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Izvod

Povrsinski kopovi u Srbiji su osnova proizvodnje uglja,
Sto opravdava usmerenje aktivnosti na neprekidni rad i
odrzavanje masina i uredaja za povrsinsku eksploataciju.
Slozenost konstrukcije rotornih bagera i drugih rudarskih
masina (odlagaca, samohodnih transportera), njihova viso-
ka cena, i visoki troskovi otkaza i odrzavanja, ukazuju na
potrebu istrazivanja i razvoja efikasnog sistema za dijag-
nostiku.

U ovom radu su definisani postupak i razvoj integralnog
modela sistema za dijagnostiku stanja i ponasanja celicne
konstrukcije rudarskih masina, §to omogucava donosSenje
odluke o daljim akcijama vezanim za njihov rad (pracenje
stanja, nastavak rada bez intervencija, revitalizacija,
modernizacija, rekonstrukcija ili otpis).

Rezultat ovih istrazivanja je sistem procedura i njihovih
medusobnih odnosa u cilju dobijanja podataka koji definisu
stanje rudarske opreme i nacin daljeg delovanja.

UvOD

Potreba efikasnosti i smanjenja troskova na povrSinskim
kopovima doveli su poslednjih godina do novih pristupa
odrzavanju masina i opreme. To su, pre svega, pristupi
odrzavanja koji predvidaju i predupreduju dogadaje /2/. Na
ovaj nacin se moze direktno uticati na vek rotornog bagera,
ali i na performanse bagera, koje se odrzavaju u projektova-
nom opsegu ili se u nekim segmentima i poboljsavaju.

Postupak se zasniva, s jedne strane, na bitnom unaprede-
nju dijagnosti¢kih uredaja (velika preciznost, prikupljanje
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Abstract

Surface mines in Serbia are the basis of coal production,
Justifying to focus the activities on continuous operation
and maintenance of machinery and equipment for surface
mining. Structural complexity of bucket wheel excavators
and other mining machinery (spreaders, belt wagons), their
high prices and high costs of failures and maintenance
indicate the need to research and develop an efficient diag-
nostics system.

The article defines the methods and development of the
model of an integrated system for state diagnostics and
behaviour of mining machine steel structures, enabling to
decide on further actions for their operation (state monitor-
ing, to continue operation without intervention, retrofit,
updating, redesign or amortisation).

The result of this research is a system of procedures and
their mutual relations with the aim to obtain data on defin-
ing the mining equipment state and mode of further treatment.

INTRODUCTION

The need for efficient and reduced costs on surface
mining has recently opened new approaches to machinery
and equipment maintenance. Primarily, these approaches
enable to predict and proact the events, /2/. In this way it is
possible to effect directly on bucket wheel excavator life,
and also its performance, saving in design limits or, in some
segments, even improvement.

The method is based, on one hand, on substantial
improvement of diagnostic devices (high precision, collect
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ogromne koli¢ine podataka, jednostavan prenos podataka,
uz pojeftinjenje i olakSanu primenu), §to olaksava tehnicku
dijagnostiku, a sa druge strane na novoj generaciji standar-
da, koji u nekim oblastima napustaju klasicna shvatanja,
¢ak i u nacionalnim propisima.

Na kraju, ali uz bitan uticaj, bilo je znacajno u postupak
uneti iskustvo sakupljeno sa rudarskim masinama za povr-
Sinsku eksploataciju u pogledu projektovanja, eksploatacije,
dijagnostike, kao i sistema odrzavanja, /1, 8, 9/.

CILJEVI

Da bi se doslo do valjanih kriterijuma za procenu neop-
hodnosti zamene pojedinih delova opreme ili konstrukcije,
neizbezna su obimna dijagnosti¢ka ispitivanja. Vazan deo
ovih ispitivanja se odvija u on-line i off-line rezimu. Ove
metode omogucavaju bolji uvid u stanje pojedinih uredaja,
a time njihovu bolju iskoris¢enost. Ciljevi primene dijag-
nostickih metoda, /3/, su:

— spreciti ponovljene otkaze masina,

— smanjite troSkove odrzavanja,

— povecati vreme ispravnog rada masine (pouzdanost),

— produziti vek trajanja masSina,

— optimizovati efikasnost opreme u radu,

— unaprediti proces planiranja,

— omoguciti uspesno funkcionisanje odrZavanja i proizvodnje.

