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W SKROCIE - ABSTRACTS

MYSTKOWSKA J., DABROWSKI J. R.: Charakterystyki tribologiczne
ukladu kinematycznego zab — material kompozytowy na stale wypel-
nienia stomatologiczne; Eksploatacja i Niezawodno$¢ - Maintenance and
Reliability 2010; 3: 4-9.

W pracy przedstawiono charakterystyki tribologiczne uktadu kinematycznego zab
— materiat kompozytowy na state wypetienia stomatologiczne. Badaniom poddano
wiasne kompozyty zawierajace zrodta fluoru, nanokrzemionk¢ oraz modyfikator
tarcia w postaci proszku polietylenu. Badania przeprowadzono przy uzyciu specjalnie
skonstruowanego testera tarcia z¢gbow typu pin-on-disc w srodowisku roztworu o pH
$liny. Oceniano wptyw catkowitego obciazenia na wspotczynnik tarcia zaprojekto-
wanych materialow kompozytowych oraz zuzycie liniowe badanych kompozytow
i zuzycie objetosciowe tkanek zgba. Przeprowadzono obserwacje mikroskopowe
struktury materialow kompozytowych po badaniach tarciowych.

JOZWIK J., PIESKO P., KRAJEWSKI G.: Ocena testu QC10 do kontroli
off-line obrabiarek sterowanych numerycznie CNC; Eksploatacja i Nie-
zawodno$¢ - Maintenance and Reliability 2010; 3: 10-20.

W pracy przedstawiono wyniki badan diagnostycznych obrabiarki CNC. Dokonano
analizy wybranych btgdow obrabiarki CNC identyfikowanych za pomoca preta tele-
skopowo kulowego. Ocenie jakosciowej poddano typowe odchytki geometryczne,
takie jak: odchytke okragtosci, odchytke prostopadtosci osi, odchytke okresowa. W
trakcie pomiaréw wyznaczono ponadto biad nawrotu i luz zwrotny w badanej osi.
Wskazano na zalety oraz wady szybkiego testu QC10. Omowiono przyczyny po-
wstawania badanych blgdow oraz wskazano podstawowe sposoby ich minimalizacji.
Uzyskane wyniki badan przedstawiono w postaci wykresow i tabel.

BABAN M., BABAN C. F,, BLAGAF. S.: Planowanie obslugi narzedzi do
obrébki plastycznej na zimno z wykorzystaniem logiki rozmytej; Eksplo-
atacja i Niezawodno$¢ - Maintenance and Reliability 2010; 3: 21-26.

W przypadku systemow technicznych, na ogot cechujacych si¢ duza ztozonoscia,
ich otwarto$¢ mozna wykorzysta¢ do poprawy niezawodnosci systemu stosujac
odnawianie profilaktyczne. Skuteczne zwigkszenie niezawodnos$ci ztozonych
narzedzi do obrobki plastycznej na zimno zalezy w znacznym stopniu od charak-
terystyki czynnosci obstugowych, dlatego tez w strategiach odnowy powszechnie
stosuje si¢ odnawianie profilaktyczne. W pracy oméwiono podejécie do planowania
obstugi wykorzystujace logike rozmyta, ktore mozna stosowaé w przypadkach, gdy
analityczne wyprowadzenie funkcji niezawodnosci jest niemozliwe. Przedstawio-
no oparty na logice rozmytej proces decyzyjny w zakresie planowania czynnosci
obstugowych omawianych narzedzi. Jego zastosowanie zilustrowano w studium
przypadku. Wyniki studium przypadku pokazuja, ze logika rozmyta jest metoda,
ktora moze by¢ z powodzeniem stosowana w planowaniu obstugi narze¢dzi do
obrabki plastycznej na zimno.

JORMAKKA H., KOPONEN P., PENTIKAINEN H., BARTOSZEWICZ-
BURCZY H.: Ataki fizyczne i elektroniczne na systemy energetyczne
- identyfikacja zagrozen i wymagania w celu przeciwdzialania im; Eks-
ploatacja i Niezawodno$¢ - Maintenance and Reliability 2010; 3: 27-33.
Centra dyspozycji i sterowania systemami energetycznymi narazone sg na roznego
typu niebezpieczenstwa. Naleza do nich miedzy innymi klgski Zywiotowe, ataki
hakerow, czy terrorystow, a takze niezamierzone btedy popehiane przez personel.
Artykut przedstawia metody zapobiegajace tym zagrozeniom. Proponuje protokot
mogacy postuzy¢ do wykrycia brakow w zabezpieczeniu przed zagrozeniami, jak
i do oceny stanu bezpieczenstwa systemoéw energetycznych. Pod uwage brane sa
zarbwno zagrozenia fizyczne, jak i ataki elektroniczne.

MAZURKIEWICZ D.: Badania wydluzalnos$ci i wytrzymalosci zlaczy
klejonych w aspekcie opracowania komputerowego systemu monito-
rowania ich stanu w czasie pracy przenos$nika taSmowego; Eksploatacja
i Niezawodnos$¢ - Maintenance and Reliability 2010; 3: 34-39.

Artykut prezentuje wyniki przeprowadzonych badan laboratoryjnych wydtuzalnosci
i wytrzymalosci typowych zlaczy klejonych tasm przeno$nikowych. Celem badan
bylo poznanie parametrow wytrzymatosciowych ztaczy w celu okreslenia wytycznych
dla projektowanego uktadu monitorujacego, ktorego zadaniem bedzie przeciwdzia-
tanie nieprzewidzianemu zerwaniu taSmy W obszarze kazdego ztacza wykonanego
na trasie przeno$nika tasmowego. Do badan laboratoryjnych wykorzystano typowe
zkacze wykonane i eksploatowane w kopalni Lubelski Wegiel ,,Bogdanka” S.A.

VAICIONAS G., LINGAITISL. P.: Wplyw krzywizn linii kolejowej na
zuzycie smarowanych i niesmarowanych obrzezy kol; Eksploatacja
i Niezawodno$¢ - Maintenance and Reliability 2010; 3: 40-43.

W artykule oméwiono konieczno$¢ wyznaczania stanu lokomotywowych zestawow
kotowych i jego zmian. Przedmiotem badan jest obrzeze kota lokomotywy. Bez-
pieczny ruch kolejowy w duzej mierze zalezy od niezawodnosci zestawu kotowego
lokomotywy. W przedstawionej pracy skonstruowano ztozony model $cierania
obrzeza kota lokomotywy dla niesmarowanych i smarowanych obrzezy kot. Model
ten uwzglednia przebieg lokomotywy i promien krzywizny.

MYSTKOWSKA J., DABROWSKI J. R.: Tribological characteristics of
the kinematics couple: tooth — composite material for permanent dental
fillings; Eksploatacja i Niezawodno$¢ - Maintenance and Reliability 2010;
3:4-9.

The paper presents a tribological characteristics of the kinematics couple: tooth -
composite material for permanent dental fillings. Two original composites containing
fluorine sources, nanosilica and a friction modifier in the form of polyethylene powder
were investigated. The wear tests were carried out in a special solution of saliva
pH using a special pin-on-disc tribotester. The impact of total load on the friction
coefficient of designed composite materials and linear wear of both the analyzed
materials and volume wear of the tooth samples were evaluated. The composites’
friction surface including wear particles was examined by SEM.

JOZWIK J., PIESKO P., KRAJEWSKI G.: Evaluation of QC10 ballbar
diagnostics method for CNC machine; Eksploatacja i Niezawodno$¢ -
Maintenance and Reliability 2010; 3: 10-20.

This paper presents results of CNC machine tool testing. Analyses of error were per-
formed with ballbar method. This method allowed to investigate geometric errors as
circularity, squarness, straightness as well as reversal spikes and backlash. Evaluated
errors were discussed and compensation procedures were proposed. Obtained results
were described in tables and figures.

BABAN M., BABAN C. F,, BLAGAF. S.: Maintenance planning of cold
plastic deformation tools using fuzzy logic; Eksploatacja i Niezawodnos¢
- Maintenance and Reliability 2010; 3: 21-26.

For technical systems, generally of high complexity, their open feature may be
employed to improve system reliability by preventive renewal. The effectiveness
of increasing complex cold plastic deformation tools depends considerably on the
characteristics of their maintenance actions and renewal policies are widely used to
carry out the preventive renewal. If the derivation of an analytical reliability function
is impossible, a fuzzy logic approach for maintenance planning is emphasized in this
paper. The fuzzy logic decision process for planning the maintenance activities of
these tools is presented and a case study illustrates its application. The results of the
case study demonstrate that fuzzy logic is @ method which can be successfully used
in maintenance planning of cold plastic deformation tools.

JORMAKKA H., KOPONEN P., PENTIKAINEN H., BARTOSZEWICZ-
BURCZY H.: On managing physical and cyber threats to energy systems
identification and counter ure requir ts; Eksploatacja i Nieza-
wodnos$¢ - Maintenance and Reliability 2010; 3: 27-33.

Control centers of energy systems are subjects to different kind of threats such as
natural disasters, hackers, or terrorist attacks, or finally unintentional personnel errors.
The article introduces some protections methods against those threats. It proposes
aprotocol to be used for routine self-assessment to provide companies with feedback
on the effectiveness of their security policy. The protocol can be used as well during
security audits for detection of energy systems infrastructure vulnerabilities. Both,
physical and cyber attacks are taken into consideration.

MAZURKIEWICZ D.: Tests of extendability and strength of adhesive-
sealed joints in the context of developing a computer system for monito-
ring the condition of belt joints during conveyor operation; Eksploatacja
i Niezawodnos$¢ - Maintenance and Reliability 2010; 3: 34-39.

The paper presents the results of the laboratory tests conducted on the physical
elongation and strength of typical adhesive-sealed joints of conveyor belts. The
tests were aimed at examining the strength parameters of the joints to define some
guidelines for a monitoring system designed to prevent unpredicted belt ruptures in
the area of each joint occurring throughout the belt conveyor route. In the labora-
tory, typical joints were tested as manufactured and as used in the Lubelski Wegiel
“Bogdanka” S. A. coal mine.

VAICIONAS G., LINGAITISL. P.: The influence of railroad curves on
the wear of lubricated and unlubricated wheel flanges; Eksploatacja
i Niezawodno$¢ - Maintenance and Reliability 2010; 3: 40-43.

Therefore, the condition of the locomotive wheelsets and its variations should be de-
termined. Research object is the locomotive wheel flange. Safe railway traffic largely
depends on the locomotive wheelset reliability. A complex model of the locomotive
wheel flange abrasion, taking into account the locomotive run and curve radius, was
constructed for unlubricated and lubricated wheel flanges.
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PEXAM., POSTAJ., ALES Z., PETERKA B.: Pomiar momentu bezwlad-
nosci silnika pojazdu; Eksploatacja i Niezawodno$¢ - Maintenance and
Reliability 2010; 3: 44-47.

Coraz czgsciej do pomiaru parametrow eksploatacyjnych pojazdow drogowych
wykorzystuje si¢ metody dynamiczne, ktore stawiajg niskie wymagania co do czasu
i nakladow pieni¢znych. Dynamiczny pomiar parametréw pracy silnika na ogot
opiera si¢ na znajomosci masowego momentu bezwladnosci silnika i mechanizmow
przektadniowych, wlaczajac w to kota napedowe. Jednakze otrzymanie wskazania
odpowiedniego momentu bezwtadnosci nie jest rzecza prosta. W pracy opisano nowa
propozycj¢ mozliwosci pomiaru przeprowadzanego na stanowisku badawczym wy-
posazonym w luzno osadzone watki. Wynikiem pomiaru jest moment bezwtadnosci,
ktorego znajomo$¢ mozemy wykorzysta¢ do pomiaru parametrow eksploatacyjnych,
wydajno$ci hamulcow, itd.

RUSINEK R.: Drgania w procesie skrawania stopu tytanu; Eksploatacja
i Niezawodnos$¢ - Maintenance and Reliability 2010; 3: 48-55.

Praca przedstawia wyniki badan eksperymentalnych procesu skrawania stopu tytanu
Ti6Al4V. W eksperymencie mierzono sity skrawania oraz przemieszczenia przedmio-
tu obrabianego podczas skrawania z r6znymi glgbokosciami. Nastepnie, zarejestrow-
ane sygnaly przeanalizowano metoda wspotrzednych opoznionych, stosowana do
badania zjawisk nieliniowych, otrzymujac mapy Poincare i wykresy rekurencyjne.
Whyniki tych badan pozwolity na identyfikacj¢ rodzaju drgan i dobor odpowiednich
parametréw skrawania. W ostatniej cze$ci pracy wyniki badan skrawania stopu tytanu
pordéwnano z wynikami otrzymanymi dla klasycznej i kwasoodpornej stali.

CHATYSR., SKROBACKI Z.: Zastosowanie metody Browna do prognozo-
wania zniszczenia kompozytu warstwowego; Eksploatacja i Niezawodno$¢
- Maintenance and Reliability 2010; 3: 56-66.

Przeprowadzono badania wytrzymatosciowe polegajace na rozciaganiu ze statg
predkoscia az do momentu zniszczenia trzydziestu probek kompozytu warstwowego
wzmocnionego wioknem szklanym, formowanego metodag RTM. Dane empiryczne
charakteryzowaty si¢ duzym rozrzutem, co wymagato wykonania analizy statystycz-
nej. Dla uzyskanych danych zaproponowano metode umozliwiajaca wyznaczenie
prognozy naprezen niszczacych probke. Prognoza powstaje w oparciu o analizg relacji
empirycznej pomigdzy odksztalceniem a naprgzeniem w stanach poprzedzajacych
zniszczenie probki z zastosowaniem metody Browna.

BEDNAREK Z., OGRODNIK P., PIENIAK D.: Laboratoryjna metoda
oceny wplywu wysokich temperatur na parametry eksploatacyjne sys-
temo6w polaczen zelbetowych; Eksploatacja i Niezawodno$¢ - Maintenance
and Reliability 2010; 3: 67-78.

Artykut prezentuje wyniki badan wplywu temperatur wystepujacych podczas pozaru na
przyczepnos¢ stali do betonu oraz oszacowanie tego wplywu na spadek przyczepnosci
pomiedzy stala zbrojeniowa i betonem, w warunkach pozaru oraz po przebytym pozarze.
W pracy przedstawiono wyniki badan przyczepnosci stali gtadkiej St3S oraz zebrowanej
18G2 do betonu C16/20 i C40/50 w warunkach popozarowych oraz w trakcie trwania
pozaru. We wszystkich przebadanych przypadkach stwierdzono znaczacy spadek
przyczepnosci betonu do stali zbrojeniowej na skutek oddzialywania temperatur poza-
rowych. Przebadano rowniez wptyw wytrzymatosci betonu oraz gatunku stali (gladka,
zebrowana) na spadek przyczepnosci W temperaturach pozarowych. Udowodniono, ze
wystepuja istotne réznice przy badaniu przyczepnosci po pozarze oraz podczas trwania
pozaru, ktore $wiadcza 0 czgSciowym nawrocie przyczepnosci. Przedmiot badan jest
$cisle zwiazany z bezpieczenstwem konstrukcji budowlanych w czasie trwania pozaru,
jak i z oceng ich dalszego uzytkowania po przebytym pozarze.

ZHAO J., ZUO M. J.: Niezawodno$¢ szeregowych ukladow F: typu “k z n”
przy uszkodzonych elementach skladowych; Eksploatacja i Niezawodnos$¢ -
Maintenance and Reliability 2010; 3: 79-84.

W artykule opracowano model analizy niezawodnosci szeregowych uktadow F: typu
..k z n” uwarunkowany identyfikacja kilku uszkodzonych elementow w systemie.
W przedstawionym modelu, system zostaje podzielony na kilka podsystemow wedtug
granic wyznaczanych przez nastgpujace po sobie uszkodzone elementy sktadowe.
Najpierw formutuje si¢ niezawodnos¢ podsystemow, a model niezawodnoscei systemu
otrzymuje si¢ analizujac relacj¢ pomig¢dzy podsystemami a systemem jako catoscia.
W artykule rozwazono przypadki uktadow liniowych i kotowych. Zastosowanie
proponowanego modelu zilustrowano przykladem.

BURDUK A.: Préba adaptacji szeregowych struktur niezawodnos$ciowych do
analizy i oceny ryzyka systemow produkeyjnych; Eksploatacja i Niezawodnos$¢
- Maintenance and Reliability 2010; 3: 85-96.

Ryzyko towarzyszy kazdej dziatalno$ci gospodarczej. Wielko$¢ zaktocen przebiegu
procesu produkcyjnego, spowodowanych wystepowaniem czynnikoéw ryzyka, bar-
dzo mocno wptywa na parametry i catosciowe wyniki systemow produkcyjnych.
Niestety bardzo rzadko dokonuje si¢ analizy i oceny ryzyka procesu produkcyjnego
na poziomie operacyjnym. By¢ moze spowodowane jest to niezbyt przydatnymi w
rzeczywistosci produkeyjnej metodami ilo§ciowymi proponowanymi przez literature.
W odpowiedzi na ten stan rzeczy w pracy zdefiniowano system produkcyjny zgodnie
z teorig systemow, natomiast ryzyko jako synonim zawodno$ci. Artykut prezentuje
metod¢ wyznaczania ryzyka dla systemu produkcyjnego o strukturze szeregowe;j,
ktora zostata zweryfikowana na przykladzie praktycznym

PEXA M., POSTA J., ALES Z., PETERKA B.: Moment of inertia measu-
rement of vehicle engine; Eksploatacja i Niezawodnos¢ - Maintenance and
Reliability 2010; 3: 44-47.

The use of dynamic methods for measuring operational parameters of road vehicles
begins to increase due to its low demands on time and investment funds. Dynamic
measurement of engine performance parameters are generally based on knowledge
of the rotating mass moment of inertia of engine and gearing mechanisms including
driving wheels. However, it is difficult to obtain an indication of the correct moment
of inertia. This paper describes a newly proposed possibility of measurement that is
carried on roll test bed with loose rollers. The result of measurement is the moment
of inertia, which can also be used in the measurement of performance parameters,
brake performance, etc.

RUSINEK R.: Vibrations in cutting process of titanium alloy; Eksploatacja
i Niezawodnos$¢ - Maintenance and Reliability 2010; 3: 48-55.

This work presents experimental investigations of cutting process in which the
titanium alloy (Ti6Al4V) is cut. During the experiment the cutting forces and di-
splacements of the workpiece are measured as a function of the cutting depth. The
obtained signals are analysed using methods useful for nonlinear phenomena that is
the method of delay coordinates, Poincare maps and recurrence plots. The results let
us identify kind of vibrations and select the most proper cutting parameter. Finally,
the results of titanium alloy cutting are compared with outcomes of classical and
stainless steel machining.

CHATYSR.,SKROBACKI Z.: Applying the Brown method to forecast the
failure of a laminate composite; Eksploatacja i Niezawodno$¢ - Maintenance
and Reliability 2010; 3: 56-66.

A fiberglass-reinforced laminate composite material formed by resin transfer
molding (RTM) was tested for tensile strength. Thirty samples were stretched with
a constant velocity until they failed. As there was a large scatter of empirical data,
a statistical analysis was performed. The data were used to forecast stresses that
lead to the material failure. The forecast was based on the stress-strain relationship
immediately before failure. The forecasting involved simple exponential smoothing
using the Brown method.

BEDNAREK Z., OGRODNIK P., PIENIAK D.: Laboratory method of
evaluation of influence high temperatures on maintenance parameters of
the reinforced concrete systems compounds; Eksploatacja i Niezawodno$¢
- Maintenance and Reliability 2010; 3: 67-78.

The paper presents results from the research on fire temperature influence on steel-
concret bond and on the bond reduction for both in-fire status and after-fire status. In
the paper has been described bond test and results for materials St3S (smooth), 18G2
(ribbed) reinforcement steel and C16/20, C40/50 concerete, both for in the fire and
after-fire conditons. A significant reduction of steel-concrete bond was found as the
result of fire temperature. Influence of concrete strength and of rebar type (smooth,
ribbed) on the bond reduction in fire temperatures was tested. It was proven that
significant bond property differences exist between in-fire tests and after-fire tests,
which evidence that the bond is regained partially after the fire exposure. The research
subject is closely related to the in-fire construction structures safety as well as with
the after-fire construction structures usability evalution.

ZHAO J., ZUO M. J.: Reliability of consecutive k out n:F systems with failed
components; Eksploatacja i Niezawodno$¢ - Maintenance and Reliability 2010;
3:79-84.

In this paper, a model is developed for analysing the reliability of consecutive k out
n:F systems under the condition that several failed components are identified in the
system. The system then is partitioned into @ number of subsystems by the consecutive
failed components. The subsystem reliability is formulated first and the model of
system reliability is obtained by analysing the relationship between the subsystems
and the system. Both linear and circular cases are considered. An example is given
to illustrate the operation of the proposed model.

BURDUK A.: An attempt to adapt serial reliability structures for the needs
of analyses and assessmentsof the risk in production systems; Eksploatacja
i Niezawodno$¢ - Maintenance and Reliability 2010; 3: 85-96.

Each business activity is accompanied by a risk. The extent of the production
process disturbances caused by the presence of risk factors strongly affects the
parameters and overall performance of production systems. Unfortunately, analyses
and assessments of the risk in production processes are carried out very rarely at the
operational level. This may be caused by the fact that quantitative methods proposed
by the literature are not very useful in production practice. In response to this state
of affairs, the concept of production system was defined in this study in accordance
with the theory of systems, while the risk was treated as a synonym of unreliability.
This paper presents a method of determining the risk for a production system with a
serial structure, which was verified on a practical example.
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CHARAKTERYSTYKI TRIBOLOGICZNE UKLADU KINEMATYCZNEGO
ZAB - MATERIAL KOMPOZYTOWY NA STALE WYPELNIENIA
STOMATOLOGICZNE

TRIBOLOGICAL CHARACTERISTICS OF THE KINEMATICS COUPLE:
TOOTH - COMPOSITE MATERIAL FOR PERMANENT DENTAL FILLINGS

W pracy przedstawiono charakterystyki tribologiczne uktadu kinematycznego zgb — material kompozytowy na state wy-
pelnienia stomatologiczne. Badaniom poddano wiasne kompozyty zawierajqce zrodta fluoru, nanokrzemionke oraz mo-
dyfikator tarcia w postaci proszku polietylenu. Badania przeprowadzono przy uzyciu specjalnie skonstruowanego testera
tarcia zebow typu pin-on-disc w srodowisku roztworu o pH sliny. Oceniano wplyw catkowitego obcigzenia na wspot-
czynnik tarcia zaprojektowanych materiatow kompozytowych oraz zuzycie liniowe badanych kompozytow i zuzycie ob-
Jetosciowe tkanek zeba. Przeprowadzono obserwacje mikroskopowe struktury materiatow kompozytowych po badaniach
tarciowych.

Stowa kluczowe: tarcie, zuzycie, zeby, kompozyty stomatologiczne.

The paper presents a tribological characteristics of the kinematics couple: tooth - composite material for permanent
dental fillings. Two original composites containing fluorine sources, nanosilica and a friction modifier in the form of
polyethylene powder were investigated. The wear tests were carried out in a special solution of saliva pH using a special
pin-on-disc tribotester. The impact of total load on the friction coefficient of designed composite materials and linear wear
of both the analyzed materials and volume wear of the tooth samples were evaluated. The composites’ friction surface
including wear particles was examined by SEM.

Keywords: friction, wear, teeth, dental composites.

1. Wprowadzenie

Zuzycie materialow stomatologicznych jest jedna z glow-
nych wad niemalze kazdego rodzaju wypelnienia [7, 8]. Prowa-
dzi si¢ liczne badania w kierunku otrzymania nowych, o lepszych
wiasciwosciach tribologicznych materialoéw stomatologicznych
[6]. Z uwagi na szeroka mozliwos¢ modyfikacji sktadu che-
micznego, najwigksze nadzieje zwigzane z otrzymaniem takiego
materialu pokladane sa w kompozytowych materiatach na stale
wypehienia stomatologiczne [2, 11]. Podczas projektowania
nowych kompozytéw stomatologicznych bierze si¢ pod uwage
uzyskanie kompozytow o niskim wspotczynniku tarcia i matym
zuzyciu, a jednoczesnie wykazujacych minimalny wptyw na zu-
zycie przeciwstawnych tkanek zgba. W celu obnizenia zuzycia
i wspéltczynnika tarcia materialéw stomatologicznych, inten-
sywnie modyfikuje si¢ sktad stosowanych napehiaczy [5, 13].
Znaczna poprawa w tym kierunku moze by¢ uzyskana wskutek
zastosowania odpowiedniego napelniacza, zwanego modyfi-
katorem tarcia. Najnowsze doniesienia literaturowe wskazuja

1. Introduction

The wear of dental materials is one of the major defects
involving almost every type of dental filling [7, 8]. In recent
years, considerable efforts have been made to develop inno-
vative dental fillings possessing superior tribological charac-
teristics [6]. The best way to develop such materials is to use
composites because of wide possibility of chemical compo-
sition modification [2, 11]. Thus, intensive research is being
carried out to find such composite materials for dental fillings
that would guarantee both little friction and wear of composite
materials in contact with counter sample and simultaneously
the minimal influence on wear of antagonistic teeth. To reduce
the friction and wear coefficients of dental materials, the com-
position of applied fillers is greatly modified [5, 13]. A marked
improvement of the tribological properties of a material can be
obtained by using an appropriate filler, called friction modifier.
The latest literature data point to a significant influence of na-
noparticles on the structure and properties of composite mate-
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takze na istotny wpltyw nanoczastek na strukture i wtasciwosci
uzytkowe kompozytu. W poréwnaniu do powszechnie stoso-
wanych makro- i mikroczgstek, nanoczastki cechujg si¢ rowno-
miernym rozproszeniem w zywicy w skali nano. Dzigki temu
nanokompozyty charakteryzuje wicksza twardo$¢ i odpornosé
na zuzycie [4]. W przypadku kompozytow stomatologicznych
wykorzystywanym nanoproszkiem jest gldwnie silanizowana
nanokrzemionka. Stosowana obok powszechnie uzywanych
napelniaczy proszkowych wplywa na obnizenie wspotczynnika
tarcia i zuzycie materiatu [14]. Oceng charakterystyk tribolo-
gicznych materiatdw stomatologicznych przeprowadza si¢ na
specjalnie skonstruowanych symulatorach tarcia [1, 3] przy za-
stosowaniu réznych materiatdéw przeciwprobki [12, 16].

Celem niniejszej pracy byto poréwnanie wlasciwosci tri-
bologicznych dwoch wlasnych materiatdow kompozytowych na
state wypelnienia stomatologiczne z uwzglednieniem ich wpty-
wu na zuzycie tkanek zeba.

2. Materiaty i metody badan

W niniejszej pracy przetestowano pod wzgledem tribo-
logicznym dwa kompozyty ceramiczno-polimerowe. Kazdy
z kompozytow sktadal si¢ z osnowy organicznej, ktorg stano-
wita mieszanina zywicy Bis-GMA (bisphenol A polyethylene
glycol diether dimethacrylate), TEGDMA (triethylene glycol
dimethacrylate) i DEA-EMA (diethylaminoethyl methacrylate)
oraz system fotoinicjatorow i stabilizatorow. Do osnowy orga-
nicznej wprowadzono napetniacze proszkowe w postaci zrodet
fluoru (fluorowane szkto o symbolu J-20, fluorek iterbu YbF,
i fluorek strontu SrF,), nanokrzemionka (n-SiO,) oraz mody-
fikator tarcia — polietylen (PE). Napeliacze poddane byly
zabiegowi silanizacji w roztworze $rodka silanizujgcego. Za-
bieg polegat na nanoszeniu aktywnych grup silanowych na po-
wierzchni¢ czastek napelniacza w wyparce proézniowej. Gtow-
nym zadaniem tych grup jest taczenie nieorganicznego proszku
z organiczng bazg polimerowa.

Po procesie homogenizacji materiatdéw, kompozyty utwar-
dzano w formach z PTFE - poli(tetrafluoroetylenu) w czasie 40
sekund. Badane materiaty oznaczono symbolami KW1 i KW2,
a ich sktad przedstawiono w tab. 1.

Badania tarciowe przeprowadzono na specjalnie skonstru-
owanym symulatorze tarcia zebow. Widok urzadzenia z zazna-
czonym weztem tarcia przedstawia rys. la. Jest to pneumatycz-
nie sterowany tester tribologiczny typu pin-on-disc. Urzadzenie
to wprowadza ruch postgpowo-zwrotny i obcigzenia cykliczne
dziatajace na badang probke [10]. Zastosowano nastepujace
parametry tarcia: obcigzenie — 20 MPa; czas tarcia pojedyn-
czej proby kazdego kompozytu — 5 godz., cz¢stotliwos¢ ruchu
probki: 1.5 Hz, droga tarcia odniesiona do kompozytu: 2.5 mm.
Dobér parametréw tarcia miata na celu odwzorowanie warun-
koéw tarcia panujacych w jamie ustnej. Przebadano po 6 probek
kazdego kompozytu.

Tab. 1. Sktad materiatéw kompozytowych
Tab. 1. Composition of the materials

rials. In contrast to commonly used macro- and microparticles,
nanoparticles are characterized by uniform dispersion in resin
at nano scale. As a result, nanocomposites show higher hard-
ness and wear resistance [4]. In the case of dental composites,
the preferred nanopowder is silanated nanosilica. Used along
with common powder fillers, it significantly decreases the
friction coefficient and material wear [14]. The evaluation of
tribological characteristics of dental fillings on special friction
simulators is provided [1, 3] using different counter sample’s
material [12, 16].

The aim of this study is to compare the tribological pro-
perties of two original composite materials for dental fillings
composed of two different fluorine sources and analyze their
impact on the wear of teeth enamel.

2. Materials and research methods

In this work two ceramic-polymer composites were tribo-
logically tested. Each composite consisted of a polymer ma-
trix in which the mixture of the following organic resins was
used: Bis-GMA (bisphenol A polyethylene glycol diether di-
methacrylate), TEGDMA (triethylene glycol dimethacrylate),
DEA-EMA (diethylaminoethyl methacrylate) and a system of
photoinitiators and stabilizers. Into organic matrix the powder
fillers in form of fluorine sources (fluoridated glass with J-20
symbol, ytterbium fluoride YbF, and strontium fluoride SrF,),
nanosilica (n-Si0,) and friction modifier — polyethylene (PE).
The other part of the composite was a mixture of inorganic
powders: fluorine sources and friction modifiers. The surface
of all inorganic fillers was treated with functional silane. The
aim of the silanization process is to absorb active silane groups
on powder surface at vacuum evaporator. After the silanisation
process reactive silane is combined with inorganic filler and
can co-polymerize with the polymer network.

All constituents were weighed into a porcelain mortar and
precisely mixed until uniform polymer paste was obtained. The
paste was placed into cylindrical PTFE - polytetrafluoroethyle-
ne molds and subjected to hardening for 40 seconds. The com-
position of the materials marked with symbols KW1 and KW2
is presented in tab.1.

Tribological tests were conducted on special teeth wear si-
mulator. The tribological tester picture with friction couple is
presented in fig.1a. It is a special pneumatic-controlled pin-on-
disc tribological tester.

The device exerted progressive-returnable motion and cyc-
lic loads on the material’s surface [10]. The following process
parameters were used: load — 20 MPa; friction time of each
composite sample test — 5 hours, frequency of sample motion
— 1.5 Hz, composite friction path — 2.5 mm. The parameters
simulated natural oral cavity friction conditions. Six samples of
each material were evaluated.

. Zawartosc sktadnikow, [%0bj.] / Component content, [vol.%]
Symbol materiatu
Materials’symbol | Osnowa Prganlcfzna Szkto J-20 YbE STE n-Sio PE
Organic matrix J-20 glass S 2 2
KW1 40 40 10 - 7 3
KW2 40 40 - 10 7 3
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Rys. 1. Widok symulatora tarcia (a) i wezta tarcia (b)

Fig.1. Friction tester (a) and friction couple (b)

Wezet tarcia, ktorego widok szczegdtowy prezentuje rys. 1b,
sktadal si¢ z probki i przeciwprobki. Probka w eksperymen-
cie byly wytworzone kompozyty ceramiczno-polimerowe, za$
przeciwprobke stanowito szkliwo ludzkie osadzone w alumi-
niowej oprawie. Probki szkliwa wycinano z z¢gbow trzonowych
i przedtrzonowych, usunigtych ze wzgledéw ortodontycznych.
Proces tarcia wykonano w $rodowisku roztworu o pH = 6.8,
odpowiadajacym pH §liny.

Badania tribologiczne pozwalaja oszacowa¢ wspotczynnik
tarcia i oceni¢ zuzycie liniowe badanych materialow oraz zuzy-
cie objetosciowe tkanek zeboéw przeciwstawnych (szkliwa).

Zuzycie kompozytow okreslano poprzez pomiar zuzycia li-
niowego w miejscu $ladu tarcia na podstawie pomiaru chropo-
watosci powierzchni przy wykorzystaniu profilografometru Tay-
lor Hobson. Zuzycie badanych probek szkliwa obliczano, jako
objetosciowy ubytek materiatu, odniesiony do drogi tarcia [9].

Po procesach tarcia powierzchnie probek kompozytowych
w miejscu $ladu tarcia obserwowano za pomocg mikroskopu
skaningowego Hitachi S 3000N.

3. Wyniki badan

W badaniach okreslano wspotczynniki tarcia kompozyto-
wych materialdw z przeznaczeniem na stale wypehienia sto-
matologiczne oraz zuzycie liniowe badanych materiatow i zu-
zycie objetosciowe twardych tkanek zebow (szkliwa).

3.1. Wspotczynnik tarcia

Warto$ci wspolczynnikow tarcia wiasnych materiatow
kompozytowych o symbolach KW1 i KW2 przedstawiono na
rys. 2. Z wykresu wida¢, iz w poczatkowe;j fazie tarcia zacho-
dza procesy docierania wspolpracujacego wezla tarcia. Wspot-
czynniki tarcia obu kompozytow maleja w czasie w ciagu
pierwszych dwoch godzin tarcia, po czym stabilizuja si¢ i przez
nastgpne 3 godziny przyjmuja wartosci ok. 0.39 - 0.40. Nieco
wigksze warto$ci wspolczynnika tarcia przyjmuje kompozyt
z dodatkiem fluorku strontu (KW1).

3.2. Zuzycie kompozytéw i szkliwa zebéw

Obok wspotczynnika tarcia analizowano réwniez wplyw
tarcia na zuzycie materiatow kompozytowych i przeciwstaw-
nych tkanek zgba.

The friction couple, which is detailed in fig. 1b was compo-
sed of sample and counter sample. The tested samples were fa-
bricated ceramic-polymer composites, and the counter sample
- human enamel mounted in alumina form (fig.1b). The enamel
samples were cut out from molar and premolar teeth, extracted
for orthodontic reasons. The friction process was conducted in
the presence of solution with pH=6.8 (pH of natural saliva).

The experimental investigations have made it possible to
estimate friction coefficients, linear wear of materials and volu-
me wear of inverse hard tooth tissues.

The composite wear was estimated by linear wear at wear
track on the basis of surface roughness measured using Taylor
Hobson profilographometric techniques. The wear of the exa-
mined enamel samples, such as the volume tissue wear related
to friction track, was evaluated [9].

Following the friction process, composite sample surfaces
at wear track were examined using scanning electron microsco-
pe Hitachi S 3000N.

3. Results

Friction coefficients of original composites for dental fil-
lings and linear wear of investigated composites and volume
wear of hard tooth tissues (enamel) were investigated.

3.1. Friction coefficient

The measurements of friction coefficients of KW1 and
KW?2 composite materials are presented in fig. 2. As seen from
the graph an initial friction phenomenon between the co-opera-
ting couple can be observed at the beginning of the process. The
friction coefficients of both composites decreased during the
first two hours, then they stabilized for the following 3 hours
at the level of 0.39-0.40. It was also discovered that the friction
coefficient of the composite strongly depended on its composi-
tion and was found to be higher in the material with an addition
of strontium fluoride (KW1).

3.2. Wear of composites and teeth enamel

Apart from the measurements of friction coefficients, the
investigations included the analysis of the impact of friction on
both the composite materials” wear and inverse tooth tissues.
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Zuzycie liniowe zaprojektowanych w niniejszej pracy ma-
terialow kompozytowych wynosi w granicach 21 pm dla kom-
pozytu KW2 na bazie fluorku strontu i 24 um dla materiatu
KW1 z dodatkiem fluorku iterbu (rys. 3). Jest to relatywnie ni-
ska warto$¢ zuzycia i wedlug danych literaturowych odpowia-
da wartosci zuzyciu handlowych materiatdéw kompozytowych
[15].

Dokonano réwniez pomiaru zuzycia materialu przeciw-
probki, ktora stanowito ludzkie szkliwo. Objetosciowe zuzycie
szkliwa wynosito ok. 0.48 mm? w przypadku tarcia w uktadzie
z kompozytem KW?2 i ok. 0.54 mm?*w przypadku tarcia w ukta-
dzie z kompozytem KW 1 na bazie fluorku iterbu. Odpowiednie
wyniki prezentowane sg na rys. 4.

Uzyskane wyniki badan wskazuja, ze wlasciwosci tribolo-
giczne materiatdw kompozytowych zaleza w duzym stopniu od
sktadu chemicznego. Istotny jest wiec odpowiedni dobor napet-
niaczy proszkowych, zarowno zrédet fluoru i modyfikatorow
tarcia.

Po testach tribologicznych wykonano obserwacje mikrosko-
powe $ladow tarcia na powierzchni obu badanych materiatow.
Na rys. 5 przedstawiono réznice w powierzchniowej strukturze
kompozytow po procesach tarcia. W obu materiatach widaé
mikropeknigcia w ich struk-

The linear wear of the analyzed composite materials is clo-
se to 21 um for KW2 composite with addition of strontium flu-
oride and 24 pm for KW1 composite with addition of ytterbium
fluoride (fig. 3). A relatively low wear of the authors’ original
composite materials was observed. It was similar to the wear of
commercially available dental fillings [15].

One of the most important parameters associated with the
wear properties of dental composites is the rate of wear of the
enamel of the antagonistic teeth. In the investigations the volu-
me loss of the enamel was evaluated after the wear tests against
the composites. The results of these investigations are shown
in fig. 4. The KW2 composite with strontium fluoride showed
a lower rate of wear of enamel counter-samples (about 0,48
mm?) than KW1 composite (about 0,54 mm?®) filled with ytter-
bium fluoride addition.

The investigation results show that the tribological charac-
teristics of the composite materials produced by the authors are
dependent, to a high degree, on the chemical composition of the
samples. Hence an appropriate choice of powder fillers in form
of fluorine sources and friction modifiers is very important.

Following the friction tests, microscopic observations of
the composite surfaces, at wear tracks, were made. Some dif-

ferences between the surface
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structures of the tested materials
are presented in fig. 5. In both
materials some microcracks in
their structure are observed. In
the case of KW2 composite,
considerable microcracks in the
material structure, showing fati-
gue characteristics, are observed.
Fig. 5 also illustrates significant
structural differences between
KW1 and KW2. Additionally,
on the materials’ surface, some
free filler particles of different
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Rys. 2. Przebieg wspotczynnikow tarcia kompozytow KW1 i KW2 pod-

Czas procesu tarcia

Fig.2. Friction coefficients of the tested materials
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Rys. 3. Zuzycie liniowe kompozytow podczas tarcia

Fig. 3. Linear wear of the composites
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Rys. 4. Zuzycie objetosciowe szkliwa podczas tarcia

Fig.4. Volume wear of the enamel counter samples
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a)

b)

Rys. 5. Slad tarcia kompozytéw po tarciu: a) KW1, b) KW2
Fig. 5. Wear tracks of composites: a) KW1, b) KW2

4, Dyskusja

Z dokonanego przegladu literatury wynika, ze rozwdj ba-
dan nad materialami stomatologicznymi wskazuje wyrazna
tendencje do stosowania materialow kompozytowych. Wy-
nika to glownie z korzystnych wiasciwosci mechanicznych
i estetycznych tego typu wypehnien oraz szerokiej mozliwosci
ksztattowania ich struktury i wlasciwosci biofunkcjonalnych.
W poszukiwaniu nowych, lepszych materialtow kompozyto-
wych na stale wypetienia stomatologiczne szczegdlng uwage
zwraca si¢ m.in. na poprawe charakterystyk tribologicznych.
Proby opracowania optymalnego sktadu chemicznego skia-
niaja do poszukiwania nowych lepszych substytutow zywicy
Bis-GMA oraz napetniaczy, gléwnie modyfikatoréw tarcia.
Waznym z punktu widzenia komfortu pacjenta i satysfakcji le-
karza jest stosowanie wypetnien o korzystnych charakterysty-
kach tribologicznych. Chodzi w szczegdlnosci o zwigkszenie
odpornosci na zuzycie wypehien, a jednoczes$nie obnizenie zu-
zycia zebow przeciwstawnych (kontaktowych). Problematyka
ta zostala podjeta w niniejszej pracy - zwlaszcza w kontekscie
ksztaltowania charakterystyk tribologicznych badanych mate-
rialow, jak rowniez metodyki badan. Do badan tarciowych wy-
korzystano specjalnie skonstruowany symulator tarcia zgbow.
W badaniach tych oceniano wspotczynniki tarcia oraz zuzycie
materiatow i tkanek zebow przeciwstawnych.

W warunkach fizjologicznych wplyw na zuzycie zgbow
i materialow stomatologicznych ma duza liczba i zlozonosé
czynnikow zewnetrznych (obcigzenie, temperatura) i we-
wnetrznych ($lina, stan tkanek zgba).

W niniejszej pracy do badan tribologicznych zastosowano
specjalnie skonstruowany symulator tarcia zgbow, a badania
przeprowadzono przy parametrach odpowiadajacych natural-
nym warunkom jamy ustnej. Badaniom poddano dwa wlasne
materiaty kompozytowe na state wypelnienia stomatologicz-
ne. Wyniki wspotczynnika tarcia, zuzycia materiatlow i szkli-
wa zgbow wykazuja nieznaczne réznice pomigdzy badanymi
materialami. Zaobserwowano, ze dodatek fluorku strontu
w niewielkim stopniu wptywa na podwyzszenie wspotczynnika
tarcia i jednocze$nie obniza zuzycie liniowe testowanego mate-
rialu i szkliwa materiatu przeciwprobki. Mozna wiec sadzic¢, ze
kompozyty KW1 i KW2 po odpowiedniej modyfikacji sktadu
chemicznego mogg by¢ zaproponowane do stosowania na stale
wypelnienia stomatologiczne.

4. Discussion

Studying the literature data on the subject one can obse-
rve a strong tendency to use composite materials for the new
generation of dental fillings. This is due to good mechanical
and aesthetic properties of the composites as well as enormous
possibilities of shaping their structural and biofunctional pro-
perties. In this context particular attention is focused on the tri-
bological characteristics, which are responsible for the durabi-
lity of the dental fillings. Attempts at creating optimal chemical
compositions of the materials involve looking for substitutes of
Bis-GMA resin and fillers, mainly friction modifiers.

An essential factor, especially from the point of view of
the patient’s comfort and dentist’s satisfaction is the use den-
tal fillings characterized by good tribological properties, which
are mainly connected with an increase of dental filling wear
resistance and simultaneous decrease of inverse (contact) teeth
wear. This problem was undertaken by the present authors, par-
ticularly in the context of shaping tribological characteristics of
the analyzed materials and testing methods. Thus, special equ-
ipment applying reciprocating movement and cyclic loading to
test the materials was devised. During the tests, friction coef-
ficients and wear of materials and inverse teeth tissues were
evaluated.

