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Izvod

U radu je prikazan razvijeni postupak numericko-
eksperimentalne dijagnostike cvrstoce konstrukcija. Nume-
ricka dijagnostika primenjuje metodu konacnih elemenata,
analizu rezultata proracuna i definisanje parametara pona-
sanja. Eksperimentalna analiza obuhvata merenje i defini-
sanje ulaznih velicina za proracun i ocenu rezultata prora-
cuna. Ciklusi merenje-proracun se mogu ponoviti, po potrebi.

UvVOD

Razmatranje i ocena integriteta i veka konstrukcija su
ve¢ u ranoj fazi primene zahtevali podatke dobijene dijag-
nostikom stanja i ponasanja u radu masina i industrijske
opreme. Razvoj ovog postupka dijagnostike je poceo mode-
liranjem i kompjuterskim prora¢unom konstrukcija. U
proteklih 30 godina su razvijane i poboljSavane numericke
metode zasnovane na metodi konacnih elemenata unose-
njem boljih pretpostavki ¢vrstoce konstrukcija, usavrsava-
njem kompjuterskog modeliranja i proracuna konstrukcija,
do nivoa prakticne primene. U tom periodu je razvijen i
programski paket Kompjutersko modeliranje i proracun
struktura — KOMIPS), /1, 2/, i primenjen za reSavanje prob-
lema ¢vrstoce konstrukcija, /3/. Sledec¢e prosirenje postupka
je bilo uvodenje eksperimentalnog ispitivanja za dijagnostiku.

Najmanje dva razloga su doprinela primeni postupka
ocene integriteta i veka konstrukcija podrzanog numeric-
kom i eksperimentalnom dijagnostikom. Prvi razlog je bila
ucestala pojava otkaza konstrukcija, ponekad sa katastrofal-
nim posledicama, /4, 5/. Ovi otkazi su zahtevali obimna
ispitivanja i istrazivanja, i na kraju, uvodenje dijagnostike.
Drugi razlog je nesluceni razvoj kompjuterske tehnike i
softvera, §to je omogucilo usavrSavanje numeri¢kih metoda,
sa jedne strane, a sa druge strane projektovanje i proizvod-
nju sofisticiranih uredaja izuzetno velike osetljivosti i kapa-
citeta merenja, prikladnih za prakti¢nu upotrebu i sposobnih
da zabeleze i sacuvaju ogromnu koli¢inu podataka rezultata
ispitivanja.
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Abstract

The paper presents developed procedure of numerical
and experimental diagnostics of structural strength. Numeri-
cal diagnostics uses finite elements method, calculated
results analysis and behaviour parameters definition. Experi-
mental analysis is based on measurement and definition of
input calculation data and results evaluation. The measure-
ment-calculation cycles can be repeated, if necessary.

INTRODUCTION

Structural integrity and life consideration and assessment
required in very early phase of implementing data obtained
by diagnostics of state and operational behaviour of the
machine and industrial equipment. The development of
these diagnostic procedures started by computer modelling
and calculation of structures. During the past 30 years
numerical methods based on finite element method have
been developed and improved in optimising assumptions in
structural strength, computer modelling and structural calcu-
lation to the level of practical use. In this period the pro-
gramme package Computer Modelling and Structure Calcu-
lation — KOMIPS is developed, /1, 2/, and is used in solving
structural strength problems, /3/. Diagnostics procedure is
further updated with an experimental test application.

At least two reasons contributed to the application of a
structural integrity and life assessment procedure, supported
by numerical and experimental diagnostics. The first reason
was frequent occurrence of structural failure, sometimes
with catastrophic consequences, /4, 5/. These failures
required extended investigation and research, and finally
the introduction of diagnostics. The second reason was fast
development of computer techniques and software,
allowing, on one side, the improvement of numerical
methods, and on the other, the design and production of
sophisticated devices of extremely high sensibility and
measuring capacity, user-friendly and capable to record and
store enormous quantities of testing data.
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OPIS RAZVIJENOG POSTUPKA

Razvijeni postupak numericko-eksperimentalne dijag-
nostike ¢vrstoce konstrukcija podrazumeva primenu metode
konacnih elemenata sa detaljnom analizom rezultata prora-
Cuna, definisanje parametara ponaSanja, eksperimentalnu
analizu merenja sa definisanjem ulaznih veli¢ina za proracun
i ocenom rezultata proracuna. U razvoj su uneta ve¢ dostupna
saznanja, /1, 2, 6/. Treba napomenuti da se postupak nepre-
kidno usavrSava na bazi iskustva iz prakticne primene i
analize novih numerickih i eksperimentalnih reSenja.

Ciklusi merenje—prora¢un mogu da se ponavljaju po
potrebi. Osnovni izlazi razvijenog postupka su usmereni na
reSavanje problema ¢vrstoCe, rekonstrukcije, sanacije,
popravke, revitalizacije, poboljSanja, promene rezima rada,
procenu radnog veka i naruéivanje opreme.

Razvijeni postupak dijagnostike prikazan je na sl. 1.

Analiza opreme je pocetni korak u dijagnostici. Potrebno
je pregledati i analizirati dostupnu dokumentaciju. Kontrola
opreme je slede¢i korak, zapocinje vizuelnim pregledom
konstrukcije (geometrija, stanje), kao i zastite protiv korozi-
je (AKZ) i spojeva, i prate¢im dodatnim kontrolama.

