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Prof. LeonaS PoviLaS LingaiTiS

oBiTUarY

Vilnius Gediminas Technical University (VGTU) lost a long-term academic staff member, Head of Department of Railway Transport at the Fac-
ulty of Transport Engineering, Prof. Leonas Povilas Lingaitis. The professor passed away on 19 July 2013 after his illness at the age of 75.

The graduate of Kaunas Polytechnic Institute gained the mechanical engineering diploma in 1964 with the road construction machinery being 
his major. He worked in the construction bureau at the Radio Factory in Kaunas for 4 years before entering the Leningrad Polytechnic Institute in 
1968. In 1971 Leonas P. Lingaitis was awarded the Doctor’s degree in technical sciences and came back to Lithuania to develop his career as an 
associate professor at Vilnius Gediminas Technical University (at that time – Vilnius Civil Engineering Institute). In 1972he worked at the Depart-
ment of Automobiles and in 1985 he started working in the Department of Technologic Equipment. In 1988 Dr L. P. Lingaitis defended his thesis 
for Doctor Habilitus degree at Moscow Civil Engineering Institute and in 1990 was awarded the Professor’s title at his home institution.

In 1994 Prof. L.P. Lingaitis was appointed the Head of the newly established Department of Railway Transport at the Faculty of Transport En-
gineering, and worked there till his last days. The Professor was the Dean of the Faculty of Transport Engineering in the period of 1998–2007.

Prof. Leonas Povilas Lingaitis was the coordinator of a variety of contracts for the research and expert analysis ordered by companies. He was 
the initiator, the leader, the author and co-author of more than 250 scientific articles, the author of a monograph and the co-author of two mono-
graphs. The Professor’s mission in education resulted in his authorship of several manuals and 8 textbooks published for the university students. 
In 2002 the Ministry of Education and Sciences of the Republic of Lithuania granted L.P. Lingaitis with the state outstanding researcher’s award. 
In the period of 2003–2006 the Professor won awards for his manuals “Railway Coach Maintenance”, “Diagnostic Analysis of Rail Coaches”, 
“Maintenance and Reliability of Railway Coaches”.In 2006 on the occasion of VGTU 50th anniversary L. P. Lingaitis was awarded the University 
golden medal for the professor’s fruitful academic activity and devotion to the academic community. In 2013 the Senate of Vilnius Gediminas 
Technical University conferred Leonas Povilas Lingaitis the title of Professor Emeritus.  

Professor initiated and actively promoted the cooperation between the Department of Railway Transport and “Lithuanian Railways” Plc. Leo-
nas Povilas Lingaitis was elected the member of Railway transport committee in the Lithuanian Confederation of Industrialists (LPK), a member 
of Technical Council in “Lithuanian Railways” Plc., a member of the Engineering Industries Association in Lithuania, and a member of Research 
and Information Technology Council in the Ministry of Transport and Communications. In 2004 the professor was awarded the name of a “Distin-
guished Railman” for his active scientific support and influence to the company “Lithuanian Railways”, he was also selected the Chairman of the 
Union of the Narrow Gauge Railway in Lithuania. Prof. Leonas P. Lingaitis actively participated in international research projects, made over 40 
scientific presentations in international conferences. He was involved in partnership activities with the colleagues of the relevant institutions and 
companies in Latvia, Belorussia, Poland and Ukraine. The professor was the member of editorial boards of two international scientific journals 
and the member of scientific committee of 5 international scientific conferences.

The colleagues will remember Leonas Povilas Lingaitis as a competent, and demanding leader, and at the same time hardworking, open to 
suggestions and a kind person.

Everyone who knew the Professor will always keep a bright memory of him. God bless Prof. Leonas Povilas Lingaitis.

prof. Gintautas Bureika
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ToMASzEK H, JASzTAL M, zIEJA M. Application of the Paris formula 
with m=2 and the variable load spectrum to a simplified method for 
evaluation of reliability and fatigue life demonstrated by aircraft com-
ponents. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 
15 (4): 297–304.
The presented paper is the follow-up to the study, where the method for assessment 
of the fatigue life of a structural component was outlined with consideration of the 
variable spectrum of loads and with use of the Paris formula for m ≠ 2. Due to the 
different nature inherent to analytic forms of solutions for the Paris equations with their 
exponential parameter m = 2, that special case is the subject of a separate analysis. 
This paper also uses the transformation of a real spectrum with variable values of 
fatigue cycles into a homogenous spectrum with weighted cycles. The method was 
developed that uses the transformed spectrum to evaluate fatigue life for a selected 
component of the aircraft structure when the component suffers from an initial crack. 
The method for modeling of the crack length expansion uses a differential equation 
that is then subjected to transformations to obtain a partial differential equation 
of the Fokker-Planck type, which has a particular solution, explicitly the length 
density function for the crack of the component in question. That length density 
function served subsequently to determine reliability and fatigue life of a structural 
component where the crack length expanded from the permissible value ld to the 
critical threshold lkr.

ToMASzEK H, JASzTAL M, zIEJA M. Uproszczona metodaszacowania nieza-
wodności i trwałości zmęczeniowej elementów konstrukcji statku powietrznego  
z wykorzystaniem wzoru Parisa dla m=2 i zmiennego widma obciążenia.  
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 
297–304.
Prezentowany artykuł jest uzupełnieniem pracy, w której przedstawiono metodę oceny 
trwałości zmęczeniowej elementu konstrukcji dla zmiennego widma obciążenia z wy-
korzystaniem wzoru Parisa dla m≠2. Ze względu na odmienność postaci analitycznych 
rozwiązań dla wykładnika równania Parisa m=2,ten szczególny przypadek rozwiązań został 
przedstawiony w niniejszym opracowaniu. Pokazany został sposób przekształcenia widma 
rzeczywistego o zmiennych wartościach cykli w widmo jednorodne o cyklach ważonych. 
Wykorzystując widmo przekształcone opracowano metodę oceny trwałości zmęczeniowej 
wybranego elementu konstrukcji statku powietrznego z początkowym pęknięciem. Do 
modelowania przyrostu długości pęknięcia wykorzystano równanie różnicowe, z którego 
po przekształceniu otrzymano równanie różniczkowe cząstkowe typu Fokkera-Plancka. 
Rozwiązaniem szczególnym tego równania jest funkcja gęstości długości pęknięcia 
elementu. Wykorzystując następnie funkcję gęstości długości pęknięcia określono nie-
zawodność i trwałość zmęczeniową elementu konstrukcji dla pęknięcia narastającego do 
wartości dopuszczalnej ld mniejszej od wartości krytycznej lkr.

SUGIER J, ANDERS GJ. Modelling and evaluation of deterioration 
process with maintenance activities. Eksploatacja i Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 305–311.
In this paper, we present an approach which allows evaluation of various possible 
maintenance scenarios with respect to both reliability and economic criteria. The 
method is based on the concept of a life curve and discounted cost used to study the 
effect of equipment aging under different maintenance strategies. The deterioration 
process is first described by a Markov model and then its various characteristics are 
used to develop the equipment life curve and to quantify other reliability parame-
ters. Based on these data, effects of various “what-if” maintenance scenarios can be 
examined and their efficiency compared. Simple life curves are combined to model 
equipment deterioration undergoing diverse maintenance actions, while computing 
other parameters of the model allows evaluation of additional critical factors, such as 
the probability of equipment failure. Additionally, the paper deals with the problem 
of the model adjustment so that the computed repair frequencies are close to the 
historical values, which is very important in practical applications of the method. 
Moreover, we discuss the problems which may arise if automatic adjustment is used 
in cases when the hypothetical maintenance policies go beyond the conditions upon 
which the original model was built.

SUGIER J, ANDERS GJ. Modelowanie i analiza procesu starzenia maszyn  
i urządzeń poddanych okresowym remontom. Eksploatacja i Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 305–311.
Przedmiotem artykułu jest modelowanie różnych możliwych scenariuszy eksploatacyj-
nych maszyn i urządzeń, które uwzględnia kryteria zarówno niezawodnościowe, jak i 
ekonomiczne. Metoda opiera się na zastosowaniu krzywych życia (ang. life curves) oraz 
kosztów zdyskontowanych (ang. discounted costs) do analizy wpływu, jaki różne strategie 
eksploatacyjne wywierają na starzenie się sprzętu. Punktem wyjścia jest opisanie procesu 
starzenia przez model Markowa, którego charakterystyki umożliwiają następnie wyzna-
czenie kształtu krzywej życia oraz obliczenie innych parametrów niezawodnościowych 
badanego sprzętu. W oparciu o uzyskane dane możliwa jest ocena różnych hipotetycznych 
scenariuszy eksploatacyjnych oraz porównanie ich efektywności. Proste krzywe życia 
mogą być łączone ze sobą w celu wizualizacji starzenia sprzętu poddawanego różnorod-
nym możliwym czynnościom naprawczym, natomiast obliczenie innych charakterystyk 
modelu pozwala wyznaczyć dodatkowe ważne parametry, takie jak prawdopodobieństwo 
uszkodzenia. Dodatkowo artykuł opisuje zagadnienie korygowania parametrów modelu, 
tak aby obliczane w nim częstości napraw sprzętu były bliskie wartościom znanym z 
jego historii eksploatacji, co jest bardzo ważne w praktycznych zastosowaniach metody. 
Omawiamy także problemy mogące pojawić się, gdy algorytm automatycznego kory-
gowania modelu jest stosowany w analizach hipotetycznych strategii eksploatacyjnych 
wykraczających poza warunki, dla których model oryginalny został opracowany.

ŽuRauliS V, SOkOlOVSkij E, MatijOšiuS j. Możliwości określenia pręd-
kości krytycznej pojazdu na podstawie badań jego dynamiki poprzecznej. Eks-
ploatacja i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 312–318.
Niniejsza praca analizuje parametry istotne dla dynamiki poprzecznej pojazdów w celu 
ustalenia wartości prędkości krytycznej w momencie utraty przez nie stabilności. War-
tości szybkości zboczenia przez pojazd z kursu, kąta skrętu kierownicy, przyśpieszenia 
poprzecznego oraz kąta odchylenia się pojazdu, uzyskane w badaniach doświadczalnych, 
dobrano pod kątem założonych warunków i tylko ogólne wartości oznaczające początek 
poślizgu pojazdu zostały wybrane. W celu dokładniejszej oceny wybranych wartości 
przeprowadzono analizę statystyczną. Prawo rozkładu normalnego opisuje odpowiednie 
rozproszenie wybranych wartości i konkretyzuje ustaloną prędkość krytyczną. W końcowej 
części pracy porównano uzyskane wartości prędkości z wynikami obliczeń teoretycznych. 
Wnioski służą ocenie opracowanej techniki doboru parametrów.

ŽuRauliS V, SOkOlOVSkij E, MatijOšiuS j. The opportunities 
for establishing the critical speed of the vehicle on research in its lateral 
dynamics. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 
15 (4): 312–318.
In this paper, the parameters important for lateral dynamics of vehicles are analyzed 
in order to establish the values of its critical speed on the moment of losing the 
stability. The values of the vehicle’s speed yaw rate, the steering wheel angle, the 
lateral acceleration, and the roll angle obtained from experimental tests are filtered 
according to the set conditions and only the general values that mean the beginning of 
the vehicle slipping are selected. For more precise assessment of the selected values, 
a statistical analysis is carried out. The Normal distribution law describes scattering of 
the selected values in the most relevant way and concretizes the critical speed being 
established. In the end of the paper, the obtained values of the speed are compared 
to the results of the theoretical calculations. Conclusions assessing the developed 
technique of selection of the parameters are provided.