In the physiological conditions a number of internal and
external factors such as saliva, teeth tissue conditions, load and
temperature exert considerable impact on the tooth wear and
dental fillings.

The testing method, in which the composite samples wor-
ked against the human enamel counter-specimen, simulated the
masticatory pattern occurring in the mouth whilst eating. Two
originally made composite materials for permanent dental fil-
lings were tested. The results of friction coefficients, wear of
materials and teeth enamel exhibit minor differences between
tested materials. It was observed that the addition of strontium
fluoride had little influence on the increase of the material’s
friction coefficient. However a decrease of linear wear of the
tested material and enamel counter-sample was observed. Thus,
it could be concluded that KW1 and KW2 composites, after
an appropriate modification of their chemical composition, are
potential materials for permanent dental fillings
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5. Podsumowanie

W pracy okreslono charakterystyki tribologiczne uktadu
kinematycznego zab — materiat kompozytowy na bazie zywicy
Bis-GMA i zrodet fluoru. Podczas badan zaobserwowano, ze
zuzycie przez tarcie kompozytdw ceramiczno-polimerowych
przeznaczonych na state wypehienia stomatologiczne zalezy
od rodzaju napetniacza proszkowego i jest nizsze dla kompo-
zytu z dodatkiem fluorku strontu. Kompozyt ten wplynat takze
na nizszy stopien zuzycia szkliwa zeba. Z kolei nizsze warto$ci
wspotczynnika tarcia uzyskano dla kompozytu na bazie fluorku
iterbu.

5.Summary

In this work tribological characteristics of the kinematics
couple: tooth - composite material on the basis of Bis-GMA re-
sin and fluorine sources were investigated. The results showed
that the wear of ceramic-polymer composites intended for den-
tal fillings clearly depends on the type of powder filler used and
is lower for a composite with an addition of strontium fluoride.
Also the enamel wear is found to be lower in a couple con-
taining the same powder filler. However, the composite with
an addition of ytterbium fluoride is characterized by a lower
friction coefficient.
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OCENATESTU QC10 DO KONTROLI OFF-LINE OBRABIAREK
STEROWANYCH NUMERYCZNIE CNC

EVALUATION OF QC10 BALLBAR DIAGNOSTICS METHOD
FOR CNC MACHINE

W pracy przedstawiono wyniki badan diagnostycznych obrabiarki CNC. Dokonano analizy wybranych btedow obrabiarki
CNC identyfikowanych za pomocq preta teleskopowo kulowego. Ocenie jakosciowej poddano typowe odchytki geome-
tryczne, takie jak: odchytke okrggtosci, odchylke prostopadiosci osi, odchytke okresowq. W trakcie pomiarow wyznaczono
ponadto blgd nawrotu i luz zwrotny w badanej osi. Wskazano na zalety oraz wady szybkiego testu QC10. Oméwiono
przyczyny powstawania badanych bltedow oraz wskazano podstawowe sposoby ich minimalizacji. Uzyskane wyniki badan

przedstawiono w postaci wykresow i tabel.

Stowa kluczowe: obrabiarka CNC, doktadnosé geometryczna obrabiarki, diagnostyka obrabiarek, odchytka
okrggtosci, odchytka prostopadiosci osi, luz zwrotny, blgd nawrotu, kompensacja bledow.

This paper presents results of CNC machine tool testing. Analyses of error were performed with ballbar method. This
method allowed to investigate geometric errors as circularity, squarness, straightness as well as reversal spikes and bac-
klash. Evaluated errors were discussed and compensation procedures were proposed. Obtained results were described in

tables and figures.

Keywords: CNC machine, geometric accuracy, diagnostic of machine, circularity, squarness error,
backlash, reversal spikes, error compensation.

1. Wprowadzenie

Zastosowanie maszyn CNC w obrdbce wioérowej pozwala
na konstytuowanie nowej powierzchni o duzej doktadnosci geo-
metrycznej. W celu uniknigcia btedéw zwiazanych z zarysem
geometrycznym oraz zapewnienie uzyskiwania maksymalnych
warto$ci wskaznikow jakosciowych wyrobu, konieczna jest
szybka i stosunkowo czgsta diagnostyka maszyn CNC [1-4].

Diagnostyka obrabiarek sterowanych numerycznie jest
bardzo waznym zagadnieniem, ktére powinno by¢ rozpatry-
wane zarowno przez producentéw jak rowniez uzytkownikow
maszyn. Istnieje wiele metod i technik diagnostyki maszyn
technologicznych. Bazuja one na dynamicznych i semista-
tycznych procesach resztkowych. Do oceny stanu maszyny
wykorzystywane sa tatwo mierzalne wielkosci fizyczne, sko-
relowane z réznymi typami btedéw obrabiarki [7, 8, 21-23].
Wielkosciami tymi sa np.: drgania, emisja akustyczna, ciepto
itp. [7]. Badania dokladnosci obrabiarek sa znormalizowane
i opisane w Normie Mi¢dzynarodowej ISO 230 (z ang. Accep-
tance code for machine tools), ktora jest zatwierdzona przez
Polski Komitet Normalizacyjny. Polskie Normy PN-ISO 230
[14] okreslaja zarowno ogolne przepisy badania obrabiarek, jak
i szczegOtowe metody wyznaczania poszczegdélnych odchy-
ek oraz tolerancje ograniczajace ich dopuszczalne wartosci.
Nowoczesne metody sprawdzania doktadnosci obrabiarek
obejmuja trzy grupy btedéw: dynamiczne, geometryczne oraz
luzy [7, 19]. Sposréd urzadzen pozwalajacych na sprawdzanie
doktadnos$ci geometrycznej obrabiarek CNC mozna wyr6znié:
QCI10 ballbar, Cross Grid, R-test, HMS - Head Measuring Sys-
tem opatentowany przez firme Fidia [5, 15, 17, 18, 20].

1. Introduction

The application of CNC machine tools in cutting allows for
creation of a new surface of high geometrical accuracy. CNC
machine tool has recently been treated as standard in manufac-
turing industry, because it allows for machining of complicated
shapes of workpiece. Depending on condition of the machine,
final products can be inaccurate though. A lot of error sources
of machine may have influence on accuracy of machining per-
formance. In order to avoid errors related to geometrical outline
and in order to achieve maximum values of quality indexes of
a product and a frequent and quick CNC machine tool diagnos-
tics is necessary. In order to achieve satisfied accuracy it is very
important to check machine accuracy periodically [1-4].

Machine diagnostics is very important not only for final us-
ers, but also machine manufacturers should test it on produc-
tion level. There are several diagnostic methods and techniques
used for this purpose. They are based on dynamic and semi-
static residual processes. Evaluation of machine tool accuracy
applies easily measurable physical values correlated with the
most common errors of machine tools [7, 8, 21-23], such as:
vibration, acoustics, heat, etc [7]. Also international standards
fully described the machine tool errors evaluation method. The
most common is [SO230 titled Standards Acceptance code for
machine tools [14], which is accepted by Polish Committee for
Standardization. The Polish Norm PN-ISO 230 describes not
only general rules of CNC machine tool measurement, but also
detailed methods of particular errors determination and toler-
ance of its maximum acceptable value. Modern testing methods
of CNC machine tool error measurement cover three sources
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Oceny doktadnosci geometrycznej obrabiarki dokonuje si¢
czesto z wykorzystaniem technik laserowych (interferometria
laserowa) [6, 7]. Nie mniej jednak techniki te sg stosunkowo
czasochtonne i kosztochtonne. Ponadto interpretacja uzyska-
nych wynikoéw i ich wykorzystanie praktyczne moze by¢ kto-
potliwe i trudne, chociazby z uwagi na liczno$¢ czynnikow
wplywajacych na sam proces pomiaru, jego doktadno$¢ a cza-
sami nawet doktadno$¢ wykonywanych obliczen.

Istotnym ograniczeniem metod interferometrycznych
w pomiarach maszyn jest dosy¢ duza czasochlonno$¢ ustawie-
nia optyki interferometru, zwlaszcza dla maszyn o zakresach
obrobezych powyzej kilku metrow. Niewatpliwa zaleta metod
interferometrycznych jest mozliwos$¢ pomiaru catej osi obrob-
czej 1 uzyskanie informacji o bledach w pelnym zakresie prze-
suwow [6, 7].

Dla uzyskania wymaganej doktadnos$ci realizowanych ru-
chow i precyzji zajmowanych polozen, nie wystarczy tylko na-
prawa biezacych usterek. Konieczne staje si¢ okresowe badanie
diagnostyczne potaczone z ewentualng regulacja np. uktadow
sterowania, napgedow, itp. Alternatywe dla klasycznych metod
diagnostycznych obrabiareck CNC stanowi zautomatyzowany
szybki test kotowosci realizowany przez urzadzenie QC10 bal-
Ibar [5, 9, 12, 14, 24] . Norma ISO 230-2 opisuje to urzadzenie
jako pret teleskopowo kulkowy [14]. W artykule nazwy te beda
stosowane zamiennie.

System QC10 ballbar pozwala na szybka i efektywna oce-
n¢ niedoktadno$ci obrabiarek. W efekcie umozliwia podjgcie
dziatan serwisowych i obstugi technicznej na podstawie za-
obserwowanego - biezacego stanu technicznego. Stosowanie
szybkiego testu diagnostycznego QC10 pozwala na dokumen-
towanie stanu technicznego obrabiarek, porownywanie i klasy-
fikowanie roznych obrabiarek wedhlug ich zdolnosci do zapew-
nienia odpowiedniej doktadnosci obrobki. Jest to szczegdlnie
waznie w przedsigbiorstwach z duzym parkiem maszynowym
gdyz pozwala na przenoszenie zadan obrobkowych wyrobow
o wysokich wymaganiach jako$ciowych na te maszyny, ktore
umozliwiajg zachowanie wysokiej doktadno$ci wymiarowo-
ksztaltowej [10, 11, 13, 16, 19].

2. Metodyka badan

Charakterystyka urzadzenia diagnostycznego QC-10 ballbar

Urzadzenie diagnostyczne QC10 ballbar (rys. 1) umozliwia
wykrywanie btedéow geometrycznych wystepujacych w ukta-
dach napedowych obrabiarek CNC, zwlaszcza wprowadzanych
przez uktad mechaniczny, uktad pomiarowy oraz btedow wpro-
wadzanych przez serwonapedy.

Sposrod najwazniejszych odchytek identyfikowanych pod-
czas testu urzadzeniem QC10 ballbar nalezy wymieni¢: odchyt-
ke okragtosci, odchytke prostopadtosci osi, odchytke okresowa
oraz blad nawrotu, luz zwrotny w badanej osi i luz poprzecz-
ny.

Wsréd pozostatych btedow identyfikowanych przez system
QC10 ballbar sa: btad prostoliniowosci, btad cykliczny, btad
spirali, btad skali, btad nadazania, zmiang offsetu, zmiang¢ pro-

of machine tools errors: dynamic, geometric and play errors
[7, 19]. The most popular ones are QC10 ballbar, Cross Grid,
R-test, HMS-Head measuring system [5, 15, 17, 18, 20]. Men-
tioned HMS system manufactured by Fidia, is a fully automat-
ed measuring system which can be used for evaluation of linear
and rotary axes. This measuring device can evaluate static and
dynamic errors. For evaluation of geometric errors also laser
interferometers are commonly used [6, 7]. This method is most
time consuming and quite expensive in comparison to other di-
agnostics methods. Moreover, the result interpretation and its
application may be confusing and difficult, due to multiple fac-
tors of measurement process, its accuracy as well as accuracy of
performed measurement itself. A significant limitation in CNC
machine tool measurement is a relatively big time consumption
of setting of interferometer optics especially for CNC machine
tool with machining scope of several meters. Undoubtedly, its
advantages are the possibility of measurement of total CNC
machine tool axis and collection of information about errors
within the total measurement scope. Obtained results clearly
describe the machine’s geometric errors. Interferometer method
is also fundamental in case of calibration linear positioning for
CNC machine [6, 7].

In order to obtain the acceptable accuracy of machine tools
(movements, positioning, etc.) it is very important to perform
some procedures for timely diagnostics of the machine as well
as correction of parameters. The alternative for classical diag-
nostic methods of CNC machine tools is an automated, quick,
QCI10 ballbar circularity test which is fully consistent with ISO
230-2 standards [5, 9, 12, 14, 24]. ISO 230 describes the tool as
a ballbar transducer (ball telescoping bar) [14]. For the purpose
of the paper both names are used interchangeably.

QC10 ballbar system provides the method for quick and ef-
fective of inaccuracy of CNC machine tools. In effect, it allows
for undertaking of service activity and technical service on the
basic of observed, current technical condition. It also allows
for detecting inaccuracies induced by its controller and servo
drive systems. After the QC10 ballbar test has been carried out,
the system produces a diagnostic plot. This can be analysed —
either visually or by using the software — to identify specific
errors within the machine tool. The QC10 ballbar system is also
a proper system for assessment of the most accurate machine
from the whole stock of machine tools and choice of a proper
machine for corresponding task [10, 11, 13, 16, 19].

2. Research methodology

QC10 ballbar system overview

QC10 ballbar system (fig. 1) allows for evaluation of geo-
metric errors, resulting from servo mechanisms and mechanical
mechanisms, measurement systems and other errors. As shown
in fig. 1, the detecting part of ballbar consists of two precise balls
connected to a bar made of tungsten carbide. The two balls are
magnetically attracted on 3 point supported sockets. The most
important errors identified during test by QC10 ballbar system
are: circularity error, squareness error, cyclic error, reversal-spi-
kes error, backslash error and radial clearance. Among other
errors identified by QC10 ballbar system are: linearity error,
spiral error, scaling error and mismatch, offset change, radius
change and other. Measurement and interpretation of the results
are completed according to provisions of ISO-230-4 [14]. Qu-
ick QC10 ballbar system test allows for measurement of circu-
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mienia i inne. Pomiar i interpretacja wynikow sg realizowane
zgodnie z wytycznymi normy PN-ISO 230-4 [14].

Szybki test urzadzeniem QC10 ballbar pozwala na pomiar
odchytki okraglosci ruchu w interpolacji kotowej obrabiarki
sterowanej numerycznie (rys. 1).

a)

Rys. 1.

Fig. 1.

W czasie pomiaru za pomoca przetwornika pomiarowego
2 (pret teleskopowo kulowy) mierzony jest aktualny promien
wykonywanego ruchu kotowego. Aktualne potozenie katowe
przetwornika obliczane jest na podstawie czasu wykonywania
ruchu ze statym posuwem stycznym. Do wykonania poprawnej
analizy doktadnosci geometrycznej obrabiarki wymagane jest
wykonanie pomiaré6w w zakresie ruchu 360° (0+360°), w obu
kierunkach (zgodnie i przeciwnie do ruchu wskazowek zegara),
co przedstawiono na rys. 2. Aby w czasie pomiaru byta zacho-
wana stata predkos$¢ ruchu posuwowego V,, kazdy wiasciwy
ruch pomiarowy powinien by¢
poprzedzony rozbiegiem i za-
konczony wybiegiem (rys. 2).

Jezeli dana obrabiarka CNC
nic wykazuje btedow, wykres
kotowy realizowanego ruchu
powinien by¢ idealnym okre-
giem. Obecnos¢ jakichkolwiek
bledow obrabiarki wprowadza
znieksztalcenia i odstepstwa od
okregu idealnego. Analizujac
taki wykres mozna okresli¢ zro-
dla wystepowania tych bledow
w uktadzie napgdowym.

Dostarczone oprogramowa-
nie do urzadzenia QC-10 ball-
bar umozliwia przeprowadzenie
analizy otrzymanych wynikow,
podajac wartoSci  poszczeg6l-
nych btedow sktadowych oraz
ich procentowy wplyw na cal-
kowitg odchytke okraglosc.

Rum - up

Rys. 2. Schemat pomiaru w zakresie ruchu 360° [7]
Fig. 2. Ballbar operation in whole circle [7]

larity error during circulation interpolation with constant feed-
rate of CNC machine tool. Completion of a proper analysis of
geometrical accuracy of machine tool, requires performance of
a circularity movement within 360° in both directions (clockwi-
se and reversal) (fig. 2). In order to preserve the contact speed

b)

Zasada pomiaru diagnostycznego frezarek CNC szybkim testem QCI10
ballbar [7]: a) widok ogdlny, b) schemat i zasada przygotowania do testu;,
1 —wrzeciono frezarki, 2 — przetwornik pomiarowy (teleskopowy pret ki-
nematyczny), 3 — podstawka magnetyczna centrujgca, 4 — koncowki kuli-
ste, 5 —uchwyt magnetyczny, R — promien zarysu nominalnego

Principle of ballbar measurement [7]: a) general view, b) QC10 ballbar
system; 1 — machine spindle, 2 — ballbar transducer, 3 — magnetic base,
4 — ball assembly, 5 — tool cup assembly, R — radius of the test

of feed-rate, every proper measurement movement should be
initiated with warming-up run and accomplished by overrun.

The changes in distance between two balls are read out by
the LVDT transducer and the obtained signals are transformed
and shown as the radius changes in ballbar software. The nu-
merical values from the counter are processed by PC and the
deviation from the base circle is plotted as motion error trace by
a X-Y plot shown in fig. 2.

In this measuring method the rotating angle is not detected.
Instead the apparent rotating angle is calculated from the cir-
cumferential feed - rate of the
circular interpolation motion
V.. If the machine accuracy is
perfect, circular plot will appe-
ar as the ideal circle. Errors of
machines give some distortion
in circular plot. Fig. 3 descri-
bes the installation method on
typical machine tool. The ana-
lysis o such figure may help to
determine sources of errors oc-
currence in servo mechanism.
The software of QC10 ballbar
system allows for analysis of
results, giving values of par-
ticular partial errors and per-
centage influence on summary
circularity error.

It is possible to measure
full circle 360° but also 180°
test . Test arcs smaller than 180°
are not recommended and sho-

Measurement
movement circuit
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Instalacja urzadzenia QC-10 ballbar na frezarkach przebie-
ga w sposob przedstawiony na rys. 3.

a) b)

4E

o=

uld only be used where space constraints prevent a 180° or 360°
test. Test arcs of less than 90 ° should not be used. However,

Rys. 3. Schemat instalacji urzgdzenia QC-10na frezarkach CNC [7]: a) ustawienie punktu bazowego, b) pionowe odsuniecie gniazda, c) ustawienie w po-
zycji startowej, d) instalacja przetwornika, 1- podstawa magnetyczna, 2 - uchwyt magnetyczny, 3 — tulejka zaciskowa, 4 — przetwornik pomiarowy

(teleskopowy pret kinematyczny)

Fig. 3. QCI10 ballbar mounting procedure [7]: a), b) centering, c) move to initial position, d) transducers mount, 1 - magnetic base, 2 - tool cup assem-

bly, 3 - tool holder, 4- measuring transducer

Pomiary kotowosci mozna wykonywa¢ rowniez w innym
zakresie ruchu niz 360°, np. w zakresie ruchu —180°+180°;
0°+90°; 80°+100° itd. Jednakze wykonanie niepelnego okregu
ogranicza mozliwo$ci diagnostyczne urzadzenia jedynie do in-
terpretacji graficznej zmian promienia.

Przebieg badan

Celem nadrzgdnym pracy jest identyfikacja i ocena ilo-
Sciowa szesciu gtownych odchylek oraz biedow obrabiar-
ki CNC. Gtowny cel pracy stanowi rowniez okreslenie
zwiazkéw pomiedzy parametrami testu a wynikami pomia-
réw diagnostycznych. W pracy zostanie zawarta ilosciowa
i jakosciowa ocena wptywu predkosci ruchu posuwowego stotu
frezarki v na warto$¢ btedu nawrotu. Celem posrednim pracy
jest wykazanie przydatnosci szybkiego testu diagnostycznego
QC10 ballbar w okresowych badaniach stanu obrabiarki CNC.

Wsrod najwazniejszych odchyltek i bledéw obrabiarki CNC
nalezy wyréozni¢ odchytke okraglosci, definiowana przez nor-
me IS0 230-4 nastgpujaco: ,.lini¢ na ptaszczyznie nazywa si¢
okragla jesli wszystkie jej punkty sa zawarte miedzy dwoma
okregami wspotsrodkowymi, ktorych odleglos¢ promieniowa
nie przekracza danej wartosci”. Pozostate bledy obrabiarki
CNC identyfikowane w teScie za pomoca preta teleskopowo
kulkowego sktadaja si¢ na odchylke okraglosci. Wérdd nich
wyr6znia si¢ odchylke prostopadtosci osi, btad nawrotu, luz
zwrotny w badanej osi, luz poprzeczny.

Prace eksperymentalne realizowano na czteroosiowym,
pionowym centrum obrébkowym (frezarskim) wyposazonym
w system sterowania numerycznego FANUC. W celu popraw-
nego wykonania badania diagnostycznego wykonano nastgpu-
jace czynnosci:

- okreslono plaszczyzne pomiarow (plaszczyzna X-Y),

- Wyznaczono miegjsca pomiarowe na stole frezarki (4 poto-

zenia w uktadzie kwadratu),

- zdefiniowano warto$ci predkosci ruchu posuwowego sto-
tu frezarki (v, = 500; 1000; 3000 mm/min),

- okreslono warto§¢ promienia interpolowanego okrggu,
dobierajac odpowiednig dlugos¢ teleskopowego preta ki-
nematycznego (R = 100),

- okreslono kat realizacji testu: 360°,

- zdefiniowano warto§¢ wspoétczynnika rozszerzalnosci
cieplnej obrabiarki i jej temperature,

the performance of an incomplete circle, limits the diagnostics
capability of the measurement system only to graphics presen-
tation and interpretation of radius change.

Run of tests

The main task in research was to diagnose the machine tool
as well as to describe interactions between test parameters and
errors evaluated by ballbar system. Additional task was to rese-
arch influences between fede-rate of machine and reversal spi-
kes errors. Another task in this research was to prove usefulness
of the device QC10. One of the most significant parameters of
accuracy is circularity, defined by IS0 230 standard. Circularity
is defined as the difference between the largest and smallest
radius recorded by the ballbar as the machine moves around the
larger circularity value. The diagnostics analysis can be used to
identify the cause of any circularity error, providing the test is
performed over a complete 360°. Experimental results did on
4-axis vertical machine tool with FANUC controller. Measu-
ring procedure was performed as follows:

- test plane X-Y was defined,

- proper place on machine (4 locations in square plane) was

determined,

- feed-rate of vertical CNC machine tool table v, as: 500;

1000; 3000 mm/min was determined,

- circle radius of the test R=100 mm, adjusting the proper

length of the telescopic kinematic bar, was defined,

- radius of the full tests 360° was defined,

- the material expansion coefficient of machine tool and its

temperature was defined,

- to machine control system the CNC programme comple-

ting the measurement path was introduced (fig. 2)
- the QCI10 ballbar on the machine plate was mounted
(fig. 3),

- the software parameters were prepared,

- the test was performed,

- the measurement of results was analyzed and it was pre-

sented on graphs and in the table,

- main errors were defined and their quality analysis was

performed,

- the test 4 - series and 5 - repeatable series were completed.
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- do uktadu sterowania obrabiarki CNC wprowadzono od-
powiedni program realizujgcy ruch pomiarowy (rys. 2),

- zamontowano przetwornik pomiarowy na stole frezarki
(teleskopowy pret kinematyczny) (rys. 3),

- ustawiono odpowiednie parametry zbierania danych
w $rodowisku programu Ballbar,

- przeprowadzono pomiar wlasciwy,

- przeanalizowano wyniki pomiarow oraz przedstawiono je
W postaci wykresow oraz zestawien tabelarycznych.

- okreslono rodzaje wystepujacych odchylek oraz btgdow

oraz dokonano ich oceny ilo$ciowej,

- pomiary realizowano w czterech seriach (cztery potoze-

nia) z 5 powtorzeniami.

W efekceie realizowanych pomiaréw uzyskano wyniki badan
(raport testu diagnostycznego), ktore poddano szczegdtowej ana-
lizie. Raport testu diagnostycznego zawiera wszystkie znaczace
wartosci wyznaczonych btedéw i odchytek oraz ich procentowe
udziaty w calkowitej odchytce okraglosci obrabiarki CNC.

3. Analiza wynikéw pomiaréw

W oparciu o przeprowadzone badania eksperymentalne
oraz pomiary otrzymano wyniki pozwalajace na czgsciowq oce-
ne¢ stanu obrabiarki (badania przeprowadzono w ptaszczyznie
X-Y). W tabelach 1 oraz 2 przedstawiono wartosci gtownych
odchytek i bledow obrabiarki sterowanej numeryczni CNC oraz
ich udzialy procentowe w sumarycznej odchylce okragtosci.

Rys. 4. przedstawia procentowe udziaty sze$ciu znaczacych
odchytek i bledow obrabiarki CNC. Z przedstawionego narys. 4
wykresu wynika, ze najwigksza warto$¢ sredniego procentowe-
go udziatu stanowi odchytka prostopadtosci osi (14,5%).

Efektem wystgpowania na obrabiarce odchytki prostopa-
dlosci jest brak wzajemnej prostopadtosci frezowanych ptasz-
czyzn (rys. 5). Brak prostopadtosci osi przyczynia si¢ rowniez
do istotnych probleméw zwigzanych z ksztalttowaniem po-
wierzchni cylindrycznych, zarowno zewnetrznych jak i we-
wnetrznych.

Wystepowanie odchytki prostopadtosci wynika ze zlego
wzajemnego ustawienia prowadnic osi X i Y, zuzycia prowad-

The result of completed measurement was put under deta-
iled analysis. The report of diagnostic test includes all impor-
tant values of errors and their percentage participation in the
total circularity error of CNC machine tool.

3. Analysis of the test results

On the basis of the conducted research and measurement
the results was received. It allows for partial assessment of the
CNC machine tool. In table No. 1 and No. 2 average errors of
CNC machine tool and their percentage participation in sum-
mary circularity squareness error were presented. Test results
were performed for X-Y plane. Percentage screen provides a
polar plot of captured data followed by diagnosis of errors. The
plot exhibits the magnitude of errors. They are listed in per-
centage terms and shown in fig. 4. Percentages indicate what
proportion of the overall non-circularity error can be attributed
to the diagnosed errors. These are listed in a priority order with
the largest error on top. From the percentage screen we know
that the most important errors were influenced by squareness
error (14.5%).

The squareness error is caused when the X and Y axes of
the machine are not at 90° to one another at the position on
the machine where the test is being performed. The lack of
the squareness error of axis may cause severe errors related to

Tab. 1. Srednie wartosci odchytek i bledéw obrabiarki CNC dla czterech grup testéw w ptaszczyznie X-Y

Tab. 1. Average errors of CNC machine tool for four groups of tests in plane X-Y

Diugos¢ ramienia teleskopowego preta kinematycznego: R = 100 mm, kat realizacji testu: 360°
Ballbar radius: R = 100 mm, data capture arc: 360°
Test 1 2 3 4
Odchytka prostopadtosci pm/m 65.6 453 855 65.8
Squarness error % 18 10 16 14
138 146 135 135
Luz zwrotny Y Hm 1-5.7 1-39 455 1-58
Backlash Y
% 16 10 10 12
15.8 T4.0 6.1 157
Odchytka okresowa Y pm 16.1 141 16.0 155
Cyclic errorY
% 17 9 11 12
Bl m —0.0 —2.6 —3.8 )
ad nawrotu X H <27 <19 <30
Reversal spikes X
% 7 10 13 -
To.0 1-5.0 143 153
Btad nawrotu Y um 127 10.0 13.0 10.0
Reversal spikes Y
% 7 1 14 1
Odchytka okragtosci / Circularity um 204 17.1 23.9 22.1
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Tab. 2.  Srednie wartosci odchytek i bledéw obrabiarki CNC wyznaczone przy réznych wartosciach predkosci ruchu posuwowego stotu frezarki w ptasz-

czyZnie X-Y

Tab.2. Average error values versus feed rate of machine for XY plane test

Dlugosc¢ teleskopowego preta kinematycznego: R = 100mm, Kat realizacji testu: 360°
Ballbar radius: R = 100 mm, data capture arc: 360°
Predko$¢ ruchu posuwowego v,[mm/min] / Velocity of the test v.[mm/min]

500 1000 3000

Odchytka prostopadtosci um/m 84.1 65.8 73.7
Squarness error % 17 14 14

" 135 T35 130

Luz zwrotny ¥ H 153 1538 155

Backlash Y

% 11 12 10

16.3 157 15.0

Odchy’fk'a okresowa Y pum 158 U55 153

CyclicerrorY

% 13 12 10
Roéznica odchytki pozycjonowania pm 84 10.8 9.9
Scaling error % 9 12 9

" 144 153 1-6.6

Btad nawrotu Y H 124 130 132

Reversal spikes Y

% 14 " 18

Odchytka okragtosci m 229 22.1 21.9

Circularity H Srednia odchytka okragtosci 22,3 / Average Circularity 22.3

nic lub ich odksztatcen sprezystych oraz cieplnych. Przyczyna
powstawania odchytki prostopadiosci moze by¢ réwniez nie-
wlasciwe lub nieprecyzyjne wypoziomowanie stotu obrabiarki.
Jednak, w trakcie badan objetych zakresem pracy, po wyko-
naniu pomiardw na réznych wysokosciach w kierunku osi Z
przyczyna ta zostata wykluczona. Swiadczy o tym powtarzalny
charakter btedu na kazdej z badanych wysokosci.

Odchytka prostopadtosci moze mie¢ charakter lokalny ale
réwniez moze wystepowac na calej dtugosci osi. Wynikaja stad
rézne podejscia jej minimalizacji. W przypadku lokalnych od-
chytek prostopadtosci osi, jako sposob przeciwdziatania blgdom
obrobki wynikajacym z odchyltki prostopadtosci jest unikanie
obrobki w miejscach, w ktorych odchytka prostopadlosci osi
obrabiarki osiaga wysokie warto$ci. Wymaga to jednak przeba-
dania pozostatych obszarow stolu w przestrzeni roboczej oraz
identyfikacji i wlasciwej interpretacji braku prostopadtosci osi.
W przypadku wystepowania odchyltki prostopadtosci na calej
dlugosci, srodkiem zaradczym pozostaje korekta ustawienia
prowadnic, za§ w ostateczno$ci - przy duzym zuzyciu pro-

Rys. 4. Sredni procentowy udzial szesciu znaczqcych odchylek i bledow
obrabiarki CNC w catkowitej odchylce okrgglosci

Fig. 4. Average percentage proportion for the significant non-circula-
rity errors of CNC machine tool in overall circularity error

the cylindrical construction surface, both external and internal
(fig. 5). The axes may be bent locally or there may be an overall
axis misalignment in the machine.

The axes X-Y of the machine tool may be drooping causing
them to misalign at certain locations. The machine guideways
may be worn excessively causing certain amount of play in the
axes when they move, its flexibility and thermal displacement.
The cause of squareness error may be also improper or impre-
cise plane leveling. However, during research, after measure-
ment on different level, directed towards X axis, the reason was
eliminated. It can be justified by the same character of an error
on each height. The value is the angle between the two axes
in the test plane, less than 90°. Ideally, the two axes should
be perfectly perpendicular to each other, this would result in a
squareness error of zero value. The squareness error may have
local character but it may also occur in the whole axis’ length.
Different ways of its minimization result from it. As a way of
prevention from machining errors, the avoidance of cutting
process in places where the error value is big, is suggested. It

«00° -\\,-.90
+X +X

Negative squareness error Positive squareness error

when negative when positive

direction on both axis direction on both axis
Rys. 5. Efekt wplywu ujemnej 6<90° i dodatniej 0>90° odchytki prostopa-
dlosci osi na wzajemne potozenie ksztaltowanych plaszczyzn [18]

Fig. 5. Typical squareness errors and it is influence on circularity plot

[18]
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wadnic, ich wymiana. Podstawowa odchytka wplywajaca na
doktadnos$¢ wymiarowo ksztaltowa wytwarzanych na obrabiar-
kach CNC wyrobow jest identyfikowana w tescie kotowos$ci
systemem QC10 ballbar odchytka okragtosci. Na rys. 6 przed-
stawiono przebieg zmian odchylki okraglosci w zestawieniu
z odchytka prostopadtosci osi. Przyczyng wystepowania od-
chylki okraglosci moga by¢ takze niewlasciwie dobrane nape-
dy obrabiarki CNC, btedy sterowania oraz btedy uktadow po-
miarowo kontrolnych obrabiarki. Podstawowg czynnoscia jaka
nalezatoby wykona¢ w celu minimalizacji odchytki okragtosci
jest doprowadzenie do prostopadtosci osi, regulacja napedow
oraz wyeliminowanie zaktocen sterowania. Ponadto minimali-
zacja poszczegdlnych rodzajow bltedow spowoduje zmniejsze-
nie odchytki okraglosci obrabiarki CNC.

Narys. 7 zaprezentowano charakter zmian $rednich warto$ci
luzu zwrotnego dla czterech grup testow w plaszczyznie X-Y.
Z przedstawionego zestawienia wynika, ze dla testow 1, 31 4
charakter zmian i warto$¢ luzu zwrotnego sg powtarzalne, zas
w tescie drugim wyniki odbiegaja od obserwowanego trendu.

Luz zwrotny jest efektem luzow w uktadzie napgdowym
obrabiarki lub w uktadzie pomiarowym (luz w potaczeniu $ru-
ba-nakretka, zuzycie przektadni). Przyczyna powstawania luzu
zwrotnego moze by¢ rowniez luz w przektadni zebatej uktadu
napedowego, prowadnicach lub zte naciagniecie paska zgbatego
czy tez niedostateczna sztywno$¢ uktadow. Luz zwrotny w przy-
padku jego dodatniej warto$ci objawia si¢ wystgpowaniem krot-
kich odcinkéw prostych (ptaszczyzn) w trajektorii ruchu frezu
w czasie prowadzenia obrobki w interpolacji kotowe;j (rys. 8).

W efekcie dochodzi do przerwy ruchu podczas zmiany kie-
runku dziatania napedu posuwu w konkretnej osi (Y lub X).
Zasadniczg czynno$cig minimalizujgca warto$¢ luzu zwrotnego
jest wykasowanie luzow w uktadzie napedowym (prowadnic,
Sruby, itp.) i pomiarowym, kompensacja bezposrednio w ukta-
dzie sterujagcym obrabiarki a ostatecznie wymiana uszkodzo-
nych lub zuzytych elementoéw obrabiarki.

Na rys. 9 zaprezentowano przykladowy przebieg zmian
wartosci btedu nawrotu dla czterech grup testow w plaszczyz-
nie X-Y.

Z zaprezentowanego na rys. 9 wykresu wynika, ze wszyst-
kie testy wykonane dla badanej obrabiarki CNC zachowuja po-
wtarzalny charakter zmian oraz maja zblizone warto$ci w po-
szczegllnych probach. Objawem btedu nawrotu jest chwilowy

Rys. 6. Przebieg zmian Srednich wartosci odchytek prostopadiosci
i okrgglosci w plaszczyznie X-Y dla czterech grup testow

Fig. 6. The dispersion of average values of squarness and circularity
error for few group of tests in X-Y plane

requires, however, the measurement of the plane surfaces in the
working space, identification and interpretation of squareness
errors. If the squareness error occurs in the whole length of the
axis the measure is the quideways set, if necessary (if quideways
are worn excessively) they must be replaced. The basic error that
influences the shape and dimensional accuracy of workpiece is
the identified during QC ballbar circularity test (circularity er-
ror). A positive squareness error indicates that the angle between
the two positive axes exceeds 90°. A negative squareness error
indicates that the angle between the two positive as is less than
90°. This is illustrated in fig. 6 along with the type of plot that
may be obtained in these circumstances. The reason of the cir-
cularity error may be also wrongly matched servo mechanisms
of CNC machine tool, control system errors and measurement
system errors. The basic activity which must be performed to
minimize the circularity error, is the effect of squareness, regu-
lation of servo mechanisms and elimination of control system
interferences. Minimize of particular kinds of errors will cause
the minimize of circularity errors of CNC machine tool.

Fig. 7 presents the character of changes of average values of
backlashes for four groups of tests in X-Y plane. For 1, 3 and 4
tests the character of change and value of backlash are repeata-
ble, but in test 2 the results is different than the observed trend.

Backlash is the results of clearance in the drive system or
measurement system of the machine clearance (crest clearan-
ce, wearing of transmission, etc.). This is typically caused by
ballscrew endfloat or a worn drive nut. There may be a play in
the guideways of the machine, causing a dwell in motion, when
the direction in which the machine is being driven changes

(fig. 8).

The effect of positive backlash on a machine is that a cir-
cular interpolated cutter path will show a short flat. Fig. 8 il-
lustrates how the Y axis approaches a perfect circle but then
diverges because the axis has stopped. Plot scaling changes
the flat, which is actually machined, into a backlash step on the
diagnostic plot as the machine appears to go beyond the perfect
circle. If e is the height of the backlash step on the diagnostic
plot, then the length of the flat on the cut part can be calculated
as the square root of e multiplied by the diameter of the cut
made. On fig. 9 presented dispersion of reversal spikes measu-
rement for X and Y axis for four groups of tests.

Rys. 7. Przebieg zmian wartosci srednich luzu zwrotnego dla czterech
grup testow w plaszczyznie X-Y

Fig. 7. Dispersion of backlash measurement for four group of test in
X-Y plane
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Y+

Perfect
Circle

Flat - Y axis stops momentarily

V& x Diameter
Flat length =& x Diameter

Slow recovery
from positive
backlash error

Rys. 8. Wplyw dodatniego luzu zwrotnego na realizowang trajektorie ruchu [18, 24]: a) geometryczna reprezentacja bledu, b) znieksztalcenie trajekto-

rii ruchu

Fig. 8. The effect of positive backlash on a machine [18, 24]: a) geometrical representation of error, b) distortion of perfect path movement

skok odchytki na wykresie
kotowym testu diagno-
stycznego,  przedstawio-
nego przyktadowo na rys.
10 a. Zasadniczym powo-
dem powstawania bledu
nawrotu jest zbyt wolna od-
powiedZz serwonapedu na
sygnat z uktadu sterowania
w chwili zmiany kierunku
ruchu (przejscie przez o$
w interpolacji  kotowej).
Duze opdznienie ruchu
spowodowane zbyt matym
potozeniowym wspotczyn-
nikiem wzmocnienia k,, po-
woduje zmiang trajektorii
ruchu w stosunku do zada-
nego toru.

Innymi  przyczynami
powstawania bledu nawro-

tu jest luz w uktadzie napgdowym (luz na $rubie tocznej lub
przekladni zgbatej) oraz niewlasciwa praca serwonapedow.
Cechg charakterystyczng bledu nawrotu jest to, ze po pewnym

a) X ot

Rys. 9. Przebieg zmian wartosci srednich bledu nawrotu dla czterech grup te-

stow w plaszczyznie X-Y

Fig. 9. Dispersion of reversal spikes measurement for four group of test in X-Y
plane

*

Sl & L]

b)

Y A+

Perfect
Circle

X -

Obtained results show
high repeatability of me-
asurement of  reversal
spikes in particular CNC
machine tools. The effect
of a reversal spike is that
a circular interpolated cut-
ter path will show a small
flat followed by an inward
recovery step. Fig. 10 a il-
lustrates how the Y axis ap-
proaches a perfect circle but
then diverges because the
axis has stopped. The basic
reason for the occurrence
of reversal spikes error is
a slow response of servo
mechanism to the signal
of steering control system,
in the moment of reverse
of movement during circle

interpolation. Severe delay of movement, caused by a small
positional support index, it causes the change of trajectory of
movement as related to the path. Other reason for reversal spi-

Flat - ¥ axis stops momentarily

A /F\at length =™'e x Diameter
~
fog.

Fast recovery
from error

Rys. 10. Wplyw bledu nawrotu na realizowang trajektorie ruchu [18, 24]: a) geometryczna prezentacja bledu w tescie kolowosci, b) znieksztalcenie

trajektorii ruchu

Fig. 10. The effect of a reversal spikes to the circularity plot [18, 24]: a) influence into circularity plot, b) influences to the perfect circle
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czasie od momentu przejécia potozenia zadanego osi X przez
08 Y, silnik osi Y wykona ruch i serwonaped zlikwiduje btad
w tej osi (rys. 10 a i b). Zasadniczym przedsigwzigciem zmie-
rzajacym do minimalizacji btgdu nawrotu jest wykasowanie
luzéw w ukladzie napedowym i pomiarowym. Trwaly efekt
minimalizacji bltgdu nawrotu przyniesic odpowiednie nasta-
wienie wspotczynnikow wzmocnienia regulatora polozenia.
W niektorych uktadach sterowania maszyn CNC istnieje takze
mozliwo$¢ kompensowania biedu nawrotu.

W drugiej czesci badan diagnostycznych dokonano oceny
wptywu predkosci ruchu posuwowego Vv, na wartosci odchytek
i rejestrowanych bledow. W tab. 2 przedstawiono analizowa-
ne $rednie wartoéci odchylek i btedow obrabiarki CNC zare-
jestrowane dla trzech réznych predkosci ruchu posuwowego
frezarki w plaszczyznie X-Y. Z tab. 2 wynika, ze warto$¢ sred-
nia odchylki okraglosci badanej obrabiarki wynosi 22,3um,
a zakres zmian odchylki obejmuje bardzo waski przedziat
1 pm < 21,9 pm; 22,9 pm >.

Na podstawie prezentowanych wynikéw badan diagno-
stycznych nalezy stwierdzi¢, ze istotny wptyw na wartos¢ cal-
kowitej odchyltki okragtosci ma btad nawrotu. Swiadcza o tym
zamieszczone w tab. 2 Srednie udzialy procentowe tego btedu
w catkowitej odchytce okraglosci (11+18%). Powyzsze wyniki
$wiadczg rowniez o tym, ze btad nawrotu w najwigkszym stop-
niu jest uzalezniony od warto$ci predkosci ruchu posuwowego
stotu frezarki v. Wyniki badan wptywu predkosci ruchu posu-
wowego stotu frezarki v, podczas realizacji testu diagnostycz-
nego przedstawiono w postaci graficznej na rys. 11.

Przedstawione narys. 11 charakterystyki wskazujg na linio-
wy charakter zmian blgdu nawrotu w funkcji predkosci ruchu
posuwowego V.. Z rys. 11 wynika rowniez, ze warto$¢ biedu
nawrotu w osi Y rosnie w kierunku ujemnym wraz ze wzrostem
predkosci ruchu posuwowego (t.j. podczas przechodzenia osi Y
pod osia X, na wykresie kotowosci pojawia si¢ pik w kierunku
dosrodkowym Y okregu) oraz rosnie w kierunku dodatnim pod-
czas przechodzenia osi Y nad osig X (na wykresie kotowosci
pojawia si¢ pik na zewnatrz okr¢gu wzdtuz osi Y). Maksymalne
wartosci btedu nawrotu (-6,6 um, 3,2 pm) zaobserwowano dla
predkosei ruchu posuwowego V,= 3000 mm/min.