Funkcionalna merenja obuhvataju merenje struje i napona
pogona (proracun opterecenja pogona), merenje temperatu-
re, termicko polje opterecene konstrukcije, merenje pritiska
fluida, merenje dinamometrom optereéenja (pobudno,
radno i posredno), trajno monitorsko praéenje optereéenja,
vremensku i frekventnu analizu signala.

Numericke i eksperimentalne metode predstavljaju sustin-
ski deo postupka dijagnostike i posebno su prikazane.

Postupak se zavrSava ekspertizom, u kojoj se sumiraju
rezultati dijagnostike i preporucuju mere za rekonstrukciju,
popravku, poboljsanje ili revitalizaciju, uz procenu preosta-
log veka, ili se predlaze nabavka nove opreme.

Ulazni podaci
Literatura, dokumentacija, eksploatacija, odrzavanje

Vizuelna, periodi¢na i kontinualna kontrola
Opterecenja, geometrija, tezina
Metoda kona¢nih elemenata, grani¢ni uslovi

Deformacija. Napon. Vibracije
Metode ispitivanja sa/bez razaranja materijala

Dijagnostika i ekspertiza

Konstrukcija
Analiza opreme

KontrolT opreme
Funkciona?a merenja
Numeriélfe metode

EksperimenIalne metode

DESCRIPTION OF DEVELOPED PROCEDURE

Developed procedure for numerical and experimental
diagnostics of structural strength uses finite element method
and detailed analysis of calculated results, definition of behaviour
parameters, experimental measurements analysis with defined
input values for calculation and evaluation of calculated results.
Already available achievements are involved in the procedure
/1, 2, 6/. The procedure is under continuous improvement,
based on experience gathered in practical use and in the
analysis of new numerical and experimental solutions.

The cycles—measurement calculation can be repeated if
necessary. Basic outputs of the developed procedure are
aimed at strength problems solution, redesign, recovery,
repair, retrofit, improvements, operating regime change, life
assessment and equipment ordering.

Developed diagnostics procedure is presented in Fig. 1.

Analysis of equipment is initial step in the diagnostics. It
is necessary to examine and analyse available documents.
Equipment inspection is the next step, with visual control of
a structure (geometry, state), followed by anti-corrosion
protection (AKZ) and joints, and additional inspections.

Functional measurements include operating current and
voltage measurements (calculation of operating load),
temperature measurement, thermal field of loaded structure,
fluid pressure measurement, load measurement by dyna-
mometer (exciting, operating and indirect loads), continuous
load monitoring, time and frequency signal analysis.

Numerical and experimental methods present a substantial
part of diagnostics procedure and are separately presented.

The procedure ends by an expertise in which diagnostics
results are summarised and measures are recommended for
redesign, repair, improvement or retrofit, followed by resid-
ual life assessment, or new equipment implementation.

Rezultati
Ekspertiza reSenja, strukturisanje, poboljsanje
Tehnicki izvestaji
Tehnicki izvestaji
Statika, dinamika, termika. Parametri dijagnostike

Analiza merenja. Parametri dijagnostike

Rekonstrukeija, sanacija, poboljsanje,
revitalizacija, radni vek, nova oprema

Slika 1. Numericko-eksperimentalna dijagnostika ¢vrstoce konstrukcija

Input data
References, documentation, service, maintenance

Visual, periodical and continuous inspection
Load, geometry, weight
Finite element method, boundary conditions

Strain. Stress. Vibrations
Destructive and non-destructive testing methods

Diagnostics and expertise

Structure
Analysis oflequipment

Equipmeni inspection
Functional Teasurement
Numericall methods

Experimenlal methods

Outputs
Solution expertise, structuring, improvement

Technical reports
Technical reports
Statics, dynamics, thermics. Diagnostics parameters
Measurement analysis. Diagnostics parameters

Redesign, recovery, improvement,
retrofit, operating life, new equipment

Figure 1. Numerical-experimental diagnostics of structural strength.

Numericke metode

Numericka metoda na bazi metode konac¢nih elemenata
je za potrebe dijagnostike proSirena postavkom c¢vrstoce
konstrukcija, kompjuterskim modeliranjem i1 prora¢unom
struktura (programski paket KOMIPS), sl. 2, /1-3/, kao i
reSenim problemima ¢vrstoce.
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Numerical methods

Numerical method based on finite element method is for
the diagnostics purpose extended by postulating structural
strength, computer modelling and structure calculation
(programme package KOMIPS), Fig. 2, /1-3/, and also in
the addition of solved strength problems.
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Od znacaja su parametri dijagnostike, pre svega osetlji-
vost, koji se odnose na osobenosti opterecenja i napona,
posebno na energiju deformacije i raspodelu kineticke i
potencijalne energije na glavnim oblicima oscilovanja, i na
parametre mehanike loma i zamora materijala. Njima se na
pogodan nacin definiSu zahtevi u pogledu ponasanja kon-
strukcije, $to je istaknuto kriterijumima navedenim na sl. 2.

The importance is given to diagnostics parameters, first
of all the sensitivity, relating to loading and stress perform-
ances, especially on strain energy and distribution of kinetic
and potential energies of main oscillation forms, as well as
fracture mechanics and fatigue parameters. They can be
used to define requirements regarding structural behaviour,
as emphasized by the criteria cited in Fig. 2.