KALBARCzyK M, MICHALCzEwSKI R,  PIEKoSzEwSKI w, SzCzE-
REK M. The influence of oils on the scuffing of concentrated friction joints 
with low-friction coated elements. Eksploatacja i Niezawodnosc – Mainte-
nance and Reliability 2013; 15 (4): 319–324.
the paper presents the results of four-ball scuffing tests for the following oils: poly-
alphaolefine oil (PaO 8), refined rapeseed oil (RzR), as well as mineral and synthetic 
oils of GL5 API performance level. Three material combinations of friction joints 
were investigated, with the upper ball material as a variable. In the research, 100Cr6 
bearing steal balls were used. The tests were carried out for uncoated and low-friction 
coated balls. Two PVD coatings were used: a-C:H:w and MoS2/Ti. The research 
results were compared with the outcome from the tests of the reference mineral oil (RL 
219). the influence of oils on friction joint scuffing characteristics were determined 
using the scuffing load Pt and limiting pressure of seizure poz, obtained by means of 
the four-ball method with continuously increasing load. The obtained results indicate 
that, in case of concentrated friction joints with low-friction coated elements, the 
influence of selected oils on scuffing depends on the type of PVD coating used. the 
research findings also show the significant practical effect of aforementioned PVD 

KALBARCzyK M, MICHALCzEwSKI R,  PIEKoSzEwSKI w, SzCzEREK M. 
Wpływ olejów na zacieranie elementów z powłokami niskotarciowymi skoja-
rzonymi w styku skoncentrowanym. Eksploatacja i Niezawodnosc – Maintenance 
and Reliability 2013; 15 (4): 319–324.
W artykule przedstawiono wyniki badań zacierania modelowego, czterokulowego węzła 
tarcia, smarowanego olejami bez dodatków smarnościowych: mineralnym olejem wzor-
cowym (Rl 219), syntetycznym (PaO 8), rafinowanym olejem rzepakowym (RzR), oraz 
dwoma olejami handlowymi z dodatkami klasy GL5 na bazie mineralnej i syntetycznej. 
Przebadano trzy skojarzenia materiałowe, w których zmienną stanowił materiał kulki 
górnej. Zastosowano kulki ze stali łożyskowej (100Cr6) bez powłoki oraz z niskotarcio-
wymi powłokami: a C:H:W (WC/C) oraz MoS2/ti, osadzonymi metodą PVD. Rezultaty 
badań porównano z wynikami otrzymanymi dla mineralnego oleju wzorcowego (Rl 
219). Dokonano oceny wpływu oleju na zacieranie węzła tarcia, wykorzystując wskaź-
niki obciążenia zacierającego Pt oraz granicznego nacisku zatarcia poz, otrzymane przy 
zastosowaniu metody z narastającym obciążeniem. Stwierdzono, że wpływ rodzaju oleju 
na zatarcie elementów stalowych pokrytych powłokami PVD jest zależny od rodzaju 
powłoki. Ważnym efektem praktycznym jest też wskazanie, że powłoki PVD nanoszone 
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coatings deposition on steel elements of friction joints, which is the interception of 
the anti-scuffing function of the classical extreme pressure (EP) oil additives by the 
coating. Due to that fact, the usage of such coatings makes it possible to reduce the 
concentration of EP additives, resulting in more environmental friendly oils.

na elementy stalowych systemów tribologicznych, przejmują funkcje klasycznych, 
nieekologicznych na ogół, dodatków smarnościowych (EP), pozwalając na redukcję ich 
zawartości w środkach smarowych.

yANG y-H, wANG K-S. Study of the characteristics about insulation 
damage based on the accelerated life tests. Eksploatacja i Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 325–331.
In this study the Maximum Likelihood Estimator is taken to identify the characte-
ristics of insulation failure about the class-H motors by considering the accelerated 
life testing data under censored situation from Nelson. Based on the weibull survival 
modeling the failure is expressed as the series connection of three modes, namely 
the turn, phase, and ground, respectively, the so-called competing failure. The main 
concern in present investigation is about the variation of shape parameters, β with 
the temperature. The Gompertz-type relation of βi(T) is suggested with the reference 
temperature, Tri  for the i-th failure mode. It is found that the Tri ’s not only distingu-
ish the characteristics of cumulative damage process about the insulation, but also 
involve the estimation of mean-time-to-failure (MTTF). Physically Tri

 denotes the 
turning point of varied βi as the i-th failure mode becomes moderate in a sense of less 
capability about the accumulation of insulation damage at higher temperature where 
corresponds the thermal degradation process. The numerical results indicate that the 
insulation technique used is acceptable as the operation temperature kept in the use 
condition 363K. According to the predicted lifetime as the temperature rises up to 
440K, which still within the allowed range in application, the turn structure needs to 
be rearranged primarily, then the phase next. the ground mode has only influence 
on the failure at much higher temperature.

yANG y-H, wANG K-S. Badanie charakterystyk uszkodzeń izolacji 
w oparciu o testy przyspieszonego starzenia. Eksploatacja i Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 325–331.
W prezentowanej pracy zastosowano estymator największej wiarygodności do określenia 
charakterystyk uszkodzenia izolacji silników klasy H z wykorzystaniem danych z badań 
przyspieszonego starzenia w sytuacji cenzurowanej wg. Nelsona. Na podstawie weibul-
lowskiego modelu prawdopodobieństwa przetrwania, uszkodzenie określono jako szereg 
trzech przyczyn dotyczących, odpowiednio, zwoju, fazy i ziemi, czyli jako tzw. uszkodzenie 
konkurujące. Głównym zagadnieniem przedstawionych badań jest zmienność parametrów 
kształtu β wraz z temperaturą. Zaproponowano zależność Gompertza βi(T), z temperaturą 
odniesienia Tri , dla n-tego trybu awaryjnego. Stwierdzono, że temperatury Tri

 nie tylko 
wyróżniają charakterystykicałościowego procesu uszkodzenia izolacji, ale również służą 
ocenie średniego czasu do awarii (MttF). W kategoriach fizycznych Tri  oznacza punkt 
zwrotny o zróżnicowanym βi gdy n-ta przyczyna uszkodzenia staje się umiarkowana w 
sensie mniejszej zdolności akumulacji uszkodzeń izolacji w wyższej temperaturze, od-
powiadającej procesowi termicznej degradacji. Wyniki liczbowe wskazują, że stosowana 
technologia izolacji jest akceptowalna, ponieważ temperatura pracy wynosi 363k. Zgodnie 
z prognozowanym czasem pracy, wraz ze wzrostem temperatury do 440k, co nadal mieści 
się w dozwolonym zakresie temperatur użytkowania, zachodzi konieczność zmiany naj-
pierw struktury zwoju a w dalszej kolejności struktury fazy. Przyczyny dotyczące gruntu 
mają wpływ na uszkodzenie jedynie przy wyższych temperaturach.

MICHALAK M, SIKoRA M, SoBCzyK J. Analiza pracy łańcucha przenośnika 
ścianowego w oparciu o analizę harmoniczną. Eksploatacja i Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 332–336.
artykuł opisuje zastosowanie analizy harmonicznej do analizy stanu łańcucha przenośnika 
ścianowego. Poprawna i stabilna praca łańcucha wiąże się zarówno z bezpieczeństwem 
prowadzenia prac jak i ekonomiczną wydajnością procesu. Celem przeprowadzonych 
badań było wskazanie możliwości wykrywania zmian pracy przenośnika związanych 
z uszkodzeniem bądź przeprowadzoną w sposób nieprawidłowy procedurą zmiany 
długości łańcucha. Obserwacja pracy łańcucha przenośnika polegała na monitorowaniu 
poboru prądu przez trzy silniki napędzające przenośnik.  analizie poddano blisko 26 
000 uruchomień, jakie odnotowano w okresie 20 miesięcy pracy przenośnika. W pracy 
opisano etap wstępnej analizy surowych danych pomiarowych, a także analizy danych 
przekształcony transformacją Fouriera. W rezultacie analizy danych zaproponowano 
procedury diagnostyczne pozwalające sygnalizować odstępstwa od normalnych warunków 
pracy przenośnika.

BaRaNOWSki P, DaMaZiak k, MałaCHOWSki j. Badania układów 
hamulcowych metodami numerycznymi. Eksploatacja i Niezawodnosc – Ma-
intenance and Reliability 2013; 15 (4): 337–342.
W pracy przedstawiono przykłady symulacji numerycznych układów hamulcowych 
wykonanych w celu wyznaczenia parametrów ich pracy. Stosując siatkowe i bezsiatkowe 
metody numeryczne przeprowadzono dynamiczne analizy pracy hamulca ze zwróceniem 
szczególnej uwagi na zjawiska sprzężone (cieplno – mechaniczne) występujące w pro-
cesie hamowania oraz procesy zużycia zachodzące na powierzchni okładziny ciernej. 
W artykule przedstawiono kolejne kroki badań obejmujące modelowanie hybrydowe 
układu hamulcowego.

MICHALAK M, SIKoRA M, SoBCzyK J. Analysis of the longwall co-
nveyor chain based on a harmonic analysis. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2013; 15 (4): 332–336.
This paper describes the use of harmonic analysis in the analysis of a longwall 
conveyor chain. Correct and stable operation of the chain is connected both with the 
safety of the work and the economic performance of the transportation process. The 
aim of the study was to show the ability to detect changes in conveyor work related to 
damage or improperly conducted procedure of chain length changing. observation of 
the conveyor chain work was to monitor the power consumption of the three motors 
driving the conveyor. The analysis included nearly 26 000 startups have been reported 
within 20 months of the conveyor work. This paper describes the initial stage of raw 
measurement data analysis, and analysis of data transformed by the Fourier transform. 
As a result of the data analysis, diagnostic procedures allowing to signal deviations 
from the conveyor normal conditions were proposed.

BaRaNOWSki P, DaMaZiak k, MałaCHOWSki j. Brake system stu-
dies using numerical methods. Eksploatacja i Niezawodnosc – Maintenance 
and Reliability 2013; 15 (4): 337–342.
The paper presents the examples of numerical simulations of braking systems 
performed in order to determine the parameters of their work. using a typical finite 
element and meshless numerical methods, dynamic analyses of the brake were 
performed paying particular attention on the phenomenon of thermo-mechanical 
coupling occurring in the process of braking, as well as wear processes occurring on 
the surface of the linings. The article presents sequence of research steps, including 
hybrid modelling of braking system.