RAZVIJENI METODOLOSKI PRISTUP DIJAGNOSTICI
ROTORNOG BAGERA

Poznavanje stanja i ponasSanja rotornog bagera i pridru-
Zene opreme u svakom trenutku je osnovni cilj dijagnostike.
Na taj nac¢in mogu da se osiguravaju optimalni parametri
funkcionisanja sistema, ali i da se predvideti pogodan rok
do eventualne revitalizacije i rekonstrukcije, da bi dalji rad
bio siguran i ekonomican. Ovakvim pristupom se definiSu
osnovni i posebni zahtevi za pouzdano i trajno koriS¢enje
rotornog bagera.

Razli¢it je znacaj dijagnostike postojece konstrukcije,
koja je veé ostvarila odredeni vek u radnim uslovima i
projekta nove konstrukcije. Pouzdani projekt nove kon-
strukcije se ostvaruje analizom numerickih pretpostavki i
odabranog standarda za projektovanje i eksperimentalnu
verifikaciju proracuna, a na osnovu iskustva u radu sli¢nih
konstrukcija, sl. 1. Eksperimentalna verifikacija treba da
otkloni nepoznanice koje postoje u standardima, a prven-
stveno se misli na opterecenja koja su pretpostavljena i
predstavljaju ,,slabu“ tacku proracuna. Eksperimentalnom
verifikacijom numeric¢kih pretpostavki moze se sagledati
stanje i ponasanje rudarske masine najpribliznije stvarnom,
a to je 1 najpouzdaniji podatak za projektovanje nove masine.

Dijagnostika novih masina preuzima rezultate i iskustva
dijagnostike postoje¢ih, po moguéstvu ih redukuje na
najmanju meru potrebnu da se vidi da i se nova konstruk-
cija ponasa prema predvidenom proracunu.

Tehnicki uslovi dijagnostike ponaSanja i stanja opreme
su definisani u algoritmu primene, sl. 1.

Ovakvim pristupom se usmeravaju saznanja iz razlicitih
oblasti ka jednom, pojednostavljenom cilju: da se sa §to
manje parametara utvrdi ponasanje konstrukcija, odnosno,
da li je njen odgovor na opterecenja u skladu sa predvida
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ing enormous amount of data, simple data transfer followed
by low price and easy application), enabling to simplify
technical diagnostics, and on the other hand, on a new
generation of technical standards, which in some areas have
abandoned classical concepts, even national regulations.
The last, but not the least, it was important to implement
into the procedure the experience gathered with mining
machinery for surface mining in the area of design, opera-
tion, diagnostics, as well as system maintenance, /1, 8, 9/.

GOALS

To obtain relevant criteria for assessing the necessity to
replace some parts of equipment or structure, extensive
diagnostics tests are inevitable. An important part of these
test is in on- and off-line mode. These methods enable
better insight into the state of individual devices, and their
better utilization. The objectives of implementing diagnos-
tic methods are, /3/:

— prevent repeated failures of machines,

— reduce maintenance cost,

— increase machine correct service period (reliability),

— extend the operating life of machines,

— optimise the efficiency of equipment in service,

— improve the planning process,

— ensure successful operation, maintenance and production.

DEVELOPED METODOLOGY APPROACH OF BUCKET
WHEEL EXCAVATOR DIAGNOSTICS

Recognition of bucket wheel excavator and the associ-
ated equipment state at each moment is the major diagnos-
tics goal. In this way, optimal functional system parameters
can be assured, but also it is possible to predict convenient
term for eventual retrofit and redesign, enabling further safe
and economical operation. This approach allows to define
basic and special requirements for reliable and continuous
bucket wheel excavator service.

There is a difference between the diagnostics of existing
structures that had already performed a certain life in service
conditions and new structural design. Reliable design of a
new structure is realised by analysis of numerical assump-
tions and selected standards for design and experimental
verification of calculation, and based on service experience
with similar structures, Fig. 1. Experimental verification
should eliminate all uncertainties existing in the standards,
primarily having in mind accepted loads that represent a
“weak” point in calculation. Experimental verification of
numerical assumptions allows an insight in the state and
behaviour of mining equipment the closest to real, as a most
reliable data for new machine element design.

Diagnostics of new machines takeover the results and
experiences of realized diagnostics, possibly by reducing
them to minimum measures, necessary to see if new struc-
tures behaviour corresponds to predicted calculations.

Technical requirements of equipment behaviour and sta-
te diagnostics are given in application algorithm (Fig. 1).