KOMPJUTERSKO MODELIRANJE I PRORACUN STRUKTURA — KOMIPS

MODELIRANIJE PREPROCESOR

PROCESOR POSTPROCESOR

PARAMETRI DIJAGNOSTIKE — OSETLJIVOSTI
— tok kretanja i raspodela opterecenja
— raspodela ekvivalentnog napona

—raspodela energije deformisanja

— parametri mehanike loma

— raspodela membranskog i savojnog, normalnog i tangencijalnog napona

— raspodela kineticke i potencijalne energije na glavnim oblicima oscilovanja

KRITERIJUMI ZELJENOG PONASANJA
— maksimalna krutost konstrukcije

— §to manje prisustvo koncentracije napona

— najveca duktilnost i zilavost materijala

— najmanyji faktor dinamickog pojacanja

— maksimalna razlika izmedu najveéeg napona i napona te¢enja
— ravnomerna raspodela deformacije, napona i energije deformacije

— najveca otpornost materijala na nastanak i rast prslina

— §to dalji dinamicki odzivi od eventualne pobude
— §to visa prva frekvenca i $to vece rastojanje izmedu frekvencija

Slika 2. Kompjutersko modeliranje i prorac¢un struktura — KOMIPS

COMPUTER MODELLING AND STRUCTURE CALCULATION - KOMIPS

MODELLING PREPROCESSOR

PROCESSOR POSTPROCESSOR

DIAGNOSTICS — SENSITIVITY PARAMETERS
— movement trace and loading distribution

— distribution of equivalent stress

— distribution of membrane and bending stresses

— distribution of strain energy

— fracture mechanics parameters

— distribution of kinetic and potential energies of main oscillation forms

REQUIRED BEHAVIOUR CRITERIA
— maximum structural stiffness

— minimum stress concentration

— highest material ductility and toughness

— lowest dynamic intensification factor

— highest difference between maximum and yield stresses
— uniform distribution of strain, stress and strain energy

— highest crack initiation and propagation resistance of material

— remote dynamic responses from possible excitation
— highest first frequency and distance between frequencies

Figure 2. Computer modelling and structure calculation — KOMIPS.

Eksperimentalne metode i metode ispitivanja

Za konstrukcije u radu, ¢ije stanje treba dijagnostikovati
potrebno je poznavati opste karakteristike materijala (hemij-
ski sastav, mehanicke osobine, tvrdocu, udarnu zilavost), a
za posebne vrste opterecenja i radne uslove jos i zamornu
¢vrstocu, parametre mehanike loma, otpornost prema koro-
ziji i karakteristike puzanja. Ako podaci o materijalu nisu
dostupni iz dokumentacije ili su nepouzdani, moraju se
odrediti ispitivanjem. Stanje materijala (izgled povrSina,
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Experimental and testing methods

For structures in service, for which diagnostics should be
performed, it is necessary to know general material proper-
ties (chemical composition, mechanical properties, hard-
ness, impact toughness) and for some loading types and
service conditions also fatigue strength, fracture mechanics
parameters, corrosion resistance and creep properties. If
data on the material are not known from documents or are
uncertain, they have to be determined by testing. Material
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debljina plo¢a i AKZ, dvoplatnost, prisustvo prslina 1 zaos-
tali naponi) se odreduju ispitivanjem bez razaranja. Prime-
njuju se standardne metode ispitivanja, ali za neka ispitiva-
nja se zahteva posebna oprema i iskustvo.

Ovo je po pravilu slucaj sa konstrukcijama koje se veé
dugo koriste, a njihovo odrzavanje nije bilo redovno.

Sem ispitivanja za karakterizaciju materijala, znacaj
imaju eksperimentalna ispitivanja na samoj konstrukciji, za
koja sluzi merno-akvizicioni sistem, sl. 3. Ovaj sistem, koji
treba da pruzi bitne podatke o stanju konstrukcije, je razvi-
jen kao podloga za numericko-eksperimentalnu dijagnosti-
ku ¢vrstoce konstrukcija. U pitanju su razli¢ita ispitivanja,
od kojih su mnoga vrlo zahtevna, pa je izuzetna i slozenost
sistema, potrebna da bi se pokrile sve oblasti dijagnostike.

Merno-akvizicioni sistem c¢ine uredaji Kompact Rio i
Kompact Dak (Nesenel instruments — NI). U sistem ulaze
brojni senzori (za pomeranja, deformacije, silu, pritisak
fluida, napon, temperaturu, vlagu, vibracije, napon struje,
analogni-digitalni ulazi i izlazi). U eksperimentima treba
izabrati broj i polozaj mernih mesta, meriti veli¢ine (pome-
ranja, deformacije mernim trakama, brzine, ubrzanja), prati-
ti optereéenja, deformacije i nivo vibracija (rezonanca,
debalans, nesaosnost, uleziStenja, zazore, vibracije od struje).

state (surface condition, plate and AKZ thickness, delami-
nation, crack presence and residual stresses) is determined
by non-destructive tests. Standard test methods are applied,
but sometime special devices and experience is required.

In general, it is the case with structures in service for a
long time, and when maintenance is not regular.

In addition to the tests for material characterisation,
experimental tests on the structure itself are important,
using the measuring-acquisition system, Fig. 3. This system,
aimed to deliver substantial data of structural state, is devel-
oped as the basis for numerical and experimental diagnos-
tics of structural strength. Different tests are in question,
some of them very requiring, so the complexity of the system,
necessary to cover the whole diagnostics area, is pronounced.