Uzyskane wyniki badan eksperymentalnych sktaniajg auto-
réw do okreslenia w przysztosci zwiazkow funkcyjnych zalez-
nosci zaobserwowane wartosci btedow i odchytek testowanych
obrabiarek od sterowalnych parametrow realizacji testow dia-
gnostycznych. Wymaga to jednak zbudowania bogatej bazy da-
nych dotyczacych okreslonej grupy obrabiarek CNC oraz opra-

kes error is clearance in servomechanisms or transmission and
improper work of servo mechanisms. The characteristic feature
of reversal spikes error is that after some time from the moment
of'initial level of axis X through axis Y the engine of axis Y will
make a movement and than servo mechanism will delete the
error in the axis (fig. 10 a and 10 b). The basic task, that leads
to minimize of the reversal spikes error is the cancellation of
clearance in the servo mechanism of the CNC machine tool.
The constant effect of minimize of reversal spikes error may be
achieved by proper set of positional support index of the posi-
tioning regulator. Plot scaling changes the flat, which is actually
machined, into a spike on the diagnostic plot as the machine
appears to go beyond the perfect circle. If e is the height of the
spike on the Ballbar plot then the length of the flat on the cut
part can be calculated as the square root of e multiplied by the
diameter of the cut made.

The next step in research was to evaluate the machine fe-
edrate into circularity as well as other errors. Feedrate changed
from 500 to 3000 mm/min but accuracy of machine defined by
circularity was between <21.9 and 22.9 um>

Table 2 presents average values of machine errors for diffe-
rent feed-rate of machine tool.

Described results show that the most affected type of error
by the measuring speed was reversal spikes. An attempt to iden-
tify the influence of machine feed- rate on the machine at which
the reversal spikes are minimised by performing a number of
tests at various machine feed-rates. Use the best feed-rate iden-
tified for finishing cuts during circular interpolation.

It is confirmed by the shown in table 2 percentage partici-
pation of the error in the complete circularity error (11+18 %).
The abovementioned results show that the reversal spikes error
depends mostly on the feed-rate value of the plane. Results of
measurement of feed - rate of machine plane during test are pre-
sented on fig. 11. The results presented in fig. 11 show that the
reversal spikes error value in axis Y minimizes altogether with
feed rate growth (during the movement of axis Y under axis
X — on the circularity figure appears the peak inwards axis Y of
the circle) and grows in the movement of axis Y above axis X
(on the circularity figure appears the peak outwards axis Y of
the circle). Maximum values of the error (-6,6 um+3.2 um) were
observed for the feed rate v, equal 3000mm/min. The achieved
results of the experimental research show that the authors may
measure the functional relations of dependencies of errors and
tested CNC machines and steering parameters of diagnostic
tests. It requires the construction of a complex database of

Rys. 11. Przebieg zmian blgdu nawrotu w funkcji predkosci ruchu po-

suwowego v,

Fig. 11. Reversal spikes errors vs. machine speed of feed-rate
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cowanie modelu pozwalajacego na optymalizacje warunkow
realizacji testow diagnostycznych. W efekcie przyczyni si¢ to
do zmniejszenia stopnia niepewnosci pomiaré6w majacych na
celu oceng stanu geometrycznego obrabiarek CNC. Przedsta-
wione w pracy wyniki stanowig rowniez fragment szeregu cza-
sowego, ktory w przysztosci bedzie stanowit podstawe realiza-
¢ji zadania prognostycznego, pozwalajacego przewidywac stan
geometryczny obrabiarki na podstawie ,,stanow przesztych”.

4. Podsumowanie i wnioski

Badania diagnostyczne eksploatowanych obrabiarek CNC
z wykorzystaniem QC10 ballbar zmierzaja do poprawy stanu
technicznego obrabiarki poprzez usystematyzowana i ukierun-
kowang obstuge techniczng. W konsekwencji pozwalaja na mi-
nimalizacj¢ odchytek wynikajacych z pogarszajacego si¢ stanu
technicznego obrabiarki. Zasadnicza wadg testu QC10 jest moz-
liwos¢ jego realizacji jedynie w trakcie przerw w pracy produk-
cyjnej maszyny. Wylaczenie obrabiarki z procesu produkcyjnego
i badanie w calej przestrzeni obrobkowej sa niewatpliwie glow-
nymi wadami testu QC10. Nie mniej jednak tatwos¢ realizacji cy-
klu pomiarowego i automatyczna identyfikacja poszczegdlnych
rodzajow bledow oraz stosunkowo latwa interpretacja wynikow
testu kotowosci to niewatpliwie wazne zalety systemu QC10 bal-
Ibar. Wykonujac 10-minutowe testy na kazdej obrabiarce CNC
np. co 3 miesigce mozliwe jest okreslenie, ktore obrabiarki do-
konujg interpolacji z btgdami wigkszymi niz 25 mikrometrow.
W przypadku blgdéw przekraczajacych te wartos¢, obrabiarka
nie jest w stanie utrzymaé okreslonych tolerancji obrobki cze-
$ci 1 w zwigzku z tym prawdopodobne jest wystapienie brakow.
Oznacza to, ze maszyna wymaga konserwacji.

W oparciu o przeprowadzone badania i analiz¢ wynikow
pomiaréw diagnostycznych testowanej obrabiarki nie mozna
stwierdzi¢ jednoznacznie, ze obrabiarka spelnia stawiane jej
wymagania. Wynika to z ograniczonej liczby wykonanych po-
miaréw diagnostycznych. W przypadku realizacji testow lokal-
nych tylko niewielki zakres osi w przestrzeni obrobkowej zo-
stat przebadany, co utrudnia cato$ciowa i kompleksowa oceng
btedoéw obrabiarki. Mozna jedynie przypuszczaé, ze obrabiarka
nie przekroczy dopuszczalnych wartosci odchytek. Przypusz-
czenie to zostanie potwierdzone po zbadaniu petnych zakresow
przemieszczen wzdhuz poszczegodlnych osi sterowanych nume-
rycznie i wyznaczeniu catkowitych bledow w poszczegodlnych
ptaszczyznach X-Y, Y-Z, X-Z. Z punktu widzenia jakoS$ci oce-
ny diagnostycznej badanej maszyny autorzy zamierzaja prze-
prowadzi¢ gruntowng analiz¢ doktadnosci badanej maszyny
realizujac szersze badania diagnostyczne w calej przestrzeni
obrobkowej. Beda one obejmowaé pomiary w réznych miej-
scach tej przestrzeni przy kilku wartosciach predkosci ruchu
posuwowego dla kazdego miejsca stosujac rdézne wartosci
promienia interpolowanego okrggu. Autorzy podejmg réwniez
probe weryfikacji uzyskanych wynikéw innymi metodami dia-
gnostycznymi.
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inty of measurement which is aimed at the check of CNC ma-
chines geometrical state. The abovementioned effects, presen-
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PLANOWANIE OBSLUGI NARZEDZI DO OBROBKI PLASTYCZNE)J
NA ZIMNO Z WYKORZYSTANIEM LOGIKI ROZMYTE)J

USING FUZZY LOGIC

W przypadku systemow technicznych, na ogot cechujgcych sie duzq ztozonoscig, ich otwartos¢ mozna wykorzystaé do
poprawy niezawodnosci systemu stosujgc odnawianie profilaktyczne. Skuteczne zwigkszenie niezawodnosci ztoZonych na-
rzedzi do obrobki plastycznej na zimno zalezy w znacznym stopniu od charakterystyki czynnosci obstugowych, dlatego tez
w strategiach odnowy powszechnie stosuje sie odnawianie profilaktyczne. W pracy omowiono podejscie do planowania
obstugi wykorzystujqce logike rozmytg, ktore mozna stosowac w przypadkach, gdy analityczne wyprowadzenie funkcji
niezawodnosci jest niemozliwe. Przedstawiono oparty na logice rozmytej proces decyzyjny w zakresie planowania czynno-
Sci obstugowych omawianych narzedzi. Jego zastosowanie zilustrowano w studium przypadku. Wyniki studium przypadku
pokazujq, ze logika rozmyta jest metodq, ktora moze by¢ z powodzeniem stosowana w planowaniu obstugi narzedzi do
obrobki plastycznej na zimno.

Stowa kluczowe: uszkodzenie, monitorowanie drgan, logika rozmyta, planowanie obstugi.

For technical systems, generally of high complexity, their open feature may be employed to improve system reliability by
preventive renewal. The effectiveness of increasing complex cold plastic deformation tools depends considerably on the
characteristics of their maintenance actions and renewal policies are widely used to carry out the preventive renewal. If
the derivation of an analytical reliability function is impossible, a fizzy logic approach for maintenance planning is em-
phasized in this paper. The fuzzy logic decision process for planning the maintenance activities of these tools is presented
and a case study illustrates its application. The results of the case study demonstrate that fuzzy logic is a method which

MAINTENANCE PLANNING OF COLD PLASTIC DEFORMATION TOOLS

can be successfully used in maintenance planning of cold plastic deformation tools.

Keywords: failure, vibration monitoring, fuzzy logic, maintenance planning.

1. Introduction

Metal forming is one of the most modern fields in the tech-
nology machine building, offering great advantages in terms
of rational use of materials, high productivity and cost saving
[3, 19]. Increasing complexity of tools used in these processes
has conducted to a systematic approach of their function with
a special attention to maintain their performances in time. For
complex technical systems such as the tools used in cold plastic
deformation processes, renewal possibilities are available. The-
refore, their effectiveness depends on the reliability, as well as on
the fault detection and the planning of the maintenance actions.

The development of a reliability model is based on the no-
tion of failure, when at least one of the cold plastic deformation
tool performances exceeds its tolerance limits [4]. The high de-
gree of individualization of each cold plastic deformation tool,
the high number of variables of a deformation process and com-
plex interactions between them lead to a lack of accurate infor-
mation on their failure. The limited and not systemized infor-
mation about failure of cold plastic deformation tools represent
a major impediment in studying the reliability of these tools.

The adoption of distribution law is a fundamental problem
of the reliability modeling and in formulating renewal policies
of technical systems prior to their failure. Specification of the
reliability model requires considerable effort in adoption the law
distribution and in estimating its parameters [4]. If the derivation
of an analytical reliability function is impossible, the renewal
policies cannot be designed. Taking into account that the transi-

tion between stage of good function and stage of failure of cold
plastic deformation tools is achieved by several intermediate
stages characterized by certain levels of performance, the fuzzy
logic may be a solution for planning the maintenance actions.

Fuzzy methodology is indicated as an important tool not
only to analyze the complex behavior of a system [16], but also
to improve a system maintainability using appropriate main-
tenance practices. Although the idea that fuzzy logic might be
used for their maintenance planning is provocative [1, 5, 10,
18], the researches in the field of cold plastic deformation pro-
cesses are relatively underdeveloped.

Within this framework, this article focuses on developing
a fuzzy approach for maintenance planning of cold plastic defor-
mation tools and is organized as follows. First, a data acquisition
system based on vibration analysis for monitoring the failure of
cold plastic deformation tools is described. Then, the fuzzy logic
decision process for planning the maintenance activities of these
tools is depicted. A case study demonstrates the application of
the fuzzy logic system in the case of a combined shearing for
fine mechanics. Several conclusions and a recommendation for
future research are presented at the end of the study.

2. Failureidentification of cold plastic deformation
tools
The knowledge of influences and determination of causal

phenomena of cold plastic deformation tools failure is confron-
ted with the reduced volume of experimental data. This leads to
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a relatively high level of uncertainty in the estimation of pro-
per function of the tools. On the other hand, the methods of
diagnosing failure do not have a universal character, so depen-
ding on the nature of processes, equipments or systems, speci-
fic methods must be put into practice each time. The vibration
monitoring is indicated as an important technique for failure
diagnosis [ 8, 12, 13, 15].

The wear of the active elements of cold plastic deformation
tools, which are moving relatively, is one of the main cause of
their failure and vibration spectrum analysis may be employ-
ed for the failure identification. Each active element generates
a particular signal and any change in frequency can be measu-
red and identified with monitoring vibration devices.

For failure identification of active elements, a data acqu-
isition system based on vibration amplitude monitoring was
used. The vibration amplitude is expressed in velocity units
[mm/sec] and comparing the vibration amplitude value at a mo-
ment with its reference value, the failure can be detected. The
data acquisition system is composed by sensor-TopMessage
device-personal computer.

The data acquisition system was developed around a no-
tebook with extension slot for TopMessage device. The signal
from sensor is transferred to the TopMessage device, which
include the AMDT/V module for vibration monitoring. The
Vibrolab software is employed for vibration analysis and mo-
nitoring. Both TopMessage and Vibrolab are made by Delphin
Technology AG (Germany).

3. Afuzzy approach for maintenance planning of
cold plastic deformation tools

The capacity of cold plastic deformation tools to accom-
plish their mission depend on their intrinsic reliability and on
the characteristics of the maintenance actions. Therefore, their
effectiveness groups both reliability and maintainability, becau-
se they treat the same design elements and use the same mathe-
matics base in their approaches.

Within this context, the reliability modeling of cold plastic
deformation tools must be performed. Because of the complexi-
ty of physico-chemical phenomena that lead to the degradation
of their specified function, phenomena that are not subject to
deterministic laws, the reliability analysis must be carried out
by the probability theory and mathematical statistics.

The central problem of reliability modeling of cold plastic
deformation tools is the adoption of the distribution law, using
a goodness-of-fit test based on the theory of hypothesis testing.
The Kolmogorov-Smirnov test is one of the best known good-
ness-of-fit tests, in which the distribution law is accepted if and
only if [4, p.34]:

(M

where F(¢) and are the true and estimated cumulative di-

stribution function, a is the risk of first order, n is the sample
and d,_(n) is the 1-a percentile of the Kolmogorov-Smirnov
distribution. The parameters of the proposed distribution law
must also be estimated from the experimental data. The reliabi-
lity measures estimated in the reliability studies are used as in-
put data in the design of the renewal polices to improve the tool
effectiveness. The periodic and non-periodic are the main types
of renewal policies and several criteria can be used in designing

renewal policies [4, 7, 9]. The periodic renewal policy is descri-
bed by the same time interval between two successive preventi-
ve renewals, while the non-periodic renewal policy is based on
system age. Therefore, the block replacement policy is a deter-
ministic policy and the age replacement policy is a random
one.

The main problem appears when the available distribution
laws are rejected by the goodness-of-fit test. A combination or
succession of exponential distributions can be used to approxi-
mate the true distribution law, at any level of accuracy [4]. Ho-
wever, is very difficult or even impossible to design the renewal
policies for a such distribution.

Fuzzy methodology is one of widely applied expert system
methodologies in many fields [11] and the studies available in
the literature demonstrate the importance of fuzzy logic in ma-
intenance actions. Kobbacy [10] points fuzzy logic as an impor-
tant tool in the applications of artificial intelligence techniques
in the maintenance field. The choosing of the most adequate
maintenance approach based on a fuzzy multiple criteria deci-
sion making methodology is shown in [1], while Sudiarso and
Labib [18] present a fuzzy logic algorithm to an integrated ma-
intenance/ production scheduling. Using the fuzzy set theory,
an algorithm for specifying the best type of maintenance has
been developed in [5].

In the case of cold plastic deformation tools, the fuzzy lo-
gic decision process for planning the maintenance activities is
based on:

1) Setting up the inputs in the fuzzy decision system
c={¢.C,....C,,...C, } )

These inputs represent the evaluation criteria set in relation
to which the maintenance planning will be determined.

2) Defining the domain of values for each evaluation criterion

C:D = [Lilnvaiup]
C,:D,=[L}",L"] ®)

Cm : Dm = [L‘I:I’Lsr:p]
where L ™, L 3" are the lower respectively the upper limit of

the domain of values associated with the criterion C, , j = L,m

3) Defining linguistic variable associated with each evaluation
criterion

Each evaluation criterion is associated with a linguistic va-
riable. For simplicity, the linguistic variable will have the same
name as the evaluation criterion. Thus o criterion will become
the linguistic variable C,, j=1,m.

4) Establishing linguistic terms associated with each linguistic
variable

For each linguistic variable, the linguistic terms are defined
[6, 14]. They serve to fuzzy characterize the crisp information.
The set of linguistic terms associated with each linguistic va-
riable Cj is:
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“)

5) Establishing of membership functions associated with each
linguistic term of relation (4)

®)

Several membership functions are available, and they are
shown in [6, 17].

6) Defining the outputs of the decision process. For the mainte-
nance planning of cold plastic deformation tools, the schedu-
led time when preventive renewals should be carried out T is
proposed as output.

7) Defining the domain of values for the output T
T:D; =[L", ;"] (6)
where LI, L}* are the lower respectively the upper limit of the

domain of values associated with the output T.

8) Defining linguistic variable associated the output: for simpli-
city, the output T will become the linguistic variable T.

9) Establishing linguistic terms associated with the linguistic
variable T

T:GL ={ GL,,GL,....GL\ } (7)

10) Establishing the membership functions associated with lin-
guistic terms of relation (7)

T - GL — FA" = {fa] , fa] ... fa] } ®)

11) Setting up the method of connecting the different values of
membership functions (the inference rules)
In the case of cold plastic deformation tools, the AND ope-
rator is used and the inference rules have the following form:
RIN, :TF (C,=GL, AND ... AND C,=GL;, ) THEN (T = GL] )
RIN, :1F (C,=GIL, AND...AND C,=GL,) THEN(T=GL})  (9)

RIN, :1F (C,=GL, AND...AND C,=GLS,) THEN (T = G| )

12) Establishing the defuzzification method

Several methods are available for defuzzification and the
centroid method is employed in this paper. Its expression is pre-
sented in [14, p.101; 17, p.98] and can be written as:

[ T-fal, (T)-dT
- J.Tofa Iez (T)dT

T (10)

4, Case study

The maintenance planning using fuzzy logic was applied
for active elements of a fine mechanics plastic deformation tool
(a combined shearing tool). We assumed that after each correc-
tive repair, the active elements are brought to the same state,
eliminating the wear accumulated since the preceding failure.

The times-to-failure were achieved employing the data
acquisition system. Comparing the amplitude of vibration with
the situation when the active elements are in a good state (figure
1), respectively in a failure state (figure 2), the times-to failure
can be identified.

Using the data acquisition system, the following times to
failure of the tools were obtained (in cycles): 12943, 14959,
15714, 17137, 18011, 19822, 22117, 24148, 26997, 28889,
29783, 34315. Taking into account a first risk ¢=0.1, the more
widely used laws in reliability modeling of cold plastic defor-
mation tools, respectively alpha and power laws [2], are rejec-
ted by the Kolmogorov-Smirnov goodness-of-fit test.

The maintenance planning can be achieved in this case ba-
sed on the fuzzy logic decision process depicted in section 3.
A fuzzy decision system called Fuzzy maintenance Combi-
ned_Shearing was developed using Fuzzy Logic Toolbox of
Matlab software (figure 3).

The amplitude of vibration C [mm/s] and the distance (bre-
ak clearance) between the active elements of the combined
shearing tool C,[mm]) are adopted as inputs. The number of

Fig. 1. The vibration amplitude for the good state of the active elements
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cycles to the preventive renewal O, [cycles] is used as output. Figure 5 presents the graphical representation of the

The domain of values of each input is: C1:D1=[16.75;20.45]; O=f(D,,D,). As an example, if C1= 17.9 mm/s and C2=1.51

C2:D2=[1.40;1.65], while for the output is O1:DO1=[0;22500]. mm, O1=15200 cycles. Therefore, the number of scheduled

The inference rules are shown in figure 4. cycles to the next renewal of the combined shearing tool is
15200 cycles.

Fig. 2. The vibration amplitude for the failure state of the active elements

Fig. 3. The fuzzy decision system Fuzzy maintenance_Combined_Shearing.fis

Fig. 4. The inference rules
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Fig. 5. The graphical representation of the O =f(D ,D,)

5. Conclusions

Adequate maintenance actions of complex technical sys-
tems to prevent failures has become increasingly important.
Renewal policies are generally the major maintenance actions
carried out in the case of cold plastic deformation tools. For this
purpose, the reliability modeling of cold plastic deformation
tools must be performed by a goodness-of-fit test. Kolmogo-
rov-Smirov test was proposed to adopt the reliability model and
a data acquisition system was developed for the identification
of the times-to-failures.

However, after testing the available distribution laws aga-
inst the experimental data the possibility to reject some of the
most used laws can appear, while for other distribution laws is
very difficult or impossible to design renewal policies. In such
a situation, we emphasize fuzzy logic for maintenance plan-
ning.

The studies available in the literature demonstrate the im-
portance of fuzzy logic in maintenance actions, but not so much
work has been done on applying fuzzy logic for maintenance
planning of cold plastic deformation tools. A fuzzy logic deci-
sion process for planning their maintenance activities is depic-
ted and a fuzzy decision system developed using Fuzzy Logic
Toolbox of Matlab software demonstrates its application for
a fine mechanics plastic deformation tool.

In conclusion, fuzzy logic for maintenance planning pro-
vides a proactive method to renewal cold plastic deformation
tools prior to their failure. The results of the case study demon-
strate that the fuzzy logic is a method which can be successfully
used in maintainability planning of these tools. The combina-
tion of fuzzy logic with neural networks or genetic algorithms
for maintenance planning of cold plastic deformation tools is an
important area for future researches.
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ATAKI FIZYCZNE | ELEKTRONICZNE NA SYSTEMY
ENERGETYCZNE - IDENTYFIKACJA ZAGROZEN | WYMAGANIA
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ON MANAGING PHYSICAL AND CYBERTHREATS TO ENERGY SYSTEMS
IDENTIFICATION AND COUNTERMEASURE REQUIREMENTS

Centra dyspozycji i sterowania systemami energetycznymi narazone sq na roznego typu niebezpieczenstwa. Nalezq do
nich miedzy innymi klgski Zywiotowe, ataki hakerow, czy terrorystow, a takze niezamierzone bledy popelniane przez per-
sonel. Artykut przedstawia metody zapobiegajgce tym zagrozeniom. Proponuje protokot mogqgcey postuzyé do wykrycia
brakow w zabezpieczeniu przed zagrozeniami, jak i do oceny stanu bezpieczenstwa systemow energetycznych. Pod uwage

brane sq zarowno zagrozenia fizyczne, jak i ataki elektroniczne.

Stowa kluczowe: systemy dyspozycji i sterowania, bezpieczenstwo.

Control centers of energy systems are subjects to different kind of threats such as natural disasters, hackers, or terrorist
attacks, or finally unintentional personnel errors. The article introduces some protections methods against those threats.
It proposes a protocol to be used for routine self-assessment to provide companies with feedback on the effectiveness of
their security policy. The protocol can be used as well during security audits for detection of energy systems infrastructure
vulnerabilities. Both, physical and cyber attacks are taken into consideration.

Keywords: control systems, security.

1. Introduction

The complexity of operating power system has recently in-
creased and the equipment failures and operational errors are
more likely and of bigger impact. As the energy systems direc-
tly influence life and wellbeing of citizens in modernized coun-
tries, they should be protected to the greatest possible extend,
starting from all kind of physical threats, short or long-term sys-
tem disturbances, natural disasters, accidents, human errors, to
highly motivated and well-funded computer and control experts
organized in terrorist groups. While protection against physical
threats and random faults and failures has been considered for
long time, the security of electronic communications and infor-
mation distribution have been thought of peripheral importance
until recent years.

The development of control systems for the energy industry
has been focused almost exclusively on implementing equip-
ment that can keep the power system reliable. This was due to
the fact that the control networks were designed and believed
to be isolated from the external communication. Additionally,
the Supervisory Control and Data Acquisition (SCADA) sys-
tems were very specialized and used proprietary software and
hardware equipment where the details of implementation were
known only by the vendor and therefore the systems were tho-
ught to be secure. Both, control systems and understanding se-
curity, have developed since. Different fora provide guidance
on industrial automation systems security, an example is the
National Institute of Standards and Technology (NIST) with
its Guide to Industrial Control Systems (ICS) Security [1], or

Instrumentation, Systems, and Automation Society (ISA) cre-
ating guidance documents and standard [2] on introducing IT
security to existing industrial control and automation systems.
Security by obscurity is no longer considered a valid concept.
The control systems are increasingly using public networks for
different internal and external wide area communication pur-
poses. At the same time proprietary control systems are being
replaced by equipment with standardized interfaces, while the
standardized communication protocols connecting the systems
to external networks are well documented and available not
only to implementers, but also to all types of hackers, terrorists
and industrial spies including. Failure of control- and protec-
tion systems can lead to huge costs and risk human safety. In
addition, intruders are looking for possibilities to use the indu-
strial control systems as a penetration route to other systems.
As a result, the centres of the energy domain and the SCADA
systems controlling multiple field devices become high-profile
targets for terrorist. Therefore all the players of the power in-
dustry have to know that safety and security must include phy-
sical means such like fences, gates, guards, alarm systems, but
also electronic protection measures like firewalls, or intrusion
detection system, as well as actual risks assessments and plans
for emergency actions.

Although the security level of power systems and particu-
larly SCADA-based systems is increasing, it still does not cor-
respond to the possible threat consequences. There are large
number of implemented industrial control systems which are
relatively insecure due to different kinds of vulnerabilities. The-
refore companies need formal programs for establishing stan-
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dard-based approach to security that would define security requ-
irements and provide guidance regarding rules to be followed to
ensure the highest degree of their systems security in everyday
routine as well as actions to be taken during incidents.

This article discusses security vulnerabilities and a proto-
col to be used for routine self-assessment to provide companies
with feedback on the effectiveness of their security policy. It ta-
kes into consideration both, the physical and cyber attacks. The
protocol can be used as well during security audits for detection
of all kind of threats and potential attacks on the energy systems
infrastructure. As the systems are pretty complex and part of the
security maintenance and monitoring is quite often outsourced
to external companies, it is better to simplify the rules to be
followed by dividing the protocol into parts directed to various
entities for controlling their own resources.

2. Physical threats on electricity infrastructure

The electricity supply infrastructure is exposed to many
kinds of threats. In order to understand the vulnerabilities and
to (cost-efficiently) mitigate their consequences, it is necessa-
ry to consider both the cyber threats and the various physical
threats. Often the resilience is much worse and consequences
much more dramatic, when several vulnerabilities contribute
simultaneously. For decades electric utilities have had secu-
rity policies and plans that identified vulnerabilities, assigned
personnel competence at different levels, and set out in detail
which emergency procedures have to be followed to minimize
or prevent damage and losses of infrastructure. They also inc-
luded regulations in case of a bomb threat, hostage situation,
and other major disturbances like terrorists, and criminal ac-
tivities. Security policies, operating standards and procedures
should be strictly obeyed and tested by audit protocols. Areas of
control are procedures, operating standards, practices and orga-
nisational structures. An example of such protocol concerning
physical vulnerabilities that could have impact on destroying
elements of electric system is discussed in the rest of this chap-
ter. It covers:

- natural disasters (storms, hurricanes, floods, earth quakes,

ice or frost building),

- faulty components due to ageing, overloading, poor mate-
rial, system complexities etc.,

- human errors and accidents,

- deliberate physical attacks to power plants, power trans-
mission lines, sub-stations, transformers, control centres,
communication equipment by criminals or terrorists.

Another attention worth threat is a potential loss of do-
mestic or imported fuel supply as a result of political and/or
military actions, embargoes, transmission, and transportations
problems. Such cases may lead to limitation of energy fuels, not
sufficient fuel quality, and as a consequence to disruptions of
the operation of the electricity infrastructure. Although threats
can be “incidental” or results of malicious behaviour of attac-
kers, still a lot of threats result from human errors or insuffi-
cient understanding of procedures.

Electricity supply interruptions in minutes per year in EU
countries are shown in the 4th Benchmarking Report, on Quali-
ty of Electricity Supply 2008 by the Council of the European
Energy Regulators [3] and they show that the impact of excep-
tional events such as storms, snow storms and icing dominates.
The highest peak was caused by the storm Gudrun that occurred
in Sweden on 8th January 2005. About 663 000 people stayed
without electricity supply for several days and several people
even for weeks. Total about 30 000 km power lines were da-
maged due to blustery wind. These outages created the total
estimated cost of 274 millions Euro.

Another case was recorded in Miinsterland (Germany) on
25th of November 2005, which was affected by a combination
of wet snow falls, icing and storm. As a result of this rough
weather many towers of the distribution grid (110/20/0,4-kV)
broke down. 25 km of the high voltage line (220/110 kV) and
120 km of low voltage lines (20/10/0,4 kV) were destroyed.
Approximately 80 000 consumers stayed without power up to 5
days. Consumers from Belgium and Netherlands were affected
because of this disturbance, as well. These outages created the
total cost of ca. 20 millions Euro.

Minutes lost per customer per year in European Union co-
untries in 1999-2007 due to system supply interruptions shows
figure 1 [3].

Another factor that highly influences the power supply di-
sturbances are terrorist attacks. A number of such attacks on

Fig. 1. Electricity supply interruptions in minutes per year in EU countries [3]
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electric system have been documented around the world over
the last few decades. For example, [4] reported a database for
27 countries outside USA for the period 1994-2004 with the to-
tal number of about 192 terrorist attacks. Mostly About 58% of
the attacks took place in Colombia, 8% in Iraq and 6% in Spain,
3% in Russia, Pakistan and France. The remaining 21 countries
accounted together for 19%. About 59 % of the attacks targe-
ted at electricity transmission, 13% at substations and 12% at
power generation. Transmission lines are easier to attack but
also easier and faster to repair than large transformers. Elec-
tric power plants are least accessible to attacks but have long
restoration times. Most of the interruption time experienced
by the customers originates from the power distribution grid.
However, the power distribution grid is hardly a prime target
for a physical attack, because the impact of the event is limited
compared to an attack against transmission grid and likely also
to a sophisticated cyber attack against distribution grids.

To mitigate the above risks the following measures could

be employed:

- redundancies and back up systems located adequately far
from each other,

- adequate generation capacity distributed in the region,

- capability to run critical parts of the grid islanded from
the infrastructure,

- increasing operational margins and system reserves,

- back up power generation arrangements of critical infor-
mation and communication technologies (ICT),

- improving controllability of active and reactive power
flows with power electronic systems (Flexible Alternative
Current Transmission System),

- efficient limitation of damage and fast restoration,

- adequate own and outsourced human resources,

- fault tolerance and graceful degradation of systems,

- control and monitoring of physical access.,

- improved automation and protection, smart grid techno-
logies,

- diagnostic tools,

- audit and risk analysis.

However, as considerable costs are associated with the abo-
ve methods, it is not a trivial task to choose the best combina-
tion of them. We collected them into 4 groups according to the
utilities that they relate to: power plants, control centres, power
grids and substations. This way there has been created a list of
requirements that can be used as a guide on provisioning securi-
ty, or an audit protocol for checking the level of security state in
a power infrastructure. Some of the requirements are specific to
a particular area, but some are common to several domains. For
instance, usually utilities mitigate risks using redundancies of
physical equipment and communication networks in different
configurations, which provide greater reliability, availability
and quality to the highest possible level. Redundancy is neces-
sary not only in case of malicious attacks. Increased complexity
of electric systems used for power transmission or distribution
could lead to hidden common mode faults and vulnerabilities,
human errors during engineering, installation, operation, mo-
dification, or maintenance and testing. Redundancies give an
additional possibility of reducing the consequences of failu-
res. Common mode vulnerabilities and interdependencies with
other system may easily remain unnoticed and reduce the true
redundancy in critical situations. Also use of system models, si-
mulation tools and threat scenarios to deal with the multiplicity

of challenges helps to achieve expected level of preparation for
potential physical attack or system failure.

The level of a power plant protection depends on several
factors, one of them being the size of the power plant. The big-
gest of them, depending on fuel, contain fundamental critical
assets including generators, power turbines, control room and
substation to deliver energy to the grid. Here, security policies
and operating standards and procedures clearly define rules and
task for all employees and visitors and access is limited to em-
ployees, contractors, and visitors with entity-issued identifica-
tion badges. Nuclear power plants use more strict and complex
security systems, which require multiple physical support and
specific security measures. In case of small renewable power
plants the level of security is not that high. They are equipped
with some security elements such as perimeter alarm system,
security guard, monitoring etc., but some of them are unatten-
ded. While an attack on a single small power plant is not critical
to the operation of the electricity infrastructure, the situation
changes when the penetration of these plants in the system is
high. This is becoming increasingly relevant as the penetration
of distributed generation increases.

In case of control centres physical protection can be pro-
vided by solidly constructed separate buildings inside several
barriers. Access to a control centre and to a dispatcher control
room should be possible only with controlled authorization
procedures, and restricted to authorised personnel. For that
purpose can serve such methods as an electronic entry system
with entry cards, locked doors with keyed entry, alarm systems,
CCTYV (closed-circuit television).

Information and control system intelligence and data sto-
rage are increasingly distributed from control centres to sub-
stations and terminal devices. Substations rely on their own
security plans, which define the criteria for handling threats,
vulnerabilities and their potential consequences. They contain
several critical assets necessary for transmission and distribu-
tion of electricity, including: transformers, circuit breakers, bus
bars, switches, auxiliary high voltage equipment and auxiliary
equipment for control and protection. As they are located in va-
rious areas such as urban, rural, and industrial/commercial, they
have somewhat different challenges and opportunities regarding
protection from physical threats. Most typically big substations
have several physical security perimeters such as a fence, a con-
trol house building, security guard, alarm systems, a CCTV, and
motion detectors. Access to these critical substations is limited,
monitored, including authorization and procedures. The least
critical substations use less security assets, but for instance in
urban areas even whole substation are built underground due to
better physical security, but also land costs.

The situation is different for the electricity grids that are
more exposed to natural disasters and incidents. In general, po-
wer grids are physically unattended, but use a variety of systems
such as SCADA/EMS (Supervisory Control and Data Acquisi-
tion/Energy Management System) that monitor, control and
protect them from disruption, to limit losses and speed up re-
storation. Measures increasing protection of power grid against
physical threats include: underground cables instead of overhe-
ad lines, redundant lines, routes and substations, transportable
spare parts, protection of information concerning transmission
and distribution lines etc. The grids will be made smarter and
interacting with more and smaller customers thus enabling
more distributed generation and demand response than now.
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This development will increase the capabilities to autonomous
operation which improves resilience of the distribution system
to failures in any single physical point such as a control centre
or major node in the transmission grid. But it will also make the
system more complex and enable running it with smaller physi-
cal margins thus making the system increasingly dependent on
ICT, control centres and cyber security.

All the above requirements have been collected into a list
of requirements to create an audit protocol. The audit protocol
concerns physical attacks to electric system and contains issues
related also to obligations of electric utility personnel. The pro-
tocol would allow better understanding of the threats and po-
tential failures in the control centre, power plants, power grids
and substations, thus helping to evaluate and develop strategies
to prevent and mitigate the consequences of incidents and out-
ages. An example of a few selected recommendations of the

protocol is presented in table 1.

3. Cyber security of power control systems

Although information infrastructure in several domains
share many common attributes regarding information techno-
logy (IT) deployment, there are also features specific to certain
domains. For instance in a typical IT systems data confidentia-
lity and integrity is the main requirement. In control systems it
is the human safety followed by protection of the system pro-
cesses to save from harm the environment and prevent financial
losses, so system availability and integrity are the core priori-
ties. Thus, to define a set of requirements that help to improve
dependability of SCADA-based systems and ensure their fault
and intrusion tolerance, it is necessary to take into account the
majority of possible vulnerabilities of SCADA system and to
define countermeasures that can influence the system. To fulfil

Tab. 1. Audit protocol — physical requirements

its goal, the resulting document listing all the requirements has
to be addressed to the personnel directly responsible for the cri-
tical infrastructure’s security, it has to be exhaustive, but at the
same time not daunting, concerning only the area of the person-
nel responsibility. Therefore, to make the task clear, we divided
the structure of the information and control system of a modern
power plant according to different personnel responsibility area
into (see figure 2):
- the control room’s software — the SCADA local area ne-
twork (LAN),
- the demilitarized zone LAN (DMZ LAN) providing con-
nections to the external networks,
- the substations, field devices (sensors and actuators) and
their connection to SCADA LAN,
- the communication networks including wide area ne-
tworks (WANs) used for connections to other parties like
the administrative network, or other control centres

and developed a list of requirements forming an audit protocol
for each of the above parts. The requirements will be discussed
in the remaining part of this section.

One of the main factors that have to be taken into account
in case of the control room system’s security is the approach of
the personnel to the demands of the new situation, where the
system is not anymore a stand-alone island, but is connected to
external networks. Therefore for instance the access rights to
the SCADA LAN devices should be strictly defined and obey-
ed. There should not be anymore the situation when all users
share a common password which is seldom changed, because
the control room is locked and only some persons have access
to it. Examples of the protocol’s selected requirements concer-
ning the personnel access rules are presented in table 2 (No 1
and 2), but the protocol contains also such related recommen-
dations like password length and structure, policies for manage-

Clearly specified rules and actions to

An emergency communication sys-

Provided automatic system for line/

Indoor substation with solid construc-

subsystems’ customers for informa-
tion/to be used in case of the system

Facility: Power plant XXX Identification:
No Entity Activity Security threat
. Physical ks th |
Control = System operation ysica attacks that cou d
1 have impact on destroying
Centres and control.
control centres.
Physical damage by external
12. Power Generation impact (maI|C|ous attack,
plants natural disaster, random
events, theft, etc.).
Transmission Physical damage by
Power | -high voltage lines,-  malicious attack, natural
23. . .
grids | underground cables disaster, random events, theft,
and overhead lines. etc.
Transmission of elec-
b t||'|C|ty fror}: power Physical damage by malicious
34 | Substa- | plantstothetrans- = S L dicaster ran- | Available lists of appropriately scaled
tions mission system, ! !
dom events, theft, etc.
change of voltages
level.

YYY Date: 25.05.09

Security concepts -
recommendations

According to recom-

mendations (Yes/No) Sommt

be taken in case of emergency.

Available reliable, secure, and fast
communication infrastructure.

tem available.

supply reclosing.

Provided redundant lines, different
routes for each line.

tion buildings.

failure.
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Fig. 2. Distributed Industrial Control System (ICS), Overview of Ge-
neric Structure

ment of users’ passwords and more general requirements as for
personnel training program, system audits, or policies review.
Substantial part of the protocol is dedicated to technical issues
such as software updates and testing, protection against malwa-
re, or intrusion detection.

In a business oriented, competitive market it is crucial to
provide fast and secure communication among different market
players as well as between power plants’ control system and
administrative/business divisions of the company. Taking into
consideration the security of the devices connected to the SCA-
DA LAN, the best solution is to avoid direct access to the de-
vices. We recommend adding an additional, dedicated network
segment called demilitarized zone (DMZ), and place there all
the SCADA LAN servers that need to be accessed from outside
of the SCADA network. As some of the servers may not provi-

Tab. 2. Audit protocol - SCADA LAN and DMZ

de strong authentication mechanism, authentication and access
control could be done by firewalls located in the DMZ, which at
the same time block access to unnecessary services. Especially,
direct connections to the Internet should be prohibited. If in the
control room services such as access to a mailbox or web pages
are needed, they should be provided by another network located
physically in the same room, but not connected to the SCADA
LAN. This brings another requirement — use of any unauthori-
zed devices like CD, DVD discs, or memory sticks on nodes of
SCADA LAN should be prohibited, while the authorized ones
should be scanned against viruses.

To further prevent direct communication with administra-
tive network, the DMZ may contain replicas of all of the ad-
ministrative network’s servers that need to be accessed by the
control system. This way all the traffic would be terminated
at the DMZ, with no direct connections. However, if for some
reason direct connection to SCADA LAN is required and gran-
ted, it should be monitored and the system should be regularly
observed for malicious activities. This includes scanning with
the help of antiviral software, but also with intrusion detection
system (IDS) to prevent unauthorized access attempts. As scan-
ning may disturb the normal operation of the control system,
the solution recommended in the audit protocol is to run the
intrusion detection software in a system that mirrors the ope-
rational one. In this case processes and procedures have to be
defined to ensure that the mirror system is identical to the main
one. Although this involves some effort, the mirror system is
recommended to be used for testing updates, both the control
and the security software patches. Such solution provides also
high level of redundancy. Additionally to the above, it is recom-
mended that the SCADA LAN and DMZ are designed and built
in a way that failure of a single component does not affect the
whole network, and that the risk assessment is always present.

As usage of DMZ is currently not very common, the proto-
col allows alternative solution, where DMZ is replaced by a set
of firewalls in which case correct configuration of the firewalls
is very crucial. They have to protect the SCADA servers from
unauthorized access and malware, have to monitor access to
and from SCADA devices and restrict unnecessary services,
preferably based on source and destination port numbers.

management work compromised.

Facility: Power station XXX Identification: YYY Date: dd.mm.yy
. - . Security concepts - According to recom-
No Entity Activity Security threat recommendations Sy N Comment
Authentication Passwords are not Passwords assigned to individual
1 SCADA LAN policy - password | properly assigned, net- users, not to devices (i.e. the

same for all users).

Authentication
and access policies
- password manage-
ment

2 SCADA LAN
compromised.

Passwords are used for

Passwords regularly changed.

too long time, network

The number of failed access at-
tempts limited

30 DMZ Antiviral software Malware installation

Antiviral software up to date.

In signature based software, all
new signatures added as soon as
they are available.

The software tested before
deployment in order not to com-
promise normal ICS operation.
Tests against critical situations
performed.
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Very crucial from security point of view is the provision
of SCADA LAN’s secure communication with substations via
which information from field devices is obtained and control
commands to them sent. In spite of the fact that field devices are
located in remote unmanned locations, cyber attacks on them
are considered to create a smaller threat than the attacks on the
SCADA LAN due to the opinion that attack on a single devi-
ce cannot cause a substantial damage. This opinion, however,
is not justified, as there are successful attacks on the SCADA
LAN done via the remote field devices presented in the litera-
ture (e.g. [S]). Therefore, it is important to protect the access
to the devices and to ensure the integrity of the messages sent
to the SCADA LAN. Requirements related to those two areas,
access control and message integrity, take the main part of the
field devices audit protocol. Recommended is protection of the
devices by using access control whenever possible. Particular
attention is paid to wireless, or remote connections if such are
allowed for maintenance or administrative reason.

Message integrity protection depends very much on the
type of the SCADA WAN connecting substations with SCADA
LAN and the networks used for substation-field devices com-
munication. The types of the networks vary depending on the
power plant. Some of the networks inherently provide message
integrity, some have to use external mechanisms like encryp-
tion, to fulfil the requirement. Therefore, the protocol does not

Tab. 3. Audit protocol - substations and remote connections.

specify how the message integrity is provided, but mandates it
provision. Except for lack of integrity checking mechanisms,
and vulnerabilities such as inadequate access control/authen-
tication methods of substation and field devices, the protocol
address also threats related to lack of reliable synchronized
time stamps, lack of encryption between sensors and substation
devices, or lack of proper monitoring of the communication.
Requirements related to those threats are recommended, as not
fulfilling them may lead to:

- Inserting inaccurate data to falsify information in the sys-
tem databases,

- Stopping ongoing operations,

- Modifying data to initiate inappropriate actions by system
operators and cause unjustified alarms, or on the contrary
stopping from issuing alarms

- Modifying the system software that will produce unpre-
dictable results,

- Inserting unauthorized changes to programmed instruc-
tions of programmable logic controllers or remote ter-
minal units causing changes to alarm thresholds, order
premature shutdown of processes or disable control equ-
ipment.

