
the turkey embassy’s building in sarajevo after the
31, march 2009 earthquake, Materijali i
konstrukcije 52 (2009) 3-4 (62-74)

[5] FLIR, prospectus

[6] Kittel C., Kroemer H., Thermal physics. First ed.,
New York, W.H. Freeman and Company, 1980.

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 54 (2011) 3 (83-96)
BUILDING MATERIALS AND STRUCTURES 54 (2011) 3 (83-96)

95



[7] Litos, P., Honner, M., Kunes, J., University of West
Bohemia, Thermography Applications in
Technology Research, InfraMation 2004
Proceedings ITC 104 A 2004-07-27

[8] Maierhofer C., M. Roellig Active thermography for
the characterization of surfaces and interfaces of
historic masonry structures, NDTCE’'09, Non-
Destructive Testing in Civil Engineering, Nantes,
France, June 30th — July 3rd, 2009.

[9] Maldague X. (2001). “Advances in pulsed phase
thermography.” Retrieved September 10, 2005.,
http,//www.gel.ulaval.ca/~maldagx/r_1220t.pdf

[10] Moropoulou, A., Avdelidis, N.P., Aggelakopoulou,
E., Griniezakis, S., Koui, M., Aggelopoulos, A,
Karmis, P. and Uzunoglou, N.K. Examination of
plastered mosaic surfaces using NDT techniques,
Journal of Insight, 43, 241-243, (2001).

[11] Polic-Radovanovic S., Research unfavorable
environmental Impact to the Cultural heritage in
Light of International heritological Practice,
International Scientific Conference on Environment
and biodiversity, ECOLOGICA, Beograd, 2010.

[12] Polic-Radovanovic S., Ristic S., Jegdic B., Nikolic
Z., MetodoloSki i tehnicki aspekti primene novih
tehnika u zaStiti kulturne bastine, Institut GoSa i
Centralni institut za konzervaciju, Beograd,
ISBN/ISSN 978-86-86917-12-06, COBISS.SR-ID
180484620, 2010

REZIME

NEKI PRIMERI PRIMENE TERMOGRAFIJE U
DIJAGNOSTICI POSLEDICA ZEMLJOTRESA NA
OBJEKTIMA ZASTITE KULTURNE BASTINE
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Mila POPOVIC-ZIVANCEVIC
Bore JEGDIC

U radu su prikazani prvi rezultati primene
termografije na dijagnostikovanju stanja objekata
Narodnog muzeja i Istorijskog arhiva u Kraljevu, posle
zemljotresa. Analize su radene u cilju ispitivanja
moguénosti primene infracrvene termografije na
specificnom zadatku utvrdivanja optimalnog okruzenja
za muzejske metalne eksponate. Potvrdene su prednosti
termografija kao nove metode u dijagnostikovanju
vlage u zidovima i krovovima, analizi kvaliteta termicke
izolacije i oSte¢enja u konstrukcijama. Dobijeni rezulatti
omogucéavaju izradu studija rizika, kao i formulisanje
uslova preventivne konzervacije za muzejske eksponate
i objekte zastite kulturne bastine.

Kljuéne reéi: termografija, kulturna bastina,
dijagnostika vlage, oStecenja konstrukcije, zemljotres

[13] Popovié-Zivangevi¢ M., Preventivna konzervacija u
muzejima, Institut GoSa & Centralni institut za
konzervaciju u Beogradu, 2010.

[14] Rao M., Rao D., Review of nondestructive
evaluation techniques for frp composite structural
components, Morgantown, West Virginia, 2007

[15] Ristic¢ S., Poli¢-Radovanovi¢ S., Termogarfsko
ispitivanje vlage u Manastiru Pinosava, Institut
Gosa, 2009.

[16] Ristic S., Poli¢-Radovanovi¢ S., Termografsko
shimanje zgrade Muzeja u Kraljevo, studija, Institut
Gosa, 2009.

[17] Sebastiano I., Infrared thermography and Georadar
techniques applied to the “Sala delle Nicchie”
(Niches Hall) of Palazzo Pitti, Florence (Italy),
Journal of Cultural Heritage 11 (2010) 259-264

[18] Svaié S., Boras l., IC termografija-primjena kod
oCuvanja kulturne basStine, Fakultet strojarstva i
brodogradnje, Zagreb, 2006

[19] Thermography, Level I, Course Manual, Infrared
Training Stockholm, Publ No1 560 093 D

[20] Titman, D.J. Applications of thermography in non-
destructive testing of structures, Journal of NDT &
E International, 34, 149-154, (2001).