Devices Compact Rio and Compact Daq (National Instru-
ments — NI) are built in the system. A series of sensors are
used (displacement, strain, load, fluid pressure, stress, tem-
perature, humidity, vibration, voltage, analogue-digital inputs
and outputs. In experiments, the measuring point number and
location should be selected, values measured (displacement
strain by gauges, rate, acceleration), and monitored load,
strain and vibration level (resonance, disbalance, misalign-
ment, supports, clearances, electrically induced vibration).

| PC Host Internet |

I PC | I

Mobilna mreza — GPRS | |

Radio veza — RF

| |
| Memorija (Storage) |

1
| NI Compact RIO Stand alone |
I

I
| Nezavisni uredaj (Stand alone) |

| NI Compact DAQ |
I

C Serija ulazno/izlazni moduli
. NI9219 — 4 kanalni univerzalni analogni ulazni modul
. NI9237 — 4 kanalni analogni ulaz sa merne trake
. NI9203 — 8 kanalni strujni analogni ulazni modul

. NI9401 — 8 kanalni digitalni ulazno/izlazni modul

. NI9425 — 32 kanalni digitalni ulazni i brojacki/
vremenski modul

. NI9233 — 4 kanalni IEPE industrijski senzor ubrzanja

. NI9205 — 32 kanalni naponski analogni ulazni modul

9. N19263 — 4 kanalni £10 V analogni izlazni modul

AN AW~

e BN

— 4 channel universal analogue input module

— 4 channel analogue input module for strain gauges
— 8 channel currency analogue input module

. N19474 — 8 kanalni 24V digitalni izlazni i relejni modul — 8 channel 24 V digital output and relay module

— 8 channel digital input/output module

— 2 channel digital input and counting/time module

— 4 channel IEPE industrial acceleration sensor
— 32 channel power analogue input module
— 4 channel £10 V analogue output module

C Series I/O modules

Signal: 2,5V, 5V,10 V |

Transmiteri—Pojacala (Transmitters—Amplifiers)
I I

Senzori
— dinamometri (400 kN-2 kom.; 1; 5; 10 kN, 50 kN; 20 i 10 kN)
— senzor temperature (PT100-200°C i PT1000-600°C)
— laserski senzor-mera¢ temperature
— senzor pritiska fluida (60, 120 i 200 bar)
— senzor ubrzanja, piezoelektri¢ni 50 g; 0,3 do 10 kHz, 4 kom.
— senzor ubrzanja, 3 g, 5 kHz, 6 kom.
— induktivni senzor napona, izlaz 0 do 5 V, S-DVRT- MAG
— senzor struje pogona 410, 1400 i multimer 87V
— senzor struje pogona, 2 kom, DECODE
— linearni digitalni senzori duzine od 1020, 600 i 320 mm
— ekstenzometrijsko merenje deformacije mernim trakama
— linerani induktivni senzor pomeranja, 3 kom.

Sensors
— dynamometers (400 kN-2 pcs.; 1; 5; 10 kN, 50 kN; 20 and 10 kN)
— temperature sensor (PT100-200°C and PT1000-600°C)
— laser sensor — temperature measuring device
— pressure sensors (60, 120 and 200 bar)
— acceleration sensors, piezoelectric 50 g; 0,3 to 10 kHz, 4 pcs.
— acceleration sensors, 3 g; 5 kHz, 6 pcs.
— inductive voltage sensor, output 0 to 5 V, S-DVRT- MAG
—sensor 1410, 1400 and multimeter 87V
— currency sensor, 2 pcs., DECODE
— linear digital sensors, length 1020, 600 and 320 mm
— extensometric strain measurement by strain gauges
— linear inductive displacement sensor, 3 pcs.

Slika 3. Merno-akvizicioni sistem
Figure 3. Measuring-acquisition system.
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3D opti¢ko merenje deformacija
3D optical strain measurement

Sistem za kontrolu i merenje optereéenja
System for load control and measurement

IMI 603C01
Kidalica i pripadajuéi senzori
Tensile testing machine and sensors

Fluke 87V/i410

Slika 4. Komponente merno-akvizicioniog sistema i senzori
Figure 4. Components of measuring-acquisition system and sensors.

Vremenska i frekventna analiza signala, prakti¢ni aspekti
merenja vibracija, kao i opticka 3D analiza deformacije
(ARAMIS i PONTOS sistemi GOM) su znatno povecali
mogucnosti predstavljenog postupka numericko-eksperi-
mentalne dijagnostike ¢vrstoce konstrukcija.

Komponente opreme i neki uredaji sistema, kao i njihove
osobine su prikazani na sl. 4.

INTEGRITET I VEK KONSTRUKCIJA
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Time and frequency signal analysis, practical aspects of
vibration measurements as well as optical 3D strain analy-
sis (GOM systems ARAMIS and PONTOS), significantly
increased the capacity of presented procedure for numerical
and experimental diagnostics of structural strength.

Equipment components and some system devices, with
their properties, are presented in Fig. 4.
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DOPRINOS 1Z PRETHODNIH ISTRAZIVANJA

Jedan od osnovnih razloga razvoja KOMIPS sistema i
sve vece primene eksperimentalnih ispitivanja u dijagnos-
tici treba traziti u stanju opreme domace industrije. Tokom
proteklih 30 godina je do doslo do naglog smanjenja inves-
ticija i obnavljanja opreme u industriji, pa je bilo neophod-
no proveriti da li postojec¢a oprema moze dalje da se koristi
i koliko dugo. Takode je znacajna analiza otkaza i lomova u
eksploataciji, pracena dijagnostikom i ekspertizom sa mera-
ma sanacije ili popravke, odnosno, isklju¢enjem opreme iz
eksploatacije kada je sigurnost u radu ugrozena.