Examples of the protocol related to substations are presen-
ted in table 3

Facility: Power station XXX Identification: YYY Date: dd.mm.yy
Security concepts - AELICI
No Entity Activity Security threat Y P recommenda- [ Comment
recommendations .
tions (Yes/No)
Integrity of data guarantied. Methods
. i ic checksum (hash) and
Substation like cryptographlc ch A u. ( ).
. Message . . secure storing or transmitting the time-
21 LAN + field . ; Reply attacks, data manipulation
. integrity stamp, message sequence number and
devices .
checksum together with the message
for later verification should be used.
Critical components and back up solu-
Substation Redundanc Functionality of the system can tions identified.
24 LAN + field polic Y| not be maintained in case of criti- The system checked against failing
devices y cal components failure. components not generating unneces-
sary traffic e.g. cascading event.
Direct access to the control network
blocked.
Lack of strong authenjucanon sup- Access allowed only via approved
port from SCADA devices, making equipment
Remote con- Remote the access control vulnerable to S henticati ;
34 nections | 2€<ess to the| external attacks. Direct access to trong authentication of any relsn:jote
SCADA LAN | the control network may disable user (reDrr,:/(l)Zte supp:rtfpersolrrll'\e ) | one
security monitoring of the connec- at or at the firewall level.
tion, or enable DoS attacks. Remote access enabled only when
required, approved, authenticated and
monitored.
The inter.nallor outsogrced ICS Service level agreement (SLA) signed
Policy communlcathns prowder com- and followed.
reqardin promises security and availability
Communi- 9 9 to cut costs. Lack of adequate | Regular audits of subcontractors check-
) service level S . - .
41 cation net- manage- redundancy and availability es- ing compliance with SLA
works ment agnd pecially during emergency situa-
tions. (e.g. communications capac-| Adequate transparency of implementa-
redundancy | . ;
ity may be too much shared with tion ensured.
other communications purposes)
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The final part of the audit protocol addresses the security
of SCADA LAN’s external connections. Those include con-
nections to cooperating business partners, other control centres,
and remote connections used e.g. for software maintenance
services outsourced to specialized companies, or provided by
own personnel. As the type of the networks varies from private
networks to the Internet, their vulnerabilities may differ, but the
requirements are the same. One of the main requirements is that
the networks by default are linked to DMZ, not directly to the
SCADA LAN. In case if the company does not support DMZ,
the connections should use strong authentication methods at the
firewall level, especially that such methods may not be suppor-
ted by SCADA LAN devices.

To prevent man-in-the-middle, or data interception attacks,
virtual private networks are recommended. Because of the na-
ture of the services provided by the power plant, special atten-
tion is brought to connections availability, which in some cases
is more important than data confidentiality. Therefore a good
choice is usage of devices avoiding latency problems and ca-
reful selection of cryptographic mechanisms. To increase the
availability level, the protocol requires redundancy of the vital
elements of the connections, including backups of devices con-
figuration. Those recommendations are in general important in
the whole system of the infrastructure including SCADA LAN,
substations and DMZ.

As some of the system elements may be leased and some
of the security services outsourced, it is mandated that service
level agreements with the services or networks providers are
signed, and regularly audited.

5. References

4. Conclusions

Well-known and new threats including the terrorist attacks,
as well as recent development of SCADA systems from iso-
lated to interconnected networks increase the need for critical
infrastructure protection. For maximum protection, bringing
together physical and cyber security is required. The consequ-
ences and mitigation methods are to a large extent the same,
similar or interconnected. Certain physical security is necessary
for achieving cyber security and vice versa. A major difference
is that physical attack is typically local or regional and a cyber
attack can be global.

To ease the task of power system security maintenance, the
critical assets required protection were identified and list of po-
ssible threats related to their security and safety was created. In
the next step countermeasures to those threats were proposed
and evaluated. The countermeasures presented in the form of
requirements, as discussed in this article, can be used as a pro-
tocol for power system security and safety (self)evaluation. The
protocol has been tested in three different energy companies,
and was found useful for identifying security/safety breaches.
The results presented in this paper are based on the work fun-
ded by the EU project Octavio (Energy System Control Centers
Security, an EU Approach) and Finnish national project Mo-
verti (Monitoring for network security status in modern data
networks).
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Dariusz MAZURKIEWICZ

BADANIA WYDLUZALNOSCI I WYTRZYMALOSCI ZLACZY KLEJONYCH

W ASPEKCIE OPRACOWANIA KOMPUTEROWEGO SYSTEMU
MONITOROWANIA ICH STANU W CZASIE PRACY
PRZENOSNIKA TASMOWEGO

TESTS OF EXTENDABILITY AND STRENGTH OF ADHESIVE-SEALED
JOINTS IN THE CONTEXT OF DEVELOPING A COMPUTER SYSTEM

FOR MONITORING THE CONDITION OF BELT JOINTS
DURING CONVEYOR OPERATION

Artykut prezentuje wyniki przeprowadzonych badan laboratoryjnych wydtuzalnosci i wytrzymatosci typowych zlgczy kle-
Jjonych tasm przenosnikowych. Celem badan byto poznanie parametrow wytrzymatosciowych zlgczy w celu okreslenia
wytycznych dla projektowanego uktadu monitorujgcego, ktorego zadaniem bedzie przeciwdzialanie nieprzewidzianemu
zerwaniu tasmy w obszarze kazdego zlgcza wykonanego na trasie przenosnika tasmowego. Do badan laboratoryjnych
wykorzystano typowe zlgcze wykonane i eksploatowane w kopalni Lubelski Wegiel ,, Bogdanka” S.A.

Stowa kluczowe: przenosnik tasmowy, tasma przenosnikowa, zlgcza klejone, wytrzymatosé zigczy,
komputerowy system monitorowania stanu ztgczy.

The paper presents the results of the laboratory tests conducted on the physical elongation and strength of typical adhesi-
ve-sealed joints of conveyor belts. The tests were aimed at examining the strength parameters of the joints to define some
guidelines for a monitoring system designed to prevent unpredicted belt ruptures in the area of each joint occurring thro-
ughout the belt conveyor route. In the laboratory, typical joints were tested as manufactured and as used in the Lubelski

Wegiel “Bogdanka” S. A. coal mine.

Keywords: belt conveyor, belt transportation reliability, adhesive-sealed joints, joint strength.

1. Introduction

According to Zur’s definition [23], a belt conveyor is a li-
mited range, continuously moving transport facility that carries
material on the belt surface, between two belts or inside a belt.
There are a number of belt conveyor designs which, when
expanded into a transport system, form one of the most crucial
elements used by mining companies (for both underground and
opencast operations), chemical, food, power companies, etc.
The conveyor transport, being in many cases a principal ele-
ment of extended transport systems, must comply with numero-
us requirements. According to Antoniak [4], the latter includes
the high reliability of a single conveyor in terms of prolonged
daily working time, low operating costs, easy relocation and
elevated belt strength. In particular, the latter element of the belt
conveyor structure plays an important role since the belt cost
frequently accounts for 40-50% of the total equipment cost. The
conveyor belt is exposed to a number of impairments of diffe-
rent type and origin.

According to Antoniak [1-4], the conveyor belt should be
chosen to ensure it can carry the highest tensile forces that oc-
cur under different conveyor operation conditions, and have
a suitable reliability and safety rating. When purchasing a belt,
the user receives an appropriate certificate that states the type
and number of the belt, the belt minimum lengthwise tensile
strength, the belt maximum percentage elongation at a load
equal to 10% of the belt rated strength the minimum percentage

value of the belt elongation at failure etc. The actual values of
the above strength parameters are in this case compared with
their equivalents, in conformity with respective requirements.
This follows from the fact that conveyor belts have a number of
requirements to meet in terms of durability, strength, incombu-
stibility, etc. When analysing typical designs of conveyor belts,
Zur [23] underlines the fact that the belt transmits lengthwise
forces necessary to overcome movement resistances, and there-
fore it must be characterised by a sufficient lengthwise and cros-
swise strength to enable the absorption, without any damage all
loads occurring at the output drop in the dumping equipment
and while carrying the material over the roller sets. Transferring
high forces from the conveyor drive to the belt through the dri-
ve wheels is equally important. The belt must also be flexible
enough to settle into a trough shape, and yet at the same time it
must not be so flabby that it folds between the rollers. Certainly,
it must also be sufficiently durable and resistant to punctures,
mechanical damage and abrasion, while being insensitive to
weather and atmospheric conditions [1, 9, 23]. Antoniak [1, 4]
assesses the requirements to be met by typical conveyor belts,
and concludes by emphasising the requirement for very high
strength of the belt segment joints.

In recent years, a number of studies have been carried out
[1-3, 11, 12] aimed at selecting suitable designs and strengths
of belts and their elements. It is equally important to achieve
improvements to the strength parameters of the belts. In conse-
quence, individual studies focus on the conveyor belt structure
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(the material of the belt, the type and material of the core, the
thickness of facings and rims), belt production methods, and
belt acceptance tests. The studies also include suitable storage
and transport methods. Considerable attention is also paid to
rheologic models, for example, aimed at mapping belt strength
parameters under dynamic loading or formatting the adhesive
layer in adhesive-bonded joints and adhesive-mechanical joints
[7,8].

On the other hand, much less attention is paid to conveyor
belt joints. The following conditions must be met to achieve the
required value of joint strength: the tensile strength of joined
belts should not be lower than the nominal strength, the joined
belts should be of the same type, the joined belts should have
two or more but equal number of fittings, and the joints should
be made free of faults. In practice, joints are made in complian-
ce with in-company instructions or the adhesive manufacturers’
recommendations, and these very often differ. The conditions
designed to ensure high strength and durability are not always
complied with, either, which is mainly a consequence of perfor-
ming such works in underground conditions of limited comfort.
Therefore, as described in the literature [1, 4, 11], in order to
achieve a joint with the highest strength, only belts from the
same manufacturer should be used, of the same type and made
of the same fittings in terms of the material strength, the method
of weaving and the technological processing. The strength of
the resulting joined belts is lower than the nominal level with
different extendability or number of fittings.

A significant volume of the research work conducted in Po-
land and abroad is restricted to methods of joining belts, the
technologies used, the types of mechanical and adhesive-sealed
joints as well as the assessment of the impact of various factors
on joint durability or strength [4, 11]. One commonly overlo-
oked fact is that although typical belt joints (e.g. those made
with the cold bonding method) have numerous advantages, they
have also equally numerous faults. Bonding technologies are
considered to be the most suitable for making joints as they
ensure maintaining belt continuity, have high strength and dura-
bility, and, moreover, they mate well with the rollers and drive
wheels of the conveyor system. Some important shortcomings
include a low tenacity when compared with the belt itself. Al-
though adhesive-sealed joints are relatively inexpensive, they
are characterised by a significant diversity in strength, which
results from different temperature and humidity conditions pre-
vailing during joint production. The actual accuracy of the joint
itself is important, as joints are frequently made in underground
mine conditions that can hardly be called comfortable.

As a result, belt joints frequently break during conveyor
operation without any preceding symptoms that might indica-
te an imminent occurrence of such an impairment. Although
some effort is aimed at raising the durability and reliability
of conveyor belt joints; nevertheless, users of belt conveyors,
while having at their disposal sophisticated drive structures,
control systems and operation parameter monitoring systems,
are left on their own as regards the problem of unpredictable
belt joint ruptures. Some unpredictable belt ruptures may result
from a mechanical blockage of the belt, a side descent or wheel
contamination, and such situations can be observed by the ope-
rating personnel and prevented if reacted to quickly enough.
Nevertheless, this is not an effective method of counteracting
joint rupture. It should be remembered that a rupture is not only
a threat to the personnel, but it also means significant economic

losses resulting from a long stoppage of not only a single belt
conveyor (the damaged one) but also of the whole transport
system that the conveyor forms part of.

As demonstrated above and in previous publications
[12+14], during research studies into belt conveyor construc-
tion and the design of supporting elements, insufficient at-
tention is paid to conveyor belt joints although their strength
significantly affects the durability and reliability of the whole
transport facility and even the whole system that includes the
belt conveyors. For this reason, for several years research work
has been carried out at the Lublin Technical University aimed at
analysing the strength properties of adhesive-sealed joints from
the point of view of developing a system monitoring joint con-
dition during belt conveyor operation. Relevant laboratory test
results are presented in this paper.

2. Conveyor belt joints and joint strength

Conveyor belts are manufactured in sections of specific
lengths and so delivered to the customer. Belt users join all
the sections when installing the conveyor to obtain an endless
run. During the operation, new belts and those transferred from
other, no longer exploited facilities are joined (relocation). Du-
ring the life of a belt it may be constantly lengthened or shor-
tened, depending on the mining method used (from borders, to
borders). Conveyors are moved to new locations and construc-
ted from different belt segments. In consequence, the number of
belt joints is subject to continuous change, and hence difficult
to control. The joints should have the highest possible tensile
strength and the lowest number of joints along the conveyor
route. In mining conditions, these requirements are frequently
difficult to meet, especially since the number of belt joints con-
tinuously increases during an individual belt’s life. The abo-
ve conditions must be met for the joint strength to achieve the
required value. The conditions are partly related to the tensile
strength of the joined belts, the belt type, the number of fittings
and the lack of any manufacture defects.

Typical fabric/rubber belts are joined using one of the follo-
wing three methods: hot vulcanisation, room temperature vul-
canisation (bonding) as well as by means of mechanical con-
necting elements. Mechanical belt joints can be separable or
inseparable, and must have a relative strength of not lower than
60% of the belt nominal tensile strength. Vulcanised and adhe-
sive-sealed joints of fabric/rubber belts are made on the same
joint structures, utilising gradual overlap joints [1, 4, 10]. Ac-
cording to Antoniak [4], the theoretical strength of such a joint
compared with the nominal belt strength is 67% for three flit-
tings, 75% for four flittings, 80% for five and 84% for six. Ac-
cording to provisions of the standard [17], the tensile strength
of a belt with such a joint should be:

z-1

t, 2085t -
zZ

- (1)
where z is the number of flittings.

It is also possible to determine the strength loss of the belt
caused by joining its segments (known as strength loss in the
belt joint). The loss value is specified by the respective DIN
standard [15], depending on the type of core flittings and the
joint type.

Adhesive technologies are considered to be the most ap-
propriate methods of making joints since they guarantee ma-
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intaining belt continuity, result in high strength and durability
and, moreover, allow mating well with the conveyor rollers and
wheels. On the other hand, significant shortcomings of these
types of technology include a low tenacity when compared to
the belt itself. Adhesive-sealed joints are relatively cheap; ho-
wever, they are characterised by a significant dispersion caused
by different temperature and humidity conditions that prevail
during joint production, and accuracy of joint alignment itself
is difficult to achieve. A consequence of these factors is that belt
joints frequently rupture during conveyor operation without any
preceding symptoms that might indicate an imminent occurrence
of such an impairment. A conveyor stopped due to a belt rup-
ture in the joint area is certainly undesirable, not only for eco-
nomic reasons but also in view of the necessity to maintain the
continuity of deliveries of the mined materials. For that reason,
the Lublin Technical University, together with the company Lu-
belski Wegiel Bogdanka S.A., being the most modern and most
innovative Polish coalmine, commenced the tests of strength and
extendability of conveyor belt joints. The tests were partly aimed
at analysing belt conveyor operation parameters that have an im-
pact on frequent failures resulting from belt ruptures, as well as at
developing an appropriate system for monitoring the equipment
operational conditions and related automatic control to eliminate
any critical situations. Another important test objective was to
analyse the durability of various types of conveyor belt joints
in order to enhance the joint quality or to develop modifications
in joint execution technology without any loss in the flitting
strength. Additionally, it was decided to analyse the reasons for
manufacturing faults in joints and to compare the properties of
adhesive materials applied from the point of view of their resi-
stance to delamination and shearing.

In the context of constructing a computer system for mo-
nitoring conditions of adhesive-sealed conveyor belts, it was
also important to assess the rupturing force value as well as to
examine the rupture mechanism itself and to observe the joint
behaviour at the moment of imminent permanent damage to
the joint. An initial analysis of the conveyor belt strength and
the durability of the joints made with the bonding method was
combined with the above-described laboratory tests to enable
us to propose the following research thesis:

The elongation of conveyor belt joints at the rupture mo-
ment depends on the properties of the belt itself (including the
minimum admissible belt elongation at rupture) as well as on
the quality of the adhesive-sealed joint achieved. Therefore, it
is possible to monitor the joint elongation during the conveyor
operation, while at the same time determining the critical value
of the elongation when it ceases to be a dynamic elongation re-
lated to changeable operating conditions and instead becomes
a value signalling an imminent joint rupture.

3. Laboratory tests of conveyor belt joints

Conveyor belt joints are usually tested in laboratory con-
ditions using static or dynamic methods. The static methods
consist in determining the tensile strength of a belt sample with
a joint at an attempted rupture. The dynamic methods consist
in applying a pulsating load to the belt sample with a joint by
passing it through two turning wheels. The conditions for te-
sting conveyor belts joints are specified in respective standards
[15-21]. However, the tests are rather difficult to conduct since
they require the use of special equipment, including level te-
sting machines capable of rupturing a real size sample of a joint
with a belt with a relatively high elongation value at rupture.

The laboratory tests [5, 6] conformable with the above ob-
jective started with an assessment of the strength and extenda-
bility of textile/rubber belts as applied by the company Lubelski
Wegiel “Bogdanka” S.A. which cooperated in the test works
with the Lublin Technical University. The tests included:

- measurement of the joint elongation value at the rupture

time,

- measurement of the whole sample elongation (adhesive-
sealed joint + belt) at rupture,

- progress of the joint elongation with a load till the rupture
time, in compliance with the standard requirements,

- progress of the whole sample elongation (adhesive-sealed
joint + belt) with a load till the rupture time, in complian-
ce with the standard requirements,

- determination of the rupture force.

The laboratory tests involved the use of three belt joints.
They were marked as I, II and III. The first two joints were
new and made according to internal recommendations, while
joint number III had been used previously for over two months
in underground conditions on a typical wall haulage conveyor.
The joints supplied for the tests had the following dimensions:
width 1200 mm, length 1900 mm (joints I and IT) and width
1200 mm and length 2800 mm (joint number III). The tested
belt joints were made with the cold bonding method with the
use of a four-flitting belt.

According to requirements of the PN-C-94147 standard
[19], samples 200 mm wide were to be cut off from the joint
for tensile strength tests. The test sample length was 1900 mm
with slight deviations from that dimension. To ensure the same
testing conditions, the length of all samples was equalised to
1900 mm. Five samples (marked as I/1 to I/5 etc.) were cut off
from each joint. The dimensional markings assumed are shown
in fig. 1. The laboratory tests were carried out on a ZP-40 test-
ing machine. The samples were mounted in the testing machine
jaws with a steady distance between the jaws of L,=1270 mm
being maintained. The stretching speed was 100 mm/min.

Fig. 1. Dimensional markings of the conveyor belt joints tested [5, 6]

36 ExspLoaTACIA 1 NiEZAWODNOSCE NR 3/2010




SCIENCE AND TECHNOLOGY

The stretching progress was registered by the testing ma-
chine provided with appropriate software, and the Lp joint elon-
gation was measured with a digital video camera placed over
the joint butt from the side of the immovable jaw of the tensile
testing machine. The butt line was marked on the belt cover and
a millimetre gauge attached on the line of the second joint butt
indicating the size of the joint elongation, which in turn was
registered by the video camera simultaneously with the size of
the force stretching the joint [22].

This enabled a recording of elongations of the both mea-
sured sizes simultaneously with the force gauge indications.
Table 1 presents results of the laboratory tests. An example
diagram of a test sample rupture (fig. 2) presents on the abscis-
sas axis the sample length increase as measured by the tensile
testing machine jaw travel. This value does not correspond to
the actual sample elongation due to a partial pushing out of the
samples from the clamping jaws.

A direct measurement of the total elongation of the joint
and the belt, important from the point of view of determining
the best location for monitoring system markers in the actual
conditions, would not be possible due to the insufficient length
of the tested samples. The length was 1900 mm instead of the
required minimum of 2200 mm (joint length + 2 additional
sections 600 mm each). In connection with the above, addi-
tional extendability measurements of the belts themselves (e,
were carried out with stresses corresponding to rupture stresses
of individual belt joints. Then we calculated the total sample
length increase AL = AL+ AL, in millimetres as well as ¢,as
a percentage. The assumed length L, amounts to 1270 mm. The
results obtained are presented in table 2. We have also decided
that in future the results will be verified by subsequent tests of
full size samples.

Fig. 2. Diagram of an example test sample rupture

Tab. 1.  Results of adhesive-sealed joint strength and extendability tests

Sample number VAl 1/2 1/3 1/4 1/5

1172 11/3 W4 | W5 | w/a | wm/2 [ m/3 | n/4 | n/s

Sample width, B [mm] 200 200 200 200 200

200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200

Breaking force, F [kN] 167.2 | 189.8 | 203.7 | 167.9 | 186.4

161.1 | 1744 | 1694 | 192.2 | 139.8 | 176.4 | 165.1 | 152.2 | 184.8

Tensile strength, R [kN/m] | 836.0 | 949.0 |1018.5| 839.5 | 932.0

805.5 | 872.0 | 847.0 | 961.0 | 699.0 | 882.0 | 825.5 | 761.0 | 924.0

length at break up, ep [%]

Tensile strength, R, [kN/m] 915.0 884.2 818.3
Initial length of the joint, 995.0 1002.0 922.0
Lp [mm]
Length gain, ALp[mm] | 199 | 208 | 213 | 201 [ 205 | 230 | 218 [ 225 | 219 | 240 | 174 | 190 | 182 | 171 | 184
Length gain, ALp_ [mm 205.2 226.4 180.2
Elongation of the tested 206 226 195

Tab. 2. Results of strength and extendability tests of adhesive-sealed joint and belt sections

Joint number | I Il
Belt extendability, £, [%] 19.8 19.4 18.5
Total length, L [mm] 1270 1270 1270
Belt length outside the joint, L, [mm] 275 268 348
Length increase, AL [mm] 54.4 52.0 64.4
Section total elongation, AL [mm] 259.6 278.4 244.6
Section total elongation, ¢, [%] 204 219 19.2
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4. Final conclusions

The results of the laboratory tests give some information
on the analysed joint from the point of view of its strength and
the data can be used to obtain on the theoretical strength of the
adhesive-sealed joint. They also form a significant confirma-
tion of the research thesis regarding the concept of monitoring
the conveyor belt joint elongation under mining conditions in
order to prevent unpredicted joint ruptures during conveyor
operation. The theoretical strength of an adhesive-sealed joint
for four flittings [4] is 75% of the belt rated strength. In the
course of the laboratory tests, the results obtained were slightly
lower than the theoretical values. The analysed samples tensile
strength ranged from 50% to 57 % of the belt nominal length-
wise tensile strength, with the lowest value obtained for sam-
ple no. III, which had been in use for two months prior to the
tests. Consequently, the resulting low value (50%) might have
resulted from partial wear of the belt, although the result obta-
ined was not particularly affected by that fact since the values
obtained in the tests of the new samples were similar (several
percent higher).

Slightly better results were obtained in case of percentage
elongation at rupture. They ranged from 19.5% to 22% for the
joint sample tested, giving values much higher than the mini-
mum belt material elongation at rupture - which should amo-
unt to 10% according to the requirement. At the same time, the
values for the exploited belt and the new ones were nearly the
same. This is proof of the good maintenance of the strength pa-
rameters of the belts and joints in spite of their being intensively
used in mining conditions for several-months.

A significant value (from the point of view of the designed
monitoring system) is the actual percentage elongation at ruptu-
re for the joint segment together with the adjacent belt material.
This follows from the necessity to indicate a site for future in-
stalling of the monitoring system markers as well as determi-
ning the boundary values for alarm signals. If a marker has to
be installed in a joint area the joint strength may be significantly
reduced. Installation of markers in the area outside the joint wo-
uld be much more comfortable and, additionally, would allow
the differentiation of installation sites to facilitate a subsequent
identification of joints. In the tests, the percentage elongation of
the measure joint length (joint + belt sections outside the joint)
at rupture was slightly lower than the percentage elongation of
the joint itself, which is a simple consequence of the difference
in the tensile strength between the joint area and the joint area

with additional belt sections on both sides. However, the values
obtained did not differ much and were mutually proportional;
they ranged from 19.5% to 22% for the joint and from 18.2%
to 21.9% for the joint measured together with belt sections on
both sides of the joint.

The laboratory tests produced some interesting information
on the extendability and strength of conveyor bet joints as re-
quired for determining alarm signal values of the future mo-
nitoring system. The aim of the system will be to prevent belt
ruptures in the joint area through a continuous measurement
and assessment of length changes of each joint, irrespective of
the joint type. However, the studies conducted so far have to be
continued and supplemented to obtain a more comprehensive
understanding of the subject. It is necessary to carry out labo-
ratory tests according to an analogous program for other types
of belts and other types of joints, including those made of new
belts as well as joints with mechanical reinforcements, if only
for the purpose of comparison. It is also indispensable to verify
the results obtained in real operation conditions and the effect
of'a dynamic type of load.

However, considering the commonness of the application
of belt conveyors in the industry as well as the absence of ef-
fective monitoring and control systems to prevent equipment
failures resulting from belt joint ruptures, one can presume that
the results of the this research work and that of the subsequent
implementation work will not only contribute to extending the
knowledge and experience as regards belt conveyor operation,
but they will also help to reduce the losses caused by the down-
times resulting from unpredicted failures.

The continuation of the conducted research and develop-
ment work is aimed not only at constructing a suitable compu-
ter system for monitoring the conveyor belt joints elongation,
but also at transforming the system into an intelligent machine,
capable of unaided reaction to changing operating conditions
and eliminating the conditions causing belt ruptures through
predicting possible future operation parameters and their con-
sequences. The intelligent system, when properly designed and
specified on the basis of actual measured data, will be assigned
with the task of making decisions on stopping the facility,
changing its operating parameters or signalling the necessity
to replace or strengthen a joint. In other words, automatically
selected operating parameters will serve as equipment protec-
tion against occurrence of critical conditions. The system will
function on the basis of a dynamic object control system based
on the neuron control model.
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WPLYW KRZYWIZN LINII KOLEJOWEJ NA ZUZYCIE SMAROWANYCH
| NIESMAROWANYCH OBRZEZY KOL

THE INFLUENCE OF RAILROAD CURVES ON THE WEAR OF LUBRICATED
AND UNLUBRICATED WHEEL FLANGES

W artykule omowiono koniecznos¢ wyznaczania stanu lokomotywowych zestawow kotowych i jego zmian. Przedmiotem
badan jest obrzeze kota lokomotywy. Bezpieczny ruch kolejowy w duzej mierze zalezy od niezawodnosci zestawu kotowego
lokomotywy. W przedstawionej pracy skonstruowano ztozony model Scierania obrzeza kota lokomotywy dla niesmarowa-
nych i smarowanych obrzezy kot. Model ten uwzglednia przebieg lokomotywy i promien krzywizny.

Stowa kluczowe: niezawodnosé zestawu kolowego, obrzeza kél, smarowanie, krzywizny linii kolejo-

wej, promien krzywizny.

Therefore, the condition of the locomotive wheelsets and its variations should be determined. Research object is the loco-
motive wheel flange. Safe railway traffic largely depends on the locomotive wheelset reliability. A complex model of the
locomotive wheel flange abrasion, taking into account the locomotive run and curve radius, was constructed for unlubri-

cated and lubricated wheel flanges.

Keywords: wheelset reliability, wheel flanges, lubrication, railroad curves, curve radius.

1. Introduction

Safe railway traffic largely depends on the locomotive
wheelset reliability. Therefore, the condition of the locomotive
wheelsets and its variations should be determined. The latter
depend not only on the state of the locomotive under frame but
on the railway and traffic conditions as well.

2. Research object

Research object is the locomotive wheel flange. The purpo-
se of a wheel flange is to prevent derailing of the wheel along
its circumference [1, 2]. The rolling radius of a wheel flange on
the rail is larger than the rolling radius of a wheel. Therefore,
the contact surface slips causing the flange to wear. In parti-
cular, the wear is a product of the friction force F equal to the
reaction force N and friction coefficient ¢ (F = N ¢).

A schematic view of the contact zone of the wheel flange
and the rail is presented in figure 1.

Fig. 1. A schematic view of the contact zone of the wheel flange and the
rail: 1 —wheel; 2 —rail; 3 — contact zone

Measurement of the flange abrasion is made 20 mm be-
low the flange top. The thickness of the new flange should be
33 mm. The difference between the actual thickness and the
above dimension will be referred to as flange abrasion y.

Theoretically, the abrasion of the flange is calculated by the
formula:

y=IL (1)

where / is intensity of abrasion; L is the slide path of rubbing
surfaces, m.
Abrasion intensity is calculated by the formula:

I:K(x\ﬁ&l @)
ropn

where K is coefficient of surface roughness (for rail and wheel
contact K=0.2); a is the relationship between the contiguous
areas of the rubbing surfaces at the contact area (usually, a=1);
p, is the highest pressure at the contact area, p,; p, is the average

ey ¥
=
¥
8 s
/ RN
330,1 the flange

wheel section

Fig. 2. Measurement of tyre flange abrasion
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pressure at the contact area, p,; n is the number of cycles; 4/r is
the ratio of the rubbing surface roughness height to radius.

The average pressure at the contact area is calculated by
the formula:

Pr=— @A)

where N is the proof load, N; 4 is the contact area, m>.
The highest pressure at the contact area is calculated by the

formula:
2
p, = 0,578 S,I—G)J\frz @

where O is modulus of elasticity of the material, N/m; r is the ra-
dius of the surface curvature of the body in the contact area, m.

Since it is hardly possible to determine p,, the value of
which depends on the continually changing contact area, a full-
scale experiment was made to determine abrasion intensity of
the wheel flange.

Scientific novelty. A mathematical model has been construc-
ted and validated, allowing wear intensity of wheelset flanges
on the road curves to be determined, depending on the curve
radius and the locomotive run.

Significance of research. The suggested model can be used
for calculating the remaining service life of wheelsets and pre-
dicting the amount of the repair work and the need for wheelset
replacement.

Description of research. Three freight (Russian-made)
locomotives of the series 2M62 were tested. These locomoti-
ves consist of two sections of the total engine power reaching
2 940 kW and mass of 238 ton. Every section has six axles and
the average speed of locomotives is 80 km/h. The rolling radius
of the wheel circumference is 1 050 mm. The tests were made
on the rail track, 75 % of which was straight, while the rema-
ining section had curves with the radii of 650 and 1 200 meters.
The stiffness ratio of the rolling wheel surface to rail was 1:1.
Every time when the average distance of 10 thous. km was run,
flange abrasion was measured by a measuring machine.

The research results. The values of the average wear of
the wheels of all locomotives with lubricated and unlubricated
wheel flanges, depending on the locomotives run, are given in
figure 3.

The correlation coefficient is about one when the values are
approximated by 3" power polynomial [3, 4]. The approxima-
ted relationships between abrasions and the locomotive run are

described for lubricated and unlubricated wheel flanges by the
regression equations as follows:

for unlubricated wheel flanges:
y, =4-10"°x’ —107x* +0.0001 - x 5)
R?=0.9183
for lubricated wheel flanges:
Yy, =2-10"%-6-10""%x* +7-107x (6)
R?=10.986

where y, and y, denote wheel abrasion, mm; X is the locomotive
run, km; R is a correlation coefficient.

3. Constructing a mathematical model

A mathematical model is based on the equations (5) and
(6). The equations describe the variation of the wheel flange
depending on the locomotive run for the case of a given reduced
curve radius (1 740 m). The tests have shown that, among other
things, the abrasion of both rails and wheel flanges depend on
the reduced curve radius. Abrasion of the rail head, depending
on the curve radius, is shown in figure 4 [5].

By approximating the relationship between an average
abrasion and the curve radius, we get the equation:

y, =1476-r"'7
R*=0.993.

where Y, is rail head abrasion, mm; r is a reduced curve radius,
m; R is a correlation coefficient.

Since surface stiffness ratio of the rail to the wheel is about
one, it can be assumed that the abrasion of the wheel flange
and rail head equally depends on the curve radius. To determine
the influence of the curve radius on the wheel flange abrasion,
let us combine equation (7) with equations (5) and (6). Wear
intensity is inversely proportional to the curve radius, therefore,
a term of the equation, determining the curve radius, can be
used as a multiplier in the function:

O

»=(4-10"x" =107 x* +0,0001-x)- 4-1 476777 (8)
for unlubricated flanges:

¥, =(2-10"°x" =6-10"%* +7-107x)- 4-1 476 -7 (9)

¢ For lubricated w heel flanges

Daugial. (For unlubricated w heel flanges)

B For unlubricated w heel flanges
Daugial. (For lubricated w heel flanges)
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Fig. 3. Abrasion values depending on the locomotive run
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Fig. 4. Rail head abrasion depending on curve radius

for lubricated flanges, where 4 is a coefficient showing the rela-
tion between the abrasions of a rail and a wheel set.

It is known that when a reduced curve radius is equal to
1 740 m, then, y, should be equal to:

r = 1740;
y, =A-1476-r7"7 =1

It can be calculated from (9) that the product (4-1740)
is equal to 6 330 r '3, The equations (7) and (8) will make
a mathematical model determining the variation of abrasion,
depending on the locomotive run and a reduced curve radius:

)

Y, =(4-107"x* =107 %> +0,0001-x)-6 330-r™'" (10)
for unlubricated flanges:
Y, =(2:107°% =6-10"°%x* +7-107°%) -6 330-r™'7 (11)
for lubricated flanges.

Implementing the constructed mathematical model. The de-
pendence of unlubricated wheel flanges abrasion on the locomo-
tive run and the radii of the road curves is shown in figure 5.

The relationship between lubricated wheel flange abrasion
and the locomotive run, with the radius of railroad curve taken
into account is presented in figure 6.

Abrasion, mm 012-16
16
08-12
12
m4-8
mo-4
[
%
0
o) Run, km
& o 000
VS 4
< (9
Curve (2]
radius, m

Fig. 5. The relationship between unlubricated wheel flange abrasion
and the locomotive run, with the radius of railroad curve taken
into account

The graphs presented in figures 5, 6 allow us to determine
the locomotive run when the wheel flange abrasion reaches the
highest admissible value of 8 mm for different curve radii. For
this purpose, a section is passed through a horizontal plane to-
wards the abrasion limit (in this case, 8§ mm). The relationship
between the longest locomotive run and the curve radius is gi-
ven in figure 7.

The analysis of the curves presented in figure 6 shows that
service life of the locomotive wheelsets can be increased by
1.25 times on the typical curves of Lithuanian railroads, with
the radii ranging from 1 000 to 2 500 m, by lubricating wheel
flanges.

4. Conclusions

1. The relationships (5), (5) between the wear of the locomo-
tive wheel flanges and the locomotive run were established,
taking into account the reduced radius of the road curves.

2. The abrasion model of the rail flange (7), taking into acco-
unt the curve radius, was constructed.

3. A complex model of the locomotive wheel flange abrasion,
taking into account the locomotive run and curve radius,
was constructed for unlubricated (10) and lubricated (11)
wheel flanges.

012-16
08-12
Abrasion, mm 8 m4-8
< mo-4
2,
£
S o Run, km
e S K ’
Curve v %
radius, m

Fig. 6. The relationship between lubricated wheel flange abrasion and
the locomotive run, with the radius of railroad curve taken into
account
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POMIAR MOMENTU BEZWLADNOSCI SILNIKA POJAZDU
MOMENT OF INERTIA MEASUREMENT OF VEHICLE ENGINE

Coraz czesciej do pomiaru parametrow eksploatacyjnych pojazdow drogowych wykorzystuje sie metody dynamiczne, kto-
re stawiajq niskie wymagania co do czasu i naktadow pienieznych. Dynamiczny pomiar parametrow pracy silnika na ogot
opiera sig na znajomosci masowego momentu bezwtadnosci silnika i mechanizmow przektadniowych, wigczajge w to kola
napedowe. Jednakze otrzymanie wskazania odpowiedniego momentu bezwladnosci nie jest rzeczq prostq. W pracy opisa-
no nowq propozycje mozliwosci pomiaru przeprowadzanego na stanowisku badawczym wyposazonym w luzno osadzone
watki. Wynikiem pomiaru jest moment bezwladnosci, ktorego znajomosé mozemy wykorzysta¢ do pomiaru parametrow
eksploatacyjnych, wydajnosci hamulcow, itd.

Stowa kluczowe: moment bezwladnosci silnika, parametry eksploatacyjne, stanowisko badawcze
wyposazone w waltki.

The use of dynamic methods for measuring operational parameters of road vehicles begins to increase due to its low
demands on time and investment funds. Dynamic measurement of engine performance parameters are generally based on
knowledge of the rotating mass moment of inertia of engine and gearing mechanisms including driving wheels. However,
it is difficult to obtain an indication of the correct moment of inertia. This paper describes a newly proposed possibility of
measurement that is carried on roll test bed with loose rollers. The result of measurement is the moment of inertia, which

can also be used in the measurement of performance parameters, brake performance, etc.

Keywords: moment of inertia of engine, performance parameters, roll test bed.

1. Introduction

Wide development of the dynamic measurement of operat-
ing parameters of vehicles and internal combustion engines in
recent years offers new possibilities in the diagnosis. One of
many possible applications of dynamic acceleration measure-
ment is the measurement of performance parameters (torque,
power) of the combustion engine [4]. Measurements can be
made only on the engine itself or on the roll test bed or on the
test road [3]. In all cases it is necessary to include the correct
value in the calculation of the engine moment of inertia, or the
whole vehicle. Effect of moment of inertia is essential when
measuring the engine itself.

This article focuses on the description of the possibility of
measuring the moment of inertia of the engine by itself. Appli-
cation for the whole vehicle is quite similar. There are several
ways to obtain the moment of inertia of the engine:

- Obtaining information from the manufacturer - This is not

usually a problem with modern engines, factory diagnostic
devices offer the possibility of measuring the performance
parameters through the acceleration method. Information
about the moment of inertia of the engine should be in
the diagnostic tools available. The problem is if there is
no factory diagnostics, detailed information about the ve-
hicle, or in the case of obsolete vehicles.
Calculation - Moment of inertia can be determined and
calculated from the dimensions and other information of
various components. This option is very time consuming
and requires precise knowledge of the mechanical design
and dimensions of all components [9].

- With makeweight - Using makeweight of known moment
of inertia can be performed two measurements. One mea-
surement with makeweight and second without it. Then,
by comparing the results of both measurements can be
calculated moment of inertia of the engine [8].

-_b M
dz - dl

where: /—moment of inertia (kg-m?), F, - represents added

external load (N-m), d,, d, — deceleration rate (rad-s?)

1

New engine - If there is a new engine for which the manu-
facturer guarantees performance parameters, acceleration
measurements can be carried out. Then it is possible to
determine the value of moment of inertia of the engine by
return in order to match the performance parameters with
the table values.

Dynamometer — Similarly, as a new engine dynamometer
can be used [8]. Moment of inertia is assigned to the re-
sulting values of the acceleration measurements in order
to correspond to the values measured on the dynamom-
eter.

@)

where: / — moment of inertia (kg'm?), M, — effective
torque from rolldynamometer (N-m), &, — acceleration
(rad-s?)
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- Average — Exactness of this method assume measurement
of large number of vehicles with the same engine and
a gradual refining of moment of inertia.

But sometimes it is impossible to get to the actual moment
of inertia with any of described ways [ 10]. For example, because
there is no dynamometer or a new vehicle or the manufacturer’s
information and it is not possible to mount the make-weight
of known moment of inertia. In such cases, there are suitable
several other ways, such as measuring of vehicle acceleration
on the road or on roll test bed with loose rollers or on the roll
test bed itself.

This paper describes the possibility of determining the mo-
ment of inertia using modified roll test bed. Authors of the paper
invented this method and applied for its patent. It is possible to
use proposed method in order to realize dynamic measurement
of power parameters [2]. Based on behaviour of power param-
eters there can be determined technical state and potential faults
of engine [7]. Such approach can contribute to better economy
and primarily to ecology of vehicle utilization [1, 5].

2. Material and methods

Structural adjustment of roll test bed, originally designed
only to check the brakes, consisted in the removal of gearbox
and connecting electric motors to frequency converters (this
is not strictly necessary). Detail of the test bed adjustments is
shown in the figure 1, frequency converters are shown in the
figure 1B. Angular velocity and angular acceleration of the
vehicle engine are calculated from the time recorded data of
incremental rotating speed sensor. The sensor (figure 1A) gives
1024 pulses per revolution (with time accuracy within 20 nano-
seconds) at this described specific application. The sensor is
attached to the rollers of test bed. Required values of vehicle’s
engine are defined by reduction of measured values in the over-
all speed ratio between vehicle’s engine and rollers of test bed.

Fig. 1. Roll test bed: A - Incremental sensor of roller’s revolution, B -
Frequency converter

Possibilities of utilization of roll test bed are extensive and
include dynamic measurement of performance parameters of
engines of vehicles, measurement of transmission ratios, mea-
suring the dynamic braking forces, etc. Data collection is car-
ried out with eight-channel collector, which ensures online data
preprocessing and passes data to the operating computer type
PC which is connected through the USB port.

Procedure finding moment of inertia of the vehicle engine
is implemented in three steps, which are logically connected
and, if necessary, it is possible to print a protocol.

1) The first step is to measure gear ratio between the engine
and rollers of test bed for each vehicle. Revolutions of
roller test bed measured by an incremental sensor and rev-

olutions of engine measured by the other external sensor

are compared. To measure the revolutions of the vehicle

engine, it is most suitable to use the diagnostic plug OBD.

For instance, if a motor vehicle has 820 rpm, and rollers of

test bed have 265 rpm, then the overall gear ratio is 3,094.

2) The second step is to measure all inertial mass, i.e. the mass
of engine, transmission and wheels of the vehicle and rolls
and other rotating masses of test bed, reduced to the cir-
cumference of rollers. Frequency converters controlled by
electric motors are used to measure and it is possible for
them to change the performance of approximately 15 to
30 kW (according overload set on converter). Given pro-
cedure, in view of the performance characteristics of elec-
tric motors roll test bed, is different for engines of vehicles
with low inertia mass (lower stroke volume, approximately
up to 1,4 dm®) and for vehicles with engines higher inertia
mass (higher stroke volume more than 1,4 dm® and diesel
engines).

a) Measurement of inertial mass of smaller engines is sim-
pler. The vehicle‘s engine is running at idling speed
revolution, there is geared up chosen gear speed (rec-
ommended is the second). Rollers of test bed are driven
by vehicle’s wheels and these wheels are spinning with
revolutions according idle revolution of engine. After
that the electric motors of roller test bed are connected;
the frequency converters are set higher speed revolutions
than speed revolutions that correspond to idle revolutions
of the vehicle. All rotating mass are accelerated by virtue
of known power of electric motors. During the accelera-
tion are measured values of the immediate velocity and
acceleration, which is calculated from the mass inertia
of the rotating mass, reduced with the circumference of
rollers.

b) For vehicles’ engines with larger inertial mass it is not
enough electric power to accelerate the testing of all the
rotating mass of the idling speed revolutions. At first the
vehicle on the rollers is started by using its own engine
to a speed of about 50 km/h and then electric motors are
connected. Gas pedal is fully released and all the rotating
mass starts to decelerate. The performance of the electric
motors which drives rollers of test bed slows down this
deceleration. During deceleration, there are again mea-
sured values of instantaneous velocity and acceleration
(i.e. deceleration) of them is again calculated inertial
mass of the rotating mass, reduced with the circumfer-
ence of rollers.

3) In the third step is necessary to determine the inertial mass
of all rotating parts except the engine and the relevant parts
of the gearbox. The procedure is the same as in the second
step, but is no gear shifted.

Note: If the engine power has to be measured, according to
the procedure described above is supplemented by the action
acceleration of the vehicle on the rollers at the full fuel supply.
The result is a course of torque and power depending on speed.
Figure 2 describes an example of the number of performance
characteristics of combustion engine of a car Skoda Fabia 1,4
(55 kW) [6].
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Fig. 2. Performance parameters - Skoda Fabia 1,4
3. Results

The method of measuring the moment of inertia the engine
was applied to the vehicle Skoda Octavia II 2,0 TDI (103 kW).
It is a vehicle that belongs to the category 2b - engines with
higher mass of inertia. The resulting measured and calculated
values are in the table 1, where the columns listed in the over-
all gear ratio between motor vehicles and the roll test bed, the
total inertial mass of the rotating mass of vehicle reduced the
circumference of rollers, the rotating mass inertia weight with-
out motor vehicles reduced the circumference of a roller the
resulting moment of inertia of the rotating mass of the vehicle
engine.