DUDA S. Modelowanie i symulacja numeryczna oddziaływań dynamicznych 
w układzie napędowym elektrycznych pojazdów szynowych. Eksploatacja 
i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 343–348.
W niniejszej pracy przedstawiono metodologię, która może być zastosowana do badania 
zjawisk dynamicznych w układach napędowych pojazdów szynowych z uwzględnieniem 
rzeczywistego ich osadzenia. Badania są realizowane przy szczegółowym opisie zjawisk 
elektromagnetycznych w silnikach napędowych oraz zjawisk kontaktowych na styku 
współpracy koła z szyną. Wyznaczone z powyższych modeli siły stanowią obciążenie 
układu napędowego pojazdu szynowego. Sformułowany model matematyczny silnika 
zaimplementowano w programie Matlab/Simulink i sprzężono go z modelem pojazdu 
opracowanym w programie Simmechanics. Modele te umożliwiają na wyznaczenie 
obciążenia układu napędowego, dla różnych stanów dynamicznych pojazdu (rozruch, 
praca ustalona) w zależności od obciążenia lokomotywy.

DUDA S. Numerical modeling and simulating the dynamic interactions 
within the drive system of electric rail vehicles. Eksploatacja i Niezawod-
nosc – Maintenance and Reliability 2013; 15 (4): 343–348.
This paper shows the methodology that can be used to study the dynamic phenomena 
occurring in rail vehicle drive systems by taking into account its actual seating. The 
studies are performed by providing a detailed description of electromagnetic pheno-
mena found in drive motors and contact phenomena at the interface between the wheel 
and rail. Forces determined based on the models below constitute the load of a rail 
vehicle drive system. The mathematical model of the motor has been implemented 
in Matlab/Simulink software and coupled with the vehicle model developed in the 
Simmechanics application. These models make it possible to determine the load 
of drive system for various vehicle dynamic states (startup, steady-state operation) 
depending on the locomotive load.

ROśkOWiCZ M, SMal T. Badanie materiałów kompozytowych wykorzy-
stanych do naprawy konstrukcji lotniczych. Eksploatacjai Niezawodnosc – 
Maintenance and Reliability 2013; 15 (4): 349–355.
W artykule zaprezentowano metodologię i wyniki badań wytrzymałościowych materiałów 
kompozytowych, które zostały zastosowane do naprawy doraźnej elementów konstrukcji 
lotniczych. Podczas badania wykorzystano obliczenia numeryczne i badania eksperymen-
talne. Otrzymane rezultaty dowodzą, że uszkodzenie elementów konstrukcji lotniczych 
związane jest z lokalną utratą stateczności, w przypadku poszycia samolotów, oraz utratą 

ROśkOWiCZ M, SMal T. Research on durability of composite materials 
used in repairing aircraft components. Eksploatacjai Niezawodnosc – Ma-
intenance and Reliability 2013; 15 (4): 349–355.
The paper presents methodology and results of research on durability of 
composite materials, which were applied to expedient repair of damaged 
aircraft components. Numerical calculation and experimental tests were 
conducted during research. The obtained results proved that failure of aircraft 
components is connected with local loss of stability in case of aircraft’s skin 
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and stiffness in case of girders and beams. The damaged components were 
repaired with the use of a metal insert and a composite patch. The use of a 
metal insert, which had the same stiffness as repaired elements, was a solution 
which allowed to restore local stiffness of repaired components. Composite 
patches which were formed with glass, carbon or aramid fabrics impregnated 
with epoxy resins, also created an adhesive bonds and joined all elements of 
repaired zone. The experimental tests proved that the executed repairs whose 
time was limited to 120 minutes improved stability, stiffness and fatigue life 
of the repaired components.

sztywności, w przypadku belek i żeber. uszkodzone elementy zostały naprawione z 
użyciem metalowej wkładki usztywniającej i łaty kompozytowej. użycie wkładki o tej 
samej sztywności co naprawiany materiał pozwoliło odzyskać sztywność w trefie uszko-
dzenia. łaty kompozytowe, które zostały uformowane z wielu warstw tkaniny (szklanej, 
węglowej i aramidowej) i nasączone żywicą epoksydową, pozwoliły na utworzenie złącza 
klejowego, w ramach którego scalono wszystkie elementy węzła naprawczego. Badania 
eksperymentalne dowiodły, że przeprowadzone naprawy, których czas był ograniczony 
do 120 minut, poprawiły stateczność, sztywność i trwałość zmęczeniową naprawionych 
komponentów.

LUo w, zHANG C, CHEN X, wANG y. Stwierdzanie niezawodności systemu 
na podstawie równoważnych danych z przyspieszonych badań elementów 
składowych w oparciu o transformację celu niezawodnościowego. Eksploatacjai 
Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 356–363.
Ogólnie, oprogramowanie do badań stwierdzających niezawodność (RDt) można sto-
sować na różnych poziomach, w tym na poziomie elementu składowego, podsystemu i 
systemu, w fazie weryfikacji i walidacji cyklu życia produktu. Stwierdzenie niezawodności 
systemu w realnym terminie staje się ważkim problemem ze względu na wymogi rynku 
co do zmniejszenia czasu i kosztów rozwoju. W prezentowanej pracy zaproponowano 
metodę opartą na transformacji celu niezawodnościowego, wedle której niezawodność 
systemu stwierdza się na podstawie danych z RDt części składowych. aby skrócić czas 
testowania, w pierwszej kolejności tworzy się plan RDt dla części składowej w warun-
kach przyspieszonych. Następnie cel niezawodnościowy systemu przy różnych czasach 
pracy wymaganych przez producenta, jak i konsumenta, zostaje przetransponowany na 
cel o tym samym określonym czasie użytkowania, który powinien spełniać ograniczenie 
czasowe dla badań na poziomie systemu. Następnie szacuje się dolne granice przedziałów 
ufności dla niezawodności komponentów w określonym czasie eksploatacji systemu oraz 
przekształca się je na równoważne dane dwumienne dla części składowych z wykorzysta-
niem metody dopasowywania krzywych; dalej, są one syntetyzowane do równoważnych 
dwumiennych danych dotyczących systemu z zastosowaniem metody Bayesa. Pozwala 
to na stwierdzenie niezawodności systemu. Decyzje podejmuje się na podstawie równo-
ważnych danych dwumiennych dotyczących systemu z wykorzystaniem klasycznego 
planu wyrywkowej kontroli odbiorczej systemu według zadanych charakterystyk dla 
określonego czasu użytkowania. jeżeli decyzja nie może zostać podjęta w ten sposób, 
konstruuje się bayesowski plan wyrywkowej kontroli odbiorczej systemu wg. zadanych 
charakterystyk, gdzie dane równoważne stanowią parametry a priori, oraz przeprowadza 
się uzupełniające badania systemu.

LUo w, zHANG C, CHEN X, wANG y. System reliability demonstration 
with equivalent data from component accelerated testing based on relia-
bility target transformation. Eksploatacjai Niezawodnosc – Maintenance and 
Reliability 2013; 15 (4): 356–363.
The reliability demonstration test (RDT) programs in general proceed at various levels, 
including component, subsystem, and system in the verification and validation phase 
of the product life cycle. The system reliability demonstration within feasible duration 
becomes a considerable issue because of the marketplace demands for decreased 
development time and cost. A method based on reliability target transformation is 
proposed to accomplish the system reliability demonstration with the data from the 
RDT of the components. In order to shorten the test time, the RDT plan for com-
ponent under the accelerated condition is first designed. then, the reliability target 
of the system with different lifetimes required by the producer and the consumer is 
transferred to the target with the same specified mission time, which should meet the 
time constraint of the system level test. Next, the lower limit confidence of component 
reliability at the system mission time are estimated and converted to the equivalent 
binomial component data by the curve fitting method, then they are synthesized to 
the equivalent binomial system data by the Bayesian method. Finally, the system 
reliability demonstration is considered. The system classical attribute acceptance 
sampling plan at the mission time is used to make decisions using the equivalent 
binomial system data. If the decision cannot be made, the system Bayesian attribute 
acceptance sampling plan will be designed with the equivalent data as the prior 
parameters and the complementary system test will be conducted.

MERkiSZ j, lijEWSki P, Fuć P, wEyMANN S. Badania emisji związków 
toksycznych spalin z pojazdów o zastosowaniach pozadrogowych z wykorzy-
staniem analizatorów PEMS. Eksploatacja i Niezawodnosc – Maintenance and 
Reliability 2013; 15 (4): 364–368.
artykuł dotyczy problemu badań emisji związków toksycznych spalin z silników pojaz-
dów o zastosowaniach pozadrogowych (non-road). W pierwszej części artykułu krótko 
scharakteryzowano przepisy amerykańskie nt. procedur badań silników w eksploatacji. 
Przepisy te są nowatorskim rozwiązaniem i zostały wprowadzone jako jedne z pierw-
szych tego typu rozwiązań na świecie. W dalszej części artykułu przedstawiono wyniki 
badań emisji związków toksycznych spalin silnika ciągnika rolniczego, wykonane w 
rzeczywistych warunkach eksploatacji, podczas wykonywania prac polowych. Do tego 
celu wykorzystano aparaturę PEMS (Portable Emissions Measurement System). Badania 
te wykonano dla różnych procedur badawczych, m.in. w teście NtE (Not-to-Exceed). 
analizę wyników badań przeprowadzono głównie w aspekcie testu NtE, obowiązującego 
w Stanach Zjednoczonych. analiza ta dotyczy przede wszystkim warunków pracy silników 
oraz emisji związków szkodliwych. Europejskie regulacje prawne w chwili obecnej nie 
nakładają obowiązku wykonywania takich badań, dlatego w zaprezentowane badania 
odnoszą się do procedur amerykańskich. Wykonane badania i ich analiza pozwoliły na 
sformułowanie wniosków dotyczących warunków pracy i emisji z silnika.

MERkiSZ j, lijEWSki P, Fuć P, wEyMANN S. Exhaust emission tests 
from non-road vehicles conducted with the use of PEMS analyzers. 
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 
364–368.
The paper discusses the issue of exhaust emissions from non-road vehicle engines. 
in the first part of the paper american regulations on the procedures of engine testing 
in operation were briefly characterized. the said regulations are a novel solution and 
were introduced as one of the first of this type worldwide. in the next part of the paper 
the authors presented the results of the exhaust emission tests from a farm tractor 
performed under actual operating conditions during fieldwork. For this purpose PEMS 
(Portable Emissions Measurement System) was used. The tests were carried out for 
different test procedures such as the NTE (Not-To-Exceed) procedure. The analysis 
of the test results was performed chiefly in the aspect of the NtE test applicable in 
the u.S. the analysis pertains chiefly to the engine operating conditions and exhaust 
emissions. European legislation currently does not require such tests and that is why 
the presented tests are related to the American procedures. The performed tests and 
their analysis led to a formulation of conclusions related to the engine operating 
conditions and its exhaust emissions.

kaRWat B, GłOWińSki D, StańCZyk E. Analiza czynników wpływają-
cych na fotometrię systemu optyczno-świetlnego lampy samochodowej typu 
chMSl. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 15 
(4): 369–375.
artykuł zawiera analizę budowy lampy samochodowej typu CHMSl (ang. Centre High-
Mounted Stop lamp), oraz badania wpływu poszczególnych jej elementów konstrukcyj-
nych na parametry fotometryczne (natężenie światła). autorzy przeprowadzili szczegółowe 
badania w zakresie wpływu konstrukcji poszczególnych elementów i ich ustawienia wzglę-
dem siebie na parametry fotometryczne badanej lampy. Przedstawiono również wyniki 
badań w zakresie wpływu wykonania elementów lampy w technologii wtrysku tworzyw 
sztucznych takich jak: ciśnienie docisku, czas docisku i prędkość wtrysku na parametry 
fotometryczne całego systemu optyczno-świetlnego lampy typu CHMSl.

kaRWat B, GłOWińSki D, StańCZyk E. Analysis of the influence 
of factors on the photometry of the optical light system of chMSl car 
lamps. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 
15 (4): 369–375.
The article presents an analysis of the construction of CHMSL (Centre High-Mounted 
Stop lamp) car lamps and a study of the influence of individual components on the 
photometric parameters (light intensity). The authors have conducted a detailed study 
of the various design elements and the impact of their settings on each photometric 
parameter of the tested lamp. There is also a presentation of research results on the 
impact of plastic injection technologies used to manufacture the lamp, such as holding 
pressure, holding time and injection speed, on the photometric parameters of the 
CHMSL lamp’s optical system.