Jedna od potpora u takvom pristupu je Medunarodna
letnja skola mehanike loma (IFMASS), koja periodi¢no radi
od 1980. godine. Sledeé¢i znacajni doprinos je osnivanje
Drustva za integritet i vek konstrukcija 2001. godine
(DIVK, www.divk.org.rs). Iste godine je pokrenut i Casopis
Integritet i vek konstrukcija (IVK), preko koga su stru¢nja-
cima, ne samo domacim, postale dostupne reference i infor-
macije o relevantnim aspektima: teorijskom razvoju meha-
nike loma i srodnih disciplina, o numeri¢kim metodama,
koje su pratile dostignuca u razvoju softvera i kompjutera, i
o eksperimentalnim metodama, kroz razvoj novih mernih
uredaja i njihovu primenu.

1z izlozenog teksta je jasno da je u pitanju materija, koja
je sa jedne strane vrlo slozena, a sa druge strane obimna.
Treba podvuci da se zajedno sa postupcima ocene integri-
teta 1 veka konstrukcija neprekidno razvija i poboljsava i
numeric¢ko-eksperimentalna dijagnostika ¢vrsto¢e konstruk-
cija. Sem ve¢ navedenih osnovnih radova, /1, 2/, mnogo
detaljniji pristup je omogucen pregledom literature, razvrs-
tane u dve grupe. Prva grupa se odnosi na tematska
podrucja koja su kori$¢ena pri razvoju numeric¢kih metoda i
softvera, a druga grupa su reference koje prikazuju kako su
razvijene metode primenjene na reSavanje prakti¢nih indus-
trijskih problema. Pri tom treba imati u vidu da su u
mnogim radovima paralelno obradene teme iz obe grupe.

Podrska razvoju

Mnogo potpuniji prikaz problema su dali autori u mono-
grafijama IFMASS, /7-10/. Raznovrsnost konstrukcija na
koje je metoda primenjena i razliiti radni uslovi pokazuju
univerzalnost metode, sa jedne strane, ali sa druge strane
upucuju na potrebu da se za svaki pojedinacni primer
osnovne postavke provere i koriguju kada je to potrebno.

Ovom treba dodati i priloge drugih autora, /11-19/.
Ponovo dolazi do izrazaja raznorodnost problema i
konstrukcija na kojima se problemi javljaju. Posebno treba
ista¢i radove koji se odnose na numericke metode i njihovu
primenu u razli¢itim uslovima, /11, 13, 15, 16, 17/.

Primeri prakticne primene u eksploataciji

Brojni su radovi posveceni problemu dijagnostike u
eksploataciji jer je potrebno obezbediti kako sigurnost, tako
i pouzdanost konstrukcija u redovnom radu. Problemi veka
su viSe usmereni na dopusteni period eksploatacije izmedu
dve inspekcije, ali se traZi i ocena ukupno preostalog veka.
I ovde se raznovrsnost konstrukcija uocava u pogledu
namene i funkcije, pa se razlikuju radni uslovi i vrste opte-
rec¢enja i u skladu sa tim i upotrebljeni materijal.
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CONTRIBUTION OF PREVIOUS INVESTIGATION

One basic reason for KOMIPS system development and
extended application of experimental testing in diagnostics
could be searched in the state of the domestic industry
equipment. In the last 30 years investment and replacement
of equipment is drastically reduced, and it was necessary to
check whether its further use is possible and how long. The
analysis of failures and fractures in service is also
important, followed by diagnostics and expertise for
recovery or repair, or by the exclusion of equipment from
exploitation, if service safety is endangered.

One of supports to such an approach is the International
Fracture Mechanics Summer School (IFMASS), operating
from 1980 periodically. Next important support is founding
of the Society for Structural Integrity and Life in 2001
(DIVK, www.divk.org.rs). Also the journal Structural
Integrity and Life began the same year, with available refer-
ences and information on relevant aspects of theoretical
development of fracture mechanics and allied subjects, of
numerical methods, succeeded achievements and develop-
ment in software and computers, as well as in experimental
methods, through the design of new measuring devices and
their application.

From the presented it is clear that the matter in question
is very complex, on one hand, and widespread, on the other.
It is to underline that together with structural integrity and
life assessment numerical and experimental diagnostics of
structural strength is continuously developed and improved.
In addition to the already referred basic papers, /1, 2/, a
more detailed approach is enabled in reviewing references,
classified into two groups. The first group is related to
thematic areas used for development of numerical methods
and software, the second includes references demonstrating
how developed methods are applied to solving practical
industrial problems. However, in many papers both topics
are elaborated in parallel.

Supporting the development

A more complete review of the problem is given by
authors in IFMASS monographs, /7-10/. Diversity of struc-
tures to which the method is applied and different operating
conditions indicate universality, on one hand, but on the
other show the need to check for each individual case the
basic assumptions and to correct them, if necessary.

It is also necessary to mention the contribution of other
authors, /11-19/. Again problem diversity is expressed
regarding the considered structures. Of special interest are
papers related to numerical methods in different conditions
/11,13, 15, 16, 17/.