The required result is the moment of inertia of the rotating
masses of engine. To verify the accuracy of the method there
were carried of a number of repeated measurements. The results
are shown in figure 3.

Tab. 1. Results of measurement of vehicle Skoda Octavia Il 2,0 TDI

£00,00 0,34

550,00 g 0,33

500,00

{ky-m?)

450,00 & 0,3

Reduced mass with the
circumference of rollers {kg)

Moment of inertia of engine

400,00 0,30
LA B B N R RN R

3|00 4+4—/—m—————— 029
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Measure

®  The total inertial rrass of the wehic le (k)
#  The inertia mess w ithout engine of wehicle (ki)
®  Woment of inertia of engine (kg-mz)

= = = = Ayerage mament of ineria of engine (kg-mz)

Fig. 3. Results of repeated measurement of inertial mass and moment
of inertia of engine

The average value of moment of inertia of the vehicle
engine Skoda Octavia I 2,0 TDI (103 kW) is 0,3152 kg-m>
A greater deviation from the average (4.5%) for the first mea-
surement is probably due to the fact that the engine was before
heated to operating temperature, but the transmission was cold.
The differences are negligible in the individual measurements
after the temperature stabilization of the engine and gearbox.

Table 2 describes an example of measured moment of in-
ertia of chosen vehicles. Besides moment of inertia there is

. The total inertial mass of the | The inertia mass without engine . . .
Gear ratio R X Moment of inertia of engine
Measurement ) vehicle of vehicle Ui
(kg) (kg)
1. 3,07 589,31 390,62 0,329
2. 3,07 573,12 388,32 0,306
3. 3,07 580,64 389,94 0,316
4. 3,07 576,84 387,36 0,314
5. 3,07 579,14 387,43 0,318
6. 3,07 572,89 385,61 0,310
7. 3,07 579,21 388,04 0,317
8. 3,07 572,22 386,48 0,308
9. 3,06 578,47 387,07 0,317
10. 3,06 576,78 386,55 0,315

Tab. 2. List of vehicles — an example of measured moment of inertia

Producer Y:::elle e otfigr:oduc Fuel type Engine volume (dm?3) Power (kW) MO;Z?;:f(;(Zi:;)a g
Hyundai i20 2008 gasoline 1,2 57,2 0,0961
Peugeot 107 2008 gasoline 1,0 50 0,0741
Peugeot 308 SW 2008 diesel oil 1,6 HDI 80 0,2082
Skoda Octavialll 2006 diesel oil 2,0TDI 103 0,3152
Skoda Octavia ll 2004 gasoline 2,0 FSI 110 0,3293
Skoda Favorit 1991 gasoline 1,3 carburetor. 46 0,1317
Skoda Octavia 2005 gasoline 1,6 MPI 75 0,1882
Skoda Roomster 2007 diesel oil 1,4TDI 59 0,2619
Skoda Felicia 1998 gasoline 1,3 MPI 50 0,1361
Skoda Felicia 2000 gasoline 1,4 Sport 100 0,1556
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also nominal power of engine (according producer), volume of
engine, type of fuel, year of production, producer and vehicle
model.

4. Discussion and conclusion

Moment of inertia is one of the necessary input data for
diagnostic non-assembling acceleration measurement. The cor-
rect and accurate detection is usually the main problem of these
measurements. There are several options for finding moment of
inertia, however, there are not always easily feasible.

Moment of inertia of all parts (rotating with the engine in
neutral) can be obtained by the procedure described above. This
is not a moment of inertia of the engine by itself, but for the pur-

of the vehicle engine and immediately after provides its basic
performance characteristics.

The method was experimentally verified on the vehicle
Skoda Octavia II 2,0 TDI (103 kW) using a roll test bed with
electric motor with mere output (7,5 kW) of one pair of rolls.
The moment of inertia for the vehicle was set 0,3152 kg-m?>
This value seems very likely correct. The first practical meas-
urements of chosen vehicles were launched after an experimen-
tal validation of the method. An example of results is given in
table 2.

Known value of moment of inertia can be used for dynamic
measurements of the engine of entire vehicle, both in measur-
ing the performance parameters as well as the performance of
automotive brakes.

poses of measuring the acceleration performance parameters is
not misleading. These are precisely those masses which are ac-
celerating during the acceleration measurement.

There are still other methods applicable to the measurement
of the roll test bed or the test section of the road, except that the
proposed method of finding the moment of inertia of the engine

Method proposed by authors is suitable for cases where it is of vehicle.
available roll test bed, even with low power. The method pro-
vides a specific value of moment of inertia of the rotating mass
*hkkhkkkhkhkk

Paper was created with the grant support - CZU 31190/ 1312 /313121 - Accuracy of measurement of performance parameters on
the roll test bed.
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DRGANIA W PROCESIE SKRAWANIA STOPU TYTANU
VIBRATIONS IN CUTTING PROCESS OF TITANIUM ALLOY

Praca przedstawia wyniki badan eksperymentalnych procesu skrawania stopu tytanu Ti6Al4V. W eksperymencie mierzono
sity skrawania oraz przemieszczenia przedmiotu obrabianego podczas skrawania z roznymi glebokosciami. Nastepnie, za-
rejestrowane sygnaty przeanalizowano metodg wspotrzednych opoznionych, stosowang do badania zjawisk nieliniowych,
otrzymujgc mapy Poincare i wykresy rekurencyjne. Wyniki tych badan pozwolity na identyfikacje rodzaju drgan i dobor
odpowiednich parametrow skrawania. W ostatniej czesci pracy wyniki badan skrawania stopu tytanu poréwnano z wyni-

kami otrzymanymi dla klasycznej i kwasoodpornej stali.

Stowa kluczowe: stopy aluminium, proces skrawania, dynamika skrawania.

This work presents experimental investigations of cutting process in which the titanium alloy (Ti6Al4V) is cut. During the
experiment the cutting forces and displacements of the workpiece are measured as a function of the cutting depth. The ob-
tained signals are analysed using methods useful for nonlinear phenomena that is the method of delay coordinates, Poin-
care maps and recurrence plots. The results let us identify kind of vibrations and select the most proper cutting parameter:

Finally, the results of titanium alloy cutting are compared with outcomes of classical and stainless steel machining.

Keywords: titanium alloys, cutting process, dynamics of cutting.

1. Introduction

Titanium alloys belong to so called superalloys which have
high strength combined with high heat resistance and corrosion
as well. Therefore titanium alloys are applied for extremely
loaded components e.g. in civil and military aviation. The de-
mand for a steadily growing productivity and product quality
led to increasing of cutting parameters and this, in combination
with their particular mechanical and physical properties can
also make difficult machining. Additionally a further growth
of a civil air traffic is predicted for the next years. Therefore
the productivity of titanium alloy machining is one of the ma-
jor challenges in production engineering [1]. Nowadays, new
methods of titanium alloys cutting such as water jet cutting, la-
ser cutting [3], plasma cutting are used especially in conditions
of high part precision and short production time: [4]. Each of
these modern, nonconventional means of materials processing
has certain benefits, but also shortcomings that are discussed
in the paper.

Beside various machining method, different kind of tools
are tested. Despite, many researchers believe that alloyed ce-
mented carbide (W—Ti/Ta)C—Co is not suitable for machining
of titanium alloys. However, the result of study reported in [9]
shows that the alloyed uncoated carbide (W-Ti/Ta/Nb)C—Co
and alloyed CVD-coated carbide have good possibility to use
in end milling of titanium alloy Ti-6242S even under extreme
dry cutting condition. Authors explain it is probably due to the
grain size of tools’ substrate, its geometry and the class of tita-
nium alloy Ti-6242S. Series of machining trials on the range of
cutting speed between 60 and 150 m/min are conducted. These
speeds can be treated as a traditional because high speed cutting
refers to cutting speeds which are about five to ten times higher.
Characteristics of cutting forces obtained for alloy Ti6Al4V
at cutting speed up to 700 m/min are reported in [1]. Results
received from different scientific institutes exhibit meaningful
differences depending on a tool geometry and coatings.

A comparison of titanium alloys Ti6Al4V and Ti555.3 ma-
chinability for a traditional turning process is presented in [2].

The specific cutting force and specific feed force, tool wear,
chip morphology, rake face and cutting edge after machining
were analysed. The outcomes reveal that although the cutting
force decreases versus cutting speed (up to 90 m/min), tool wear
measured as a flank wear area considerably grows for higher
cutting speeds. Nevertheless from point of view of final product
user, the surface roughness seems to be a very important factor.
Such investigations are talked over in [10]. A comprehensive
review of machinability of titanium alloys is presented in [6].
The paper points out the main problems associated with the
machining of titanium alloys as well as tool wear and the me-
chanism responsible for tool failure. It is found that the straight
tungsten carbide cutting tools maintain their superiority in most
machining processes, while CVD coated carbides and ceramics
come out not to be such a good tool. As a major cause of a ra-
pid tool wear, high cutting temperature is indicated whereas,
the low modulus of elasticity of titanium alloys is a principal
reason of chatter during machining.

During high speed cutting, it is important to understand the
chip formation mechanism. Therefore paper [12] describes the
effect of different influential variables including the tool chip
angle, cutting velocity, chip thickness and also the structure of
Inconel 718 and Ti6Al4V on chip formation and cutting forces.
The experimental examination is completed with temperature
measurements. For the cutting speed from 5 m/s to 80 m/s the
specific cutting force behaves in a classical way, that means the
force falls down when the cutting speed is higher regardless of
the a clearance angle.

An interesting and novel solution to improve productivity
of titanium and nickel alloys cutting is developed in [18]. Au-
thors introduced diamond tool with forced cooling system that
is efficient for high speed machining.

Most of published paper concerning cutting of titanium
alloys have pure experimentally nature but there are such of
them in which a mathematical model is developed, e.g. tool life
mathematical model for end milling is discussed in [8]. The
theoretical results are compared to experimental ones with a po-
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sitive effect. The tool life models show that the cutting speed is
the main factors on the tool life, followed by the feed and axial
depth of cut. Increase many of these three cutting variables le-
ads to reduction of tool life.

On the basis of above literature one can conclude that scien-
tific papers mainly exhibit results of force measurements du-
ring cutting under different, conventional and high speed con-
ditions. This paper goes further because outcomes of titanium
alloy Ti6Al4V turning is compared to stainless (EZ6NCT25)
and ordinary (C45) steel and then a new method of time series
analysis is proposed.

2. Experimental set up and results

Experimental investigations were conducted on the ex-
perimental setup presented in fig. 1. The measurement set up
is composed of the piezoelectric dynamometer Kistler 9257B,
charge amplifier type 5017B and laser sensors optoNCDT
1605/2 (Micro-Epsilon Messtechnik), “sample and hold” mod-
ule (SC2040) and analog-digital converter NI 6071E by Na-
tional Instruments. All the signals from the dynamometer and
the lasers are transmitted to the analog-digital converter, which
is connected to a computer system. A workpiece used in the ex-
periment had the same measurements and was made of titanium
alloy Ti6Al4V, stainless steel EZ6NCT25 and constructional
steel C45. The workpiece was cut on the lathe C11 with rota-
tional speed of 710rpm and different cutting depth from 0.4mm

to 3.0mm. The rest of technological parameters were settled
(constant). The detailed description of parameters employed in
the experiment is presented in tab. 1.

Theoretical investigations carried out on the basis of turn-
ing process model in which a dry friction effect plays a key
role demonstrate an influence of the cutting depth on system
stability and on the amplitude of vibrations during machining
[15, 16]. Therefore experimental investigations here are per-
formed for various cutting depth from 0.4mm to 3mm. The re-
sults of forces measurements are presented graphically in fig.
2 for titanium alloy Ti6Al4V, stainless steel EZ6NCT25 and
constructional steel C45. The curves show the mean value of
cutting forces with standard deviation as a vertical bar. Gen-
erally, forces (F, Fy, F,) raise with the cutting depth what is
in accordance with the classical theory although, for instance
paper [12] reports some evidence about decreasing force with
growing depth. The force change can be treated as a linear or
almost linear that is also modelled in some papers.

It is proved that forces of titanium alloy turning are small-
er than stainless steel and even than constructional steel C45
which is rather seemed to be well machinable. Looking at a dis-
placement chart (fig. 3) which presents a standard deviation of
workpiece vibrations in z direction, one can explain why the
cutting forces are smaller than in case of steel cutting.

Namely, the stiffness of titanium alloy is smaller then con-
structional steel and therefore bigger vibrations are visible spe-

chuck

computer
workpiece
A
tool
X b . charge | SC2040 analog-digital
dpleZOE|eCtrlC g amplifier sample & hold converter
ynamometer N
Fig. 1. Experimental set up scheme
Tab. 1. Cutting condition
Rotational speed Feed [Sampling frequency| Tool cutting | Cutting depth
No .
[rev/min] [mm/rev] [Hz] edge angle [mm]
Titanium alloy
186 710 0.25 2000 45 3.0
187 710 0.25 2000 45 2.6
190 710 0.25 2000 45 1.8
193 710 0.25 2000 45 0.9
194 710 0.25 2000 45 0.4
Constructional (ordinary) steel C45
195 710 0.25 2000 45 2.9
196 710 0.25 2000 45 23
199 710 0.25 2000 45 1.7
202 710 0.25 2000 45 1.0
203 710 0.25 2000 45 0.4
Stainless steel EZ6NCT25
204 710 0.25 2000 45 2.8
205 710 0.25 2000 45 23
208 710 0.25 2000 45 1.75
211 710 0.25 2000 45 1.0
212 710 0.25 2000 45 0.5
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a)

b)

<)

Fig. 2. Cutting forces versus cutting depth during machining titanium
alloy Ti6AI4V, stainless steel EZ6NCT25 and constructional
steel C45; a) feed force, b) thrust force, ¢) cutting force

Fig. 3. Standard deviation (std) of displacement in z direction versus
cutting depth

cially for the cutting depth about 0.8mm. The second reason of
a rapid vibration increasing can be related to the forces jump
visible in fig. 2. To sum up, very little cutting depth or bigger
than some critical one can be considered as a proper cutting
depth of titanium alloy. This behaviour does not exist in other
materials compared.

3. Results of analysis

The outcomes of measurements recorded as time series can
be analysed with many different procedures dedicated for non-
linear phenomena. Here, two methods are applied. The first,
called the method of delays, is proposed in order to obtain at-
tractors directly from time series. The second, that is a recur-
rence plot bases on time series as well but let us look at cutting
dynamics under different angle.

The reconstruction of attractors is made with the help of
Tisean package by Hegger, Kantz and Schreiber [11]. The first
step in this investigation is the state space reconstruction by
delay coordinates [14, 17]. A measured time series can be pre-
sented as a vector in a new space in the form:

x()=[S),St+71),..St+(w=Dz)] (1)

The new space is called the embedding space, the number
W denotes the embedding dimension, the time t, is generally
referred to the time delay or lag. The time delay is taken as an
integer multiple of the sampling time and is computed using the
average mutual information [7], given by

@)= Y PS).S(+r)log, oA

S(.S(t+1) P(S(1))P(S(t+1)))
where P(S(z)) is the probability of a measurement S(#) and
P(S(t).S(t+1,)) is the join probability of measurements S(z) and
S(t+t,)). The average mutual information is plotted versus the
time lag and the chosen value corresponds to the first local mi-
nimum. This procedure is an equivalent of an autocorrelation
function for a linear case. The embedding dimension W is ob-
tained by the method of false neighbours based on searching
w-dimensional state space in which there are no false crossing
of the trajectories in the reconstructed space. Fig. 4-9 present
phase space with reconstructed attractors obtained on the basis
of force F, and displacement z signals. The graphs concerning
the force of titanium alloy (fig. 4) exhibit that attractors are very
similar. Their shape is the same, like a set of points concentrated
together but the size of attractors changes depth of cut. Consid-
erably change is noticeable looking at fig. 5a and 5b where the
attractors are reconstructed from displacement. For a =0.4mm
the attractor is regular that means motion is subharmonic with
period 2. As far as constructional steel C45 is considered, fig.
6 and 7 show regular motion with period 1 whereas attractors
in fig. 8 and 9 differ from each other. Analysing the force only
regular attractors exist but taking displacement into considera-
tion the motion seems to be quasiperiodic for all cases.

The method of recurrence plot, used here, has been invented
by Eckmann et al. [5] and is used for identification of nonlinear
systems with various behaviour. Such plots are constructed by
spatial proximity analysis of time series X.. For arbitrary i and
j from the interval [0,N], where N is the total number of points
in given time series, a black dot is plotted on the graph if the
following condition is fulfilled:

2
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Fig. 5. Reconstructed Phase Space for Ti6AI4V from z signal a) a,=3mm, b) a,=2.6mm, ¢) a,=1.8mm, d) a,=0.9mm, e) a =0.4mm
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Note, ¢ is a small threshold number adjusted for each time
series case separately in such a way to get a good contrast in
diagram. In fact by using the above qualitative method for de-
terministic systems it is possible to classify the dynamics of
a examined system by its characteristic patterns showing di-
agonal, vertical or horizontal structure of lines and stripes. The
method allows to distinguish kind of motion e.g. chaotic from
purely stochastic or regular behaviour. Generally, a pattern for
a stochastic system is based on uniform distribution of points in
the recurrence plot while a chaotic system possesses structure
of lines with finite lengths [13].

Figures 10, 11 and 12 represent recurrence plots which are
received from the time series of displacement. Plots for tita-
nium alloy (fig. 10) suggest that in the case of 3mm depth of
cut the process is similar to regular but with rather strong sto-
chastic component. While for a, =0.4mm the motion is regular.
The pattern connected with cutting of the constructional steel
C45 (fig. 11) has strong stochastic background however some
symptoms of regularity also exist. Considering fig. 12 which
represents high level of ordering one can conclude that work-
piece vibrations are regular although, main period of vibrations,
which is represented by long diagonal lines, is mixed with very
short period which is illustrated as black dot.

Insight in dynamics of cutting process, done together on the
basis of reconstructed attractors and recurrence plots, demon-
strate the kind of vibrations which is dependent on cutting depth.
Thus, introducing these method of signal analysis let us look
deeper on the problem of vibrations during cutting process.
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Fig. 10. Recurrence plots for titanium alloy Ti6AI4V; a) depth of cut
ap:3mm, b) ap:().4mm
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Fig. 11. Recurrence plots for constructional steel C45; a) depth of cut
ap:2.9mm, b) ap:0.4mm

1000

S
HEEAS

i
A

1
0 1000 2000 3000

b)

1000

0 1000 2000 3000
i

Fig. 12. Recurrence plots for stainless steel EZ6NCT25; a) depth of cut
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4. Conclusions

Cutting of titanium alloy is compared with others construc-
tional materials. This comparison demonstrates differences be-
tween cutting forces during titanium alloy, stainless and con-
structional steel machining. Basically, the cutting forces grows
when depth of cut increases. The level of vibrations, measured
as a standard deviation of displacement is the biggest for the
depth of cut 0.8mm. Noticeable jump of vibrations for titani-
um alloy is probably caused by friction phenomenon and low

Young’s modulus compared to steel. The join analysis of recon-
structed attractors and recurrence plots point out at consider-
able influence of stochastic component specially in the signals
of force. Therefore, better results are received when time series
of displacement is analyzed because of smaller stochastic com-
ponent. Generally, machining at small cutting depth character-
izes regular vibrations that is proved by the patterns of recur-
rence plots. What is more, regularity is written in the nature of
stainless steel cutting
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ZASTOSOWANIE METODY BROWNA DO PROGNOZOWANIA
ZNISZCZENIA KOMPOZYTU WARSTWOWEGO

APPLYING THE BROWN METHOD TO FORECAST THE FAILURE
OF A LAMINATE COMPOSITE

Przeprowadzono badania wytrzymatosciowe polegajgce na rozcigganiu ze stalq predkosciq az do momentu zniszcze-
nia trzydziestu probek kompozytu warstwowego wzmocnionego wioknem szklanym, formowanego metodg RTM. Dane
empiryczne charakteryzowaly sie duzym rozrzutem, co wymagato wykonania analizy statystycznej. Dla uzyskanych da-
nych zaproponowano metodg umozliwiajgcq wyznaczenie prognozy naprezen niszczgcych probke. Prognoza powstaje
w oparciu o analize relacji empirycznej pomiedzy odksztatceniem a naprezeniem w stanach poprzedzajgcych zniszczenie
probki z zastosowaniem metody Browna .

Stowa kluczowe: kompozyt warstwowy, zniszczenie, modelowanie, metoda Browna.

A fiberglass-reinforced laminate composite material formed by resin transfer molding (RTM) was tested for tensile
strength. Thirty samples were stretched with a constant velocity until they failed. As there was a large scatter of empirical
data, a statistical analysis was performed. The data were used to forecast stresses that lead to the material failure. The fo-
recast was based on the stress-strain relationship immediately before failure. The forecasting involved simple exponential

smoothing using the Brown method.

Keywords: laminate composite, failure, modeling, the Brown method.

1. Wprowadzenie

Kompozyty zlozone z widkien wzmacniajacych i matrycy
polimerowej wymagaja coraz wigkszej informacji o ich wtasno-
$ciach mechanicznych zaspokajajacych wymagania przemystu
w zakresie jakosci i powtarzalno$ci produkowanych wyrobow
[8]. Mechanika kompozytow rozwijala si¢ w stworzeniu teorii
deformacji i zniszczenia na bazie strukturalnych rozwazan [1].
Przy tworzeniu modeli obliczeniowych dazymy do zwigzania
charakterystyk komponentéw kompozytu z wytrzymatoscia
wyrobu.

Do opisania wpltywu wszystkich dostepnych, fizycznych
charakterystyk konieczne s zwigzki pomigdzy wlasnosciami
wiokna kompozytu jednokierunkowego czy kompozytu war-
stwowego [10, 13-14].

W przypadku kompozytéw polimerowych niszczeniu ule-
gaja komponenty kompozytowe poprzez peknigcia w matrycy,
delaminacje, zniszczenie wzmocnienia, pojawienie si¢ mikro-
peknigceia i jego rozwoju az do zniszczenia [15, 19]. Potrzeba
okreslenia trwalosci statycznej, czy zmeczeniowej elementow
konstrukcji z materialdbw na osnowie polimerowej, wymusza
na nas poszukiwanie innych niz opartych na czystym opisie
fizycznym, sposobow oceny trwatosci. Do nich zaliczy¢ moz-
na przede wszystkim te, ktore oparte sa na mniej lub bardziej
fizycznie uzasadnionych, fenomenologicznych hipotezach ku-
mulacji uszkodzen.

Poza hipotezami fenomenologicznymi spotkac takze moz-
na hipotezy statystyczne oparte na zwigzkach statystycznych
pomiedzy wynikami badan uzyskanymi w warunkach statych
obcigzen, a wynikami dla obciazen eksploatacyjnych czy im
odpowiadajacych [5, 12].

Statystyczne teorie wytrzymatosci rozwijaly si¢ w pracach
Danielsa [9], Bolotina [3], Rozena [16], Tamuza, Teterca [11],

1. Introduction

It is essential that the properties of laminate composites
be thoroughly investigated because of the increasing require-
ments of industry for high quality and repeatable products [8].
The theory of deformation and failure developed according to
the mechanics of composites involves meso- and nano-scale
structure modeling [1]. Calculation models need to take into
account the properties of composites, the adhesion phenomena
and the fiber orientation. The literature on the subject [10, 13-
14] describes numerous concepts of such models based on the
relationships between the characteristics of the particular con-
stituents and the overall strength. The failure taking place in po-
lymer-based composites is a multi-stage phenomenon starting
with matrix cracking followed by delamination and failure of
reinforcement, then microcrack initiation and propagation, and
finally overall failure [15, 19]. It is necessary that the durability
of structural polymer-composite elements subjected to static or
fatigue loads be determined using methods other than those ba-
sed on purely physical description. The alternative methods are
based on more or less physically justifiable phenomenological
hypotheses of damage accumulation.

Apart from the phenomenological hypotheses, there exist
statistical hypotheses based on the relationships between expe-
rimental results obtained under constant and variable load con-
ditions, with the latter simulating real service conditions [5,
12].

The statistical theory of strength has been discussed, for
instance, by Daniels [9], Bolotin [3], Rozen [16], Tamuz and
Teterek [11] Kleinhof [7], and Tai [17]. These works deal with
the strength of fibers in laminate composites established at dif-
ferent loads acting on the matrix and the interface. Adhesive
strength was also considered. There was a considerable scatter
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Kleinhoffa [7], Tai [17] i innych. Ogélnie méwiac badano wy-
trzymato$¢ witokna w kompozycie przy réznych dopuszcze-
niach pracy matrycy i pogranicznej warstwy miedzy kompo-
nentami kompozytu (wytrzymato$¢ adhezyjna).

Niniejsza praca jest probg przedstawienia wybranego frag-
mentu zachowania si¢ komponentow kompozytu na osnowie
polimerowej uwzgledniajgc wptyw parametrow technologii na
starzenie.

2. Metodyka i przebieg badan

Materialem badanym jest kompozyt warstwowy wzmoc-
niony wioknem szklanym wykonany metodg RTM (ang. Resin
Transfer Moulding) w Centrum Kompozytow w firmie ,,BEL-
LA”, ktérego parametry technologiczne ilustruje tabela 1 [1, 4].

Tab. 1. Parametry technologiczne formowanego technikq RTM kompozytu

of results; the calculation data did not coincide with the results
of the laboratory tests. It is vital that the new models take acco-
unt of the forecast theory from the point of view of mathema-
tical statistics.

2. Material

The material under analysis was a fiberglass-reinforced la-
minate composite produced by resin transfer molding (RTM) at
the BELLA Composite Centre with the following composition
(1, 4]:

Tab. 1. Technological parameters of the composite produced with the RTM method.

z . I Utwardzacz Cisnienie Czas Czas
Wspotczynnik wzmocnienia . . -
o rat] A Stiffener wtrysku utwardzania odformowania
Kompozyt [%] (objetosciowy) Zywica L .
K oA . R Pressure Additional Deforming
Composite Strength coefficient,% (volumetric) Resin . .
Peroxan M50L hardening time
Syncoglass 5375/k500/375 . .
[ml] [atm] [min] [min]
S &
Em
A 41,0 = & 40 1,0 15 95
=

Z uzyskanej ptyty laminatu (z zywicy Polimal 109-32K
i wzmocnienia w postaci maty szklanej Syncoglass 5375/
k500/375) o grubos¢ ok. 1.8+2,0 mm wycigto probki wedtug
normy PN — EN 10002 — 1 +AC1, 1997, ktére poddano statycz-
nej probie rozciagania.

Statyczna proba rozciagania zostata przeprowadzona na
maszynie wytrzymatosciowej INSTRON 4502 w Laboratorium
Wytrzymatosci Materialow — Centrum Laserowych Technolo-
gii Metali Politechniki Swigtokrzyskiej.

Technologia wykonania polegala na ulozeniu dwoch
warstw maty szklanej pomigdzy goérna i dolna czgscia formy,
a nastepnie po szczelnym zamknigciu formy wtloczono ciekla
mieszank¢ zywicy pod cisnieniem ok. 100 kPa (1 atm), ktora
pozostawiono do utwardzenia.

Jednym z celow tworzenia kompozytow warstwowych jest
hamowanie procesow powstawania i propagacji szczelin w ma-
teriale. Odporno$¢ kompozytu na pgkanie jest tym wigksza im
wigcej warstw wlokna szklanego zawiera kompozyt, ktorego
mikrostrukture ilustruje rysunek 1.

Kierunek ulozenia wiokien szklanych jest typu 2D. Udziat
wiokien w przenoszeniu obcigzen jest zalezny od procentowej
objgtosci widkien ¥V, w materiale, od stosunku modutéw od-
ksztatcalno$ci wiokien i matrycy E/E , oraz od wytrzymatosci
adhezyjnej pomigdzy komponentami. Z badan wtasnych [6]
wynika, ze wytrzymato§¢ kompozytu zalezy takze od niedo-
trzymania parametréw technologicznych i tzw. efektow krawe-
dziowych.

Przyjmuje si¢, ze w statycznej probie rozciggania kom-
pozytu warstwowego zachodzi trzy etapowy proces zniszcze-
nia. W pierwszym etapie zniszczeniu ulega matryca, w ktorej
mozna zaobserwowac¢ liczne mikropegknigcia w catej objetosci
materiatu (rys. 2).

From the produced laminate plate (with Polimal 109-32K
epoxy and reinforced with the glass mat Syncoglass 5375/
k500/375) of height ca. 1.8+2,0 mm samples were cut accor-
ding to PN-EN 10002—-1+AC1, which underwent static tensile
strength tests.

Static tensile strength tests underwent on the strength ma-
chinery INSTRON 4502 in the laboratory of Material Strength
the Centre for Laser Technologies of Metals a unit of the Kielce
University of Technology.

The composite was produced by placing two layers of glass
mat in a mold, one on the upper part and the other on the bot-
tom. After the mold was closed, a vacuum was created by allo-
wing the air to escape. A liquid resin mixture was injected into
the mold at a pressure of approximately 100 kPa (1 atm) and
left to harden.

A major advantage of laminate composites is that the pro-
cesses of crack formation and propagation can be prevented.
The fracture toughness of this composite can be improved by
increasing the number of fiberglass plies. The composite micro-
structure is presented in fig. 1.

A two-dimensional orientation of the fiber axes was used.
The load that the fibers can transfer is dependent on the fiber
volume fraction V,, the fiber-to-matrix ratio E/E , and the ad-
hesive strength between the components. The experiment re-
sults presented in [6] show that the composite failure is due to
non-optimal technological parameters and the so-called edge
effects.

It is assumed that there are three modes of static tensile
failure of the laminate composite material. First, the matrix
failure is observed. There are numerous microcracks in the
whole volume of the sample (fig. 2).
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Rys. 1. Struktura kompozytu warstwowego: 1 — wldkna, 2 — osnowa

Fig. 1. Structure of the laminate composite: 1 — fibers, 2 — matrix

Rys. 2. Struktura z mikropeknieciami w osnowie kompozytu: 1 — wiok-
na, 2 — osnowa, 3 — mikropekniecia

Fig. 2. Structure with microcracks in the composite matrix: 1 — fibers,
2 — matrix, 3 — microcracks

Rys. 3. Mikrostruktura z lokalnym zniszczeniem matrycy i widkna szklanego

Fig. 3. Microstructure with local failures of the matrix and the fibers.

Wykruszenie matrycy powoduje przeniesienie naprezen na
wilokna. Zrywanie kolejnych wiokien kompozytu tworzy dru-
gi etap zniszczenia. Na rysunku 3 ukazano lokalne zniszcze-
nie osnowy i wlokna. Powstanie szczeliny we wioknie moze
wywolaé przegrupowanie stycznych naprezen w otoczeniu
wilokna. Dalszy wzrost naprezen uruchamia lawinowe pekanie
kompozytu.

Trzeci etap zniszczenia tworza zjawiska wywotane dalszym
narastajagcym odksztalceniem probki. Rozpoczyna si¢ proces
oddzielenia wlokien od osnowy i ich wyciaganie. Zjawiska te
sa opisywane w teorii wytrzymatosci adhezyjnej [6].

Z badan [7, 8] wynika, Ze zniszczenie kompozytu moze
przebiega¢ zardwno w trzy etapowym procesie lub z pominig-
ciem etapu drugiego. Taka interpretacja zjawisk wskazuje, ze
dla tego materiatu nie zachodzi czyste $cinanie, za§ wlasnosci
wytrzymato$ciowe kompozytu w duzej mierze zaleza od war-
tosci 1 rozktadu sit adhezji miedzy komponentami kompozytu
oraz od wytrzymatosci zastosowanej zywicy. Przebieg zjawi-
ska dekohezji - jako jednej z przyczyn zniszczenia kompozytu
- zalezy takze od sposobu obcigzania probki.

The cracking causes stress transfer from the matrix to the
fibers. Then, gradual rupture of fibers takes place (mode two).
Figure 3 shows local failure of the matrix and the fibers. Fiber
cracking may lead to changes in the tangential stresses. An in-
crease in the stresses results in avalanche-like failure processes.
In the third mode of failure, more deformations are observed.
The process of the fiber-matrix separation is followed by the
fiber elongation. The phenomena are described in the theory of
adhesive strength [6].

It has been found that the failure [7, 8] of a composite ma-
terial may also occur in two stages, instead of three, with the
second stage missing. This interpretation shows that no pure
shear occurs, and that the composite properties depend on the
distribution of adhesive forces in the components as well as
the resin strength. The decohesion process, which is one of the
causes of the composite failure, is governed by the sample lo-
ading.
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3. Przebieg badan i wyniki

Z otrzymanego kompozytu w postaci plyty o grubosci 0,003
m wyci¢to 30 probek do statycznej proby rozciggania wedtug
normy PN — EN 10002 — 1 +AC1, 1997. Badania wytrzymato-
$ciowe przeprowadzono na maszynie wytrzymatosciowej Serii
IX firmy ,,INSTRON 8501 w Centrum Laserowych Technolo-
gii Metalu Politechniki Swictokrzyskiej w Kielcach. Proby roz-
ciggania probek przeprowadzano az do momentu zniszczenia
ze statg predkosciag wynoszaca 0,18 m/h (3 mm/min). Okreslo-
no empiryczng zalezno$¢ naprezen rozeiagajacych o [MPa] od
wzglednych odksztalcen liniowych € [%] dla kazdej probki. Na
rysunku 4 przedstawiono wykres badanej zaleznosci dla dwoch
probek o ekstremalnych warto$ciach napr¢zen niszczacych:

0,.7945MPadlag  =0,0214 %,

max ax

0,,=159.5 MPa dlae, =0,0278 %.

3. Experiment and results

Thirty samples were cut from a composite plate with
a thickness of 0.003 m to study the material tensile strength
according to the PN-EN 10002-1+AC1: 1997 standard. The
tensile properties of the laminate composite material were test-
ed at the Centre for Laser Metal Technologies of the Kielce
University of Technology using an INSTRON 8501 materials
testing machine equipped with Seria IX software. The testing
was performed at a constant velocity of 0.18 m/h (3 mm/min).
The empirical relationship was determined between the tensile
stress 6 [MPa] and the relative linear strain € [%] for each sam-
ple. Figure 4 shows the stress-strain curve for two samples with
extreme breaking stresses:

0,.7945MPadlag  =0,0214 %,

max ax

7,.=159,5 MPa dlae, =0,0278 %.

Rys. 4. Dane empiryczne statycznej proby rozciggania kompozytu warstwowego dla probek o ekstremalnych naprezeniach niszczgcych

Fig. 4. Empirical data concerning the static tensile strength of the laminate composite samples with extreme tensile stresses

Warto$ci naprezen i odksztalcen niszczacych dla pozosta-
tych dwudziestu o$miu probek zawieraja si¢ w przedziatach
wyznaczonych przez dane dla probek prezentowanych na ry-
sunku 4. Rozstgp warto$ci odksztatcenn maksymalnych dla tych
probek wynosi 0,0064 %, za$ przyrost wzgledny liczony jako
stosunek rozstepu do wartosci minimalnej wynosi 0,299 [-].
Dla naprezen ekstremalnych rozstep i przyrost wzgledny dla
tych samych probek wynoszg odpowiednio: 65 MPa i 0,688 [-].
Wyniki badan pozostatych dwudziestu o$miu probek charakte-
ryzowaly si¢ do§¢ duzym rozrzutem, co wymagato wykonania
analizy statystycznej otrzymanych wynikow.

Stosujac statystyke opisowa [2] wyrdzniono nastgpujace
dane o naprezeniach niszczacych, ktore dzielg zbior w szeregu
uporzadkowanym rosngco na cztery czesci:

- kwartyl dolny (25-ty percentyl) wynosi 109,7 MPa,

- mediana (50-ty percentyl) wynosi 114,1 MPa,

- kwartyl gorny (75-ty percentyl) wynosi 128,5 MPa.

Dla danych empirycznych odstep migdzykwartylowy wy-
nosi 18,8 MPa, co oznacza, ze jest to warto$¢ rozstgpu naprezen
niszczacych dla 50% ilosci probek o warto$ciach naprezen sku-
pionych wokot wartosci medialnej.

Wyznaczono takze nastgpujace miary tendencji centralnej
zbioru napre¢zen niszczacych:

- warto$¢ modalna (dominanta) wynosi 113 [MPa],

- $rednia w probie wynosi 119,5 [MPa].

The values of breaking stresses and strains for the other
twenty eight samples were determined on the basis of the data
presented in fig. 4. The difference in maximum strains was
0.0064 %, while the relative growth rate calculated as the ratio
of the difference and the minimum value was 0.299 [-]. In the
case of extreme stresses, the range and the relative growth rate
for the same samples were 65 MPa and 0.688, respectively [-].
Due to a large scatter of results, it was necessary to conduct
a statistical analysis for the other twenty eight samples.

Using descriptive statistics [2], we distinguish the follo-
wing data concerning breaking stresses, which divide the set in
the series of ascending order into four parts:

- lower quartile (25-th percentile): 109.7 MPa,

- median (50-th percentle): 114.1 MPa,

- upper quartile (75-th percentile): 128.5 MPa.

For the empirical data, the interquartile range is 18.8 MPa,
which means that it is the difference in breaking stresses for
50% of samples with stress values concentrated around the me-
dian.

The measures of the central tendency of the set of breaking
stresses are:

- the modal value (a dominant): 113 [MPa],

- the sample mean: 119.5 [MPa].
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J. W. Tukey [18] proponuje przeprowadzenie wstepnej ana-
lizy danych (ang. exploratory data analysis) z zastosowaniem
metody stem-leaves (,,todyga—liscie”), ktorg przeprowadzono
dla naprezen i odksztalcen niszczacych (tab. 2). Metoda przy-
pomina przedstawienie danych za pomocg histogramu, lecz po-
siada przewagge na uniknigciu utraty informacji, ktora w histo-
gramie wynika z agregowania danych w podprzedziaty. Metoda
pozwala uzyska¢ wglad do wszystkich danych oraz pozwala
wstepnie oszacowac rozktad.

W zestawieniu todyga — liScie, todyga jest liczba, ktora po-
wstala przez opuszczenie ostatniej cyfry — liScia. Liczba ,,}o-
dyga” pisana jest z lewej strony pionowej kreski, zas z prawej
kolejne liczby ,,liscie”. W tabeli 2 przedstawiono dwa zestawie-
nia danych. W zestawieniu dla maksymalnych naprezen uzy-
to 30 wartoSci po zaokragleniu ich do wartosci catkowitych.
W pierwszym wierszu jest zapisana warto$¢ najmniejsza napre-
zenia niszczacego wynoszaca 94 (przed zaokragleniem 94,5),
dla ktorej ,,lodyga” jest liczba 9, a ,,liSciem” 4. W drugim wier-
szu zapisano wartosci szesciu nastgpnych naprezen. Dla przed-
stawienia odksztatcen zaokraglono je do czwartego miejsca po
przecinku.

J.W. Tukey [18] proposes that the exploratory data analy-
sis be conducted using stem-and-leaf plots. In our study, we
analyze the breaking stresses and strains (table 2). The data are
presented in a graphical format, similar to a histogram. In ste-
m-and-leaf plots, the original data are retained, while in histo-
grams, the data are aggregated into subintervals. Stemplots are
useful for displaying the data and giving a quick overview of
distribution.

In a stemplot, the stem is the number obtained by leaving
the last digit — the leaf. The stems are listed to the left of the
vertical line, while the leaves, i.e. the next digits, to the right.
Table 2 shows two stem-and-leaf plots. The stemplot presenting
the maximum stresses was constructed using 30 values rounded
to integers. In the first row, we write the lowest value of the
breaking stress, which is 94 (94.5 before rounding). The stem is
number 9, and the leaf is number 4. In the second row, the next
six values of the stresses are given. The values of the strains
were rounded to four decimal places.

As can be seen from table 2, the distribution of breaking
stresses is right-skewed (the average value is higher than the
median), and has positive excess kurtosis (leptokurtic distri-

Tab. 2. Zestawienie fodyga - liscie dla danych eksperymentalnych
Tab. 2. Stemplot for the experimental data

Naprezenia niszczace
Breaking stresses

Odksztatcenia niszczace
Breaking strains

oj4
101266789
11)023333344479
120127

132358

14|59

159

0,021)01449
0,022/4679
0023444466
0,024/0119
0,025[369
0,026[34589
0,027/48
0,028]9

Z zestawienia danych eksperymentalnych w tabeli 2 wy-
nika, ze rozktad napre¢zen niszczacych jest nieznacznie prawo-
sko$ny (warto$¢ $rednia jest wigksza od mediany), spiczasty
(lepkokurtyczny), ale zblizony do normalnego, za$ rozklad
odksztalcen niszczacych jest splaszczony (platokurtyczny).
Pelne zestawienie par danych naprezenie-odksztalcenie nisz-
czace przedstawiono na wykresie (rys. 5). Stosujac metode naj-
mniejszych kwadratow wyprowadzono rownanie linii regresji
W postaci:

Y=b,+bX (1)

gdzie: ¥ — wielko§¢ reprezentujaca naprezenia niszczace o
w populacji, o wartosciach obliczonych z réwnania regresji dla
danych odksztalcen X=¢ [%], b, , b, — estymatory parametrow
regresji o warto$ciach: by = 9,89 i b =4520,3

W dalszej czgsci przedstawiono model statystyczny, ktd-
ry ma umozliwi¢ wykonanie oszacowan dla populacji danych
eksperymentalnych dla probek kompozytu warstwowego
o tym samym sktadzie i wykonanych identyczng technologia
RTM. W tym celu niezb¢dne jest wykonanie czterech nastepu-
jacych zatozen:

1) btedy losowe w modelu majg rozktad normalny,

2) $rednia btgdow losowych rowna jest 0,

3) wartosci bltedow losowych sa wzajemnie niezalezne

(brak korelacji),
4) wariancja bledow losowych ma warto$¢ statg.

bution), which makes it similar to a normal distribution. The
distribution of breaking strains, on the other hand, has negative
excess kurtosis (platykurtic distribution). All the data pairs for
the breaking stress-breaking strain relationship are displayed in
fig. 5.

The method of least squares was applied to derive the equ-
ation of the regression line:

Y=b,+bX (1)

where: ¥ — quantity representing the breaking stresses o in the
population, with values calculated from the regression equa-
tion for known values of strains X=¢, b, b, — estimators of the
regression parameters: b, = 9.89 and b, = 4520.3.