BuREika G, BEkiNtiS G, liuDViNaViČiuS l, VaiČiŪNaS G. Ap-
plying analytic hierarchy process to assess traffic safety riskof railway 
infrastructure. Eksploatacja i Niezawodnosc – Maintenance and Reliability 
2013; 15 (4): 376–383.
TheAnalytic Hierarchy Process is described in recent research works as an emerging 
multicriteria decision-making approach to solving large, dynamic, and complex 

BuREika G, BEkiNtiS G, liuDViNaViČiuS l, VaiČiŪNaS G. Zastosowanie 
procesu hierarchii analitycznej do oceny zagrożenia bezpieczeństwa ruchu w 
odniesieniu do infrastruktury kolejowej. Eksploatacja i Niezawodnosc – Main-
tenance and Reliability 2013; 15 (4): 376–383.
Najnowsze prace badawcze opisują proces hierarchii analitycznej jako nowy wielokry-
terialny model podejmowania decyzji służący rozwiązywaniu dużych, dynamicznych i 
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kERšyS a, kaliSiNSkaS D, PukalSkaS S, VilkauSkaS a, kERšyS R, 
MAKARAS R. Badanie wpływu wodoru stosowanego w silnikach spalinowych 
na emisję spalin. Eksploatacja i Niezawodnosc – Maintenance and Reliability 
2013; 15 (4): 384–389.
Przedstawiony artykuł dotyczymożliwości wykorzystania wodoru w silnikach benzyno-
wych i wysokoprężnych. Omówiono wytwarzanie wodoru w pojeździe oraz w generatorach 
wodoru zamontowanych w pojeździe.W trakcie funkcjonowania generatorawodoru prąd 
elektryczny zmienia się wraz z temperaturą; w celu stabilizacji prądu stosuje się generator 
impulsów prądowych. aby dostarczyć wodór do silnika dokonano modyfikacji kolektora 
dolotowego. Do tego celu zaprojektowano specjalną uniwersalną płytę do równomiernego 
mieszania wodoru z mieszanką paliwową.Przeprowadzono próby eksperymentalne i 
próby na stanowisku badawczym. Próby na stanowisku badawczym prowadzono przy 
stałej prędkości obrotowej 2200 rpm. Stwierdzono, że zadymienie w obu przypadkach 
zmniejsza się wraz z dodatkowym wykorzystaniem wodoru. inne wskaźniki spalin przy 
wykorzystaniu wodoru w przypadku badań na stanowisku badawczym wypadają mniej 
korzystnie. Możliwą przyczyną tego negatywnego oddziaływania jest nadmierna ilość 
wodoru, który uwalnia się w obecności prądu o wartości 25 a.

kERšyS a, kaliSiNSkaS D, PukalSkaS S, VilkauSkaS a, kE-
RšyS R, MakaRaS R. Investigation of the influence of hydrogen used 
in internal combustion engines on exhaust emission. Eksploatacja i Nieza-
wodnosc – Maintenance and Reliability 2013; 15 (4): 384–389.
This article deals with the possibility to use hydrogen in gasoline and diesel engines. 
Hydrogen production in a vehicle and hydrogen generators mounted in a vehicle are 
overviewed. Under operation of the hydrogen generator electrical current changes 
with temperature, to stabilize current the current pulse generator is used. Modifications 
of an intake manifold were made in order to supply hydrogen to an engine. For this 
purpose a special universal plate to evenly mix the hydrogen with fuel mix was made 
designed. The experimental and rig tests were performed. The rig tests were carried 
out at constant 2200 rpm. It was found that smokiness, in both cases decreases with 
an additional deployment of hydrogen. other indicators of the exhaust gas using the 
hydrogen in case of the rig tests are worse. a possible cause of negative influence is 
an excessive amount of hydrogen, which releases at 25 A current.

CzUBA w, FURMANIK K. Analiza ruchu ziarna w przestrzeni przesypowej 
przenośnika taśmowego. Eksploatacja i Niezawodnosc – Maintenance and Re-
liability 2013; 15 (4): 390–396.
Przenośnikowe węzły przesypowe są miejscami newralgicznymi z punktu widzenia 
eksploatacji jak również energochłonności systemów transportowych. Odpowiednie 
ukształtowanie konstrukcji przesypu, pozwala na podawanie strugi transportowanego 
urobku na przenośnik odbierający w sposób równomierny, stabilny i z pożądaną prędko-
ścią styczną. Dzięki temu zmniejszane są opory ruchu w przesypie, jak również zużycie 
taśmy. Prace konstrukcyjne związane z zabudową przesypu, powinny być poprzedzone 
gruntowną analizą trajektorii ruchu strugi. Najprostszym przypadkiem do rozpatrzenia jest 
ruch pojedynczego ziarna. W artykule przedstawiono analizę ruchu ziarna w przesypie 
równoległym oraz metodykę obliczeń kątów padania jak również prędkości stycznych 
ziarna w miejscu jego upadku na taśmę przenośnika odbierającego. Na podstawie obliczeń 
modelowych określono, które z podstawowych parametrów przesypu mają najistotniejszy 
wpływ na zmiany obserwowanych wielkości.

CzUBA w, FURMANIK K. Analysis of a grain motion in the transfer 
area of the belt conveyor. Eksploatacja i Niezawodnosc – Maintenance and 
Reliability 2013; 15 (4): 390–396.
Transfer chutes are critical areas within conveyor transfer systems in terms of ma-
intenance and high levels of energy consumption.  Appropriate chute design allows 
material stream to be uniformly fed on the receiving conveyor with a desired stable 
tangential speed. This reduces the motion resistances and belt wear. Any construction 
work associated with a transfer chute should be preceded by a thorough analysis of the 
stream trajectory. The simplest case is to consider the motion of a single grain. The 
article presents an analysis of grain motion in a parallel chute and a methodology of 
calculating the impact angle and tangential speed of the grain at the point of contact 
with the receiving conveyor belt. Based on calculations made on developed model it 
was determined which of the basic input parameters have the most significant impact 
on the changes of observed output parameters.

zHANG C, wANG S. Ocena obniżenia charakterystyk łożysk ze smarem stałym: 
metoda rozmytych samoorganizujących się map. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2013; 15 (4): 397–402.
łożyska ze smarem stałym to powszechnie stosowane elementy urządzeń, a ich nieza-
wodność i ocena degradacji charakterystyk są bardzo istotne. W przedstawionej pracy 
wykorzystano metodę rozmytych samoorganizujących się map do oceny obniżenia 
charakterystyk. Wektory cech skonstruowano za pomocą wskaźników wibracji, jak 
również sygnału momentu tarcia. Następnie dokonano oceny obniżenia charakterystyk 
z wykorzystaniem samoorganizującej się mapy, a za wskaźnik degradacji przyjęto przy-
należność każdego wektora cech do normalnej grupy w warstwie wyjściowej. Wyniki 
badań przyspieszonych pokazują, że przy użyciu omawianej metody można dokonywać 
skutecznej oceny obniżenia charakterystyk a także opisywać stopień degradacji w całym 
okresie eksploatacji.

zHANG C, wANG S. Solid lubricated bearings performance degradation 
assessment: A fuzzy self-organizing map method. Eksploatacja i Niezawod-
nosc – Maintenance and Reliability 2013; 15 (4): 397–402.
Solid lubricated bearings are common components in space mechanisms, and their 
reliability and performance degradation assessment are very crucial. In this study, 
a fuzzy self-organizing map method is used to perform performance degradation 
assessment. Feature vectors are constructed by indices of vibration as well as friction 
torque signal. Self-organizing map is then used to perform performance degradation 
assessment and the subjection of each feature vector to normal cluster on output layer 
is used as degradation indicator. Accelerated life test results show that this method 
can make effective performance degradation assessment and describe degradation 
degree in the whole life time.

LI y-F, MI J, HUANG H-z, zHU S-P, XIAo N. Analiza drzewa uszkodzeń dla 
kolizji tylnej części składu pociągu z uwzględnieniem uszkodzenia spowo-
dowanego wspólną przyczyną. Ekcsploatacja i Niezawodnosc – Maintenance 
and Reliability 2013; 15 (4): 403–408.
Wraz z rozwojem nowoczesnych technologii projektowania i rosnącej komplikacji nowo-
czesnych systemów inżynierskich, zależność między komponentami stała się zjawiskiem 
powszechnym w analizie uszkodzeń systemów. ignorowanie zależności między zacho-
waniami uszkodzeniowymi komponentów systemu może doprowadzić do ogromnego 
błędu, a nawet dać całkowicie błędne wyniki. W niniejszej pracy, przedstawiono trzy 
typy modeli i dwa rodzaje metod modelowania służących do rozwiązywania typowych 
problemów związanych z uszkodzeniami spowodowanymi wspólną przyczyną. Zapro-
ponowano model drzewa uszkodzeń dla kolizji tylnej części składu pociągu w oparciu 
o metodę modelowania bezpośredniego. Prawdopodobieństwo wystąpienia kolizji tylnej 
części składu pociągu obliczono przy użyciu modelu pierwiastka kwadratowego. Wynik 
pokazuje, że uszkodzenie spowodowane wspólną przyczyną ma znaczący wpływ na 
niezawodność systemu.