Examples of practical use in service

Numerous papers deal with diagnostics problems in
service, since it is required to provide structural safety, but
also the reliability in regular exploitation. Life problems are
more directed to the allowed time period between two
inspections, but also the total residual life is requested. The
diversity regarding the purpose and function is presented
also here, and the operating conditions and type of loading
are different, and accordingly, the used material.
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S obzirom na pojavu otkaza i njihov znatan broj, u litera-
turi su saopSteni radovi o dijagnostici nose¢ih celi¢nih
(elektroenergetska postrojenja, procesna industrija, mosto-
vi), a problemi koji se prikazuju su sli¢nog karaktera, /20-
24/. Druga velika grupa se odnosi na opremu pod pritiskom
/25-31/. Kod ovih konstrukcija poseban problem su zavare-
ni spojevi, jer je njihova dijagnostika zahtevna i sloZena.
Detalji o tom problemu su opisani u navedenoj literaturi.

PRAVCI DALJEG RAZVOJA

Dalji razvoj dijagnostike za potrebe ocene integriteta i
veka konstrukcija zavisi od razvoja industrijske opreme i
njenog projektovanja, ali i od mogucnosti za razvoj i usavr-
Savanja kompjuterske tehnike, merne opreme i uredaja
Zahtevi proizvodnje su usmereni na opremu vece produk-
tivnosti, pove¢anu pouzdanost i sigurnost.

U nekim podrucjima kao $to su zamor materijala, puza-
nje, korozija i korozija pod naponom jo$ uvek nije moguce
posti¢i zahtevani nivo dijagnostike. Posebnu paznju treba
posvetiti prslinama i njihovom razvoju u tim uslovima, jer
teorijski razvijeni mehanizmi ne daju uvek zadovoljavajuce
odgovore, pa je empirijski pristup neizbezan. Modeliranje
primenom kompjutera ima ovde veliki znacaj, ali numeric¢-
ka i eksperimentalna dijagnostika su jo$ uvek najpouzdaniji
postupak za pracenje opreme u eksploataciji.

Otvaranje novih oblasti donosi nove zahteve, ali i
promene u pristupu. Kao primer moze da posluzi razvoj
nanomaterijala i konstrukcija, /32/, ¢ija svojstva mogu da
budu razli¢ita od poznatih osobina definisanih za mnogo
vece dimenzije i razmere. Atomski modeli ¢vrstoce 1 loma
konstrukcija ne mogu da se primene na nano nivou, jer
prslina ne moze da se definiSe na klasi¢ni na¢in. Neopho-
dan je novi pristup da bi se razvila numericka i eksperimen-
talna dijagnostika, ve¢ potrebna u skladu se ostrim zahtevi-
ma pouzdanosti mikro i nano struktura.

Merni uredaji se stalno usavrSavaju, esto bas razvojem
nano tehnologija, uglavnom u slede¢im pravcima:

— merna veli¢ina se pojaCava kod senzora, tako da se
prenos signala ostvaruje na visokom nivou napona;

— akvizicija signala i podataka se ostvaruje sa i bez prime-
ne PC (nezavisni uredaj);

— signali se uglavnom prenose primenom bezi¢ne, GPRS i
RF tehnologije;

— sve se viSe koristi televizija, naroCito kada se zahteva
trajno pracenje pojava, jer je primenom kompjutera i
odgovarajuc¢ih softvera mogu¢ ne samo kontinualni
monitoring, ve¢ i upravljanje sistemom, /14/.

Steceno iskustvo u dijagnostici pokazuje da prakti¢no ne
postoje granice: ono §to je i nedavno bilo nezamislivo danas
je ve¢ u svakodnevnoj upotrebi u eksploataciji.

ZAKLJUCAK

Predstavljena numericko-eksperimentalna metoda dijag-
nostike ¢vrstoce konstrukcija, razvijena tokom 30 godina, je
u praksi potvrdena na brojnim resenim problemima.
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Having in mind failure occurrences and their great
number, papers on diagnostics of loaded steel structures are
referred (electrical power plants, process industry, bridges),
and presented problems are of similar character, /20-24/.
The second large group of pressure equipment is considered
/25-31/. Welded joints are an important problem in these
structures, since their diagnostics is requiring and complex.
The details can be found in given references.

DIRECTION OF FURTHER DEVELOPMENT

Further diagnostics development needed for structural integ-
rity and life assessment depends on industrial equipment
development and its design, also on the capacity to develop
and improve computer techniques, and on measuring equip-
ment and devices. Production requirements call for equip-
ment of high productivity, increased reliability and safety.

In some areas, like material fatigue, creep, corrosion and
stress corrosion, it is not possible to achieve the required
level of diagnostics. Special attention should be paid to
cracks and their growth in these conditions, since developed
theoretical mechanisms do not always offer satisfactory
response, so the empirical approach cannot be avoided.
Computer modelling has great importance here, so numerical
and experimental diagnostics of structural strength is still a
most reliable procedure for in-service equipment monitoring.

Opening new areas involves new requirements and
changes in the approach. Development of nano materials
and structures can serve as an example, /32/, with properties
that can differ from known properties of much higher
dimensions and scales. The atomic models for strength and
fracture cannot be applied at nano level, because the crack
cannot be defined in a classical way. A new approach is
necessary for developing numerical and experimental diag-
nostics, already needed according to strict reliability
requirements for micro and nano structures.

Measuring devices are steadily improved, often by nano
technology development, mostly in the following directions:
— the measured value is amplified at the sensor, enabling

signal transfer at high level voltage;

— signal and data acquisition is with or without PC applica-
tion (stand alone);

— signals are transmitted using wireless, GPRS and RF
technologies;

— application of television increases, particularly when
continuous monitoring is requested, since application of
computer software makes continuous monitoring possi-
ble, as well as system control, /14/.