The regression equation was derived basing on the expe-
rimental data for laminate composite samples produced with
the RTM method that had the same composition. A statistical
model was then applied to make estimations for the population
of the experimental data. The following four assumptions were
made:

1) model random errors are normally distributed,

2) the mean of the random errors is equal to O,

3) random errors are not correlated,

4) random error variance is constant.
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Rys. 5. Dane empiryczne naprezen i odksztatcen niszczqcych probki kompozytu warstwowego

Fig. 5. Empirical data of the breaking stresses and strains for a laminate composite sample

Pierwsze zatozenie umozliwia korzystanie z rozktadu t oraz

F. Znajomos$¢ krytycznej warto$ci w rozkladzie t pozwala na

wyznaczenie przedziatow ufnoéci dla parametrow i f row-

nania regresji w populacji ¥ = g, + g X. Wzory na (1-a)100%
przedziaty ufno$ci maja postac:

dla parametru g b, + L. 02y S(0))

dla parametru 8 b, £t , . s(b))

@

3)

gdzie: t ., - krytyczna warto$¢ w rozkladzie t dla zaklada-
nego poziomu istotnosci a i n licznej proby, s(b ) — ocena stan-
dardowego btedu estymatora b wyznaczana wedlug wzoru (4),
s(b,) — ocena standardowego btedu estymatora b, wyznaczana
wedtug wzoru (6).

s(by) = (s(XX*)"?) / (nSS )" “)
gdzie: X — odksztalcenia niszczace [%], n — liczno$¢ proby, SS,
— suma kwadratow odchylen zaobserwowanych X od wartosci
$redniej, S — standardowy blad szacunku wyznaczany wedtug
wzoru (5)
s=SSE/(n-2) 5)
gdzie: SSE — suma kwadratow odchylen zaobserwowanych
wartosci naprezen niszczacych Y od ich wartosci teoretycznych
¥, wyznaczonych za pomoca réwnania regresji, N — licznosé
proby.
Oceng standardowego bledu estymatora b, wyznaczono
wedtug ponizszego wzoru:

s(b,) =5/ (SS)"

gdzie: s, SS, — wielko$ci objasnione powyze;.

(6)

Za pomoca przedstawionego powyzej modelu statystycz-
nego utworzonego na podstawie powyzszych zatozen i wzorow
(1, .., 6) obliczono 95 % przedziat ufnosci dla parametréow re-
gresji:

B, =[-32,6; 52,4] , p, =[2776; 6264]

Powyzsze dane interpretuje si¢ nastepujaco - mozna miec
95 % pewnos¢, ze punkt przecigcia z osig rzgdnych linii regresji
dla populacji zawiera si¢ w przedziale [-32,6; 52,4] i analogicz-
nie, ze wspodtczynnik kierunkowy linii regresji dla populacji
miesci si¢ pomiedzy wartoSciami z przedziatu [2776; 6264].
Na rysunku 6 przedstawiono linie regresji dla parametrow f,
B, w populacji przy zatozeniu, ze f, = b, = 9,89, za$ parametr
B, przyjmuje najmniejsza i najwigksza warto$¢ z wyznaczone-
go przedziatu ufnosci. Do oceny jak silny jest zwigzek liniowy
pomigdzy odksztatceniami a naprezeniami niszczacymi, $wiad-
czacy rownoczesnie o dopasowaniu linii regresji do danych —
uzywany jest wspolczynnik determinacji R’.

From the first assumption it follows that we can use the
distribution of t and F. Knowing the critical value in the distri-
bution of t, we are able to determine the confidence intervals for
parameters 5, and 8, of the regression equation in the popula-
tion Y= + B X. The formula for the (1-2)100% confidence
intervals are:

dla parametru B b £t , . s(b) 2)

dla parametru § b, + tunno s(h)) ?3)
where: t, . — critical value in the distribution of't for the pre-
determined level of relevance a and number of samples, n, s(b,)
— standard error of the estimator b, estimated using formula (4),
s(b,) — standard error of the estimator b, estimated using for-
mula (6).

s(b,) = (s(XX*)'?) / (nSS )" “4)
where: X — breaking strains, N — number of samples, SS, — sum
of squared deviations of the observed breaking strains X from
the mean, S — standard error of estimation calculated using for-
mula (5)

s=SSE/(n-2) ®)
where: SSE — sum of squared deviations of the observed bre-

aking stresses Y from their theoretical values Y, calculated using
the regression equation, N — number of samples.

The standard error of the estimator b, was estimated using
the following formula:

s(h))=s/(SS)"”
where: s, S, — same as above.

(6)

By applying the statistical model based on the above as-
sumptions and formulae (1, .., 6), it was possible to calculate
a 95 % confidence interval for the regression parameters:

B,=1-32,6; 52,41, B, = [2776; 6264]

The above data can be interpreted as follows: there is 95
% certainty that the point of intersection of the ordinate axis
and the regression line for the population is in the interval
[-32.6; 52.4]. By analogy, the direction coefficient of the re-
gression line for the population is in the interval [2776; 6264].
Figure 6 presents the regression lines for parameters £, and j,
in the population assuming that #, = b = 9.89, while parameter
B, represents the lowest and highest value in the confidence in-
terval. The coefficient of determination R’ was used to estimate
how strong the linear relationship between breaking strains and
stresses is.
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Wspoélezynnik ten dla prezentowanych danych wynosi
R*=0,5, co znaczy, ze rOwnanie regresji wyjasnia okoto 50%
zmienno$ci naprezen niszczacych, za§ pozostale stanowia tzw.
nie wyjasnione odchylenia warto$ci empirycznych od warto-
$ci teoretycznych wyznaczonych rownaniem regresji. Waznym
zagadnieniem w analizie badan niszczacych jest analiza da-
nych poprzedzajacych moment zniszczenia. Dla zobrazowania
zmienno$ci naprezen zestawiono dane trzydziestu probek dla

The stress-strain relationship showed that the regression
lines were well fitted to the data. As the coefficient R? was 0.5,
the regression equation explained approximately 50 % of the
variance of breaking stresses. The rest is the unexplained de-
viations of the empirical data from the theoretical data calcu-
lated by means of the regression equation. Analyzing breaking
stresses in a material, we need to focus on the stresses occurring
immediately before failure. To illustrate the variance of stress-

wybranych czterech nastgpujacych odksztatcenr &, = {0,005; es, we used data for thirty samples. Four values of strain were
0,010; 0,015; 0,020} [%] (tab. 3). selected: & = {0.005; 0.010; 0.015; 0.020} [%] (table 3).

= 200
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Rys. 6. Dane empiryczne naprezen i odksztatcen niszczqcych probki kompozytu warstwowego (oznaczone jako ,,Serie 1) oraz trzy nastgpujgce linie
regresji: dla parametru w populacji f, =2776 (oznaczone jako ,, Beta dolna”), dla parametru w prébie b, =4520 (oznaczone jako ,, Liniowy”),
dla parametru w populacji f, =6264 (oznaczone jako ,, Beta gérna”)

Fig. 6. Empirical data of the breaking stresses and strains for a laminate composite sample (defined as “empirical data”) and three regression lines:
for the parameter in the population ff, =2776 (defined as “lower beta”), for the parameter in the sample b, =4520, for the parameter in the

population ff, =6264 (defined as “upper beta”)

Tab.3. Naprezenia w prébie rozciqgania trzydziestu prébek dla wybranych czterech €
Tab. 3. Tensile stresses for thirty samples for four selected values of strain

£€=0,005 % £=0,010% £€=0,015% £=0,020 %
3058 56|78 76/9 92|5
311123469 57]145 77|
320334778 58/46689 78]9 96|18
33]12688 591 7902 97|7
3415 60|3 8049 98|04 4
35/555 610299 81| 99]9
36| 622379 82268
37/0468 63|56 833 102/58
38 64| 84/05 10308
392 65|77 85/179 104|199
66|3 86/09 1053
6766 87|8 106(9107]1
68| 88|
69|88 8933 1101249
70| 90|28
7116 91)25 11378
92| 1143
938889 115
116[22
926|9 17|
1181
99|7
100] 1223
101]2
124)9
126|9
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W analizie zastosowano opisang wczesniej metode ,,fodyga
— licie”, gdzie cze$¢ calkowita naprezenia jest przed kreska,
za$ za kreska jest cz¢$¢ utamkowa po zaokragleniu do pierw-
szego miejsca po przecinku.

Z zestawienia danych eksperymentalnych w tabeli 3 wy-
nika, ze w miar¢ wzrostu odksztatcen nastgpuje coraz wigksze
splaszczenie rozktadow naprezen (platokurtycznosc), wskutek
narastajacej losowosci kierunku i skupien lokalnych zniszczen
osnowy kompozytu.

Po analizie wykresow wszystkich probek, postawiono hi-
poteze o mozliwosci prognozowania warto$ci naprezen nisz-
czacych na podstawie danych o napre¢zeniach uzyskanych z po-
miaréw dla odksztatcen £=0,010 %, ktore dalej nazywane sg
danymi wejsciowymi dla modelu prognostycznego. Zapropo-
nowano przeksztalcenie danych wejsciowych za pomoca pro-
gnostycznej metody Browna.

4. Proponowana metodyka

Metoda prognostyczny Browna [2] oparty jest na metodzie
prostego wygladzenia wyktadniczego. Istota metody polega
na wyznaczaniu wartosci prognozowanej tylko dla okresu lub
momentu czasu t+1, tylko o jeden okres do przodu. Metoda
zostala wybrana sposrod wielu metod prognostycznych w dzie-
dzinach zarzadzania i ekonomii z uwagi na zalecenia stoso-
wania jej w szeregach nie posiadajacych wyraznego trendu
i wahan sezonowych. Model Browna pozwala na wygtadzenie
szeregu w sposob, ze rosnie wptyw ostatnich warto$ci szeregu
na prognoze¢, w pordwnaniu do warto$ci przesztych. Prognoza
oparta jest na obliczeniach $redniej wazonej dla aktualnej i po-
przednich danych, tak aby wagi zmniejszaty si¢ geometrycznie
w marg¢ cofania si¢ na osi czasu, co zapisa¢ mozna w nastgpu-
jacej postaci:

7. = wZAw(1-W) Z, AW(l-WpZ,, + ...+ w(l-wy'Z (7)

gdzie: ZVHI — prognoza dla chwili czasu t+1, w — waga, Z, Z ,
Z, , — dane wartosci szeregu dla chwil czasu: t, t-1, t-2.

Dla utatwienia wykonania obliczen model wygtadzenia
wykladniczego zapisuje si¢ w postaci nastgpujacych réwnan
rekurencyjnych:

Z,=wZH+1-w)Z, ®)
23 =wZ,+(1-w) Zz
24 =wZH(1-w) Z3

Zn =wZ +(1-w) anl

W proponowanej metodyce zastosowano wygtadzenie wy-
ktadnicze naprezen dla odksztatcen w zakresie e=0 + 0,01 %,
dla ktorych przypisano wartosci czasu. Wartos¢ wagi w=0,7
wyznaczono eksperymentalnie. Na rysunku 7 przedstawiono
efekt wygtadzenia dla wybranej probki, gdzie dla krzywej wy-
gtadzenia wyznaczono réwnanie trendu y,=4754,5x z zatoze-
niem, ze linia trendu przecina o$ rz¢dnych w punkcie 0.

Powyzszy schemat obliczen zostat zastosowany dla wszyst-
kich trzydziestu probek. Uzyskane rownania linii trendu dla
kazdej probki wykorzystano do wyznaczenia prognozowanych
w ten sposob teoretycznych wartosci napr¢zen odpowiadaja-
cych zakladanemu odksztatceniu £=0,02 %. Wartos¢ ta zostala
wybrana bowiem jest najmniejsza warto$cig odksztatcenia nisz-

The analysis was performed using the stemplot method.
Below the line, we listed the integral part of stress, and above,
the fractional part rounded to one decimal place. From the data
presented in table 3 it follows that an increase in the strain rate
causes that the stress distributions have negative excess kurto-
sis (platykurtic distribution) due to an increasing randomness of
fiber orientation and local failure of the matrix.

After analyzing the stress-strain curves for all the samples,
we proposed a hypothesis that the breaking stresses could be
forecast basing on the data of stresses obtained from measure-
ments of strains, ¢=0.010 %, which will be hereafter referred to
as the input data for the prediction model. It was proposed that
the input data should be transformed using the Brown method.

4. Methodology

The Brown model [2] is based on the method of simple
exponential smoothing. The forecast value is determined only
for a period or moment of time t+1, only one period ahead. The
Brown method is one of the methods used for forecasting in
management and economics. It is suitable for series with no cle-
ar tendency and seasonal fluctuations. By smoothing a series, it
is possible to increase the effect of the last values of the series
on the forecast, compared to the previous values. The forecast
requires calculating the weighed average for the actual and pre-
vious data, i.e. decreasing weights geometrically and moving
backwards along the time axis, which can be written as:

7. = wZAw(1-W) Z, Aw(l-WpZ,, + ...+ w(l-wy'Z (7)

where: ZvI ., — forecast for a moment of time t+1, w — weight, Z,
Z,,, Z,, — known values of the series for the moments of time:

t,t-1, t-2.

The calculations were simplified by writing the model of
exponential smoothing in the form of recurrent equations:

Z,=wZH1-w)Z, ®)
23 =wZ,+(1-w) Zz
24 =wZH(1-w) Z3

Zn =wZ +(1-w) anl

The Brown model was employed to smooth the em-
pirical data of tensile stresses for strains in the range e=0 +
0.01 %. The weight was determined experimentally: w=0.7.
Figure 7 shows the effect of data smoothing for a selected sam-
ple, where the tendency equation, y,=4754.5x for the smoothing
curve was determined assuming that the tendency line crosses
the ordinate axis at point 0.

The above calculation procedure was used for all the thirty
samples. The equations of the tendency line were used for each
sample to determine the forecast theoretical values of stresses
corresponding to the assumed strain ¢=0.02 %. This value was
the lowest value of breaking strain in the set of experimental
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czacego w zbiorze danych eksperymentalnych. Wyznaczone
naprezenia nazwano prognozq wstepng naprezen niszczqgcych.

Warto$ci prognoz wstepnych potaczono w pary z danymi
z eksperymentu dla wylosowanych 18 prob. Dla kazdej probki
uzyskano inny bfad prognozy, co przedstawiono na wykresie
ponizej (rys. 8).W rownaniu regresji Y,=1,3465x,-43,701 nale-
zy przyjac, ze Y, oznacza teoretyczne wartosci naprezen zas X,
przyjmuje wartosci prognoz wstepnych. Do oceny jak silny jest
zwiazek liniowy regresji pomigdzy prognozowanymi wstepnie
napre¢zeniami niszczacymi a danymi empirycznymi wyznaczo-
Nno wspdlczynnik determinacji R°.

data. The obtained stresses were called the preliminary forecast
of breaking stresses.

The values of the preliminary forecasts were combined in
pairs with the experimental data for the randomly selected sam-
ples. Different forecast errors were obtained for each sample,
which is illustrated in fig. 8.

In the regression equation y,=1,3465x,-43,701 it should be
assumed that y, represents the theoretical values, while x,, rep-
resents the values of the preliminary forecasts.

The coefficient of determination R’ was calculated to assess
the linear relationship of regression between the preliminarily
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Rys. 7. Przyktad danych empirycznych z proby rozciggania oraz danych prognozowa-

nych metodq Browna z prostoliniowym trendem

Fig. 7. Example of the empirical data from the tensile strength test and the data forecast Fig. 8

with the Brown method with a rectilinear tendency

Wspoélezynnik ten dla prezentowanych danych wynosi
R?=0,6. Mozna przyja¢ interpretacje, ze uzyskane rownanie re-
gresji wyjasnia okoto 60 % zmiennosci empirycznych naprezen
niszczacych, za$ pozostale ok. 40 % stanowig tzw. nie wyja-
$nione odchylenia warto$ci empirycznych od wartosci teore-
tycznych wyznaczonych réwnaniem regresji.

W przypadku uzycia rdwnania regresji do prognozowania
naprezenia niszczacego, wedtug Aczel-a [2] nalezy liczy¢ si¢
z mozliwoscig popehienia duzych btedéw. Przyjmuje sig, ze
warto$¢ R*>0,8 pozwala uzyska¢ prognozy dobre, za§ R*>>0,6
prognozy, ktére moga by¢ zadawalajace w niektorych zasto-
sowaniach.

Dlatego w analizowanym przypadku wydaje si¢ stosow-
ne zastosowanie prognozy przedziatlowej. W tym celu nalezy
wyznaczy¢ przedziat predykceji dla teoretycznych wartosci y
wyznaczonych rdwnaniem regresji, ktory okreslony jest naste-
pujacym wzorem:

Y, £ 8, S{IH(1/N)+(X,-5) / (SS)}'? )

gdzie: X — warto$ci prognoz wstepnych naprezen niszczacych,
§ — $rednia dla wartosci X, pozostate oznaczenia jak we wzo-
rach (3, 4, 5).

Dla wyznaczenia 95 % przedziatu predykcji uzyto nastgpu-
jacych wartosci:

- krytyczna warto$¢ w rozktadzie t przy 16 stopniach swo-

body wynosi t, , =2,12;
- standardowy btad szacunku wynosi $=9,78;
- liczno$¢ proby wynosi N=18;

Rys. 8. Zestawienie wstgpnych prognoz z empirycznymi
danymi o naprezeniach niszczgcych oraz pro-
gnoza przedziatowa

Comparing the preliminary forecasts with the
empirical data of breaking stresses and the inte-
rval forecast

forecast of breaking stresses and the empirical data. The coef-
ficient was R?>=0.6. It can be assumed that the derived regres-
sion equation explains about 60 % of variance of the empirical
breaking stresses, while the other 40 % is the so-called unex-
plained deviations of the empirical data from the theoretical
values determined by means of the regression equation. Aczel
suggests [2] that if the regression equation is used to forecast
breaking stresses, the errors may be large. It is assumed that if
R2>0.8, the forecasts are good, while if R>>0.6 the forecasts can
be satisfactory in certain applications.

It seemed advisable to apply an interval forecast The fore-
cast interval for the theoretical values of y calculated by means
of the regression equation was determined by the following
formula:

£ 1, S{LH (UM HX,5)/ (SS)) 2 ©)

a2

where: X — values of preliminary forecasts of breaking stresses,
§ — the mean of X, the other designations like in formulae (3,
4,5).

The following values were used to calculate a 95 % predic-
tion interval:

- the critical value in the distribution of t at 16 degrees of

freedom: t , =2.12;
- the standard error of the estimate: $=9.78;

- the number of samples: n=18;
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- $rednia dla wartosci prognoz wstepnych X wynosi
§=120,27 [MPa];

- suma kwadratow odchylen prognoz wstepnych X od $red-
niej § wynosi SS =1230,2.

Przyjecie licznosci proby n=18 o wartoSciach wy-
losowanych pozwala na sprawdzenie doktadnosci pro-
gnozy przedzialowej po wykorzystaniu pozostatych 12
danych o wartosciach wczesniej tzw ,,zakrytych”, kto-
re tworza podzbior kontrolny. Po uwzglednieniu danych
z podzbioru kontrolnego stwierdzono zgodno$¢ prognozy prze-
dziatowe;j.

5. Wnioski koncowe

Na podstawie badan wytrzymatosciowych rozciggania ze
stalg predkoscia az do momentu zniszczenia trzydziestu pro-
bek kompozytu warstwowego wzmocnionego widknem szkla-
nym, zaproponowano metodyke prognozowania naprezen
niszczacych. Metoda wymaga posiadania danych eksperymen-
talnych napr¢zen w funkcji odksztatcen dla zakresu odksztalcen
£=0+0,01 %. W metodzie mozna wyrdzni¢ nast¢pujace etapy:
1) korzystajac z metody Browna dokona¢ wygtadzenia wy-

ktadniczego danych empirycznych o warto$ciach naprezen

dla zakresu odksztatcen od 0 do 40 % odksztatcenia nisz-
czacego;

2) dla wygladzonej funkcji empirycznej wyznaczy¢ metoda
najmniejszych kwadratow estymatory parametrOw regre-
sji tak zmodyfikowana, aby prosta przecinata o$ rzgdnych
w punkcie 0;

3) wstepng prognoz¢ napr¢zen niszczacych uzyskuje si¢ po
podstawieniu w rownaniu regresji wartosci odksztatcenia
réwng minimalnemu odksztatceniu niszczacemu w probie;

4) prognoz¢ koncowa uzyskuje si¢ z prognozy przedzialowej
po wyznaczeniu przedziatlu predykcji, w zestawieniu wstep-
nych prognoz z danymi empirycznymi.

Powyzej prezentowana metoda wymaga dalszych prac we-
ryfikacyjnych.

6. Preferences

- the mean for the preliminary forecasts x: §=120.27
[MPa];
the sum of squared deviations of the preliminary forecasts X
from the mean §: SS =1230.2.

The accuracy of the interval forecast was checked assuming
that the number of samples, n was 18, and the samples had ran-
domly selected values. The other twelve samples with previo-
usly covered values constitute a control subset. The data from
the control subset demonstrate the consistency of the interval
forecast.

5. Conclusions

The results of the static tensile strength tests conducted for
thirty samples made of a fiberglass-reinforced laminate com-
posite were used as the experimental data to forecast breaking
stresses. The forecasting method was based on the relationship
between breaking stresses and breaking strains in a given range
of strains, e=0+0.01 %. The process of forecasting the breaking
stresses for the material under analysis involved:

1) exponential smoothing of the empirical data using the
Brown method; the analysis of breaking stresses was li-
mited to the range of 0-40% of breaking strains;

2) determining the estimates of the regression parameters
for the smoothed empirical function by means of the me-
thod of least squares; the function was modified so that
the straight line crossed the ordinate axis at point 0;

3) preparing a preliminary forecast of breaking stresses by
using the minimum value of breaking strain in the regres-
sion equation to represent the strain in a sample.

4) preparing the final forecast from the interval forecast
after calculating the forecast interval.

The method described above requires further verification.
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Zoja BEDNAREK
Pawet OGRODNIK
Daniel PIENIAK

LABORATORYJNA METODA OCENY WPLYWU WYSOKICH
TEMPERATUR NA PARAMETRY EKSPLOATACYJNE
SYSTEMOW POLACZEN ZELBETOWYCH

LABORATORY METHOD OF EVALUATION OF INFLUENCE
HIGH TEMPERATURES ON MAINTENANCE PARAMETERS
OF THE REINFORCED CONCRETE SYSTEMS COMPOUNDS

Artykut prezentuje wyniki badan wplhywu temperatur wystepujgcych podczas pozaru na przyczepnosé stali do betonu oraz
oszacowanie tego wplywu na spadek przyczepnosci pomigdzy stalg zbrojeniowq i betonem, w warunkach pozaru oraz
po przebytym pozarze. W pracy przedstawiono wyniki badan przyczepnosci stali gladkiej St3S oraz zZebrowanej 18G2
do betonu C16/20 i C40/50 w warunkach popozarowych oraz w trakcie trwania pozaru. We wszystkich przebadanych
przypadkach stwierdzono znaczqcy spadek przyczepnosci betonu do stali zbrojeniowej na skutek oddziatywania tempe-
ratur pozarowych. Przebadano rowniez wplyw wytrzymatosci betonu oraz gatunku stali (gladka, zebrowana) na spadek
przyczepnosci w temperaturach pozarowych. Udowodniono, Ze wystgpujq istotne roznice przy badaniu przyczepnosci po
pozarze oraz podczas trwania pozaru, ktore swiadczq o czesciowym nawrocie przyczepnosci. Przedmiot badan jest scisle
zwigzany z bezpieczenstwem konstrukcji budowlanych w czasie trwania pozaru, jak i z oceng ich dalszego uzytkowania
po przebytym pozarze.

Stowa kluczowe: badanie przyczepnosci, beton zbrojony, spadek przyczepnosci w warunkach tempe-
ratur pozarowych.

The paper presents results from the research on fire temperature influence on steel-concret bond and on the bond reduc-
tion for both in-fire status and after-fire status. In the paper has been described bond test and results for materials St3S
(smooth), 18G2 (ribbed) reinforcement steel and C16/20, C40/50 concerete, both for in the fire and after-fire conditons. A
significant reduction of steel-concrete bond was found as the result of fire temperature. Influence of concrete strength and
of rebar type (smooth, ribbed) on the bond reduction in fire temperatures was tested. It was proven that significant bond
property differences exist between in-fire tests and after-fire tests, which evidence that the bond is regained partially after
the fire exposure. The research subject is closely related to the in-fire construction structures safety as well as with the
after-fire construction structures usability evalution.

Keywords: bond test, reinforced concrete, bond reduction in fire temperature.

1. Wstep 1. Introduction

Celem pracy badawczej, ktorej wyniki przedstawiamy
w artykule, byto okreslenie charakteru i wielkosci spadku przy-
czepnosci stali zbrojeniowej do betonu w warunkach termicz-
nych wystepujacych w czasie pozarow normowych opisanych
krzywa ,,temperatura-czas”,

T =20+ 3451og(8-t+1) (1)
gdzie: T - temperatura [°C], t - czas [min].

oraz krzywa zblizong do rozktadu temperatur na powierzchni
plyt zelbetowych. Badania przeprowadzono na dwoch grupach
probek w celu poréwnania otrzymanych wynikow.

Badania wykonane w trakcie grzania probek odpowiadaja
warunkom wystepujacym w czasie pozaru. W dalszej czesci
artykulu bedziemy okresla¢ ten rodzaj badan jako badania ,,na
goragco”. Badania po wstgpnej obrobcee termicznej w podobnych
jak w badaniach ,,na gorgco” warunkach termicznych przepro-
wadzono po ostygnigciu probek w temperaturach pokojowych

The objective of the research work, the results of which are
presented in the article, was to determine the character and size
of the bond reduction of reinforced steel — concrete in the ther-
mal conditions occurring during norm fires described by “tem-
perature — time” curve,

T =20+ 3451og(8-t+1) 1)
where: T - temperature [°C], t - time [mins].

and the curve close to the distribution of temperatures on the sur-
face of reinforced concrete plates. The tests were carried out in the
two groups of samples in order to compare the obtained results.
The tests carried out during heating of the samples corre-
spond with the conditions present during the fire. In the forego-
ing part of the article we will refer to this type of tests as “hot
tests”. The tests after introductory thermal treatment in the ther-
mal conditions similar to those of in “hot tests” were performed
after cooling down of the samples in ambient temperatures of
about 20° C. These tests are further referred to as “cold tests”.
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okoto 20°C. Badania te w dalszej cz¢Sci pracy beda okreslane

jako badania “’na zimno”.

Celem pordéwnania wynikow badan tych dwoch grup pro-
bek bylo wyjasnienie, czy wyniki badan spadku przyczepno-
$ci na skutek oddzialywania wysokich temperatur wykonane
w temperaturach pokojowych sg miarodajne dla oceny zacho-
wania si¢ konstrukcji zelbetowych w czasie pozaru. Jest to dosé¢
wazny czynnik zwigzany z wytrzymatoscig konstrukcji zelbe-
towych w czasie pozaru oraz z bezpieczenstwem ratownikow.
Zauwazono, bowiem w czasie akcji ratowniczo-gasniczych
odpadanie otuliny stropéw zelbetowych w czasie krotszym niz
wskazywataby na to ich odporno$¢ ogniowa.

Nalezy odnotowac interesujace wyniki uzyskane przez ba-
daczy zajmujacych si¢ zagadnieniem przyczepnosci. W bada-
niach przeprowadzonych przez [5] zastosowano probki z beto-
nu C50/60. W kazdej probce zatopiono dwa prety zbrojeniowe
o 3mm, przy czym dhugo$¢ osadzenia wynosita odpowiednio
6 i 8 cm. Nastepnie zostal zaprogramowany trojfazowy pro-
ces ogrzewania w zakresie temperatur od 240 do 550°C. Autor
badan stwierdza, ze w miar¢ wzrostu temperatury ogrzewania
probki przyczepnosé stali do betonu maleje. Mozna to juz za-
uwazy¢ dla temperatury 240°C. P. D. Morley, R. Royles [12,
13] wykazali, ze dla pretow zebrowanych o Srednicy ¢ 16 mm
w badaniach popozarowych przyczepnos$¢ po ogrzaniu probek
w temperaturze 100°C wynosi 80%, a przy temperaturze 200°C
ponownie ros$nie i wynosi 92% w odniesieniu do przyczepnosci
w temperaturze normalnej (20°C). W badaniach wykonanych
przez [8, 9] wykorzystano probki o wymiarach 100x100x400
mm ktore zostaly wykonane z réznych betondéw. Probki byty
zbrojone pretami zebrowanymi ¢ 10mm oraz ¢ 20mm a takze
pretem gladkim ¢ 8mm. Nastgpnie elementy byly ogrzewane
w zakresie temperatur od 350 do 700°C. Dla wszystkich prze-
badanych przypadkow autorzy stwierdzili istotny spadek przy-
czepnosci ktory w temperaturze 700°C wahat si¢ w zakresie
od 60do 80% w odniesieniu do przyczepnosci w temperaturze
normalnej. W badaniach przedstawionych przez [7, 10, 11] wy-
kazano ze spadek sily przyczepno$ci moze wynosi¢ nawet 60%
przy oddziatywaniu temperatury powyzej 500°C.

Podsumowujac aktualny stan wiedzy na podstawie dostegp-
nej literatury dotyczacej przyczepnosci stali do betonu mozemy
stwierdzi¢, ze:

* Wszyscy autorzy badan wskazuja na spadek przyczepnosci na
skutek oddziatywania wysokich temperatur.

* Stwierdzaja, ze z powodu zastosowania roznych metod ba-
dawczych wyniki badan przyczepnosci nie dajg si¢ w prosty
sposob poroéwnac. Jest to rowniez spowodowane rodzajem
uzytych do badan probek oraz sktadem betonu, rodzajem
zbrojenia i obrobka jego powierzchni.

* Wickszo$¢ badaczy wskazuje na to, ze na spadek przyczepno-
$ci pretow zebrowanych do betonu na skutek oddzialywania
wysokich temperatur wpltywa wytrzymatos¢ betonu.

2. Metoda badawcza

Do wykonania probek wykorzystano beton klasy C16/20
i C40/50 [14]. Wytrzymato$¢ charakterystyczng na $ciskanie
w 28 dniu okre$lono zgodnie z normg PN-EN 12350-1 [15].
Do zbrojenia zastosowano prety ze stali St3S gladkiej klasy A-1
oraz stali 18G2 zebrowanej klasy A-II o $rednicy ¢ 10 mm.

Celem zastosowania do wykonania probek stali gladkiej
oraz zebrowanej byto zbadanie wptywu zeber na spadek przy-

The main objective of comparing the results for the two
samples was to explain whether the tests results indicating the
bond reduction resulting from exposure to high temperatures
carried out in ambient temperatures are able to produce relevant
outcome sufficient to evaluate the behavior of reinforced con-
crete constructions during a fire. It is a considerably significant
factor connected with the resistance of reinforced constructions
in fire conditions as well as with rescurers safety. As it was
observed that in the course of rescue and extinguishing actions,
cleading of reinforced concrete floors came off at a shorter time
than it is suggested by their fire resistance.

It is necessary to note interesting results obtained by the
researchers dealing with the issue of adherence. In the research
conducted by [5] the samples of C50/50 concrete were used.
In each sample, the two reinforcement bars of 3 mm diameters
were drowned, where the length of seating amounted to 6 and
8 cm respectively. Next, the three-stage process of heating was
programmed in the temperature range from 240 to 550°C. The
author of this research concludes that adherence of steel to con-
crete decreases with the increase of the temperature of heating.
It is easy to notice this process in the temperature as low as
240°C. P.D. Morley, R. Royles [12, 13] showed that in the case
of ribbed bars with the diameter of 16 mm in post-fire tests, the
bond after heating of the samples in the temperature of 100°C
amounts to 80%, and in the temperature of 200°C it again rises
and equals 92% in relation to the bond in normal temperature
of 20°C. In the research carried out by [8, 9] the samples si-
zed 100x100x400 mm prepared from various types of concrete
were used. The samples were reinforced with ribbed bars with
diameter of 10 mm and 20 mm as well as with a smooth bar
with diameter of 8 mm. Next, the components were heated in
the temperature range from 350 to 700°C. In all studied cases,
the authors observed a significant increase in adherence, which
in the temperature of 700°C oscillated within the range from 60
to 80% in relation to the adherence in normal temperature. In
the tests presented by [7, 10, 11] it was revealed that the drop of
bond force may be even equal 60% in the temperature exposure
of over 500°C.

Summarizing current state of knowledge on the basis of
available literature concerning steel-concrete bond it may be
stated that:

* All authors point out to the decrease of the bond being the
result of exposure to high temperatures.

» The authors state that because of the application of various
research methods, the results of bond tests cannot be easily
compared. It is also caused by the type of samples used in
the tests as well as the composition of concrete, the type of
reinforcement and the treatment of its surface.

» Majority of researchers point out to the fact that the reduction
of bond of ribbed bars to concrete is affected by concrete re-
sistance.

2. Method

Concrete of C16/20 grade and C40/50 grade was used for manu-
facturing the samples [14]. The characteristic compressive strength
on day 28 was determined according to PN-EN 12350-1 [15]. The
reinforcement was made of A-I class smooth steel bars St3S and
A-II class ribbed steel bars 18G2 both of 10 mm diameter.

The purpose of using both smooth bars and ribbed bars was
testing the impact of ribs on the bond reduction under high fire
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czepnosci w temperaturach wysokich pozaru oraz wyjasnienie
mechanizmow tego zjawiska. Probki wykonano w pracowni In-
stytutu Konstrukcji Budowlanych Politechniki Warszawskie;j.

Na wyposazenie stanowiska badawczego sktada sig: piec
do wygrzewania probek wraz ze sterownikiem, maszyna wy-
trzymatos$ciowa, uktad pomiarowy temperatury oraz uktad re-
jestracyjny. Schemat blokowy stanowiska zostat przedstawiony
narys. 1A.

,

Rys. 1. Schemat blokowy stanowiska do badan ,,na gorgco’

temperatures as well as explaning this phenomenon. Samples
were made at The Institute for Construction Structures of the
Warsaw Technical University.

The station consists of few elements: furnace, used to heat
samples, with a programmer, strength machine, temperature
measurement system and recording system. Block scheme of
the station has been presented on fig. 1A.

2 A) 1 - Szafa sterujgca, 2 - Maszyna wytrzymalosciowa, 3 - Rama nosna, 4 - Piec, 5 -

Ukiad pomiaru przesuniecia, 6 — Komputer sterujqgcy, 7 - Miernik temperatur, 8 - Sterownik mocq pieca, miernik wydtuzen, 9 - Termopary, 10
- Sterownik pieca typu PSP 1, 11 - Komputer pomiarowy, 12 - Generator mocy, B) Maszyna wytrzymatosciowa z piecem; C) Uklad sterowania

i pomiaru

Fig. 1. The test stand for ‘hot experiments’: A) 1. Steering box , 2. Testing machine, 3. Carrying frame, 4. Furnace, 5. Transposition measurement sys-
tem, 6. Computer, 7. Measuring machine, 8. Driver of furnace power, extension meter, 9. Thermoelements, 10. Furnace's driver type PSP 1, 11.
Measuring computer, 12. Power oscillator, B) Strenght machine with the furnance; C) Control and measurement system

Wykorzystywany w badaniach ,,na goraco” piec oznaczony
symbolem P1000 zostal zainstalowany na wysiegniku maszy-
ny wytrzymatosciowej FPZ 100/1 (rys.1). Cz¢$¢ roboczg pieca
tzw. mufle stanowi komora cylindryczna wykonana ze stali za-
roodpornej. W celu ustabilizowania pracy pieca i mozliwosci
jego rozgrzewania do temperatury 1000°C w uktadzie sterujg-
cym zostal zainstalowany generator mocy. Podstawowym ele-
mentem pozwalajacym sterowa¢ moca pieca jest Programator
PSP 1 wraz z komputerem pomiarowym i oprogramowaniem
ThermoPro. Rejestracja mierzonych wartosci odbywa si¢ za
pomoca komputera klasy PC z karta pomiarowa PCL818HG
firmy Advantech.

W sktad stanowiska do badan ,,na zimno” zalicza si¢ Sred-
niotemperaturowy piec komorowy typu PK 1100/5. Szkielet
pieca wykonany jest z rur kwadratowych i nierdzewnej stalo-
wej blachy. Warstwe izolacyjna stanowia ksztattki i mata z wio-
kien ceramicznych. Elementy grzejne pieca wykonane zostaty
z drutu oporowego KANTHAL A1l w ksztalcie spiral. Uktad
sterowniczy pieca zostal wykonany w dwoch szafach potaczo-
nych z rama no$ng pieca. Realizujg one regulacje temperatury
oraz transmisje sygnatow termoelektrycznych z trzech czujni-
kéw pomiarowych. Caty uktad pomiarowy potaczony jest do
komputerem PC wyposazonego w program GENIE. Do bada-

Furnace, used in “hot tests”, marked with a symbol P1000,
has been installed on the extension arm of FPZ 100/1 strength
machine (fig. 1). Working element of the furnace, so called
muffle, is a cylindrical chamber, made of heat resisting steel. In
order to stabilize work of the furnace, and to heat the furnace,
up to the temperature 1000°C, power generator has been instal-
led in the programming system. The main element, which allow
to control the power of the furnace, is PSP 1 Programmer, toge-
ther with measuring computer, and ThermoPro software. Regi-
stration of measured values is done by the means of PC compu-
ter which has been equipped with measuring card PCL818HG
made by Advantech.

The main part of the station, used to carry out ,,cold tests”,
is an average-temperature chamber furnace type PK 1100/5.
Framework of the furnace was make of square pipes and sta-
inless steel metal sheets. Insulation coat was made of moulders
and ceramic fiber mate. Heating elements were make of resi-
stance wire KANTHAL A1 with a spiral shape.

Furnace steering system has been made of two boxes, con-
nected with the carrying frame of the furnace. The boxes realize
the temperature regulation and transmission of thermo-electri-
cal signals (out of three measurements sensors). The whole
system is connected to a PC computer equipped with GENE
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Rys. 2. Widok pieca PK 1100/5 wraz z umieszczonymi w Srodku probkami do badan: 1 - Piec, 2 - Sterownik temperatury, 3 - Elementy grzejne,

4 — Probki

Fig. 2. View of the PK 1100/5 furnace with samples placed inside: 1 - Furnance, 2 — Temperature controler, 3 — Heating elements, 4 — Samples

nia przyczepnosci uzyto uniwersalng zrywarke typu FPZ100/1.
Daje ona mozliwos¢ wprowadzenia sity rozciggajacej i utrzy-
mania jej na statym poziomie podczas badania. Maszyna po-
siada cztery zakresy predkosci przesuwu oraz cztery zakresy
zadawanych sit rozciggajacych.

2.1. Badania wykonane, na zimno”

Probki do badan ,,na zimno” wykonano w formie walca
o $rednicy 100 mm i wysokosci 150 mm (rys. 3). W s$rodko-
wej czesci probki na styku preta stalowego i betonu oraz na
zewnetrznej powierzchni probki rozmieszczono termopary.
Cienki kanalik do wprowadzania termopary wykonano w prob-
ce w czasie betonowania [1, 2, 3].

Obrobke termiczng probek przeprowadzono w piecu z pro-
gramatorem i sterownikiem temperatur w oparciu o przyjety
rozktad ,temperatura - czas”. W badaniach przyjeto rozktad
temperatur w plycie betonowej na glebokosci 15 mm od po-
wierzchni ogrzewanej podczas normowego pozaru opisanego
wzorem (1).

Po osiagnigciu zatozonej temperatury na przyjetym rozkta-
dzie utrzymywano ja na statym poziomie przez okres 30 minut
(rys. 4). W tym czasie wystgpowato wyrownanie temperatury
na powierzchni probki oraz na styku stali i betonu (rys. 5). Po
procesie wygrzewania probki
schiadzano przez 24 godziny do
osiagniecia temperatury poko-
jowej. Badania przeprowadzono
na maszynie wytrzymato$ciowej
stosujac metod¢ wyciagania preta
z probki (pull - out bond test). W
badaniu wyznaczono maksymal-
na site niezbedna do przesunigcia
preta w betonie.

program. For the bond test, an universal ripper type FPZ100/1
has been used. It gives possibility to introduce a stretching force
and to keep it on the constant level during the test time. The
machine has four transposition speed range and four range of
distension forces.

2.1.Cold tests

Cold tests were made as rollers of 100 mm diameter and
150 mm height (fig 3). Thermocouples were located in the sam-
ple middle where concrete contacts the rebar as well as on the
sample surface. A small-diameter channel for the thermocuple
was made in the course of pouring the concrete [1, 2, 3].

The thermal treatment was carried out in a furnace fitted
with a programmer and temperature controller using the tempe-
rature - time curve as adopted for tests. The temperature distri-
bution at 15 mm depth from the heated surface inside concrete
was assumed as in standard fire according to the formula (1).

After the required temperature had been reached, samples
were kept constant at constant temperature for 30 minutes (fig.
4). At the same time, temperatures equalized on the sample sur-
face and on the rebar-concrete contact surface (fig. 5). After the
heating, samples were cooled for 24 hours to reach the room
temperature. Pull-out bond tests were made using a strength te-

sting machine. The test was used
to determine the maximum force
required to move the rebar inside
concrete.

Rys. 3. Probki do badan “na zimno”

Fig. 3. Samples in “cold experiments”
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Rys. 4. Zalozony w badaniach ,,na zimno” rozklad temperatur z oznaczonym czasem osiggniecia temperatury zadanej

Fig 4. Temperature distribution as assumed for cold tests with reach times for different set temperatures

Rys. 5. Rozklad temperatur uzyskany w testach

Fig 5. Temperature curves obtained in tests

2.2, Badania wykonane w czasie grzania —,na goraco”

W celu porownania spadku przyczepnosci w badaniach ,,na
goraco” oraz ,,na zimno” w jednakowych warunkach termicz-
nych ustalono, ze podstawowym rozktadem temperatur bgdzie
rozktad wystepujacy na styku preta zbrojeniowego oraz betonu
w $rodkowej czesci probki [3, 4, 6].

Dazenie do ujednolicenia rozktadu temperatur na styku
stali i betonu doprowadzito do zmniejszenia $rednicy probek
w badaniach ,,na gorgco”. Srednice zmniejszono o 30 mm za-
chowujac wysokos¢ probki. Dzigki temu uzyskano bardzo zbli-
zone rozklady temperatur uwidocznione na rys.6.

2.2. Hot test

It was decided, that the temperature distribution on the ste-
el-concrete contact surface in the sample middle will be the ba-
sic temperature distribution for comparing the bond reduction
in hot tests and in cold tests in the same thermal conditions
[3, 4, 6].

The trend to equalize the temperature distribution on the
steel-concrete contact surface has led to smaller sample dia-
meters for hot tests. The diameter was reduced by 30 mm, the
height remained unmodified. This modification allows to ob-
tain temperature distribution curves being very similar to one
another as seen in fig. 6.
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Rys. 6. Porownanie rzeczywistych rozktadow temperatury w obydwu rodzajach wykonanych badan

Fig. 6. Actual temperature distributions compared for both test types

Badania przyczepnosci ,,na goragco” wykonano zgodnie ze
schematem przedstawionym na rys. 7. W czasie badania prob-
ki byly obcigzone stala sita utrzymywana w czasie proby. Jed-
noczes$nie ogrzewano probke zgodnie z przyjetym rozktadem
Htemperatura - czas” mierzac temperatur¢ na zewngtrznej po-
wierzchni oraz na styku preta i betonu.

Celem badania byto ustalenie temperatury krytycznej T, ,
przy ktorej nastgpowata utrata sity przyczepnosci odpowiada-
jaca statej sile obcigzajacej probke. Przyktadowy przebieg ba-
dania przedstawiono na rys. 8. Za moment utraty przyczepnosci
uznawano przesuni¢cie preta w stosunku do betonu, ktore po-
wodowato nagly spadek sity.

The hot tests were made according to the curve as in fig. 7.
Samples were loaded with a constant force over the test time.
At the same time, samples were heated according to the tempe-
rature - time curve as adopted with the temperature being me-
asured on the sample surface and on the steel-concrete contact
surface.

The test objective was to determine the critical temperature,
T,,» where the bond force reduction is equal to the sample load.
The test example is seen in fig. 8. The bond loss event was defi-
ned as the rebar movement with relation to the concrete, which
results in a sudden force reduction.