LI y-F, MI J, HUANG H-z, zHU S-P, XIAo N. Fault tree analysis of train 
rear-end collision accident considering common cause failure. Ekcsploat-
acja i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 403–408.
Along with the development of modern design technology and the increasing compli-
cation of modern engineering systems, component dependency has become a universal 
phenomenon during the failure analysis of systems. Ignoring the dependency among 
the failure behaviors of system components may lead to a huge error or even yield 
faulty results. In this paper, three types of models and two kinds of modeling methods 
are introduced for solving the common cause failure issues. The fault tree model of 
the train rear-end collision accident has been proposed based on the explicit mode-
ling method. The probability of occurrence of the train rear-end collision accident is 
calculated using the square root model. The result shows that common cause failure 
has significant influences on the system reliability.

problems, which reflect real situations, such as strategic planning of management or 
resources, justification of introducing new technologies or determining the effective-
ness of systems’ operation. The paper presents an application of the Analytic Hierarchy 
Process to performance evaluation through a case study of lithuanian railway traffic 
safety risk. The results of the performed study show that the application of the Ana-
lytic Hierarchy Process method can help railway traffic control managers effectively 
evaluate the railway infrastructure objects from the perspective of traffic safety risk 
and make long-term strategic plans for preventing the accidents on railway lines 
even under difficult economic and transportation conditions. a model for assessing 
railway infrastructure objectsfrom the perspective of traffic safety risk,developed and 
realized by the authors for Lithuanian Railways two real lines, is presented. Finally, 
basic conclusions and recommendations are given.

złożonych problemów, które odzwierciedlają rzeczywiste sytuacje, takie jak strategiczne 
planowanie zarządzania lub zasobów, uzasadnianie wprowadzenia nowych technologii 
lub określanie efektywności działania systemów. W pracy opisano zastosowanie procesu 
hierarchii analitycznej do oceny działania, przedstawiając studium przypadku dotyczące 
bezpieczeństwa ruchu kolejowego na litwie. Wyniki przeprowadzonego badania wska-
zują, że stosowanie metody procesu hierarchii analitycznej może pomóc menedżerom 
ds. sterowania ruchem kolejowym skutecznie oceniać obiekty infrastruktury kolejowej 
z punktu widzenia zagrożenia bezpieczeństwa ruchu oraz konstruować długoterminowe 
plany strategiczne mające na celu zapobieganie wypadkom na liniach kolejowych, nawet 
w trudnych warunkach gospodarczych i transportowych. Przedstawiono model oceny 
obiektów infrastruktury kolejowej z punktu widzenia zagrożenia bezpieczeństwa ruchu 
drogowego, opracowany i zrealizowany przez autorów dla dwóch linii kolei litewskich. 
Na zakończenie, podano podstawowe wnioski i zalecenia.
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RoSINSKI A, DABRowSKI T. Modelowanie niezawodności zasilaczy bufo-
rowych. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 15 
(4): 409–413.
W artykule przedstawiono zagadnienia związane z niezawodnością zasilaczy buforowych 
wyposażonych w automatyczne zabezpieczenia (przeciwzwarciowe – SCP, przeciąże-
niowe – OlP, nadnapięciowe – OVP). Wyznaczono zależności pozwalające określić 
prawdopodobieństwa przebywania systemu w stanach: pełnej zdatności, niepełnej 
zdatności i niezdatności. Dokonano również analizy wpływu czasu przywrócenia stanu 
pełnej zdatności na wartości prawdopodobieństw przebywania zasilacza w wyróżnionych 
stanach technicznych.

RoSINSKI A, DABRowSKI T. Modelling reliability of uninterruptible 
power supply units. Eksploatacja i Niezawodnosc – Maintenance and Relia-
bility 2013; 15 (4): 409–413.
This paper discusses issues related to reliability of uninterruptible power supplies 
equipped with automatic protection mechanisms (short circuit protection – SCP, 
overload protection – oLP, overvoltage protection – oVP). Relationships for deter-
mining probability of system states: full operational capability, partial capability and 
failure were derived. The impact of time taken to restore the state of full operational 
capability on probability of different system states was also analysed.

PaRCZEWSki k, WNĘk H. Wykorzystanie mobilnego modelu pojazdu do 
analizy stateczności poprzecznej samochodu ciężarowego. Eksploatacjai Nie-
zawodnosc – Maintenance and Reliability 2013; 15 (4): 414–420.
Praca przedstawia próbę przeniesienia wyników badań odporności na przewrócenie 
pojazdu na bok z mobilnego modelu pojazdu w skali ~1:5 na pojazd rzeczywisty. z 
uwagi na znaczny koszt badań i niebezpieczeństwo przewrócenia pojazdu rzeczywistego 
starano się odwzorować zachowanie się pojazdu, wykorzystując warunki podobieństwa. 
W pracy przedstawiono sposoby detekcji zagrożenia oraz algorytmy sterowania układów 
stabilizacji toru jazdy wyposażonych w funkcję zabezpieczającą przed przewróceniem. 
analizę przeprowadzono w oparciu o próby poligonowe. Przedstawiono wyniki badań 
pojazdu rzeczywistego i mobilnego modelu w mniejszej skali oraz uzyskane wartości 
wskaźników zagrożenia przewróceniem pojazdu.

PaRCZEWSki k, WNĘk H. Using mobile scaled vehicle to investigate 
the truck lateral stability. Eksploatacjai Niezawodnosc – Maintenance and 
Reliability 2013; 15 (4): 414–420.
This paper presents the results of an attempt to transfer resistance to the side overtur-
ning of the vehicle to the mobile vehicle in the scale of ~ 1:5 on the real vehicle. Due 
to the substantial cost of testing and the danger of rollover real vehicle attempt was 
made to reproduce the behaviour of the vehicle, using the conditions of similarity. The 
paper presents methods of risk detection and control algorithms in stability systems 
equipped with a safety feature to prevent rollover. The analysis was based on the tests 
carried out at research training ground. Shows the results of tests on a real and a mobile 
smaller scale vehicles, and the values of obtained rollover risk indicators.

ZĘBala W, SłODki B, StRuZikiEWiCZ G. Poprawa produktywności i 
niezawodności toczenia stopu Inconel 718 – studium przypadku. Eksploatacja 
i Niezawodnosc – Maintenance and Reliability 2013; 15 (4): 421–426.
artykuł opisuje badania obróbki wykończeniowej toczeniem stopu inconel 718, ma-
jące na celu optymalizację parametrów skrawania z uwzględnieniem maksymalizacji 
objętościowej wydajności obróbki, jako kryterium optymalizacyjnego. Proponowana 
procedura uwzględnia wymagane w procesie ograniczenia dotyczące wartości parametru 
chropowatości obrabianej powierzchni, siły skrawania oraz maksymalnej temperatury 
w strefie skrawania. Procedura optymalizacyjna zawiera wstępne testy mające na celu 
ustalenie w lokalnych warunkach obróbki użytecznego zakresu parametrów skrawania 
(posuwu i głębokości skrawania) dla otrzymania korzystnej postaci wiórów. Wykonane 
pomiary mikrotwardości w strefie skrawania umożliwiły określenie wielkości strefy 
zgniotu warstwy wierzchniej, co z kolei pozwoliło na zdefiniowanie minimalnej wartości 
posuwu. Procedurę optymalizacyjną zweryfikowano na przykładzie obróbki wybranej 
powierzchni elementu silnika lotniczego. Osiągnięto znaczną poprawę produktywności i 
niezawodności procesu obróbki.

ZĘBala W, SłODki B, StRuZikiEWiCZ G. Productivity and reliability 
improvement in turning Inconel 718 alloy – case study. Eksploatacja i Nie-
zawodnosc – Maintenance and Reliability 2013; 15 (4): 421–426.
the paper presents an investigation of inconel 718 alloy finishing turning, using a 
procedure that allows the optimal cutting data to be found with a maximization of the 
metal removal rate as the optimization criterion. The optimization procedure does not 
allow the required values of the chosen surface roughness indicator, cutting force and 
cutting tool wedge temperature to be exceeded at the same time. The optimization 
procedure includes the preliminary cutting tests for establishing the range of cutting 
data (feed and depth of cut) for the correct chip breaking as well as research concerning 
micro-hardness measurements which enables the cold work zone to be determined 
and the minimal value of the feed to be defined. the functionality of the algorithm 
was verified by using the improvement in machining productivity and reliability of 
an aircraft engine element as an example.

WERBińSka-WOjCiECHOWSka S. Time resource problem in logistics 
systems dependability modelling. Eksploatacja i Niezawodnosc – Mainte-
nance and Reliability 2013; 15 (4): 427–433.
Article presents an overview of some recent developments in the area of mathematical 
modelling of technical systems’ maintenance decisions with the use of delay-time 
concept. Thus, the literature overview from 1984-2012 in the analysed research area 
is given. The problem of time relations occurred in logistic systems performance 
processes is investigated. Later, the example of DT model implementation in the area 
of logistic system of sixteen forklifts performance analysis is investigated.

WERBińSka-WOjCiECHOWSka S. Problem rezerwowania czasowego w 
modelowaniu niezawodności systemów logistycznych. Eksploatacja i Nieza-
wodnosc – Maintenance and Reliability 2013; 15 (4): 427–433.
W artykule przedstawiono zagadnienia związane z matematycznym modelowaniem utrzy-
mania systemów technicznych w stanie zdatności z wykorzystaniem koncepcji opóźnień 
czasowych (Dt). Przedstawiono przegląd literatury z badanego obszaru obejmujący okres 
1984-2012. Następnie został omówiony problem relacji czasowych w systemach logistycz-
nych. W ostatnim punkcie, został przedstawiony przykład zastosowania modelu Dt do oceny 
niezawodności szesnastu wózków widłowych funkcjonujących w wybranym systemie.

GREškOViČ F, DulEBOVá l, DulEBa B, kRZyżak a. criteria 
of maintenance for assessing the suitability of aluminum alloys for the 
production of interchangeable parts injection mold. Eksploatacja i Nieza-
wodnosc – Maintenance and Reliability 2013; 15 (4): 434–440.
with increasing production of plastics crop up also the need to improve their proces-
sing abilities. New methods and materials in the construction of forms are examined. 
Low weight and easy machinability predestines aluminium alloys for use as a material 
for the production of injection moulds for manufacturing of small series production. 
the paper deals with the verification of the suitability for selected aluminium alloys 
for the production of mould inserts based on problem, which occurred at real injec-
tion mould used for small series production. Massive wear of material at contact of 
ejector pin made from 1.1203 and insert made of Al-alloy caused deformations at 
final moulding. at next experiments were four types of al alloys used. at following 
materials hardness and wear of materials was evaluated. To simulate the adhesive 
wear of friction pairs 1.1203 - Al alloy with and without greasing was adhesive wear 
test machine AMSLER used with simulation of surface contact. wear intensity was 
evaluated by the coefficient of friction.