SUMMARY

SOME EXAMPLES OF THERMOGRAPHY
APPLICATION IN DETECTING EARTHQUAKE
DAMAGES TO BUILDINGS OF CULTURAL
HERITAGE PROTECTION

Slavica RISTIC

Suzana POLIC-RADOVANOVIC
Mila POPOVIC-ZIVANCEVIC
Bore JEGDIC

This paper represents the results of first
thermographic application in buildings diagnosis of the
National Museum and the Historical Archives in Kraljevo,
after the earthquake. Analyses were performed to
investigate the possibilities of infrared thermography to
the specific task of determining the optimal environment
for the metal museum artefacts. The advantages of
thermography as a new method in the diagnosis of
moisture in walls and roofs, the analysis of thermal
insulation and damage to building structures are
confirmed. Obtained results enable the preparation of
risk studies and formulation of conditions for preventive
artefacts conservation, as well as the objects of cultural
heritage protection.

Key words: thermography, cultural heritage,
diagnosis of moisture, structural damage, earthquake
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UPUTSTVO AUTORIMA’

Prihvatanje radovai vrste priloga

U Casopisu Gradevinski materijli i konstrukcije Stampace
se neobjavljeni radovi ili ¢lanci i konferencijska saopStenja
sa odredenim dopunama ili bez dopuna, prema odluci
Redakcionog odbora, a samo izuzetno uz dozvolu
prethodnog izdavaca prihvatice se i objavljeni rad. Vrste
priloga autora i saradnika koji ¢e se Stampati su: originalni
naucni radovi, prethodna saopStenja, pregledni radovi,
strucni radovi, konferencijska saopstenja (radovi sa nau¢no-
struénih skupova), kao 1 ostali prilozi kao Sto su: prikazi
objekata i iskustava - primeri, diskusije povodom objavljenih
radova i pisma urednistvu, prikazi knjiga i zbornika radova,
kao i obavesStenja o naucno-stru¢nim skupovima.

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

Prethodno saopstenje sadrzi prva kratka obavesStenja o
rezultatima istraZivanja ali bez podrobnih objaSnjenja, tj.
kra¢e je od originalnog nau¢nog rada. U ovu kategoriju
spadaju i diskusije o objavljenim radovima ako one sadrze
naucne doprinose.

Pregledni rad je naucni rad koji prikazuje stanje nauke u
odredenoj oblasti kao plod analize, kritike i komentara i
zakljucaka publikovanih radova o kojima se daju svi neop-
hodni podaci pregledno i kriticki ukljucujuci 1 sopstvene
radove. Navode se sve bibliografske jedinice koris¢ene u
obradi tematike, kao i radovi koji mogu doprineti rezultatima
daljih istrazivanja. Ukoliko su bibliografski podaci metodski
sistematizovani, ali ne i analizirani i raspravljeni, takvi
pregledni radovi se klasifikuju kao stru¢ni pregledni radovi.

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

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

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

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

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

Uputstva za pripremu rukopisa

Rukopis otkucati jednostrano na listovima A-4 sa

marginama od 31 mm (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 zbog eventualnog
oStecenja ili gubitka rukopisa.
Od broja 1/2010, prema odluci Upravnog odbora
DruStva i Redakcionog odbora, radovi sa pozitivnim
recenzijama i prihvaéeni za Stampu, publikovaée se na
srpskom i engleskom jeziku.

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

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

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

Uz sazetak (rezime) od oko 150 do 200 reci, na
srpskom i engleskom jeziku daju se klju¢ne reci (do deset).
To je jezgrovit prikaz celog ¢lanka i ¢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 S| mernih jedinica.

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

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

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

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

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

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

Ukoliko rad bude Erihvaéen za Stampu, autori su duzni
da, po uputstvu Redakcije, unesu sve ispravke i dopune u
tekstu i prilozima.

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

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

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

Veb sajt Drustva i ¢asopisa: www.dimk.rs
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gradevinarstvo

HME IMS

INZENJERSKA KOMORA SRBIJE

MINISTARSTVO ZA NAUKU | TEHNOLOSKI
RAZVOJ SRBIJE

UNIVERZITET U BEOGRADU
GRADEVINSKI FAKULTET

DEPARTMAN ZA GRADEVINARSTVO
FAKULTET TENHICKIH NAUKA NOVI SAD

INSTITUT IMS AD, BEOGRAD

UNIVERZITET CRNE GORE
GRADEVINSKI FAKULTET - PODGORICA
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