Rys. 7. Schemat przebiegu badania ,,na gorgco”. Okreslenia temperatury krytycznej (spadku przyczepnosci) gdzie: 1 — Rozklad temperatury w miejscu
styku betonu z pretem stalowym, 2 — Wykres sily przylozonej do probki (wyciggajqcej pret z betonu)

Fig. 7. Hot test diagram. Determination of critical temperature for (bond reduction) whereas: 1 — Temperature on the steel-concrete contact surface,

2 — Force applied to the sample (pulling the rebar from the sample)
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Rys. 8. Przyktadowy przebieg badania ,,na gorgco”: 1 — Temperatura na styku preta z betonem, 2 — Temperatura na powierzchni probki betonoweyj,

3 — Obcigzenie

Fig. 8. Hot test example: 1 — Temperature on the steel-concrete contact surface, 2 — Temperature on the sample surface, 3 — Loaded

3. Wyniki badan

Wyniki badan przyczepnosci ,,na zimno” oraz ,,na goraco”
opracowano w postaci wykresow w celu pokazania zalezno$ci
temperatury krytycznej do utraty przyczepnosci dla przyjetych
w badaniu zmiennych statych (klasa betonu, gatunek stali). Na
rys. 9 przedstawiono wyniki badan uzyskane w tescie ,,na zim-
no ,, natomiast na rys. 10 wyniki badan uzyskane w tescie ,,na
goraco”.

3.The results

The bond “ hot” and “cold” tests results were analyzed in
the form of charts in order to show the relation between critical
temperature and the loss of bond for accepted constant varia-
bles (concrete class, type of steel). Illustration 9 shows the tests
results obtained in the cold test while illustration 10 presents
the results observed in hot test.

Rys. 9. Spadek przyczepnosci stali do betonu w zaleznosci od temperatury i system zelbetowego (test ,,na zimno”)

Fig. 9. Decrease of steel-concrete bond in relation to temperature and reinforced concrete system (“cold test”)
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Rys. 10. Spadek przyczepnosci stali do betonu w zaleznosci od temperatury i system zelbetowego (test ,,na gorgco”)

Fig. 10. Decrease of steel-concrete bond in relation to temperature and reinforced concrete system (“hot test”)

W tabeli 1 przedstawiono parametry statystyczne wynikow
wytrzymato$ci dla wszystkich systemow zelbetowych w kolej-
nych przedziatach temperatury.

Uzyskane wyniki badan zostaly poddane analizie. Doko-
nano statystycznej oceny roéznic miedzy $rednimi rozktadem t
Studenta. Celem analizy byto wykazania r6znic w dynamice
spadku przyczepnosci resztkowej stali do betonu.

Podawany w wynikach testu t poziom p reprezentuje praw-
dopodobienstwo biedu zwiazanego z przyjeciem hipotezy
o istnieniu réznic migdzy Srednimi. Inaczej jest to prawdopo-
dobienstwo popehienia bledu polegajacego na odrzuceniu hi-
potezy o braku réznicy migdzy $rednimi w dwoch badanych
kategoriach obserwacji nalezacych do populacji generalnej
(reprezentowanych przez badane grupy) w sytuacji, gdy stan
faktyczny w populacji jest taki, iz hipoteza ta jest prawdziwa
[16]. Zatozono, ze warto$¢ p < 0,05 wskazuje na istotna réoznice
miedzy srednimi, przy wigkszych wartosciach istotnosci p hi-
poteze nalezy odrzucic.

Znak funkcji t, podobnie jak w przypadku zmiennej stan-
daryzowanej wskazuje na ujemne lub dodatnie odchylenie od
sredniej [18].

W identyfikowanych grupach uzyto kodow grupujacych
charakteryzujacych system zelbetowy poprzez gatunek stali
i betonu.

W pierwszym tescie badano rdznice mi¢dzy systemami ba-
danymi ,,na zimno” dla réznych pozioméw obcigzenia termicz-
nego. Dla tej populacji uzyto testu t dla zmiennych zaleznych.
W tabeli 2 przedstawiono wyniki tego testu.

W tabeli 3 przedstawiono wyniki oceny réznic migdzy
$rednimi zagregowanych wynikow badanych systemow zelbe-
towych w tescie ,,na zimno”.

W celu poréwnania wynikow uzyskanych w testach ,,na
zimno” 1 ,,na goraco” uzyto testu 7-Studenta dla prob niezalez-
nych. Jest to spowodowane wykorzystaniem réznych probek
w odmiennych interwatach obciazenia [17].

Test ¢-Studenta dla dwoch niezaleznych prob, jest wykorzy-
stywany do testowania hipotezy odnoszacej si¢ do oceny istot-

Table 1 shows statistical parameters of the test results of all
reinforced concrete systems in subsequent temperature ranges.

The obtained test results were analyzed. Statistical evalu-
ation of differences between mean values was made by means
of t-Student test. The aim of the analysis was to show differen-
ces in dynamics of decrease of residual bond between steel and
concrete.

Presented in test t results level p, represents probability of
an error, relevant to the assumption of hypothesis about exi-
stence of differences between the averages. In another way, it is
a probability of making a mistake, based upon rejection of hy-
pothesis about lack of differences between the averages, in both
examined categories of observation, which belong to general
population (represented by examined groups) in situation, whe-
re the actual state in the population cause that the hypothesis is
true [16]. It has been assumed that the value of (»p < 0,05) indi-
cates substantial difference between the averages. Hypothesis
has to be rejected if the value of p importance is greater.

Mark of t function, similar like in case of standardize varia-
ble, indicates negative and positive deviation from the average
[18].

Grouping codes characterizing reinforced concrete system
through a type of steel and concrete were used in identified gro-
ups.

In the first test the differences between cold tested systems
were studied for various levels of thermal load. In this popula-
tion t test was used for dependent variables. Table 2 presents the
results of this test.

Table 3 presents the results of evaluation of differences be-
tween mean values of the collected results for the studied rein-
forced concrete systems in “cold test”.

In order to compare differences, between average bond va-
lues of steel and concrete, obtained in cold and hot tests, in the
second test a ¢-Student test for independent trials was used. It
was caused by a usage of different samples in other load in-
tervals [17]. The t test for two independent samples, which is
employed in a hypothesis testing situation involving two inde-
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Tab. 1. Parametry wynikéw badari
Tab. 1. Parameters of test results

. Mean Minimum Maximum Temperature
System Valid N BFIKN] BF[KN] BF[KN] Std.Dev. [dpeg ql
St3S concrete C16/20 5 27,26 26,90 28,30 0,59 20
St3S concrete C16/20 5 25,24 23,40 27,00 1,40 50
St3S concrete C16/20 5 25,46 23,60 27,90 1,67 100
St3S concrete C16/20 5 23,84 22,50 24,60 0,94 150
St3S concrete C16/20 5 22,42 20,00 26,00 2,38 200
St3S concrete C16/20 5 19,78 16,00 24,00 3,09 250
St3S concrete C16/20 5 17,40 14,00 20,20 2,66 300
St3S concrete C16/20 5 16,16 13,60 18,40 2,20 350
St3S concrete C16/20 5 13,82 10,30 16,20 2,21 400
St3S concrete C16/20 5 9,98 5,40 15,20 4,10 450
St3S concrete C16/20 5 9,98 5,40 15,20 4,10 500
St3S concrete C16/20 5 4,46 2,60 6,60 1,54 550
St3S concrete C40/50 5 27,70 26,00 29,60 1,40 20
St3S concrete C40/50 5 24,86 22,80 26,60 1,36 50
St3S concrete C40/50 5 24,72 19,80 26,60 2,85 100
St3S concrete C40/50 5 24,58 22,60 26,00 1,35 150
St3S concrete C40/50 5 23,42 21,90 26,40 1,77 200
St3S concrete C40/50 5 22,36 20,60 24,40 1,47 250
St3S concrete C40/50 5 19,70 15,40 23,40 2,91 300
St3S concrete C40/50 5 14,76 12,80 16,60 1,41 350
St3S concrete C40/50 5 12,60 9,80 15,20 2,38 400
St3S concrete C40/50 5 13,04 10,80 14,20 1,37 450
St3S concrete C40/50 5 10,56 9,00 12,80 1,45 500
St3S concrete C40/50 5 7,06 6,60 7,60 0,38 550
18G2 concrete C16/20 5 27,90 26,80 29,00 0,84 20
18G2 concrete C16/20 5 27,16 26,70 27,60 0,36 50
18G2 concrete C16/20 5 25,96 25,40 26,30 0,38 100
18G2 concrete C16/20 5 24,22 22,50 25,60 1,34 150
18G2 concrete C16/20 5 24,44 22,40 25,90 1,32 200
18G2 concrete C16/20 5 22,96 22,00 24,00 0,77 250
18G2 concrete C16/20 5 21,24 19,90 22,00 092 300
18G2 concrete C16/20 5 19,02 18,10 20,30 0,89 350
18G2 concrete C16/20 5 18,46 16,90 20,40 1,44 400
18G2 concrete C16/20 5 15,60 13,40 17,30 1,45 450
18G2 concrete C16/20 5 13,80 12,20 15,40 1,23 500
18G2 concrete C16/20 5 10,98 9,00 12,50 1,52 550
18G2 concrete C40/50 5 42,90 41,00 45,00 1,63 20
18G2 concrete C40/50 5 40,52 38,50 43,50 2,04 50
18G2 concrete C40/50 5 40,90 38,50 44,50 2,25 100
18G2 concrete C40/50 5 41,62 40,50 42,50 0,89 150
18G2 concrete C40/50 5 40,18 39,00 41,10 0,77 200
18G2 concrete C40/50 5 41,78 39,60 44,10 1,86 250
18G2 concrete C40/50 5 40,58 37,50 43,50 2,41 300
18G2 concrete C40/50 5 40,84 39,50 42,50 1,34 350
18G2 concrete C40/50 5 40,62 38,50 43,00 1,76 400
18G2 concrete C40/50 5 40,32 38,60 42,20 1,40 450
18G2 concrete C40/50 5 40,48 38,50 43,10 1,98 500
18G2 concrete C40/50 5 39,70 38,50 41,50 1,30 550
nosci réznic migdzy niezaleznymi zmiennymi. Test ten bazuje pendent samples, is one of a number of inferential statistical
na rozktadzie t. Stuzy on do poréwnywania $rednich rozkta- test, that are based on the t distribution. In conducting t test for
doéw wynikéw pochodzacych z dwoch rdznych populacji [17]. two independent samples, the two samples means are employ-
Wyniki testu przedstawiono w tabeli 4. ed to estimate the values of the means of the populations from
which the samples are derived [17]. Table 4 presents results of
the test.
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Tab. 2. Poréwnanie wartosci Srednich przyczepnosci stali do betonu w kolejnych poziomach obcigzenia (test ,,na zimno”)
Tab. 2. Comparison of mean values of steel concrete bond in subsequent levels of load (“cold test”)

system 1 vs. system 2

Teampera-  St35c.16/20vs.  St3Sc.16/20 vs. Sti: ‘;‘;2/220 18?2 c1'§1G62/ 20 5435 ¢.C40/50 vs. 18Gfsc'sf;56/ 20
ture [C] 18G2c.C16/20  St3S c. C40/50 a0/ a0/0 18G2 ¢.C40/50 40750

t-value P t-value p t-value p t-value P t-value p t-value p df
20 139 02 065 | 053 -2016 0 -1828 0 -15,84 0 027 8
50 298 002 044 [067 -1381 0 -144 0 -14,25 0 365 001 8
100 065 053 | 05 [063 -123¢ 0 -1467 0 9,97 0 097 | 036 8
150 052 | 062 -1 034 3067 0  -242 0 -235 0 -0,42 8
200 166 014 075 | 047 -1585 0  -2306 0 -19,38 0 103 033 8
250 224 006 -169 013 -1365 0  -209 0 -18,29 0 081 | 044 8
300 305 002 -1,3 023 -1443 0 -1676 0 -12,36 0 113 029 8
350 27 003 12 026 -2146 0 -3038 0 -29,99 0 5,72 0o 8
400 -3,94 0 08 |04 2124 0 21,79 0 21,17 0 471 0o 8
450 289 002 -158 015 -1567 0 2743 0 -31,23 0 287 002 8
500 -4,21 0 212 007 -1926 0  -2554 0 227,21 0 38 001 8
550 -6,74 0 366 001 -3902 0 -321 0 -53,69 0 56 0 8

Tab. 3. Poréwnanie wartosci Srednich przyczepnosci stali do betonu badanych systemdw zelbetowych (,na zimno”)
Tab. 3. Comparison of mean values of steel-concrete bond in the studied reinforced concrete systems (“cold test”)

System Mean Std.Dv. t-value df p
»cold” St3S ¢.16/20 17,745 7,610348
,cold” St35 ¢.C40/50 1878 6828257 20722 11 |[IN0I06NN
»cold”St3S c.16/20 17,745 7,610348
,cold”18G2 ¢.C16/20 20,97833 5,460812 -4,9464 11 0,00
»cold” St3S c.16/20 17,745 7,610348
,cold” 18G2 ¢.C40/50 40,87 0,857162  -11,2802 11 0
»cold” St3S ¢.C40/50 18,78 6,828257
,cold”18G2 c.C16/20 20,97833  5,460812 -4,1145 11 0,01
»cold” St3S ¢.C40/50 18,78 6,828257
,cold” 18G2 ¢.C40/50 40,87 0,857162  -12,1423 11 0
,cold”18G2 c.C16/20 20,97833  5,460812
,cold” 18G2 ¢.C40/50 40,87 0,857162 -13,8519 11 0
,cold” 18G2 c.C40/50 40,87 0,857162
,cold”18G2 c.C16/20 20,97833  5,460812 13,8519 11 0

Tab. 4. Ocena réznic miedzy srednimi uzyskanymi w prébach ,na zimno” i ,na gorgco”

Tab. 4. Independent variables t Test (“hot” vs. “cold”)

No system 1 vs. system 2 t-value p df
1. ,hot”St3S c. 16/20 vs. ,cold” St3S ¢.16/20 -2,08989 15
2. »hot” St3S ¢.C40/50 vs.,cold” St3S ¢.C40/50 -2,14672 16
3. ,hot”18G2 c.C16/20 vs.,cold” 18G2 c.C16/20 -2,83928 0,01 15
4. »hot” 18G2 ¢.C40/50 vs. ,cold” 18G2 c.C40/50 -6,42555 0,00 20

4. Wnioski

Na podstawie wynikow badan nalezy stwierdzi¢, ze wy-
stepujace w czasie pozardw wysokie temperatury powoduja
znaczny spadek przyczepnosci pomigdzy pretami zbrojenia
a betonem. Z analizy wynikéw badan mozna wnioskowaé, ze
spadek przyczepnosci preta stalowego do betonu w badaniach
,ha zimno” (badania stanu przyczepnosci po przebytym po-

4. Conclusions

It should be stated based on test results that high fire tem-
peratures are the reason for a significant reduction of steel-con-
crete bond. A conclusion can be drawn from the result analysis
that: the bond reduction in cold tests (the bond tested after fire)
and in hot tests (the bond tested in fire) are different over the
entire temperature range up to 800°C. The bond reduction in
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zarze) oraz ,,na gorgco” (W czasie pozaru) jest zroéznicowany
w calym zakresie temperatur (do 800°C) przyjetym w bada-
niach. Spadek przyczepnosci ,,na gorgco” jest zawsze wigkszy
niz w badaniach ,,na zimno”. Swiadczy to o cze$ciowym na-
wrocie przyczepnosci po ostygnicciu probki prawdopodobnie
w czesci spowodowanej tarciem.

Bardzo istotny wptyw na przyczepnos¢ stali do betonu nie
tylko w temperaturze normalnej, co jest faktem powszechnie
znanym, ale rowniez w temperaturach pozarowych ma rodzaj
stali (zebrowana, gtadka), co jest zwigzane ze zroznicowaniem
powierzchni styku stali i betonu oraz sposobem przekazywania
obcigzen z preta na beton.

Wplyw wytrzymatosci betonu na przyczepno$¢ stali do be-
tonu w temperaturach pozarowych jest zréznicowany, zwigza-
ny z rodzajem stali: w przypadku przyczepnosci stali gladkiej
do betonu ma niewielki wplyw, natomiast w przypadku stali Ze-
browanej ma istotne znaczenie. Na podstawie badan stwierdzo-
no, ze w przypadku stali gladkiej po zniszczeniu przyczepnosci
pret w temperaturach podwyzszonych i wysokich ,,wyslizguje”
si¢ z betonu nie uszkadzajac w istotny sposob otaczajacego be-
tonu. Natomiast w przypadku stali zebrowanej przed przesu-
nigciem preta wystepuje zniszezenie betonu w otoczeniu zeber
oraz rysy w betonie poprzeczne lub ukosne do preta.

W przypadku przyczepnosci pretow zebrowanych betony
0 wyzsze] wytrzymatosci niebezpieczne parametry przyczep-
nosci w wyzszych temperaturach. W badaniach popozarowych
spadek przyczepnosci stali zebrowanej 18G2 do betonu klasy
C40/50 moze by¢ praktycznie niezauwazalny w zakresie tem-
peratur nie przekraczajacych 500°C.

5. Podsumowanie

W badaniach popozarowych, analizujac przydatnos$¢ kon-
strukcji zelbetowych do dalszej pracy nalezy bra¢ pod uwage
spadek przyczepnosci pomiedzy stalg a betonem.

Przy okreslaniu temperatury krytycznej wptywajacej na
utrate odpornosci ogniowej elementow zelbetowych, w szcze-
gblnosci stropow zelbetowych, nalezy bra¢ pod uwage moz-
liwo$¢ odpadania otulin betonowych na skutek utraty przy-
czepnosci oraz znaczny wzrost temperatury nieoslonigtego
zbrojenia.

Wyniki badan spadku przyczepno$ci w temperaturze po-
kojowej uzyskane na ochtodzonych po obcigzeniach termicz-
nych probkach nie sg miarodajne do oceny spadku przyczep-
no$ci w czasie pozaru, co wykazano w analizie statystycznej
zamieszczonej w artykule.
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NIEZAWODNOSC SZEREGOWYCH UKLADOW F: TYPU “K Z N” PRZY

USZKODZONYCH ELEMENTACH SKLADOWYCH

RELIABILITY OF CONSECUTIVE K OUT N:F SYSTEMS WITH FAILED
COMPONENTS

W artykule opracowano model analizy niezawodnosci szeregowych uktadow F: typu ,,k z n” uwarunkowany identyfikacjq
kilku uszkodzonych elementow w systemie. W przedstawionym modelu, system zostaje podzielony na kilka podsystemow
wedlug granic wyznaczanych przez nastgpujgce po sobie uszkodzone elementy sktadowe. Najpierw formuluje si¢ nie-
zawodnos¢ podsystemow, a model niezawodnosci systemu otrzymuje si¢ analizujgc relacje pomigdzy podsystemami a
systemem jako calosciq. W artykule rozwazono przypadki uktadow liniowych i kolowych. Zastosowanie proponowanego
modelu zilustrowano przyktadem.

Stowa kluczowe: szeregowy uktad F: typu ,,kzn” , niezawodnos¢ uktadu, uszkodzenie.

In this paper, a model is developed for analysing the reliability of consecutive k out n:F systems under the condition that
several failed components are identified in the system. The system then is partitioned into a number of subsystems by the
consecutive failed components. The subsystem reliability is evaluated first and the model of system reliability is obtained
by analysing the relationship between the subsystems and the system. An example is given to illustrate the operation of

the proposed model.

Keywords: consecutive k out of n F: system, system reliability, failure.

Notation: n, EZ’: (I, +m,)+r, for ij; =r,, for i>)
C(m,Lr,k) subsystem consisting of a number of components, x=i
in which there are m(m>1) consecutive functional E event of the system being working
components in the middle, and 1(1>0) and r(r>0) E, event of the ith subsystem being working
consecutively defective components at its left and S, ={i,i+1, -} fori>j, which is the set of subsystems
right ends, respectively, at time t involved in D, and is also referred to as the
p reliability of a component at time #+7 under the assembly S,
condition that it is working at time t S,? ; ={i+1,--j-1}, which s the set of all the subsystems
q 1-p in S,;j except the first and the last ones
r(t) reliability of a subsystem at time t D, event that all the subsystems in the system are
H(jx,z) the number of ways in which j identical balls can be working separately but there are at least k
placed in x distinct urns subject to the requirement consecutive components failing in the assembly S, ,
that at most z balls are placed in any one urn. and the number of consecutive failed components is
l number of consecutively failed components at left less than Kk in any assembly Sw where S, <, .
end of subsystem i at time t, where 0=, <k-1. D is also refereed to as the D event.
I number of consecutively failed components at right a,b, number of consecutive components failing in the
end of su_bsystem iattime £, where 0=, <k-landr, ith subsystem during [#,¢+7] next to the left bound
El'm fori=1,2,--,s-1 and right bound of the subsystem, respectively
Vi min(K-1, m;) R (a,b) reliability of the ith subsystem with at least
R(m,l;k) reliability of the subsystem C(m,1 1k) e a(0<a<m) and exactly b(0<b<m) as defined
R, (zAlt), reliability of a linearly consecutive k out n:F system carlier o
at time ¢+ under the condition that it is reliable at R (@), R, (b) reliability of the ith subsystem with at least
AR event that the subsystem COn bty works when (1= asm). and exactly b(Isb m) as defined
N > oh ' earlier, respectively
components fail out of the m components in the Lou minimum and maximum of b. for D
middle during [1,¢+7] ISI., uzl. minimum and maximum of a for Dj
By(Lr) event that the subsystem C(m,0,0,k) works but d binary variable where d. =1 if all the éomponents in
C(m,Lr;k) fails when there are j components fail : subsystem i fail; otherv&lfise, d =0
out of m components in the middle during [z, #+1], W(bi’aj) =b i+a/+ni+11/-1+di|i +djr,/‘

in which C(m,0,0,k) and C(m,/,r,k) share the same
m components
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1. Introduction

A consecutive-k-out-of-n:F system consists of n linearly
or circularly ordered components where the system fails if and
only if at least k consecutive components fail. It was first inve-
stigated by Kontoleon [5]. One speciality of the system is its
tolerance to the dispersive failures of components. Thus, when
several components have already failed in the operation of the
system, one important issue for asset management is to know
whether the system will work reliably for an additional period
of time. If not, then maintenance work should be conducted to
meet the requirement of reliability. For example, railway sle-
epers can be treated as a consecutive-k-out-of-n:F system in
view of their reliable operation. Usually, sleepers are inspected
periodically in order to identify the defects for the purpose of
reliable and safe operation. After the inspection, what an asset
manager needs to do is evaluating the reliability of components
within a period of time. Then, based on the analysis of reliabi-
lity one can make a choice between an immediate intervention
and a deferred one.

In the area of consecutive k-out-of-n:F systems, compre-
hensive studies have been done on the reliability of the system
(e.g. ref [1~9]). These include the subjects such as exact re-
liability models, approximate evaluation and bounds, lifetime
distribution and statistic characteristics, importance of compo-
nents, optimization of systems and maintenance [1]. However,
not much work has been done in the analysis of a consecutive
k-out-of-n:F system under the condition of several failed com-
ponents being identified in it.

In this paper, we study the reliability of consecutive k out
n:F systems with several failed components. A model is de-
veloped based on the analysis of reliability of subsystems. In
addition, an approximate model is also presented for the case
that the reliability of components is high. Finally, an example is
given to illustrate the operation of the proposed model.

2. Development of reliability model

Consider a linear consecutive k out of n:F system, which
consists of n linearly arranged components. The system fails if
and only if at least k consecutive components fail in it. A com-
ponent may either be good (working) or failed (defective), and
failures of components are distributed identically and indepen-
dently. Suppose at time t, the system works and there are seve-
ral failed components in it. The failures of components can be
identified as soon as they occur. In this situation, the system
can be divided into a number of subsystems by failed compo-
nents, as shown in figure 1. Each subsystem contains at least
one functional component in the middle, and has a number of
consecutively defective components at its one or two ends. The
subsystem is denoted as C(m,/,r,k), and the consecutive defec-
tive components are referred to as left and right bounds of the
subsystem. It should be noted that the bound between two adja-
cent subsystems belongs to both of the two subsystems.

—— Working component

_‘_ Failed component

Fig. 1. Illustration of division of subsystems

The problem here is to evaluate the system reliability at
time ¢+ 7. In the following sections, the reliability of a subsys-
tem will be modelled first; and then an analysis is done in sys-
tem reliability; at last, a discussion is given for a special case.

2.1. Reliability of a subsystem
Consider the ith subsystem C(m,/,7,k,) in the system. The

subsystem fails if and only if at least kIC(I)nsecutive components
fail in it. Obviously, if n, <k, the subsystem will never fail. In the
case that there is no failed component at its two ends, i.e. | =0,
r=0, the number of ways of component failures for the event
4,(0,0) is H(j,m-j+1k-1) [2]. If writing x=m,-j+1, then we can
calculate H(j,x,z) recursively from z=1 to z=k-1. That is:

(), 0<j<x
0, j>xorj<0

H(j,x,l)z{ (1a)

(1b)

where (}) =1, for x=0.

It should be noted that we add a limitation to the original
definition of H(j,x,1) [2] in that when j<O it equals zero. This
is necessary to enable the recursive calculation for all possible
values of parameters j, x and z. For example, to obtain H(2,3,2)
from equation (1b), H(-2,1,1) (for i=2) and H(-4,0,1) (for i=3)
are needed.

Hence, the probability of the event 4,(0,0) is
Pr{4,(0,0)} = H(j,m,~ j+1Lk-Dp"'q’ (2)

If there are |, and r; (I,,r>0) failed components at its left and
right end respectively, the number of ways in the event 4, (.r)
will be less than that of 4, (0,0). The difference is caused by the
event B, (I.r). It can be seen that

B,(L.) =B, 0B (0.r) 3)

Thus, we can first consider B/.(li,O) and B (0,r) separately.
For the case that the total number of components in C(m,,0,k)
is less than k, Bf(li,O) will not occur. That is,

Pr{B,(/;,0)}=0 for m +/ <k (4a)

Otherwise for the case of m+l>k, when B, (I,0) happens,
the possible number of consecutive components, i, failing du-
ring [¢,¢+1] next to the left bound will satisfy k-1.<i<v.. For any
i, meeting this condition, since the one adjacent to the rightmost
component in the left bound is functional, the possible ways for
B, (1,0) to occur is that the rest j-i, (j-i,>0) failed components lie
in the rest m-i-1(m-i-1>0) positions with no more than k con-
secutively defective components in the subsystem. Therefore,

Pr{B,(/,0)} = Z H(j—ipm — j,k=T)p™ g’

e}
for m; +1, 2k (4b)

Ifj=i, then j<k as i,<k. Thus, B, (I,,0) will occur with proba-
bility ¢/. When m-i-1<0, i.e. i=m,, then j=i=m, as j>i, and then
B_(1,,0) will happen with probability g™ . When j>i and m;-i-
1=0, then j=m,. In this case, if m,<k, B, (1,0) will occur with
probability ¢/; and if m,=k, the probability ofBj_ (1,0) is zero. By
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examining the above three scenarios, it can be seen that Eq.(4b)
is still valid for the cases of j-i=0 and m-i-1<0.

For the event B (0,r), there could be i I (k r<i<u,) consecuti-
ve components next to the right end fallmg durmg [t,¢+7]. Simi-
lar to the analysis for the event B, (1,0), we have

Pr(B,(0,7,)) = z H(j—i,m — j,k=1)p"~q’

i =k-n
for m+r>k (5a)

Pr{B,(0,r,)}=0 for m +r <k (5b)
From the definition of 4, (l,r) and B, (I,r,), it follows that
Pr{d,(1,.1)} = Pr{4,(0,0)} ~ Pr(B, (1. 0) JB,0.1)} (6)
Then we can deduce that
Pr{d,(1,,7)} = Pr{4,(0,0)} ~[Pr{B,(],,0)} + Pr{B,(0,))}
—Pr{B,(L,0)()B,(0,7,)}] (7
The possible ways of B, (li,O)ﬂBj (0,7,) include that in the

interval [¢,¢+1], the rightmost and the leftmost one of the m;-i-i,
components in the middle of the subsystem are functional and
the rest j-i-i, failed components occupy the rest m;-i-i -2 posi-
tions with no more than k ones lying consecutively. Therefore,
we have

Pr{B,(1,,0)()B,(0,7,)} =
= 2 zl H(j-i

=kl i

7ir9mi 7j71’k71)pmi7jqj
for m, +1+7 > 2k (8a)

Pr{B,(1,0)()B,(0.1,)} =0 for m+1+r <2k (8b)

It is noted that the case j=m, will not be considered for the
event B, (li,O)ﬂ B;(0,1;) . This is because if m,<k then the case

has been considered in Bj(li,O) or Bj(O,ri); if m>k, then
C(m,0,0,k) fails for j=m, and the event is impossible to
happen.

From Egs. (2)~(8), the reliability of the subsystem is given by

m;

R(m,, 1,1, k)= ZPr{A (7,1}
[PF{A (0,0)} —Pr{B,(1;,0)} - Pr{B,(0,7,)}]
+2Pr{(B (1,,0)n B,(0,7,)} )
From the previous definitions of p and q, we know that they
are conditional probabilities and can be given by
(10)
an

2.2. System reliability

Although all the subsystems work, the system may fail. This
can be seen by simply considering the ith and (i+1)th subsystems
where b,(b,>1) additional consecutive components fail adjacent
to the right end of the ith subsystem and a,, (a,,, =1) additional
consecutive components fail adjacent to the left bound of the
(i+1)th subsystem within [#,¢+7]. As shown in fig.2(a), when

the two subsystems work, at the same time the whole system
could be down if b+r,+a_ >k. A more complex case is that the
event D,.J may happen when n. - <k-2, as shown in fig.2(b).

i+1,-1—

b deeds do
e m@,

® ®O—
@ - defective components at t
& --—-- components failed in [t +0]
(0 --- working components at time t+ ¢

Fig. 2. Scenarios for the occurrence of event D
ij

Consider a system consisting of s subsystems. If the reliabi-
S

lities of subsystems are considered separately, then ﬂE i gives
i=1

the event of system being reliable. The difference between E,

and ﬂEi is the sum of all D, . That is

(13)

where y denotes the set of pairs (i, /) for which D, is a possible
event.

Hence,
(14)
From the previous definitions of events, it follows that
Pr{E,} = R(m,l.,7,k) (15)
Pr{E_} =R (t,k|) (16)

From the assumption of independent components, it fol-
lows that E, and Ej(i;ﬁj) are independent. Therefore,

Pr{ﬁEi}=ﬁPr{Ei} 17)
Substituting (15)~(17) into (14) yields
(18)

where

(19)

Since the reliability of a subsystem can be evaluated using
Eq. (9), then a focus is given on the calculation of
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A. Calculation of Pr{DiJ}

Consider the subsystems in assembly S, where (i,j)ey,
and at time ¢+7 there are exactly b, and at least a, consecutive
components failing to the right bound of the ith subsystem and
the left of the jth subsystem respectively.

For the ith subsystem, the component adjacent to the b, failed
ones in the left should be working with probability p, if b, <m-1.
Thus, these b+1 components have no effect on the subsystem re-
liability if b+r, <k-1. Consequently, the subsystem is equivalent
to that of C(m;-b-1,1,0,k) with respect to reliability, i.e.

R.(b) = pR(m; —b, —1,1,,0,k)
for b, <min(k —r,—1,m; 1) (20a)
If n[J<k, the ith subsystem will never fail. Hence,
R.(b)=1 for b =m, and n;; <k (20b)

Similarly, the reliability of the jth subsystem is equivalent
to C(m-a,l+a,r k). Therefore
J I v
R(a)=R(m;—a;l +a,r,k) 21
For the xth subsystem in S ;»since n_ must be less than k
in order for D, to occur, then its reliability will be 100%. In
addition, all the components in it will fail at time #+7, and the
total number of components failing during [#,7+7] in the subsys-
i
temis: b, +a, + z m, .
X=i+1
Denote ¢ as the set of pairs (b,a), where (i,j)e y and b,a,
satisfy

w(b,,a,)=k for b <m; or a,<m;, (22a)
w(b,a,) >k for b =m and 4 =m, (22b)
1< b, <min(k —r; —1,m)) (22¢)

It is seen that ¢ provides all the minimum of a given each
b, in order for Di/_ to occur. Then, Pr{D”} can be expressed as:

(23)

where R is the reliability of the xth subsystem, i.e.,
RX = R(m)(3l)(’r)(’k) (24)

It is noted that using exactly b, consecutively defective
components in the analysis is to avoid duplicate count of the
events.

N N
i j X y

)
i=x J y

3

B. Probability of the intersection of a number of D
events

First, we consider the probability of D, D, , (i<x). There

are four cases in terms of the relationship between assemblies
S, and S, as illustrated in figure 3.

(1) .Since D, ;,ND, , means that there are at least

k components failing in S, and S_, but all the subsystems in
the system are working and because the assemblies S, and
S, , are independent, then

Pr{Di,jan,y} = fz/fm H R, (25a)
22S; 1Sk
where '

which is given similarly to the derivation for Eq. (23).
) je Sfly and xe S,?j . In this case, all the components invo-

Ived in S, and S_ except subsystems i and y will fail at time
t+1. Thus, the probability of the intersection depends only
on the ith and the yth subsystems, then.
bi+ay+ yf‘ m,
Pr{D, ,ND, }=R.(b)R(a,)g = H R, (25b)
zES“/,Sv\.VY‘
where b, a, can be determined using conditions (22a), (22b)
and (22c¢) for pairs (bi,aj) and (bx,ay) respectively given a=m,
and b =m..
3) je vay and i=x. Since range of b, for the intersection of D,

and D will be max(ly, I, ) <b, < min(uy;,u,,) , then

min(Up; ,Upy )

Pr{D, D, }= >

by =max(ly Iy )
(b.ay)ex, y

ay+

b+ yiinxx
R(IR(a)g T[] R (250
XeS; 1S,

4) S,,NS,, =j=x.Afocus is given on the subsystems i, j or

X, and y, as the reliabilities of all the other subsystems invo-
Ived in S, and S, equal to 1. In addition, since j = X, then
aj+b/. <m. Similar to the previous analysis,

Pr{Di,j me,y}: Z R.(5)
(b;.a;)ex; ;
bi+a;+b;+a, + z m,
e zes? 59 (ZSd)
Y. Ra,.b)R(a,)q I R

(b,,a, )ex; ; 288, ;1Sxy
a;+b;<m;

where R(a,b,) is obtained in a way similar to the derivation
JN 7T
of Eq.(20a), i.e.,

i X j y
2

i x=j y

Q)

Fig. 3. Illustration of possible relationships between S,_'/ and S,
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R,(a;,b))=pR(m,—a,—b,—11 +a,;0,k)

for a; +b, <m;, (26a)

R.(@;,b,)=1 for a,+b,=m, ,and n; <k  (26b)

Now, based on the above analysis, a general situation is
considered for the intersection of any number of D events, i.e.,
D. . mesz -«-ﬂD,.pjl VI , we say that the two

Wi
events are connected. Hence, the subsystems involved can be
partitioned into a number of disjoint sets, V(i=1,2,...,z)), where
each subsystem in a set must connect with at least one other
subsystem in the set, or there is only one subsystem in the set
which doesn’t connect with any other subsystems involved in
the intersection, as illustrated in fig. 4.

Denote J, as the set of the subsystems j involved in ¥, where
S, NS, =j=J =i, andjeS,.(:‘jn (n=1,2,...), and inclu-

i jx iy Jy
ding the first and last subsystems of ¥, . From the previous
analysis, the probability of the intersection of these D, events
depends only on the subsystems in .J,. For example, in fig. 4,
n, € J;, and then a focus should be given on subsystems n , n,
and n,. For any of such subsystem, say X, suppose it belongs to
S, (n=1,2,...), where x=i_or x=j .

Denote &, as the set of pairs (a,b,) for subsystem X where

Since the reliability of a subsystem or a component is never
greater than 1, it follows from Eq.(27) and Eq.(28) that the pro-
bability of intersection of D events has the form of

, where . If the allowed error

of the analysis is set at ¢, and let n, be the number of items with
magnitude order higher than ¢°, then

(292)
or

(29b)

Thereby, all the items with O(g®) can be neglected to gu-

arantee the maximum error of ¢.

3. Example

A linear consecutive 6 out of 24 system is considered. At
time t;, 7 defective components have been identified by inspec-
tion with sequence numbers of 5, 8, 12, 13, 19, 20 and 21. The
conditional reliability of component at t +7 is p=0.9. Then, the
system reliability can be predicted using the proposed model.

In this case, the system can be partitioned by defective
components into 5 subsystems, and their parameters are shown
in table 1.

xeJ; such  that , , and
e <8 <UL <b <u, b +a, <m, where Tab. 1. Parameters and reliabilities of subsystems
Lo =m§1x(|an) v Uamax = Innin(uan) coand :mfx(lhm) , Subsystem No m I r R
Upmax = m”}n(ubm) . Similar to the analysis for D, ,ND, , (case 1 4 0 1 10
(4) discussed earlier), it can be seen that 0, gives all the possible 2 2 1 1 1.0
values of pairs (a,,b,). If letting g, denote the probability of the 3 2 1 2 1.0
intersection of these D events involved in ¥, then 4 6 2 3 0.998901
5 3 3 0 0.999
27)
Tab.2. Parameters and probabilities of D events
where @ =0 and h is the number of subsystems in J, D b.a) PHD. }
z U ir % W
Let V, = UVI , and similar to the derivation of Eq.(25a) we D,, 2,2), (4,1) 1.09%x10%
i=1 :
D 1,1 9.98x10°
have 13 an )
: D,; (1,2),(22) 9.98x10
d 2
P, ,ND, ,--ND, D=[lal]r, (28) D, (13), 21 1078x10°
i=1 yels
-3
Hence, the probability of the intersection of a number of D Dy (1,2 21) 1.701x10
events can be calculated from Egs. (27) and (28), and then sys-
tem reliability can be evaluated using Eq.(18), and Eq.(19).
T Vi Vad
le g |
|‘ Vi o

Ny Ny 15} ny

Ns Ng n; nNg

Fig. 4. Partition of subsystems for the intersection of several D events
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The reliabilities of subsystems with defective boundary

components are calculated using Eq. (9), as shown in table 1.

Then, an analysis of the intersection of the D events is con-

ducted. For all the D events, (b, &) values can be obtained ac-
cording to conditions (22a), (22b) and (22c¢), as shown in table
2. Thereby, Pr{ D, } can be calculated using Eq.(23). Taking
Dz, , as an example, we have

Pr(D;,) ={R,(0,2)R,(1,0)g + R;(0,DR,(3,0)¢* } R R, R

Since R, = R= R=1, R=0.999, R(0,2)=1, R,(0,1)=0.9,
R,(1,0)=0.998001 and R (3,0)=0.9, then it follows that, Pr(D, ,)=
1.078x107.

As an example of intersection of two D events, Pr(D,; N D, ,)

can be obtained using Eq. (25d) by

2
Pr(D“ N D3,4) = z R,(0,b,)R,(1, O)sz +3Rs

by=1

=R,(1,0)(pq* +¢°)R; =9.97x107

Finally, the system reliability is obtained using the propo-

sed approach, i.e.
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Anna BURDUK

DO ANALIZY | OCENY RYZYKA SYSTEMOW PRODUKCYJNYCH

AN ATTEMPT TO ADAPT SERIAL RELIABILITY STRUCTURES
FORTHE NEEDS OF ANALYSES AND ASSESSMENTS
OF THE RISKIN PRODUCTION SYSTEMS

Ryzyko towarzyszy kazdej dziatalnosci gospodarczej. Wielkos¢ zaktocen przebiegu procesu produkcyjnego, spowodowa-
nych wystgpowaniem czynnikow ryzyka, bardzo mocno wplywa na parametry i catosciowe wyniki systeméw produkcyyj-
nych. Niestety bardzo rzadko dokonuje si¢ analizy i oceny ryzyka procesu produkcyjnego na poziomie operacyjnym. By¢
moze spowodowane jest to niezbyt przydatnymi w rzeczywistosci produkcyjnej metodami ilosciowymi proponowanymi
przez literature. W odpowiedzi na ten stan rzeczy w pracy zdefiniowano system produkcyjny zgodnie z teorig systemow,
natomiast ryzyko jako synonim zawodnosci. Artykul prezentuje metode wyznaczania ryzyka dla systemu produkcyjnego o
strukturze szeregowej, ktora zostala zweryfikowana na przyktadzie praktycznym

Stowa kluczowe: ryzyko, system produkcyjny, niezawodnos¢, struktura niezawodnosciowa.

Each business activity is accompanied by a risk. The extent of the production process disturbances caused by the presence
of risk factors strongly affects the parameters and overall performance of production systems. Unfortunately, analyses and
assessments of the risk in production processes are carried out very rarely at the operational level. This may be caused by
the fact that quantitative methods proposed by the literature are not very useful in production practice. In response to this
state of affairs, the concept of production system was defined in this study in accordance with the theory of systems, while
the risk was treated as a synonym of unreliability. This paper presents a method of determining the risk for a production

PROBA ADAPTACJI SZEREGOWYCH STRUKTUR NIEZAWODNOSCIOWYCH

system with a serial structure, which was verified on a practical example.

Keywords: risk, production system, reliability, reliability structure.

1. Charakterystyka pojecia ryzyka i metody jego
oceny

Wieloznacznos$¢ pojecia oraz brak sprecyzowanej definicji
spowodowaty, iz w literaturze spotka¢ mozna roézne podejscia
do tematu ryzyka. Najbardziej rozpowszechnionymi podejscia-
mi s3: podejscie niemieckie, amerykanskie i badawcze. Podej-
$cie niemieckie ogranicza tre$¢ pojecia ryzyka do osiagnigcia
negatywnego skutku w wyniku podjetej decyzji, podejsécie
amerykanskie traktuje ryzyko nie tylko w kategorii mozliwosci
poniesienia straty, ale rOwniez osiagnigcia zysku [7], natomiast
podejscie badawcze definiuje ryzyko jako ,, (...) sytuacje, w kto-
rej przyszlych warunkow gospodarowania nie mozna przewi-
dzie¢ z calg pewnosciq, znany jest natomiast rozktad prawdo-
podobienstwa wystgpienia tych warunkow” [1].

Chcac dokona¢ klasyfikacji ryzyka mozna postuzy¢ si¢
wieloma kryteriami [4]. Analizujac sposoby klasyfikacji ryzyka
prezentowane w literaturze mozna stwierdzi¢, ze ich mnogos$c
wynika z wielo$ci dziedzin, w ktérych wystepuje pojecie ryzy-
ka oraz z odmiennego sposobu jego traktowania - jako rozbiez-
nosci pomigdzy rzeczywistoscia a zatozeniami lub jako relacja
miedzy odpowiedzialnoscia a skutkiem

W literaturze mozna spotka¢ wiele podejs¢ jak rowniez
wiele metod analizy i oceny ryzyka w przedsigbiorstwie. Au-
torzy publikacji [1, 4, 8, 12] roznie klasyfikujg i nazywaja
poszczegdlne metody jednak najczgéciej wymieniane sg dwie
klasy metod:

1. Klasa metod opisowych, pozwalajaca na poznanie natu-

ry wystepujacego ryzyka w organizacji.