GREškOViČ F, DulEBOVá l, DulEBa B, kRZyżak a. Eksploatacyjne 
kryteria oceny przydatności stopów aluminium do produkcji wymiennych 
części form wtryskowych. Eksploatacja i Niezawodnosc – Maintenance and 
Reliability 2013; 15 (4): 434–440.
Z powodu zwiększenia produkcji różnorodnych elementów z tworzyw polimerowych 
zauważana jest konieczność poprawiania procesów przetwórczych, w tym konstrukcji 
maszyn i narzędzi do ich przetwórstwa. Dlatego badane są nowe metody i materiały w 
budowie form używanych w procesie wtryskiwania. Niska waga i dobra obrabialność 
stopów aluminium sprawiają, że materiały te są chętnie stosowane do produkcji form 
wtryskowych w produkcji małoseryjnej. artykuł dotyczy weryfikacji przydatności wybra-
nych stopów aluminium do produkcji wymiennych części form wtryskowych pod kątem 
zapewnienia jak najdłuższej prawidłowej eksploatacji narzędzi. Zagadnienie przedstawione 
w artykule dotyczy rzeczywistych problemów, które wystąpiły w formach wtryskowych 
stosowanych do produkcji krótkich serii. Występujące znaczne zużycie materiału na styku 
wypychacza wykonanego ze stali 1.1203 i części formy wykonanej ze stopów aluminium 
oraz deformacje stopu aluminium wpływają na jakość przedmiotów produkowanych z 
tworzyw polimerowych. w kolejnych eksperymentach przetestowano cztery rodzaje 
stopów al. Wyznaczono twardość materiałów i zużycie ścierne. aby symulować współ-
pracę węzłów tarcia 1.1203 – al przeprowadzono testy z i bez użycia środka smarnego 
za pomocą urządzenia aMSlER.

zHoU D, JIA X, LV C, LI y. Metoda alokacji obsługiwalności złożonych urzą-
dzeń oparta na charakterystykach czasowych. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2013; 15 (4): 441–448.
alokacja obsługiwalności jest ważnym krokiem w projektowaniu jakości produktów. 
tradycyjne metody alokacji są ograniczone w takim sensie, że alokowany średni czas do 

zHoU D, JIA X, LV C, LI y. Maintainability allocation method based on 
time characteristics forcomplex equipment. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2013; 15 (4): 441–448.
Maintainability allocation is an important step in product quality design. Traditional 
allocation methods are limited such that the allocated mean time to repair for each 
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yIFEI T, zHAoHUI T, wEI y, zHEN y. Badania dotyczące optymalizacji 
energooszczędności konstrukcji suwnicy pomostowej. Eksploatacja i Nieza-
wodnosc – Maintenance and Reliability 2013; 15 (4): 449–457.
Suwnica pomostowa jest jednym z najczęściej używanych typów suwnic w Chinach i 
stanowi niezbędne wyposażenie do transportu materiałów w nowoczesnej produkcji. 
kluczową kwestią dotyczącą obsługi suwnicy pomostowej jest zawsze bezpieczeństwo. 
Ważnymi wskaźnikami wydajności suwnicy są m.in. wytrzymałość, sztywność oraz ciężar 
suwnicy, które zależą głównie od konstrukcji suwnicy. konieczne są zatem badania nad 
optymalizacją energooszczędności konstrukcji  za pomocą analizy elementów skończo-
nych, aDMaS oraz Matlab. W niniejszej pracy zaproponowano koncepcję optymalizacji 
energooszczędności. Po drugie, opisano budowę suwnicy pomostowej (50 t – 31.5 m) oraz 
opracowano model MES suwnicy do analizy metodą elementów skończonych. Po trzecie, 
przyjmując minimalną pojemność jako  funkcję celu, wysokość i szerokość suwnicy jako 
zmienne projektowe, a naprężenie, energię odkształcenia, modalnych jako ograniczenia, 
ustalono optymalny model matematyczny kształtu żurawia dla celów optymalizacyjnego 
projektowania kształtu. Po czwarte, przyjmując minimalny udział objętościowy jako 
funkcję celu, a grubości płyt jako zmienne projektowe, ustalono optymalny model mate-
matyczny rozmiarów do celów optymalizacyjnego projektowania rozmiarów. Po piąte, 
przyjmując minimalny udział objętościowy jako funkcję celu, a gęstości materiału każdego 
z elementów jako zmienne projektowe, ustalono optymalny model matematyczny topologii 
do celów optymalizacyjnego projektowania topologii. Wreszcie, wykonano multidyscypli-
narny energooszczędny projekt optymalizacyjny systemu suwnicy pomostowej, a wyniki 
energooszczędnego projektowania układu napędu zostały wykorzystane jako informacja 
zwrotna przy energooszczędnym projektowaniu optymalizacyjnym konstrukcji metalowej. 
Wyniki optymalizacji pokazują, że optymalizacyjne projektowanie konstrukcji z wykorzy-
staniem analizy MES  oraz technologii optymalizacji opartej na wymogach projektowych 
dla suwnic, takich jak sztywność, wytrzymałość itd., może znacznie obniżyć całkowitą 
masę dźwigu, a co za tym idzie zwiększyć jego energooszczędność.

yIFEI T, zHAoHUI T, wEI y, zHEN y. Research on energy-saving optimi-
zation design of bridge crane. Eksploatacja i Niezawodnosc – Maintenance 
and Reliability 2013; 15 (4): 449–457.
Bridge crane is one of the most widely used cranes in our country, which is indispen-
sable equipment for material conveying in the modern production. The security of 
bridge crane is always focused on when being used. The important indicators of crane 
performances include strength, stiffness, and crane weight, which mainly depend on 
the structure design of the bridge crane. So it is of importance to research on energy-
saving optimization design by means of finite element analysis, aDMaS and Matlab. 
In this paper, the framework of energy-saving optimization is proposed. Secondly, 
taking 50 t – 31.5 m bridge crane as research object, its structure is described and the 
FE model of the bridge cranes is developed for the finite element analysis. thirdly, 
shape optimal mathematical model of the crane is proposed for shape optimization as 
well as size optimal mathematical model for size optimization and topology optimal 
mathematical model for topology optimization. Besides, further comprehensive ener-
gy-saving optimizations are carried out as well as cross-section optimization. Finally, 
system-level energy-saving optimization design of bridge crane is further carried out 
with energy-saving transmission design results feedback to energy-saving optimization 
design of metal structure. The optimization results show that structural optimization 
design can reduce total mass of crane greatly by using the finite element analysis 
and optimization technology premised on the design requirements of cranes such as 
stiffness, strength and so on, thus energy-saving design can be achieved.

żyCZyńSka A. Współczynnik nakładu nieodnawialnej energii pierwotnej 
dla miejskiego systemu ciepłowniczego ze źródłem ciepła pracującym w 
skojarzeniu. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2013; 
15 (4): 458–462.
W artykule przedstawiono metodykę określania współczynnika nakładu nieodnawialnej 
energii pierwotnej w oparciu o dyrektywy UE oraz przepisy krajowe. Na podstawie 
rzeczywistych pomiarów uzyskanych podczas eksploatacji układu i przekazanych przez 
producentów i dystrybutora ciepła, przeprowadzono obliczenia w/w współczynnika dla 
wybranego miejskiego systemu ciepłowniczego. analizę wykonano dla kilku wariantów 
i objęto nią okres czterech lat tj. od 2008 r. do 2011 r. Wyniki otrzymane w warunkach 
eksploatacyjnych zostały porównane z wartościami obowiązującymi do stosowania w 
obliczeniach.

żyCZyńSka A. The primary energy factor for the urban heating system 
with the heat source working in association. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2013; 15 (4): 458–462.
The paper explores the methodology for determining primary energy factor based 
on EU directives and domestic regulations The estimation of the above mentioned 
coefficient for a selected urban heating system was performed on the basis of real me-
asurements obtained during the operation of a system and conveyed by the producers 
as well as heating distributor. The analysis was conducted for the several variants and 
extended over four years, that is from 2008 to 2011. The results achieved in the ope-
rating conditions were compared to the values obligatory to apply in calculations. 

naprawy dla każdego działu projektowania jednostki produktu nie może być całkowicie 
kontrolowany przez odpowiedni dział projektowania. W niniejszej pracy zaproponowano 
rozwiązanie tego problemu wykorzystujące nową metodę alokacji obsługiwalności opartą 
na charakterystykach czasowych.  W proponowanej metodzie bierze się pod uwagę związek 
między zawartością projektu a czasem naprawy, czas naprawy zaś dzieli się na wspólny 
i indywidualny. Wspólny czas naprawy, który zależy od ogólnej konstrukcji systemu, 
odejmuje się od całkowitego czasu naprawy. indywidualny czas naprawy alokuje się 
do konkretnej jednostki za pomocą odpowiedniej tradycyjnej metody alokacji. W pracy 
przeprowadzono studium przypadku, którego wyniki pokazują, że nowa metoda jest 
bardziej odpowiednia i skuteczna jeśli chodzi o alokację obsługiwalności niż metody-
stosowane pierwotnie.

unit design apartment cannot be totally controlled by the corresponding design 
apartment. This paper proposesa new time characteristics-based maintainability 
allocation method to solve the aforementioned problem. The relationship between 
design content and repair time is considered in this method, and repair time is divided 
into common and individual repair time. Common repair time, which isdetermined 
by the overall system design,is deducted from the total repair time.Individual repair 
time is allocated to the specific unit through proper traditional allocation method. a 
case study is performed,and results demonstrate that the new method is more suitable 
and effective than original methods in terms ofmaintainability allocation.
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ApplicAtion of the pAris formulA with m=2 And the vAriAble loAd 
spectrum to A simplified method for evAluAtion of reliAbility 

And fAtigue life demonstrAted by AircrAft components

uproszczonA metodAszAcowAniA niezAwodności i trwAłości zmę-
czeniowej elementów konstrukcji stAtku powietrznego  

z wykorzystAniem wzoru pArisA dlA m=2 i zmiennego widmA obciążeniA*
The presented paper is the follow-up to the study, where the method for assessment of the fatigue life of a structural component 
was outlined with consideration of the variable spectrum of loads and with use of the Paris formula for m ≠ 2. Due to the different 
nature inherent to analytic forms of solutions for the Paris equations with their exponential parameter m = 2, that special case is 
the subject of a separate analysis. This paper also uses the transformation of a real spectrum with variable values of fatigue cycles 
into a homogenous spectrum with weighted cycles. The method was developed that uses the transformed spectrum to evaluate 
fatigue life for a selected component of the aircraft structure when the component suffers from an initial crack. The method for 
modeling of the crack length expansion uses a differential equation that is then subjected to transformations to obtain a partial dif-
ferential equation of the Fokker-Planck type, which has a particular solution, explicitly the length density function for the crack of 
the component in question. That length density function served subsequently to determine reliability and fatigue life of a structural 
component where the crack length expanded from the permissible value ld to the critical threshold lkr..

Keywords: fatigue of structures, reliability, fatigue life, random spectrum of loads.

Prezentowany artykuł jest uzupełnieniem pracy, w której przedstawiono metodę oceny trwałości zmęczeniowej elementu konstruk-
cji dla zmiennego widma obciążenia z wykorzystaniem wzoru Parisa dla m≠2. Ze względu na odmienność postaci analitycznych 
rozwiązań dla wykładnika równania Parisa m=2, ten szczególny przypadek rozwiązań został przedstawiony w niniejszym opra-
cowaniu. Pokazany został sposób przekształcenia widma rzeczywistego o zmiennych wartościach cykli w widmo jednorodne o 
cyklach ważonych. Wykorzystując widmo przekształcone opracowano metodę oceny trwałości zmęczeniowej wybranego elementu 
konstrukcji statku powietrznego z początkowym pęknięciem. Do modelowania przyrostu długości pęknięcia wykorzystano równa-
nie różnicowe, z którego po przekształceniu otrzymano równanie różniczkowe cząstkowe typu Fokkera-Plancka. Rozwiązaniem 
szczególnym tego równania jest funkcja gęstości długości pęknięcia elementu. Wykorzystując następnie funkcję gęstości długości 
pęknięcia określono niezawodność i trwałość zmęczeniową elementu konstrukcji dla pęknięcia narastającego do wartości dopusz-
czalnej ld mniejszej od wartości krytycznej lkr.. 