By such an approach the existing knowledge in various
fields is directed to a single, simplified goal: with minimum
parameters to assess structural behaviour, that is whether its
load “feed back” is in accordance with the predicted calcu
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njem proratuna. To je i najvazniji doprinos u pristupu
razmatranoj materiji, koji se moze dalje razvijati u vise
pravaca. Ne smeju se zanemariti ni podaci o tome S§ta je
konstrukcija u prethodnom radu prezivela.

lation. This is the most important contribution in the
approach to the considered matter which can be developed
in several directions. Also, data on what the structure had
survived in the previous service must not be neglected.

Dijagnostika konstrukcija
Diagnostics of structures

-
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Eksperimentalna merenja Proracun
Experimental measurements Calculation
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Revitalizacija
Revitalization

A

v
Procena zamora
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Slika 1. Dijagnostika stanja konstrukcija
Figure 1. Diagnostics of structural state.

Dostignuti razvoj merne opreme, niska cena i pogodnost
prenosa podataka dovode u pitanje koristi od ogromnog
broja podataka. Ovo je vazno ako se konstrukcija ne ponasa
kako je predvideno u projektu, do cega moze do¢i, na
primer, zbog neprikladnog projektnog reSenja, promene
radnih uslova ili zamora materijala.

Pri ispitivanju sistema rotornog bagera postoje razlike u
ispitivanju nosece Celi¢ne konstrukcije i pratece funkcional-
ne opreme. Kod nosece konstrukcije prevashodan cilj je
sigurnost bagera, dok ispitivanja uredaja opreme daju
podatke o stanju uredaja, koji su presudni za ocenu efikas-
nosti u radu.

Na sl.2 dat je prikaz usaglasavanja eksperimenta i
proracuna prema standardu DIN 22261. Razvijeni
dijagnosticki tok sa sl. 1 predvida ocenu stanja i posledice
na osnovu usaglasenog modela. Nakon toga sledi analiza
zamora koja definiSe aktivnosti na dalje tretiranje
konstrukcije. Ovakav pristup predvida korekciju ulaznih
vrednosti za proracun na bazi ispitivanja, Sto odgovara i
novom konceptu proracuna zamora materijala i preporuka-
ma o kori$¢enju realnih vrednosti opterecenja.
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Achieved development of measuring instruments, low
cost and data transfer convenience open the question of
benefits of enormous amount of data. This is important if
the structure does not behave as predicted in design, what
can happen, for example, due to improper design solution,
operating condition changes or material fatigue.

There are differences in testing the bucket wheel excava-
tor system, related to supporting steel structure and associ-
ated functional equipment. In the supporting structure, the
basic goal is excavator safety, while the tests on equipment
devices produce data about the state, important for system
service efficiency.

Figure 2 shows the matching of the experiment and
according calculation procedures. The developed diagnoses
flow chart from Fig. 1 is based on state evaluation and on
the fatigue analysis matching model. The developed
approach anticipates the correction of calculation input
values based on tests, corresponding also to the new
concept of material fatigue calculation and to recommenda-
tions of real loading value application.
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Bager spreman za rad Naponi od sopstvene teZine
(opterecenje od sopstvene tezine) — (kombinacija E u DIN 22 261)
BWE ready for operation < Selfweight stresses
(load comes from selfweight) (E case load in DIN 22 261)
Bager u radu Prora¢un za normalan rad
(maks. nastup, 100% optereéenje) (DIN 22 261)
BWE in operation — Calculation for nominal operation
\ (max. step, 100% load) (DIN 22 261)

—/

Slika 2. Usaglasavanje eksperimenta i prora¢una na primeru DIN 22 261
Figure 2. Matching of experiment and calculation in the example of DIN 22 261.

Postupak dijagnostike je iterativan, odnosno, ,,autoedu-
kativan® ili ,,autokorektivan“. To znaCi da se iz analize
rezultata merenja na jednoj masini moze dobiti poboljSani
model za druge, konstrukcijski slicne masine. Kao rezultat
dijagnostike stanja i ponaSanja neke konstrukcije moze se
dobiti predlog zahtevanih mera. To moze direktno uticati na
optimizaciju odrzavanja masina i opreme na kopovima i na
revitalizaciju, /10/.

Poznavanje stanja konstrukcije omogucava i analizu
zamora. Kod velikih rudarskih masina, sa uglavnom staticki
odredenim elementima, ima manje prostora za eksplicitnu
primenu pretpostavki zamora nego u nekim drugim slucaje-
vima, ali se sa dobijenim pretpostavkama o zamoru moze
uticati na tehnoloske parametre rada bagera, na nacin
odrzavanja ili na eventualnu odluku o revitalizaciji.