1. Characteristics of the concept of risk and the
methods of risk assessment

The ambiguity of this concept and the lack of a precise de-
finition resulted in different approaches to the subject of risk
in the literature. The most common approaches include: the
German approach, American approach, and research approach.
The German approach limits the content of the concept of risk
to achievement of a negative effect as a result of the decision
taken, the American approach treats the risk not only in the ca-
tegory of possible loss, but also a profit [7], while the research
approach defines risk as “ (...) a situation in which future eco-
nomic conditions cannot be predicted with full certainty, but the
distribution of probability of occurrence of these conditions is
known” [1].

In order to classify the risk, many criteria can be used [4].
When analysing the risk classification methods presented in li-
terature, it can be found that their multitude is caused by the
multiplicity of areas, in which the concept of risk occurs, and
from a different way of treating it - as a divergence between
the reality and assumptions, or as a relationship between the
responsibility and effect.

In the literature, there are many approaches as well as many
methods of analysis and assessment of the risk in an enterprise.
Authors of the publications [1, 4, 8, 12] classify and name indi-
vidual methods differently, however two classes of methods are
mentioned most frequently:

1. The class of descriptive methods, which allows identify-

ing the nature of the risk occurring in the organization.
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2. Klasa metod mierzalnych (ilosciowych), pozwalajaca
na oszacowanie wielkosci ryzyka.

Poniewaz zarzadzanie procesem produkcyjnym ma cha-
rakter operacyjny, a sterowanie nim wymaga wykorzystywania
szczegotowych danych liczbowych na temat jego przebiegu, do
oceny ryzyka systemow produkcyjnych mozna wykorzystac je-
dynie klase metod ilosciowych. Do klasy metod ilo$ciowych
zalicza si¢ grupy metod badan operacyjnych, statystycznych,
strategicznych i finansowych.

Z uwagi na to iz procesy produkcyjne charakteryzuja si¢
duza zmiennoscig i dynamika najczgsciej analizuje si¢ je na
poziomie operacyjnym i taktycznym. Stad grupa strategicz-
nych metod oceny ryzyka wydaje si¢ nieprzydatna. Podobnie
nie przydatne wydaja si¢ grupy metod finansowych, gdyz spe-
cyfika produkcji wymaga odmiennego podejscia do ryzyka.
W finansach wigksze ryzyko inwestycji wigze si¢ zazwyczaj
z mozliwos$cig uzyskania wigkszych zyskow. Z powodu ogra-
niczen technicznych i technologicznych, w obszarze produkcji
nie mozna spodziewaé si¢ efektow wigkszych od mozliwych
do uzyskania przy danej technologii lub organizacji pracy [12].
Znacznie wlasciwszym wydaje si¢ traktowanie ryzyka w kon-
tekscie prawdopodobienstwa niezrealizowanych celéw produk-
cyjnych.

W celu oceny mozliwosci wykorzystania metod statystycz-
nych i badan operacyjnych do wyznaczania wielkosci ryzyka
w systemach produkcyjnych, dokonano ich analizy i poréwna-
nia. Kryteria pordbwnawcze wybrano tak aby pokazaé ich przy-
datno$¢ w rozwiazywaniu problemow praktycznych. Wyniki
przedstawiono w tab. 1.

Po analizie metod proponowanych przez literaturg i przed-
stawionych w tabeli 1 mozna stwierdzi¢ iz odnosza si¢ one do
pojedynczych zagadnien, zaktadajac wystapienie odpowiednich
czynnikow i warunkow oraz narzucajgc liczne ograniczenia.
Dodatkowo aby oceni¢ ryzyko procesu produkcyjnego w jego
rzeczywistym otoczeniu, nalezy zagadnienie tak uproscic, aby
mozliwe byto zastosowanie metody. Biorgc pod uwage ztozo-
no$¢ dzisiejszych systeméw produkcyjnych oraz oddziatuja-
cych na nie liczbg losowych czynnikow zewnetrznych, podej-
Scie to nie wydaje si¢ wlasciwe, gdyz wyniki uzyskane z takiej
analizy moga by¢ obarczone zbyt duzym btedem.

2. Zwiazek niezawodnosci i ryzyka

Proponowane w literaturze metody wymagaja dostosowa-
nia problemu do ich mozliwosci, ograniczen i wymagan. Row-
niez klasyczne definicje ryzyka nie oddaja w pelni specyfiki
ryzyka produkcyjnego. Rozwigzaniem tych probleméw moze
by¢ przedstawienie systemu produkcyjnego w ujeciu teorii
systemoOw i zastosowanie w ocenie ryzyka ogodlnej teorii nie-
zawodnosci.

W mysl teorii systemow [2] ,,System jest pewnq calo-
Scig, w ktorej wspotdziatajq wyodrebnione czesci sktadowe.
Funkcjonowanie systemu zalezy od funkcji czesci sktadowych
i zwigzkow miedzy nimi. Powigzania czesci sktadowych okre-
Slajq strukture systemu. O systemach mowimy tylko wtedy,
gdy calos¢ zostata zorganizowana i ma realizowaé okreslony
cel roztozony na podcele dla poszczegolnych czesci.”. Czesci
sktadowe nazywane sa czgsto komponentami, elementami,
obiektami, podsystemami lub cztonami. Kazdy system mozna
zdefiniowa¢ za pomocg modelu [11]. Z kolei teoria niezawod-
nosci to ,,dziedzina nauki stosowanej, zajmujaca si¢ badaniem

2. The class of measurable (quantitative) methods, which
allows estimating the extent of the risk.

Since management of a production process is of operating
character, and controlling it requires the use of detailed nume-
ric data concerning its course, only the class of quantitative
methods can be used for assessment of the risk in production
systems. The class of quantitative methods includes the gro-
ups of operational, statistical, strategic and financial research
methods.

Considering the fact that production processes are charac-
terized by high variability and dynamics, they are generally
analysed at operational and tactical levels. Hence, the group
of strategic methods of risk assessment seems to be useless.
Similarly, the groups of financial methods seem to be useless,
because the specificity of production requires a different appro-
ach to the risk. In finances, a higher risk of investments is usu-
ally associated with the possibility of obtaining higher profits.
Due to technical and technological constraints, in the area of
production one cannot expect effects that are bigger than those
achievable at a given technology or at a given work organiza-
tion [12]. Treating the risk in the context of the probability of
unachieved production targets seems to be more appropriate.

In order to assess the possibility of using statistical methods
and operational researches to determine the extent of the risk in
production systems, they were analysed and compared. Com-
parison criteria were selected to show their usability for solving
practical problems. The results are shown in table 1.

After having analysed the methods proposed by the litera-
ture and presented in table 1, it can be stated that they relate to
individual problems, assuming occurrence of relevant factors
and conditions and imposing numerous restrictions. In addition,
to evaluate the risk of a production process in its actual envi-
ronment, the problem should be simplified so that it would be
possible to apply a given method. Bearing in mind the comple-
xity of today’s production systems and the number of random
external factors affecting them, this approach does not seem to
be appropriate, since the results obtained from such an analysis
may be burdened with a too large error.

2. Relation between the reliability and the risk

The methods proposed in the literature require that a pro-
blem is adapted to their capabilities, restrictions and require-
ments. Also classical definitions of risk do not fully reflect the
peculiarity of the production risk. Presenting the production
system in terms of the systems theory and applying the general
reliability theory in risk evaluation may provide a solution to
these problems.

According to the systems theory [2] “A system is a certa-
in entirety, in which separate components are interacting. The

Sfunctioning of a system depends on the functions of components

and relationships between them. Relationships between compo-
nents determine the structure of the system. We say “systems”’
only then, when an entirety was organized and is to realize a
specific goal divided into sub-goals for individual parts.”. Parts
of a system are often called components, elements, objects,
subsystems or members. Each system can be defined with the
use of a model [11]. In turn, the theory of reliability is “a field
of applied science dealing with studying and designing of ob-
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Tab. 1. Poréwnanie metod ilosciowych analizy i oceny ryzyka

Tab. 1. Comparison of quantitative methods of the risk analysis and assessment

ZNAJOMOSC LICZBA DANYCH CZY METODA SKOMPLIKO-
METODA ROZKLADU WEJSCIOYCH SEKWENCYJNOSC GRAFICZNA? WANOSC
METHOD KNOWLEDGE OF |NUMBER OF INPUT| SEQUENTIALITY GRAPHICAL COMPLEXITY
DISTRIBUTION DATA METHOD?
METODY STATYSTYCZNE / STATISTICAL METHODS
Analityczna / analytical O O O o O
analizy prawdopocz!c?blenstwa o o o o o
analyses of probability
funkcji rozktadu normalnego
normal distribution function e © © ° ©
zmiennej standaryzowanej
standardized variable e © © ° ©
Bayesa / Bayes O o O O o
analizy odchylenia standardowego (FI)
analysis of standard deviation (FI) © ° © © ©
anahzy przyrostow o o o o o
analysis of increments
hlstogramO\{v czestosci o o o ° o
frequency histograms
analizy Iforelaql ' o o o o o
correlation analysis
analllz.y Yvrazhwosg o o o o o
sensitivity analysis
testu dla wartosci Sredniej pppulacp o o o o °
test for the average population
METODY BADAN OPERACYJNYCH / OPERATIONAL TEST METHODS
algorytm simpleks / simlpex algorithm O [ [ o [ J
drzewa decyzyjnego / decision tree [ O
Monte Carlo [ J [ J [ J O [ J
GERT [ ] [ ] [ ] [ ] [ ]
PERT [ [ [ ] [ ] [ ]
teorii kolejek / queuing theory O O O O [ J
LEGENDA / LEGEND
® - duzo/tak high/yes O - srednio/troche average/ a little O - mato/nie low/no

i projektowaniem obiektéw (elementow, systemow) z punktu
widzenia spelniania przez nie zadanych wymagan (w ciagu
danego czasu, w okreslonych warunkach)” [10]. Przeniesienie
uzytych w definicji poje¢ ,,obiekt”, ,.element”, ,,system” oraz
,»Spelnienie wymagan” na grunt systemow produkcyjnych daje
nowe mozliwosci w zastosowaniu teorii niezawodnosci do pla-
nowania i oceny ryzyka realizacji procesow produkcyjnych.
Celem istnienia kazdego systemu gospodarczego, w tym row-
niez produkcyjnego, jest spetnianie zadanych wymagan (celow,
funkcji), a wowczas ryzyko systemu produkcyjnego mozna
potraktowa¢ jako zawodno$¢ w ,,spetnieniu wymagan”, czyli
odwrotno$¢ niezawodnosci.

Przeniesienie ogélnej teorii niezawodnos$ci na grunt sys-
temow produkcyjnych moze si¢ odby¢ poprzez potraktowanie
zawodnosci (Z) - przeciwienstwa niezawodno$ci - jako synoni-
mu ryzyka (R) [1]:

jects (components, systems) from the viewpoint of meeting the
requirements set forth by these objects (during a given time,
under specified conditions)” [10]. Transposition of the terms
used in the definitions of concepts such as “object”, “element”,
“system” and “meeting the requirements” to the sphere of pro-
duction systems offers new possibilities for applying the relia-
bility theory to the planning and assessing the risk of realization
of production processes. The goal of existence of each econo-
mic system, including a production system, is to meet the set
requirements (objectives, functions), and then the risk of a pro-
duction system can be considered as a failure in “fulfilment of
the requirements*, i.e. the opposite of reliability.

Transposition of the general reliability theory to the sphere
of the production systems can take place by treating unreliabi-
lity (Z2) - the opposite of reliability - as a synonym of risk (R)

[1]:
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R=Z (D

Tak zinterpretowane ryzyko (zawodno$¢) systemu (np. pro-
dukcyjnego) bedzie prawdopodobienstwem tego, ze system nie
bedzie spetniat funkcji, dla ktorych zostat zaprojektowany lub
bedzie oznaczaé prawdopodobienstwo wystapienia strat w tym
systemie. Dla takiej interpretacji powinno by¢ prawdziwe row-
nanie:

N+Z=1 2

Roéwnanie to oznacza, ze prawdopodobienstwo tego, ze
system jest w stanie niezawodnosci lub zawodnosci wynosi 1.
Wobec powyzszego prawdziwe jest rowniez:

N+R=1 3)

a stad
R=1-N O]

Analiza i ocena ryzyka pozwoli wigc na okreslenie nieza-
wodnosci funkcjonowania sytemu i odwrotnie. Podejscie nie-
zawodnos$ciowe w planowaniu i ocenie ryzyka, pomimo ze daje
wigcej mozliwosci, to nie lokalizuje czynnikow ryzyka w sys-
temie. Rozwigzaniem tego moze by¢ analiza struktury systemu
produkcyjnego w kontekscie jego struktury niezawodnoscio-
wej [3].

3. Struktura niezawodnosciowa systemow

Na zawodno$¢ (ryzyko) lub na niezawodnos$¢ systemu
wplywa jego struktura. okreslajaca zwigzek stanu niezawod-
no$ci systemu ze stanem niezawodnosci jego obiektow [1].
Analiza struktury niezawodnosciowej systemu powinna by¢
poprzedzona podzialem systemu na poszczegolne czesci skia-
dowe — dekompozycja systemu, odzwierciedlajace powigzania
logiczne w systemie tak, aby poszczegdlne jego czgsci byly
niezalezne statystycznie i mozliwie jak najwigksze.

W niniejszym artykule zostanie zaprezentowana jedynie
metoda wyznaczania wielko$ci ryzyka dla systemow produk-
cyjnych o strukturze szeregowe;j. Struktury rownolegte zostaty
opisane m.in. w pracach [5, 6].

3.1. Metoda wyznaczania wielkosci ryzyka dla syste-
moéw o strukturze szeregowej

System ma strukture szeregowa (rys. 1), jesli do jego dzia-
fania wymagane jest dziatanie wszystkich obiektow/ podsys-
temow. Oznacza to, ze system funkcjonuje poprawnie, jesli
wszystkie jego sktadowe réwniez funkcjonuja poprawnie, na-
tomiast z chwilg uszkodzenia ktéregokolwiek obiektu/ podsys-
temu uszkodzeniu ulega caty system [10]. W strukturze sze-
regowej sprzezenie dwoch obiektow/ podsystemow polega na
przeksztatceniu wektora wyjscia jednego obiektu/ podsystemu
na wektor wejscia drugiego obiektu/ podsystemu, jednak nie
jest konieczne, aby wszystkie sktadowe wektora wyjsciowego
jednego systemu staty si¢ sktadowymi wektora wejsciowego
drugiego systemu.

R=Z (D

So interpreted risk (unreliability) of a system (e.g. produc-
tion system) will constitute a probability that the system will
not perform the functions, for which it has been designed, or it
will mean the probability of occurring losses in this system. For
this interpretation, the following equation should be true:

N+Z=1 2

This equation means that the probability that the system is
in the state of reliability or unreliability is 1. In the face of the
above, the following is also true:

N+R=1 3)

and hence
R=1-N @)

So the analysis and evaluation of the risk will allow deter-
mining the reliability of system functioning and vice versa. De-
spite the fact that the reliability approach in risk planning and
evaluation offers more possibilities, it does not locate the risk
factors in the system. Analysing the structure of a production
system in the context of its reliability structure may be a solu-
tion to this problem [3].

3. Reliability structure of systems

The unreliability (risk) or the reliability of a system is affec-
ted by its structure, which determines the relationship between
the state of system reliability and the state of reliability of its
objects [1]. The analysis of the reliability structure of a sys-
tem should be preceded by dividing the system into individual
components - the system decomposition, which reflect logical
connections in the system in such a way that its individual parts
are statistically independent and possibly the biggest.

This paper will present only a method of determining the
risk for production systems with a serial structure. Parallel
structures are described, inter alia, in [5, 6].

3.1. A method for determining the risk for systems
with a serial structure

A system has a serial structure (fig. 1), if its operation requ-
ires the operation of all objects / subsystems. This means that
the system is functioning correctly, if all its components are
also functioning correctly, while upon a failure of any object
/ subsystem, the whole system fails [10]. In a serial structure,
coupling two objects /subsystems consists in transformation of
the output vector of one object / subsystem into the input vec-
tor of another object / subsystem, but it is not necessary that
all components of the output vector of one system became the
components of the input vector of another system.

Object 1

Object 2

—---— Objectn

Rys. 1. Schemat struktury szeregowej systemu o n obszarach

Fig. 1. Diagram presenting a serial structure of a system with n areas
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Struktura szeregowa jest najczgstszym rodzajem struktu-
ry w systemach i procesach produkcyjnych [9]. Przyktadowo,
uszkodzenie jednej maszyny w procesie wytworczym powo-
duje nieprawidtowe funkcjonowanie lub brak funkcjonowania
catego systemu produkcyjnego.

Przy tego typu uktadach niezawodno$¢ systemu jest ilo-
czynem niezawodnosci jego obiektow, stad wraz ze wzrostem
liczby obiektow w systemie jego niezawodnos$¢ maleje. Nieza-
wodno$¢ systemu (V) o strukturze szeregowej bedzie okresla-
na wzorem [10]:

N=NN,..N, ®)

gdzie N, N, N, - niezawodno$¢ poszczegolnych obiektow/
podsystemow systemu.

Korzystajac ze wzordw (3) i (4) ryzyko catkowite (R ) tego
systemu bedzie wynosié:

R, =1-[1-R)(-R,)..(1-R,)] ©

gdzieR, R, R - ryzyko wystepujace w poszczegolnych obiek-
tach/ podsystemach systemu.

Dla poszczeg6lnych obszaréw wielkosci ryzyka R, oblicza
si¢ W nastepujacy sposob:

R = (7
Wteoret
Ry=— 52 ®)
Wteoret - Sl
S
R, = s ©)
Wteoret - Sl T Sn—l

gdzie S, - oznacza strat¢ w i-tym obszarze spowodowang wyste-
powaniem w tym obszarze czynnikoéw ryzyka r, W . - ozna-
cza analizowany w systemie produkcyjnym wskaznik (np. pro-
duktywnosci) teoretycznie mozliwy do uzyskania przez system
produkcyjny.

Straty S, w poszczegblnych obszarach zaleza sa od strat
czaséw spowodowanych wydhuzeniem czasu trwania procesu
produkcyjnego z uwagi na wystepujace w tych obszarach czyn-
niki ryzyka. Inaczej mowiac, system produkcyjny zrealizuje
postawiony cel, lecz bedzie potrzebowat na jego realizacje wig-
cej czasu. Wowczas straty na celu mierzalnym systemu produk-
cyjnego, spowodowane czynnikami ryzyka w poszczegolnych
obszarach, b¢dg przedstawiaé si¢ nast¢pujaco:

At

Sl = I/I/;eore't ?l (10)
At

8y =Wigoret T2 (11
At

Sn =Wieoret Tn (12)

gdzie: At- straty czasu w poszczegdlnych obszarach spowo-
dowane czynnikami ryzyka, T — oznacza jednostke czasu lub
okres, dla ktorego wyznaczono osiagnigcie celu przez system
produkcyjny i jest okresem reprezentatywnym.
Zatem ryzyko catkowite R, dla systemu o n obszarach
i strukturze szeregowej bedzie wynosic:
At

At B At, B n
TG yvaspyrvage | GRS

n-1

The serial structure is the most common type of structure in
production systems and processes [9]. For example, a failure of
one machine in a manufacturing process results in malfunction
or failure of the entire production system.

At this type of arrangements, the reliability of a system is
the product of the reliability of its objects, and hence along with
an increase in the number of objects in the system, its reliabi-
lity keeps decreasing. Reliability of a system (V) with a serial
structure will be determined by the formula [10]:

N&=NN,..N,, (5)

where N, N,, N, - reliability of individual objects/subsystems
of the system.

Using the formulas (3) and (4), the total risk (R.) of this
system will be as follows:

R, =1-[1-R)(1-R,)..(1-R)] ©

where R, R, R - the risk occurring in individual objects/sub-
systems of the system.
For individual areas, the risk R, is calculated as follows:

R = (7
Wteoret
Ry=— 52 ®)
Wteoret - Sl
S
Ry = s )
Wteoret - Sl T Sn—l

where S, - means a loss in the i-th area caused by occurrence of
the risk factors r; in this area, W, - means an indicator (e.g.
productivity indicator) analysed in a production system, which
is theoretically achievable by the production system.

Losses S, in individual areas depend on the time losses cau-
sed by extension of the duration of the production process re-
sulting from the risk factors occurring in these areas. In other
words, a production system will realize a defined goal, but it
will need more time to realize it. Then, the losses on a me-
asurable goal of a production system caused by risk factors in
individual areas, will be as follows:

At

Sl = I/I/;eore't ?l (10)
At

8y =Wigoret T2 (11
At

Sn =Wieoret Tn (12)

where: At- time losses in individual areas caused by risk fac-
tors, T - means a time unit or a period set for achievement of
a goal by the production system and which is a representative
period.
So, the total risk R for a system with n areas and a serial
structure will be as follows:
At

At B At, B n
VAL yvasspyrvage | RS

n-1
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4. Weryfikacja metody na wybranym przyktadzie

W celu zaprezentowania praktycznych mozliwosci zasto-
sowania opracowanej metody do planowania i oceny ryzyka
realizacji proceséw produkcyjnych, ponizej zostanie przepro-
wadzona ocena ryzyka procesu produkcyjnego korpusu belki
bujakowe;.

4.1. Charakterystyka procesu produkcyjnego korpusu
belki bujakowej

Korpus belki bujakowej wchodzi w sktad wyrobu finalne-
go jakim jest rama wozka. Produkcja korpusu odbywa si¢ na
wydzielonym obszarze linii produkcyjnej ramy wozka MD 523
i zostata schematycznie przedstawiona na rys. 2.

4. Verification of the method on a selected example

In order to demonstrate practical applicability of the deve-
loped method for planning and assessing the risk of realization
of production processes, the following assessment of the risk
in the production process of a bolster beam body will be per-
formed.

4.1. Characteristics of the production process of a
bolster beam body

Bolster beam body is a part of the final product - a bogie
frame. Production of the body takes place in a separate area of
the production line of the MD 523 bogie frame and is schema-
tically shown in figure 2.

Rys. 2. Schemat procesu produkcyjnego korpusu belki bujakowej

Fig. 2. Diagram of the production process of the bolster beam body

Proces produkcyjny rozpoczyna si¢ od dostarczenia przez
poddostawcoéw elementdow do magazynu. Elementy z maga-
zynu trafiajg na hal¢ produkcyjna, a po zakonczeniu procesu
produkcji wywozone sa do kooperacji na operacje toczenia
i frezowania. Na proces produkcyjny sktadajg si¢ operacje scze-
piania, spawania i szlifowania spoin. Na stanowiskach 2a i S,
po zakonczeniu operacji odbywa si¢ kontrola jakosci. W razie
wykrycia nieprawidlowosci element nie przechodzi na kolejne
stanowisko tylko jest ztomowany lub naprawiany na stanowi-
sku na ktorym btad zostat wykryty. Transport elementéw od-
bywa si¢ na zewnatrz hali produkcyjnej przy pomocy wozkow,
a poza nig za pomocg suwnic. Czasy transportu, zatadunku oraz
kontroli jakosci na stanowiskach zostaty wliczone do czasow
technologicznych. Poszczegdlne operacje technologiczne i ich
czasy, z podziatem na stanowiska, zamieszczono w tab. 2.

Tab. 2 Czasy technologiczne operacji na stanowiskach
Tab. 2 Times of operations at the stations

The production process starts with delivery of elements to
the warehouse by sub-suppliers. The elements from the ware-
house get to the production hall, and after completion of the
production process, they are taken away to cooperating plants
for turning and milling operations. The production process in-
cludes tacking, welding and weld grinding operations. After
completion of the operations, there takes place quality control
at the stations 2a and S. If any irregularities are detected, an
element is not transferred to another station, but is scrapped or
repaired at the station at which the fault was detected. Transport
of elements takes place outside the production hall with the use
of industrial trucks, and with the use of overhead cranes. Times
of transport, loading and quality control at the stations were in-
cluded in the production times. Individual operations and their
times per station are given in tab. 2.

Nazwa stanowiska numer operacji czas technologiczny [min]
Name of station number of operation theoretical time [min]

10 41

1a. Sczepianie do spawania / Tack welding
20 30

2a. Spawanie tukiem krytym / Submerged arc welding 30 210
50 25

S. Szlifowanie spoin / Weld grinding
60 33

90 ExspLoaTACIA 1 NiEZAWODNOSCE NR 3/2010




SCIENCE AND TECHNOLOGY

4.2. Obszary analizy i charakterystyka czynnikéw
ryzyka

Za poziom analizy przyjeto najnizszy poziom struktury pro-
dukcyjnej KPA?, czyli poziom stanowiska roboczego. Analizg
objeto jedynie obszar procesu odbywajacego si¢ na hali pro-
dukcyjnej, pomijajac obszar dostaw, magazynu i kooperacji.

Za cel procesu produkcyjnego przyjeto jego wydajnosc
teoretyczng W = 650 szt./rok. Wielko$¢ ta ograniczona jest
jedynie mozliwosciami technologicznymi linii produkcyjne;j.
Przy jej wyznaczaniu uwzgledniono czasy technologiczne
i transportu, pelng niezawodnosci systemu i dostgpnos¢ zaso-
bow produkceyjnych.

Dekompozycji analizowanego procesu produkcyjnego kor-
pusu dokonano na poszczegolne operacje technologiczne i kon-
troli jakosci. Dla wyznaczonych obszarow, biorac pod uwage
specyfike przebiegu procesu, ustalono ze system bedzie miat
strukture szeregowq przedstawiong na rys. 3.

4.2. Areas of the analysis and characteristics of risk
factors

The lowest level of the production structure - KPAY, i.e. the
workstation level, was taken as the level to be analysed. The
analysis covered only the area of the process that takes place in
the production hall, excluding the area of deliveries, warehouse
and cooperation.

The theoretical capacity W, = 650 pcs/year was set as the
target of the production process. This volume is limited only by
manufacturing capabilities of the production line. When deter-
mining this volume, operation and transport times, full system
reliability of the system and availability of production resour-
ces were taken into account.

The analysed production process of the body was decompo-
sed into individual manufacturing process and quality control
operations. For the designated areas, taking into account the
specificity of the process, it was found that the system would
have a serial structure shown in figure 3.

Rys. 3. Szeregowa struktura analizowanego procesu wraz z wyréznionymi obszarami

Fig. 3. The serial structure of the analysed process together with the distinguished areas

Na podstawie obserwacji bezposrednich procesu produk-
cyjnego, analizy dokumentacji technologicznej oraz pomia-
réw czasow trwania poszczegdlnych operacji wyrdézniono dwa
czynniki ryzyka:

r,— dhuzszy czas wykonywania operacji w stosunku do czasow

z kart technologicznych,
r,—ryzyko napraw lub ztomowania brakéw wykrytych podczas

operacji kontroli jako$ci.

Poniewaz analizowany jest jedynie ograniczony fragment
systemu produkcyjnego, a poszczegdlne obszary wystepuja
w Scistej, zaleznosci, czynnik r, bedzie w dalszej czgSci anali-
zowany w obszarach O, O,, O, O; i O,, natomiast czynnik T,
zostanie przypisany do obszaréw O, O..

W celu wyznaczenia wielkosci, czestotliwosci pojawiania
si¢ oraz charakterystyk wyrdznionych czynnikow ryzyka w
okresie styczen — marzec (12 tygodni), przeprowadzono bezpo-
$rednig obserwacj¢ i pomiar czasoOw technologicznych proce-
su produkcyjnego. Poniewaz liczb¢ dokonanych w ten sposob
pomiaréw mozna uznaé za probe¢ reprezentatywna, to rowniez
okres przyjeto za reprezentatywny, czyli 7 = 12tygodni.

Dla tak wyznaczonego okresu wydajnos¢ teoretyczna
(przyjety cel systemu) bedzie wynosi¢ W, = 168 sztuk/ 12
tygodni.

Analiza czynnika ryzyka r,, czyli réznic czaséw techno-
logicznych i rzeczywistych wykonania operacji wykazata, ze
jest on spowodowany wadliwo$cia przyrzadéow do sktadania
(mocowania elementéw) oraz ztg jakoscig elementow dostar-
czanych przez poddostawcow. Roznice czasow powoduje ko-
nieczno$¢ ustawiania przyrzaddw oraz naprawy elementow.
Dla przeprowadzonych pomiaréw czasu rzeczywistego wyzna-
czono wielkosci $rednie i przedstawiono je w tab.3.

Based on direct observation of the production process, ana-
lysis of manufacturing documentation and measurements of
times of individual operations, two risk factors were distingu-
ished:

r, - longer time of operations in relation to the times from ope-
ration sheets,

r , - risk of repairing or scrapping the faulty elements detected
during quality control operations.

As only a limited fragment of the production system is ana-
lysed and individual areas strictly depend on each other, the
factor r, will be analysed later in the areas O, O,, 03, 05 and 06,
while the factor r, will be assigned to the areas O , O ,

In order to determine the values, frequencies of appearance
and basic characteristics of the distinguished risk factors in the
period of twelve weeks (January-March), direct observations
and measurements of operation times of the production process
were performed. Since the number of the measurements car-
ried out in this way can be regarded as representative sample,
also the period 7' = 12 weeks was assumed as a representative
period.

For the period determined in this way, the theoretical capacity
(the target of the system) will be W= 168 pcs / 12 weeks.

The analysis of the risk factor r, that is the analysis of dif-
ferences in theoretical and actual operation times shown that it
is caused by faultiness of the devices for assembling/mounting
the elements and poor quality of components supplied by sub-
suppliers. The difference in the times makes it necessary to ad-
just the instruments and repair the elements. For the actual time
measurements, mean values were determined and presented in
tab.3.
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Tab. 3. Zestawienie réznic pomiedzy czasami technologicznymi a rzeczywistymi

Tab. 3. Differences between theoretical and the actual times

Stanowisko Obszar Nr operacji Czas technologiczny Sredni czas rzeczy wisty R oznica czasPW
. . N . Mean actual time Difference of times
Workstation Area | Number of operation | Theoretical time [min] . X
[min] [min]
1a. Sczepianie do spawania 9, 10 41 41 0
1a. Tack welding o, 20 30 30 0
2a. Spawanie tukiem krytym
2a. Submerged arc welding o, 30 210 480 270
Stanowisko S O 50 25 25 0
Station 5 0 60 33 33 0
6

Z kolei, analiza procesu produkcyjnego pod katem czyn-
nika ryzyka r, wykazata, ze 10% produkcji stanowig korpusy
wadliwe. 7% z nich jest naprawiane na stanowisku na ktérym
podczas kontroli jakosci wykryto usterke, natomiast 3% jest
ztomowanych. Ztomowanie i naprawa wyptywaja negatywnie
na postawiony cel systemu produkcyjnego, gdyz wydtuzaja
czas produkcji. Czas naprawy nieprawidlowego elementu waha
si¢ od 10 min. do rzeczywistego czasu trwania operacji. Ponie-
waz czas ten nie jest staly, to w dalszej analizie przyje¢to, ze ma
rozktad normalny.

On the other hand, the analysis of the production process
as to the risk factor r, showed that 10% of the production falls
to defective bodies. 7% of them will be repaired at that sta-
tion where the quality control detected a fault, while 3% will be
scrapped. Scrapping and repairing have negative impact on the
target of the production system, because they extend the pro-
duction time. The time of repairing of a faulty element ranges
from 10 minutes to the actual time of the operation. Since this
time is not constant, it was assumed in the further analysis that
it has a normal distribution.

Tab. 4. Zestawienie czaséw korekt w procesie produkcji korpuséw belki bujakowej
Tab. 4. Summary of the correction times in the production of bolster beam bodies

. " L Sredni czas korekty | Odchylenie stan-
. Czas rzeczywisty operacji poprzedzajacej KJ .
Nazwa obszaru Oznaczenie obszaru X . ¢ Average time of cor- dardowe
R . Actual time of the operation preceding QC . .
Area name Area designation [min] rection Standard deviation
[min] [min]
KJ po operacji 30
QC after the operation 30 o, 480 235 33234
KJ po operacji 60
QC after the operation 60 o, 24 3394

Tab. 4 zawiera zestawienie czasow korekt w procesie pro-
dukecji.

W celu analizy i wyznaczenia wielko$ci strat w poszcze-
golnych obszarach, spowodowanych wystepowaniem w nich
czynnikow ryzyka, zdecydowano si¢ na budowe modeli symu-
lacyjnych i symulacje wariantowa.

4.3. Budowa modeli symulacyjnych systemu produk-
cyjnego

Do budowy modeli symulacyjnych wykorzystano pakiet
symulacyjny iGrafx Process for Six Sigma. Poniewaz analiza
czynnika ryzyka r, wykazata, ze réznica czasow rzeczywistych
i technologicznych w obszarach O, O,, O, i O,, (operacje 10,
20, 50 1 60) wynosi 0, to mozna stwierdzi¢, ze w procesie pro-
dukcyjnym w tych obszarach nie beda wystegpowac straty spo-
wodowane tym czynnikiem. W zwigzku z tym nie ma koniecz-
nosci budowania modeli i wyznaczania wielkosci strat dla tych
obszarow. W sumie zbudowano cztery modele symulacyjne.
Cel ich nazwy, sposob i cel budowy przedstawia rys. 4.

W tab. 5 przedstawiono uzyskane w wyniku symulacji
poszczegbdlnych modeli dane na temat strat na wspotczynniku
wydajnosci W oraz czasy potrzebne do wyprodukowania
zatozonych 168 sztuk korpusow belki bujakowe;j.

Przedstawione w tab. 5 wyniki ilustruje rys.S5.

Table 4 summarizes the correction times in the production
process.

In order to analyse and determine the extent of losses in
individual areas, which were caused by the occurrence of risk
factors, it was decided to build simulation models and to per-
form variant simulation.

4.3. Building simulation models of the production
system

For building the simulation models, the iGrafx Process for
Six Sigma simulation package was used. Because the analysis
of the risk factor r, shown that the difference between actual
and theoretical times in the areas O, O,, O, and O, (operations
10, 20, 50 and 60) is 0, it can be concluded that no losses cau-
sed by this factor will occur in the production process in these
areas. Therefore, it is not necessary to build models and to de-
termine losses for these areas. In total, four simulation models
were built. The purpose of their names, as well as the way and
aim of building them are presented in figure 4.

Table 5 shows the data, which were obtained as a result of
simulation of individual models, concerning the losses on the
capacity coefficient W as well as the times needed to produ-
ce the assumed 168 pieces of bolster beam bodies.

The results presented in tab. 5 are illustrated in fig.5.
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Rys. 4. Modele symulacyjne zbudowane w celu oceny ryzyka korpusu belki bujakowej

Fig. 4. Simulation models built to assess the risk for the bolster beam body

Tab 5. Wydajnos¢ i czas produkgji 168 sztuk korpusow
Tab 5. Production capacity and time of production of 168 pcs of bodies

Wydajnos¢ uzyskana w modelach dla Czas potrzebny na wyprodukowanie 168 sztuk
Model 12 tygodni korpusow [tyg.]
Capacity obtained in the models for The time required to produce 168 pieces of bod-
12 weeks ies [weeks]
Bazowy / Base model 168 12,0
Produkcyjny obszaru O,
Production model for the area O, 123 130
KJ obszaru O,
QCforthearea O, 116 14,5
KJ obszaru O,
QCfor the area O, s 148

Rys. 5. Wyniki uzyskane z symulacji modeli

Fig. 5. The results obtained from simulation models

Wyniki symulacji pokazuja, ze wraz z wprowadzaniem ko-
lejnych czynnikéw ryzyka do modeli zmniejsza si¢ wydajnosé
oraz wydhuza si¢ czas produkcji zatozonej liczby sztuk korpu-
s6w. Na tej podstawie mozna stwierdzi¢, ze wzrasta prawdo-
podobienstwo nie osiagnigcia zatozonego celu systemu, czyli

The results of the simulation show that with along with in-
troduction of subsequent risk factors to the models, the efficien-
cy decreases and the time of production of the assumed number
of bodies increases. On this basis it can be stated that there in-
creases the probability of not achieving the target assumed for
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wyprodukowania 168 sztuk w analizowanym okresie T =12
tygodni.

4.4. Wyznaczenie wielkosci ryzyka przy pomocy pro-
ponowanej metody

Poniewaz analizowany system produkcyjny ma strukture
szeregowa, do wyznaczenia ryzyka catkowitego R_zostanie za-
stosowana metoda analizy i oceny ryzyka dla systemow o struk-
turze szeregowej. Dane, potrzebne do wyznaczenia wielko$ci
strat w obszarach spowodowanych wystgpowaniem czynnikow
ryzyka, przedstawia rys. 6.

the system, i.e. manufacturing 168 pieces in the analysed period
of T =12 weeks.

4.4. Determining the risk with the use of the proposed
method

As the analysed production system has a serial structure,
the method of risk analysis and assessment for systems with
a serial structure will be used for determining the total risk R_.
The data needed to determine the extent of losses in the areas,
which were caused by occurrence of risk factors, are presented
in fig. 6.

Rys. 6. Straty czasu w poszczegolnych obszarach procesu produkcji korpusu

Fig. 6. Time losses in individual areas of the production process of the body

Korzystajac ze wzorow (10) do (12) mozna wyzna-
czy¢ wielkosci strat na teoretycznym wskazniku wydajnosci
W =168 sztuk/ 12 tygodni:

teoret

Sl = VVteoretﬁ = 1683 =0,
T 12
Sz = I/Vteoret& = 1682 =0,
T 12
A 1
S = Weoret AL 168— =14[szt./12tygodni] ,
T 12
At 1
Sy =Wepr —- =168 = =21[szt./12tygodni]
T 12
SS = I/Vteoret& = 1682: 0,
T 12
S6 = I/Vtenret At6 = 1682 =0,
T 12
A
S = Wm% ~168 ?23 = 4,2[s2t./ 12tygodni].

Znajac wielkosci strat mozna wyznaczy¢ wielkosci ryzyka
w poszczegolnych obszarach systemu produkeyjnego korzysta-
jac z wzorow (7) do (9):

Rl =—1L =——=0,
Wteuret 168
— SZ _ 0 _0
’ I/Vt(-:uret _Sl 168-0
14
R=— S =0,08,
VVteoret _SI _Sz 168—-0-0

Using formulas (10) to (12), the extent of losses can be
determined on the theoretical capacity coefficient W = 168
pieces / 12 weeks:

Sl = VVteoretﬁ = 1683 =0,
T 12
SZ = I/Vteoret& = 1682 =0,
T 12
A 1
S = Weoret AL 168— =14[szt./12¢tygodni] ,
T 12
At 1
Sy =Wep — =168 = =21[szt./12tygodni]
T 12
SS = VVteoret Ats = 1682 =0,
T 12
S6 = I/Vtenret& = 1682 =0 ’
T 12
A
S =W, % ~168 ?23 = 4,2[s2t./ 12tygodni].

Knowing the extent of losses, the risk can be determined
in individual areas of the production system using the formulas
(7) to (9):

RS _0
1 Wteuret 168 Y
— SZ — 0 —
’ I/Vt(-:uret _Sl 168-0 ’
14
R=— S 0,08,
VVleoret _Sl _Sz 168—-0-0
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4 = % = 21 =0,14,
I/Vteoret_Sl_SZ_S} 168—-0-0-14
R = Ss _ 0 —0,
I/Vteoret_SI_SZ_S3_S4 138—0-0-14-21
R = S _ 0 B
W —S-8,-8,-S,-S, 138-0-0-14-21-0
R, = . 32 0,04.

"W —5,-8,-8,-5,~5.-85, 138-0-0-14-21-0-0

Zatem ryzyko catkowite R , zgodnie za wzorem (6), be-
dzie wynosic:

R, =1-[(1-R)(I-R)(I-R)(1-R,)(1-R)(1-R)(I-R)]=0.23

lub przy pomocy wzoru (13):

A,

A,
R.=1-[0- -

T-At

At,

)1=0,23
T - At, - At, - At, - At, - At, - At,

)oull—

Otrzymana warto$¢ ryzyka calkowitego R. oznacza, ze
z prawdopodobienstwem 0,23 nie jest mozliwa realizacja celu
postawionego przed systemem produkcyjnym, czyli produkcja
650 sztuk korpusu belki bujakowej rocznie.

Rys. 7 przedstawia przyrosty poziomow ryzyka w poszcze-
gblnych obszarach procesu produkcyjnego korpusu belki buja-
kowej. Ryzyko w obszarze O, odpowiada ryzyku calego proce-
su, poniewaz zawiera wszystkie czynniki ryzyka.

)= % = 21 =0,14,
W =S, =S, -8, 168—0-0-14
R = Ss _ 0 —0,
I/Vteoret_SI_SZ_S3_S4 138—0-0-14-21
R = S _ 0 B
W —S-8,-8,-S,-S, 138-0-0-14-21-0
R, = . 32 0,04.

"W —5,-8,-8,-5,~5.-85, 138-0-0-14-21-0-0
Thus, the total risk R, according to the formula (6), will be:

Rc =1 _[(1 - Rl)(l - Rz)(l - R})(l - RA)(I - Rs)(l - R6)(1 - R7)] =0,23
or using formula (13):

R=1-[0-20-—2 ). 1 &
T T-A T AL - AL - AL - AL - AL A,

)1=0,23

The obtained value of the total risk R, means that realiza-
tion of the target set forth for the production system, namely
production of 650 pieces of bolster beam bodies, is not possible
with the probability of 0.23.

Figure 7 shows increases in the risk levels in individual
areas of the production process of the bolster beam body. The
risk in the area O, corresponds to the risk of the entire process,
because it contains all the risk factors.

_____________________ o st R 11| :
0.21 021 0.21 Increases in the
risk caused by
the r2 factor
0,08 } Increases in
the risk caused
0,00 0,00
¢ by the r1 factor
operation operation operation QL after operation operation QG after
10 20 30 aperation 40 50 80 operation 60

Rys. 7. Przyrosty pozioméw ryzyka w poszczegolnych obszarach systemu spowodowane oddzialywaniem czynnikéw r,ir,

Fig. 7. Increases in the risk levels in individual areas of the system are caused by operation of factors r,and r.,

Najwigkszy przyrost ryzyka, o 0,11, wystepuje w obszarze
0O, (kontrola jakosci po operacji 30). Chcgc obnizy¢ catkowite
ryzyko procesu nalezatoby w pierwszej kolejnosci podjac dzia-
tania naprawcze w tym obszarze.

Jak przedstawiono w powyzszym przyktadzie, opracowana
metoda pozwala na wyznaczenie wielkosci ryzyka dla catego
analizowanego systemu produkcyjnego jak i dla jego poszcze-
golnych obszarow. Jest to jej niewatpliwa zaleta, dajaca wy-
mierne korzysci praktyczne. Wyznaczenie obszaru o najwyz-
szym poziomie zaklocen daje mozliwosé, w krotkim czasie,
opracowania programu naprawczego obnizajacego poziom
ryzyka w catym systemie produkcyjnym. Rowniez mozliwosé
dowolnej dekompozycji systemu na elementy sktadowe, w za-
leznosci od celu prowadzonej analizy, powinna stanowi¢ zalete
w zastosowaniach praktycznych, gdyz nie wprowadza zadnych
ograniczen metodologicznych w stosowaniu metody.

The biggest increase in the risk, by 0.11, occurs in the area
O, (quality control after the operation 30). To reduce the overall
risk of the process, corrective actions should be taken first of
all in this area.

As it is shown in the above example, the developed method
allows determining the risk for the entire analysed production
system and for its individual areas. It is an unquestionable ad-
vantage, which gives measurable practical benefits. Determi-
nation of the area with the highest level of disturbances allows
developing, in a short time, a corrective program reducing the
risk level in the entire production system. Also the possibility
of making any decomposition of the system into components,
depending on the purpose of analysis, should be treated an ad-
vantage in practical applications, because it does not impose
any methodological restrictions in the use of the method.
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