The gained experience in diagnostics practically shows
unlimited possibilities: even what was considered impossi-
ble in the near past is already in every day exploitation.

CONCLUSION

The presented numerical-experimental method for struc-
tural strength diagnostics, developed in past 30 years, has
been proved by numerous solved problems.

STRUCTURAL INTEGRITY AND LIFE
Vol. 10, No 1 (2010), pp. 3—-10



Numeri¢ko-eksperimentalna dijagnostika ¢vrstoce konstrukcija

Numerical and experimental diagnostics of structural strength

LITERATURA — REFERENCES

1. Maneski, T., Kompjutersko modeliranje i proracun struktura —
KOMIPS, Masinski fakultet Univerziteta u Beogradu, 1998.

2. Maneski, T., Ignjatovi¢, D., Dijagnostika cvrstoce konstrukcije
(Structural performance diagnostics), Integritet i vek konstruk-
cija (Structural Integrity and Life), Vol. 4, Nol, 2004, pp.3-7.

3. Maneski, T., ReSeni problemi ¢vrstoée konstrukcija, Masinski
fakultet Univerziteta u Beogradu (Solved problems of struc-
tural strength, Univ. of Belgrade, Fac. of Mech. Engng.), 2002.

4. Sedmak, S., Sedmak, A., Fracture mechanics and non-destruc-
tive testing for structural integrity assessment, in Advances in
Strength of Materials, Ed. L. Marsavina, Key Eng. Mat. Vol.
399, TransTech Publications Ltd., Switzerland, 2009, pp.27-36.

5. Sedmak, A., Failures of structures in service, in IFMASS 10
“Fundamentals of Fracture Mechanics and Structural Integrity
Assessment Methods”, Ed. S. Sedmak, MF-TMF-DIVK-IMS,
Belgrade, 2009, pp.3-18.

6. Maneski, T., Sedmak, A., Integritet konstrukcije, Int. i vek
konstr. (Structural integrity, Struc. Int. and Life, in Serbian),
Vol.1, No2, 2001, pp.107-110.

7. Maneski, T., Dijagnostika ponasanja i popustanja konstrukcije,
IFMASS 7 ,,Eksperimentalne i numericke metode mehanike
loma u oceni integriteta konstrukcija®, ured. S. Sedmak, A.
Sedmak, TMF-ISZ-GOSA, Beograd, 2000, pp.279-304.

8. Maneski, T., Stress Analysis for Structural Integrity Assess-
ment, IFMASS 8 “From Fracture Mechanics to Structural
Integrity Assessment”, Eds. S. Sedmak, Z. Radakovié, DIVK-
TMEF, Belgrade, 2004, pp.277-302.

9. Maneski, T., Numerical analysis for integrity assessment of
welded structures, IFMASS 9 “The Challenge of Materials and
Weldments”, Eds. S. Sedmak, Z. Radakovi¢, J. Lozanovi¢,
MEF-DIVK-TMF-GOSA, Belgrade, 2008, pp.239-258.

10. Maneski, T., Milosevi¢-Miti¢, V., The analysis of the stress-
state in constructions in exploitation, IFMASS 10 “Fundamen-
tals of fracture mechanics and structural integrity assessment
methods”, Ed. S. Sedmak, MF-TMF-DIVK-IMS, Belgrade,
2009, pp.203-224.

11. Berkovi¢, M., Numerical Methods in Fracture Mechanics,
Struc. Int. and Life, Vol. 4, No.2, 2004, pp.63-66.

12. Trajkovié, M., Sumarac, D., Mijalkovié, M., Kraj&inovié, D.,
Otkrivanje ostecenja odredivanjem dinamickih karakteristika, Int. i
vek konst. (Damage detection via dynamic characteristics deter-
mination, Struc. Int. and Life), Vol.5, No.2, 2005, pp.87-94.

13. Popovi¢, A., Markovi¢, M., Pani¢, B., Nikoli¢, M., Sakupljanje i
obrada podataka, Int. i vek konst. (Data acquisition and pro-
cessing, Struc. Int. and Life), Vol. 6, No1-2, 2006, pp.53-64.

14. Gubeljak, N., Primena stereometrijskog merenja na integritet
konstrukcija, Int. i vek konst. (Application of stereometric
measurement on structural integrity, Struc. Int. and Life), Vol.
6, Nol-2, 2006, pp.65-74.

15. Jakovljevi¢, A., Numericka analiza napona parovoda visokog
pritiska termoelektrana, Int. 1 vek konst. (Numerical stress
analysis of high pressure steam lines in power plants, Struc.
Int. and Life), Vol.7, Nol, 2007, pp.13-20.

16. Svetel, 1., Informaciono tehnoloski standardi i vek konstrukcije
u gradevinarstvu, Int. i vek konst. (Information technology
standards and structural life in civil engineering, Struc. Int.
and Life), Vol.7, No3, 2007, pp.167-176.

17. Jodin, P., Zedira, H., Azari, Z., Gilgert J., Fatigue life assess-
ment of an excavator arm box, Struc. Int. and Life, Vol.9, Nol,
2009, pp.23-28.

18. Kiri¢, M., Sedmak, A., Lozanovi¢, J., Tomi¢, R., 4 compara-
tive analysis of engineering methods in fracture mechanics,
Struc. Int. and Life, Vol.9, Nol, 2009, pp.29-38.