PRIMER

Rotorni bager SRs 1301x24/2,5 (400 kW)+V, fabr. br.
1513, (TAKRAF, Isto¢na Nemacka), proizveden je 1982.
godine. Do 2006. je radio na otkopavanju uglja na povrsin-
skom kopu Nohten.
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SRT_D_G=-498um/m

SRT_L_S=-35um/m
SRT_D_S=-131um/m

SRT_L_D=-100um/m
SRT_D_D=-145um/m

The diagnostic process is iterative, or “self educative” or
“self-correcting”. It means that from the analysis of meas-
urement results made for one machine an improved model
for other machines of similar design can be obtained. As a
result of state and behaviour diagnostics of some structure,
a proposal of required measures can be obtained. This may
directly affect optimising machines and equipment mainte-
nance and retrofit at surface mines, /10/.

Knowing the state of structures enables also fatigue
analysis. On large mining machines, with mostly statically
determined elements, there is less space for explicit applica-
tion of fatigue assumptions than it is in some other cases,
but certainly defined fatigue assumptions allow to affect the
technological parameters of excavator operation, the way of
maintenance or eventual decision making for the retrofit.

CASE STUDY

Bucket wheel excavator SRs 1301x24/2.5 (400 kW)+V,
No. 1513 (TAKRAF, East Germany), has been produced in
1982. Until 2006, it has operated on digging coal at the
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Slika 3. Obelezavanje mernih mesta
Figure 3. Designation of measuring locations.

INTEGRITET I VEK KONSTRUKCIJA
Vol. 10, br. 1 (2010), str. 53-59

56

STRUCTURAL INTEGRITY AND LIFE
Vol. 10, No 1 (2010), pp. 53-59



Dijagnostika stanja i ponasanja Celi¢ne...

Structural diagnostics and behaviour of...

Ovaj tip bagera predstavlja osnovnu mehanizaciju za
otkop uglja i na ostala tri povrsinska kopa u Vatenfal Jurop
Majning. Demontazu i transport su izvrsile nemacke firme
koje je angazovao Takraf, a pod nadzorom Kolubare Metal,
koja je izvrsila delimi¢nu revitalizaciju i montazu bagera na
montaznom placu Zeoke.

Izveden je pilot projekt, /7/, da se pokaze moguénost
postepenog prelaska na odrzavanje po stanju i da u saradnji
sa korisnikom pokazu prednosti ovakvog odrzavanja. Za
ispitivanje su postavljene 32 merne trake (HBM, Nemacka)
za merenje deformacija u konstrukceiji (sl. 3), i izabrana 32
merna mesta za vibrodijagnostiku. Bezi¢nim prenosom
skupljeni podaci se Salju u prijemni centar (racunar) koji se
nalazi u RB Kolubara i Kolubara Metal.

Oznacena su mesta mernih traka sa sl. 3: GN-stub; SB-
protivteg; ST-pogon rotora; L-lamela, P-platforma; L-levo;
R-desno; G-gore, D-dole.

Quick View Diagram

33 L_L_28 (10LD bin)

This type of excavator is also the basic machinery at
other three surface mines of Vattenfall Europe Mining.
Disassembly and transport are carried out by German
companies, engaged by Takraf, under the supervision of
Kolubara Metal, which has carried out a partial retrofit and
assembly of excavator on the Zeoke erection site.

A pilot project, /7/, is performed to show the possibility
of gradual transition to the maintenance based on state and
in cooperation with the user to demonstrate the advantages
of this method. Testing included 32 strain gauges (HBM,
Germany) for measuring strains on the structure (Fig. 3),
and 32 points are selected for vibration diagnostics. Wire-
less transmission of collected data is done via the receiving
centre (PC) located in RB Kolubara and in Kolubara Metal.

Strain gauge locations are indicated in Fig.3: GN-
tower; SB-counterweight; ST-bucket wheel boom; L-
lamella; P-platform; L-left; R-right; G-up; D-down.
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Slika 4. Zapisi sa merenja pod optere¢enjem
Figure 4. Records from measurements under loading.
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Proracun nosece konstrukcije gornje gradnje

Proracun nosecih delova konstrukcije kako za originalnu
masinu, tako i za revitalizovanu (sa oznakom SRs 1301)
uradio je TAKRAF, Lauhamer, prema Istoénonemackom
standardu TGL. Proracun revitalizovane masine uraden je
samo za gornju strukturu.