Słowa kluczowe: zmęczenie konstrukcji, niezawodność, trwałość zmęczeniowa, losowe widmo obciążenia.

Tomaszek H, JaszTal m, zIeJa m. application of the Paris formula with m=2 and the variable load spectrum to a simplified method for 
evaluation of reliability and fatigue life demonstrated by aircraft components. eksploatacja i niezawodnosc – maintenance and reliability 
2013; 15 (4): 297–304.

1. introduction

Assessment of the fatigue life for components that are ‘operated’ 
under variable load spectrum is really troublesome to formulate ana-
lytical relationships. Thus, it is a main subject ofworld-wide scientific 
research [1–6, 16, 18]. However, the assessment of the fatigue life 
for components that are ‘operated’ under variable load spectrum is 

crucial to manage flight safety forcivilian and military aircraft. There-
fore, there is a necessity to find simplified methods, that could be 
practically applied in aviation transport [7, 9, 13–15, 18]. In this paper 
the simplified method is used that has already been disclosed in [17]. 
The applied simplification consists in transformation of the variable 
spectrum of loads to a homogenous one with weighted cycles. 
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This paper is the follow-up to the previous study [17] where the 
simplified method for assessment of the fatigue life of an aircraft 
structural component was outlined with consideration for the variable 
spectrum of loads and with use of the Paris formula for m ≠ 2. the 
forms of analytic solutions for this problem differ from each other de-
pending on the exponent parameter for the Paris formula, i.e. whether 
m ≠ 2or m = 2. it is why this study is dedicated to the case when the 
exponent in the Paris formula m = 2.

It is assumed that the length of the initial crack within a structural 
component is l0 and then the crack expands due to the effect of a load 
with a variable spectrum up to the length of  that is still permissible 
and safe as being less than the critical length of lkr. It is also assumed 
that the expansion rate of the crack is subject to a deterministic rule 
defined by the Paris equation [8]:

 dl
dN

C K m= ( )∆ , (1)

where:
 ΔK – variation range for the coefficient of stress intensity 

factor,
 C, m – material-dependent constants,
 N – the variable the represents the number of load cycles 

of a structural component.
For the case in question, i.e. when m = 2, the formula(1) adopts 

the following form:

 dl
dN

C K= ( )∆ 2 . (2)

2. Determination of the crack expansion rate for m = 2 
and for transformed spectrum of loads applied to a 
structural component

Transformation of a real load spectrum with variable load values 
into a homogenous spectrum with weighted cycles is based on the 
following assumptions:

Each component of an aircraft is operated under variable loads 1) 
during the aircraft missions;
The spectrum of loads affecting the aircraft component during 2) 
a standard mission is available. The load is a multiplication of 
a standard cycle;
It is assumed that the available standard load makes it possible 3) 
to calculate:

the total number of load cycles during a single flight, –
the spectrum comprises  – L thresholds with the maximum val-

ues of stresses σ σ σ1 2
max max max, , ,… L ;

For the analyzed spectrum the repetition numbers of the maxi-4) 
mum stress threshold is the following:   
σ1

max occurs n1 times, σ2
max occurs times, …, σL

max occurs nL 
times; Therefore, for the entire flight the repetition numbers of 
the predefines stress threshold amounts to N nc ii

L= =∑ 1 ;

The minimum values for the predefined stress thresholds is 5) 
calculated with the use of the following formula:  
 

 σ
σ σ σ

i sr
i i i n

i

i

n,
min ,

min
,
min

,
min



=
+ +…+1 2 , where i = 1,2,...,L;

The values of maximum 6) σi
max and minimum σi,śr

min stress values 
for operation cycles with frequencies Pi of their occurrences 
are summarized in Table 1;

The asymmetry coefficients for operation cycles are summa-7) 
rized in Table 2.  

where:  

 R̂i
i sr

i
=
σ

σ
,
min

max
 , U R Ri i i=∝ + ∝ + ∝1 2 3

2ˆ ˆ , ∝ ∝ ∝1 2 3, ,  – em- 

 pirical coefficients [11, 12].
Ranges for stress variations are calculated by the formula: 8) 
 
   ∆σ σ σi i i sr= −max

,
min


 

and summarized in Table 3.

Considering the effect exercised by overload cycles onto ex-9) 
pansion of cracks (Table 4)  
 
  ∆ ∆σ σi ef i

P
iC, =   

where:
 Ci

P– coefficients that represents retardation of the   
crack expansion after occurrence of overload cycles [10].

For the foregoing assumptions the relationship (1) with regard to 
the rate of crack development assumes the following form:

Table 1. Maximum σi
max and minimum σi,śr

min stress values for operation cycles 
with frequencies Pi of their occurrences

σi
max σ1

max σ2
max … σi

max … σL
max

σi,śr
min σ1,śr

min σ2,śr
min … σi,śr

min … σL,śr
min

Pi
1

1
c

nP
N

= 2
2

c

nP
N

= …
i

i
c

nP
N

= …
L

L
c

nP
N

=

Table 2. Asymmetry coefficients R̂ i for operation cycles with Ui factors that 
take into account the impact of these coefficients on the cracking 
rates

ith cycle 1 2 … i … L

R̂ i R̂ 1 R̂ 2 … R̂ i R̂ L

Ui U1 U1 … Ui … UL 

Table 4. Variation ranges ∆σi,ef for effective stress with consideration of over-
load cycles

cycle types 1 2 … i … L

coefficients C1
P C2

P … Ci
P CL

P

∆σi,ef ∆σ1,ef ∆σ2,ef … ∆σi,ef … ∆σL,ef 

Table 3. Ranges for stress variations ∆σi with frequencies Pi of their concur-
rencies

cycle types 1 2 … i … L

∆σi ∆σ1 ∆σ2 … ∆σi ∆σL

Pi P1 P2 … Pi … PL
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 dl
dN

C PU M l
m

ii
L

i i ef
m

k
m

m

= ( )





=∑π σ2

1
2∆ , , (3)

where:
 Mk – the parameter that indicates the location of the crack  

within the structural component and its dimensions with 
respect to dimensions of the overall component [8].

Having considered all the possible load cycles the relationship (3) 
adopts the form:

 
dl
dN

C M PU lk i ii
L

i ef= ( )





=∑π σ2

1
2

∆ , , (4)

where: i = 1,2,…,L
The relationship (4) can be expressed as a function of time or, more 
precisely, the function of an aircraft flying time. For this purpose it is 
assumed that:

 N = λt, (5)
where: 
 λ – intensity (frequency) of occurrence of load cycles in a 

structural component;
 N – number of load cycles;
 t – overall flying time of an aircraft.

For the case in question λ = 1/Δt, where Δt stands for duration of 
the fatigue cycle for the specific component. The easiest way to deter-
mine the Δt parameter is the use the following equation:

 ∆t T
Nc

= , (6)

where:
 T – average duration of a standard flight of an aircraft and 

assumed for determination of a load cycle,
 Nc – number of load cycles within a standard load 

spectrum.
After the foregoing substitutions and transformations the formula 

(4) adopts the following form:

 
dl
dt

C M PU lk i ii
L

i ef= ( )





=∑λ π σ2

1
2

∆ , . (7)

The formula (7) makes it possible to calculate the rate of crack 
expansions for the homogenous spectrum with weighted cycles of a 
single type.

3. Determination of the density function for a crack 
length as a function of time (flying time)

Let Ul,t stand for the probability that the crack length of a compo-
nent is l for the overall flying time t of an aircraft. The difference equa-
tion for the foregoing assumptions adopts the following form [7, 18]:

 U t U tUl t t l t l l t, , ,+ −= −( ) +∆ ∆∆ ∆1 λ λ , (8)

where:
 Δl – expansion of the crack length during a single equivalent 

cycle.
The value of the crack length expansion, calculated on the basis of 

the equation (7) amounts to:

 ∆ ∆ ∆l C M PU l tk i ii
L

i ef= ( )





=∑λ π σ2

1
2

, . (9)

The equation (8) can be rewritten in the functional form:

 U l t t t U l t tU l l t, , ,+( ) = −( ) ( ) + −( )∆ ∆ ∆ ∆1 λ λ . (10)

where:
 U(l, t) – the density function for the crack length after 

expiring of the t total flying time expressed in flying hours;
 (1−λΔt) – probability that no equivalent load cycle occurs 

during the time interval with the length of Δt;
 λΔt – probability that an equivalent load cycle occurs during 

the time interval with the length of Δt.
The equation (10) can be converted into a partial differential equa-

tion. For that purpose the following approximations are made:

 









U l t t U l t
U l t

t
t, ,

,
+( ) ≅ ( ) + ∂ ( )

∂
∆ ∆

U l l t U l t
U l t

l
l

U l t
l

l−( ) ≅ ( ) − ∂ ( )
∂

+
∂ ( )

∂
∆ ∆ ∆, ,

, ,
( )1

2

2

2
2

.    (11)

After substitution of (11) for (10) the following formula is obtained:

 
∂ ( )

∂
= −

∂ ( )
∂

+
∂ ( )

∂

U l t
t

U l t
l

l l
U l t

l
, ,

( )
,

λ λ∆ ∆
1
2

2
2

2  (12)

where:

∆ ∆ ∆l C PU M l ti ii
L

i ef k= ( )





=∑λ π σ1

2 2
, .

Since, λΔt = 1, then:

 ∆ ∆l C PU M li ii
L

i ef k= ( )





=∑π σ1

2 2
, . (13)

Let:
 C M Ckπ 2

2= , (14)

 ∆ ∆l C PU li ii
L

i ef= ( )





=∑2 1

2
σ , . (15)

Substitution of (15) for (12) leads to the following equation:

∂ ( )
∂

= −
∂ ( )

∂
( )






 +=∑

U l t
t

U l t
l

C PU l C PUi ii
L

i ef i
, ,

(,λ σ λ2 1
2

2
1
2

∆ iii
L

i ef l
U l t

l=∑ ( )







∂ ( )
∂1

2 2
2

2∆σ , )
,

. 

(16)

The solution of the equation (7) should be substituted  for the 
crack length in the equation (16):

 
dl
dt

C PU li ii
L

i ef= ( )





=∑λ σ2 1

2
∆ , ,

 
dx
x

C PU dtl
l t

i ii
L

i ef
0

20 1
2

∫ ∫ ∑= ( )





= ∆σ , ,

 l l e
C PiUi i ef ti

L

=
∑ = ( )









0
2

2
1λ σ∆ ,

. (17)

where, according to the formula (14),
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 C C Mk2
2= π .

with consideration of (17), coefficients of the equation (16) can 
be expressed in the following way:

α λ σ
λ σ

t C PU l ei ii
L

i ef
C PUi ii

L
i ef

( ) = ( )







∑
=

( )
∑

=
2 1

2
0

2 1
2

∆
∆

,
,



t

   (18)

β λ σ
λ σ

t C PU l ei ii
L

i ef
C PUi ii

L
i ef

( ) = ( )







∑
=

( )
∑

=
2 1

2
0

2 1
2

∆
∆

,
,





=

















=

= ( )





∑

t

i ii
L

i ef
C P

C PU l e
i

2

2
2

1
2 2

0
2

2 2
λ σ

λ
∆ ,

UU tii
L

i ef=∑ ( )





1

2
∆σ ,

.  (19)

For m = 2, the equation (16) with coefficients in the form of the 
relationships (18) and (19) is as follows:

 
∂ ( )

∂
= −

∂ ( )
∂

+
∂ ( )

∂

U l t
t

t
U l t

l
t

U l t
l

,
( )

,
( )

,
α β

1
2

2

2 . (20)

The particular solution for the equation (20) is as follows [7, 18]:

 U l t
A t

e
l B t

A t,
( )

( )
( )( ) =

−
− ( )

1
2

2

2

π
 (21)

where:
 B(t) – the average increment in the crack length for the 

overall flying time t calculated as: 

    
B t t dtt( ) = ( )∫ α0 .          (22)

 A(t) – variance for the average increment in the crack length 
for the overall flying time t calculated as:

     
A t t dtt( ) = ( )∫ β0 .          (23)

Computation of the integral (22):
 

B t t dt C PU l e
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(24)

Computation of the integral (23):

A t t dt C PU l e
t
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where, according to the formula (14),

 C C Mk2
2= π .