INTEGRITET I VEK KONSTRUKCIJA
Vol. 10, br. 1 (2010), str. 3—10

19. Sedmak, S., Grabulov, V., Mom¢ilovi¢, D., Chronology of lost
structural integrity initiated from manufacturing defects in
welded structures, Struc. Int. and Life, Vol.9, Nol, 2009,
pp-39-50.

20. Maneski, T., Ignjatovié, D., Sanacije i rekonstrukcije rotornih
bagera, Int. i vek konst. (Repair and reconstruction of bucket
wheel excavators, Struc. Int. and Life), Vol.4, Nol, 2004, pp.9-28.

21. Maneski, T., Ignjatovié, D., Sanacije i rekonstrukcije trans-
portera i odlagaca, Int. i vek konst. (Repair and reconstruction
of belt wagons and stackers, Struc. Int. and Life), Vol.4, Nol,
2004, pp.29-38.

22. Bosnjak, S., Petkovié, Z., Mateji¢, P., Zrni¢, N., Petri¢, S.,
Simonovié, A., Analiza stanja napona-deformacija konstrukcije
obrtne platforme rotornog bagera, Int. i vek konst. (Analysis of
stress-strain state of bucket wheel excavator revolving platform
structure, Struc. Int. and Life), Vol.5, No3, 2005, pp.129-142.

23. Kiri¢, M., Grujié, B., Primena informaticko tehnoloskih stan-
darda pri ispitivanju bez razaranja mostova, Int. i vek konst.
(Application of information technology standards for non-
destructive testing of bridges, Struc. Int. and Life), Vol.7, No3,
2007, pp.177-186.

24. Gubeljak, N., Predan, J., Rak, 1., Kozak, D., Ocena integriteta
zavarenog spoja HSLA Celika razlicite cvrstoce osnovnog
metala i metala Sava, Int. 1 vek konst. (Integrity assessment of
HSLA steel welded joint with mis-matched strength, Struc. Int.
and Life), Vol.9, No3, 2009, pp.157-164.

25. Maneski, T., Cuki¢, R, Izbor najpovoljnijeg resenja sanacije
reaktora DC 303, Int. i vek konst. (in Serbian, Struc. Int. and
Life), Vol.1, Nol, 2001, pp.41-46.

26. Adziev, G., Sedmak A., Ocena integriteta sfernog rezervoara,
Int. i vek konst. (Integrity assessment of spherical storage tank,
Struc. Int. and Life), Vol.3, No2, 2003, pp.93-98.

27. Sedmak, S., Sedmak, A., Integritet cevovoda hidroelektrane,
Int. i vek konst. (Integrity of penstock of hydroelectric power-
plant, Struc. Int. and Life), Vol.5, No2, 2005, pp.59-70.

28. Jallouf, S., Milovi¢, Lj., Pluvinage, G., Carmasol, A., Sedmak,
S., Odredivanje stepena sigurnosti i faktora pouzdanosti kotlov-
skih cevi sa povrsinskom prslinom, Int. i vek konst. (Determi-
nation of safety margin and reliability factor of boiler tube with
surface crack, Struc. Int. and Life), Vol.5, No3, 2005, pp.151-162.

29. Maneski, T., Sedmak, A., Milovi¢, Lj., Fertilio, A., Sedmak,
S., Ocena podobnosti za upotrebu zagrejaca napojne vode
posle popravke, Int. i vek konst. (Fitness-for-purpose assess-
ment of repaired feedwater heater, Struc. Int. and Life), Vol.6,
No3, 2006, pp.111-120.

30. Kurai, J., Burzi¢, Z., Gari¢, N., Zrili¢, M., Aleksi¢, B., Pocet-
no stanje napona cevi kotla za ocenu integriteta konstrukcije,
Int. i vek konst. (Initial stress state of boiler tubes for struc-
tural integrity assessment, Struc. Int. and Life), Vol.7, No3,
2007, pp.187-194.

31. Maneski, T., Milosevi¢-Miti¢, V., Andeli¢, N., Milovi¢, Lj.,
Sanacija i rekonstrukcija autoklava, Int. 1 vek konst. (Overhaul
and reconstruction of an autoclave, Struc. Int. and Life), Vol.8,
No3, 2008, pp.171-180.

32. Sedmak, S., Crack analysis at nano level, IFMASS 10
“Fundamentals of Fracture Mechanics and Structural Integrity
Assessment Methods”, Ed. S. Sedmak, MF-TMF-DIVK-IMS,
Belgrade, 2009, pp.323-334.

STRUCTURAL INTEGRITY AND LIFE
Vol. 10, No 1 (2010), pp. 3—-10



	NUMERIČKO-EKSPERIMENTALNA DIJAGNOSTIKA ČVRSTOĆE KONSTRUKCIJA
	NUMERICAL AND EXPERIMENTAL DIAGNOSTICS OF STRUCTURAL STRENGTH 
	UVOD
	INTRODUCTION
	OPIS RAZVIJENOG POSTUPKA
	DESCRIPTION OF DEVELOPED PROCEDURE
	Numeričke metode
	Numerical methods
	Eksperimentalne metode i metode ispitivanja
	Experimental and testing methods

	DOPRINOS IZ PRETHODNIH ISTRAŽIVANJA
	Podrška razvoju
	Primeri praktične primene u eksploataciji

	CONTRIBUTION OF PREVIOUS INVESTIGATION
	Supporting the development
	Examples of practical use in service

	PRAVCI DALJEG RAZVOJA
	ZAKLJUČAK
	DIRECTION OF FURTHER DEVELOPMENT
	CONCLUSION
	LITERATURA – REFERENCES