Najveéa razlika izmedu stare i revitalizovane masine se
javila zbog povecanja tezine elektro opreme i to u streli
balasta (frekventna regulacija), dok su sile kopanja zadrza-
ne kao kod prvobitnog bagera.

Na sl. 4 prikazani su brzi zapisi merenja pod opterece-
njem na karakteristicnim mestima. Na sl. 5 prikazani su
zapisi merenja za duzi vremenski period. Na sl. 6 prikazani su
rain-flow dijagrami za levu i desnu lamelu za podatke sa sl. 7.

Calculation of the supporting superstructure

Calculation of supporting parts of the structure for both,
the original, and the retrofitted machine (labelled SRs 1301)
is performed by TAKRAF, Lauhammer according to East
German standard TGL. The calculation for the superstruc-
ture is made only for retrofitted machine.

The highest difference between the old and retrofitted
structure is caused by increase in mass of electrical equip-
ment on the counterweight (frequency regulation), while
the digging force was retained as originally applied.

Figure 4 shows fast records measurements at specific
places. Figure 5 show longer time measurements. In Fig. 6,
the rain-flow diagrams for left and right lamellae are shown
according to data in Fig. 7.

Slika 5. Zapis sa merenja na lamelama u trajanju od 6000 sekundi
Figure 5. Records from gauges on lamellas, duration 6000 s.

Histogram Display
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Slika 6. Rain flow dijagram, leve i desne lamele (L-L, L-D)
Figure 6. Rain flow diagram, lamellae (L-L, L-D).
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ZAKLJUCAK

Pristup u ovom radu zasnovan je na sveobuhvatnom
prilazu dijagnostici koja se sastoji iz niza tehnika za dobija-
nje kvalitetnih rezultata o stanju i ponasanju konstrukcije,
preko izrade racunskih modela, obrade metodom konacnih
elemenata, iterativnog usaglasavanja sa eksperimentalnim
rezultatima. Ovo prolazi kroz primenu propisa i standarda,
kroz viSedecenijsko iskustvo u radu i odrzavanju masina i
uredaja.

Ova metodologija je ,,u¢enje* kako treba neku konstruk-
ciju dijagnosti¢ki obraditi, iterativno usaglasiti izmerene
veli¢ine sa racunskim veli¢inama u potrebnom broju
koraka, a zatim to primeniti i na druge konstrukcije, pa i
relativno nove, u cilju provere o¢ekivanog ponasanja.

Prikazani rezultati u primeru rotornog bagera SRs 1301
opravdavaju ovaj dijagnosticki pristup. U ovom slucaju je
bila nedostupna dokumentaciju, ukljucujué¢i podatke o
materijalu, uslove i statisticke pokazatelje eksploatacije od
kada je montiran, 1982. godine, a prethodni proracun nije
bio saglasan sa merenim podacima. Za primenu ovog pris-
tupa bitno je usaglaSavanje proracuna i izmerenih rezultata
tako da se prvo razmatra slucaj opterecenja ,,bager spreman
za rad“ (samo sopstvena tezina). Zatim se iterativnim
postupkom za bagere sli¢ne konstrukcije moze redukovati
broj mernih mesta i koristiti ve¢ provereni proracun, $to sa
sigurno$¢u pokazuje ponasanje konstrukcije u radu i
omogucava efikasan i siguran pristup i drugim masinama.
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CONCLUSION

The approach in this paper is based on the comprehen-
sive approach to diagnostics that consists of a variety of
techniques for obtaining high quality results on the state
and behaviour of structures, as going through mathematical
models, processing finite element method, iterative conver-
gence with experimental results, that are verified by regula-
tions and standards, through decades of experience in the
operation and maintenance of machines and devices.

This methodology is “learning” on how some structure
should be diagnostically treated, with iterative matching up
measured values with calculated ones within the necessary
number of steps, and then applying this to other structures,
even relatively new, in order to check the expected behaviour.

Presented results in the case of the bucket wheel excava-
tor SRs 1301 confirmed this diagnostics approach. In this
case the documentation was not available, including mate-
rial data, conditions and statistics of service from assembly
in 1982, and preliminary calculation did not agree with
measured data. To implement this approach it is important
to conform the calculation and measured data, considering
first the case load “bucket wheel excavator ready to work”
(dead load only). Afterwards, the iterative procedure for
excavators of similar design makes it is possible to reduce
the number of measuring points and use confirmed calcula-
tion, giving a certainty of structural behaviour in service
and enabling efficient and safe use of other machines.
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