4.  Determination of reliability and fatigue life for a 
selected structural component of an aircraft

The diagram of a growing risk of a catastrophic hazard due to the 
crack of a structural component is shown in Fig. 1.

The component is deemed damaged when the current length of a 
crack l exceeds the value of a critical threshold lkr or is equal thereto. 
Thus
 l − lkr ≥ 0.

where both l and lkr are exemplifications of random variables L̂ t and 
Lkr. Therefore,

 ˆ = −L Lt kr . (26)

The function of a random variable density   is calculated from 
the relationship:

 f g l U l t dlt( ) , = −( ) ( )∞
∫0 . (27)

Therefore, the probability of the damage of a structural compo-
nent is expressed by the relationship:

 Q P L L f dt t kr t
' = − ≥{ } = ( )∞

∫0
0

  . (28)

Finally, the reliability of a component can be calculated by means 
of the function:

 R t f dt( ) = −
∞
∫1
0

( )  . (29)

Reliability of structural components can be also calculated in an-
other manner. The critical length of cracks is to be determined by 
means of a stress intensity coefficient in the following form:

 K M lk= σ π . (30)

Fig. 1. The diagram of a growing risk of a catastrophic hazard due to the crack 
of a structural component [18]

ˆ
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The coefficient that is determined by the relationship (30) be-
comes the critical parameter Kc when critical length lkr and critical 
stress σkr are reached. This critical parameter is referred to as the 
cracking resistance of a material:

 K M lc k kr kr= σ π . (31)

Hence, after a simple transformation:

 l K
Mkr

c

k kr
=

2

2 2σ π
.

By substitution of (31) and incorporation of a safety factor, one can 
calculate the maximum permissible (safe) length of a crack:

 l K
kMd

c

k kr
=

2

2 2σ π
, (32)

where:
 k – safety factor.

with consideration of the initial length l0 of a crack one can cal-
culate the maximum permissible increment of the crack length ld with 
use of the following formula:

 l l ld d= − 0 . (33)

Next, the formula (33) is used to find out the reliability of a struc-
tural component:

 R t U l t dll
l

d
d( ) ,= ( )−∞∫  (34)

Normalization of the integrand in the equation (34) leads to the 
following expression:

 R t U z t dzl

l B t
A t

d

d

( ) ,

( )
( )= ( )−∞

−∞
−

∫ , (35)

where:

 z l B t
A t

=
− ( )

( )
,

whilst B(t), A(t) are expressed by the relationships (24) and (25).

For the assumed reliability level, the upper limit for the integral 
(35) can be looked up in the tables for normal distribution. It enables 
to establish the relationship:

 Q l B t
A tl

d
d
=

− ( )
( )

 (36)

where:
 Qld – the upper limit for the integral (35), for that limit the 

integral value is equal to R t ld( ) .

Resolving of the equation (36) enables to calculate the value of 
the overall flying time (the desired lifetime of a structural component) 
that guarantees that the assumed reliability level is achieved.

5. final remarks with a numerical example

To illustrate the newly developed method the following example 
shows the way to calculate expansion rates for the average length of a 
crack in a component made of steel with specific material properties 
and exposed to the effect of a real load spectrum. The calculations 
were carried out for the spectrum of loads with variable amplitudes 
after having the load spectrum transformed in the manner that is ex-
plained in Section 2. The original load spectrum corresponds to real 
load affecting the component [7]. The characteristic parameters of the 
transformed load used for further investigations as summarized in the 
Table 5 below. table 5 shows boundary ranges Δσi for stress varia-
tions in the cycle within the presumed load thresholds i together with 
the frequencies Pi of their occurrence as well as coefficients that take 
into account the impact of the cycle asymmetry on crack expansion.

For the defined model material the following values of coeffi-
cients related to materials were assumed for calculations:

9

2,

5 10

m

C −

=

= ⋅ .

The presented example assumes that the initial length of the crack 
within the component is l0 = 10 mm, whilst the maximum permissible 
length of the crack was calculated with the use of the equation (32) 
and it equals to l mmd = 25 . It was also assumed for calculations that 
the coefficient that reflects retardation of the crack expansion after oc-
currence of overload cycles C1

P = 1, whereas the coefficient that takes 
into account the impact of the cycle asymmetry on crack expansion 
is defined by the empirical formula Ui = 0,55+0,33R̂ i + 0,12R̂ i2 Altera-
tion of the Mk coefficient in pace with expansion of the crack has 
been considered in the process of numerical computations according 
to the formula:

Table 5. Characteristic parameters for the transformed spectrum of loads

load threshold i 1 2 3 4 5 6 7

number of cycles 1 5 4 10 30 50 140

σi
max [mPa] 186 159 141 129 112 93 72

σi,śr
min [mPa] −28 −13 8 17 23 27 27

R̂ i coefficient −0,1505 −0,0818 0,0567 0,1317 0,2053 0,2903 0,375

stress range Δσi,ef [mPa] 214 172 133 112 89 66 45

Ui factor 0,5030 0,5238 0,5691 0,5955 0,6228 0,6559 0,6906

share of the threshold in the spectrum 
(frequency of occurrence) Pi

0,0042 0,0208 0,0167 0,0417 0,125 0,2083 0,5833
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2 3
, , , , (37)

where:
 l – current length of the crack;
 b – width of the component towards the direction where the 

crack expands.
Then, the transformed equation (24) that expresses the average crack 

length was used to establish, based on the equation (5), the relationship 
between that crack length and the number of the load cycles N:

 B N l e
C M P U Nk i ii

L
i ef

( ) ( )
,

= ⋅
∑

−
⋅ ⋅ ⋅ ⋅ ⋅( )






⋅=

0

2
1

2

1
π σ∆

. (38)

The foregoing equation made it possible to calculate an increase 
in the average crack length from the initial value of l0 = 10 mm  to the 
maximum permissible limit l mmd = 25 , where the relationship was 

sought between the crack length and the N number load cycles. The 
variation of the average crack length as the function of load cycle 
numbers is shown in Fig. 2.

on the exclusive basis of calculations related to the growth of the 
average length of fatigue cracks B(N) it is easy to find out that the 
maximum permissible crack length l mmd = 25  is achieved after 
Nld = 57115 of load cycles. However, the comprehensive calcula-

tions of the fatigue life for a specific component take also into account 
the probabilistic factors, therefore the variance A(N)of the crack 
length as described by the formula (25) must be additionally included. 
For that purpose the equation (36) is used and it depends on the 
number of load cycles N established on the basis of the equation (5):

 Q l B N
A Nl

d
d
=

− ( )
( )

. (39)

For the assumed reliability level R N ld( ) ,* = 0 99958  the upper 
limit Qld = 3 34,  for the integral (35) can be looked up in tables of nor-
mal standard distribution. Having resolved the above equation the 
number of load cycles Nld = 56750  is obtained, which is the fatigue life 

of the examined component with consideration of probability factors.
The advantage of the foregoing method lies in the fact that the 

method takes account of physical phenomena that are associated with 
the variable spectrum of loads. It must be kept in mind that this study 
reveals the method that is suitable solely in the case when the mate-
rial of the structural component exhibits appropriate features. These 
properties are conventionally reflected as the material constant that 
occurs as the exponent m = 2 in the Paris formula. The values of mate-
rial constants that are involved in the method (except for the presumed 
m = 2 parameter) can be either found out from experiments or esti-
mated on the basis of operational data for expansion of cracks, where 
the method of moments or the trustworthiness function (e.g. the C 
coefficient of the Paris equation) are applied to calculations. when the 
fatigue life is to be determined for such a structural component where 
assumption of the exponent m ≠ 2 for the Paris equation is justified, 
the method already disclosed in [17] should be applied.

Fig. 2. Increase in the average crack length as the function of the number of 
load cycles
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Jarosław sugIer
george J. anDers

modelling And evAluAtion of deteriorAtion process 
with mAintenAnce Activities

modelowAnie i AnAlizA procesu stArzeniA mAszyn i urządzeń 
poddAnych okresowym remontom*

In this paper, we present an approach which allows evaluation of various possible maintenance scenarios with respect to both 
reliability and economic criteria. The method is based on the concept of a life curve and discounted cost used to study the effect of 
equipment aging under different maintenance strategies. The deterioration process is first described by a Markov model and then 
its various characteristics are used to develop the equipment life curve and to quantify other reliability parameters. Based on these 
data, effects of various “what-if” maintenance scenarios can be examined and their efficiency compared. Simple life curves are 
combined to model equipment deterioration undergoing diverse maintenance actions, while computing other parameters of the 
model allows evaluation of additional critical factors, such as the probability of equipment failure. Additionally, the paper deals 
with the problem of the model adjustment so that the computed repair frequencies are close to the historical values, which is very 
important in practical applications of the method. Moreover, we discuss the problems which may arise if automatic adjustment is 
used in cases when the hypothetical maintenance policies go beyond the conditions upon which the original model was built.

Keywords: Deterioration modelling, probabilistic methods, maintenance policy, risk assessment.

Przedmiotem artykułu jest modelowanie różnych możliwych scenariuszy eksploatacyjnych maszyn i urządzeń, które uwzględnia 
kryteria zarówno niezawodnościowe, jak i ekonomiczne. Metoda opiera się na zastosowaniu krzywych życia (ang. life curves) 
oraz kosztów zdyskontowanych (ang. discounted costs) do analizy wpływu, jaki różne strategie eksploatacyjne wywierają na 
starzenie się sprzętu. Punktem wyjścia jest opisanie procesu starzenia przez model Markowa, którego charakterystyki umożliwia-
ją następnie wyznaczenie kształtu krzywej życia oraz obliczenie innych parametrów niezawodnościowych badanego sprzętu. W 
oparciu o uzyskane dane możliwa jest ocena różnych hipotetycznych scenariuszy eksploatacyjnych oraz porównanie ich efektyw-
ności. Proste krzywe życia mogą być łączone ze sobą w celu wizualizacji starzenia sprzętu poddawanego różnorodnym możliwym 
czynnościom naprawczym, natomiast obliczenie innych charakterystyk modelu pozwala wyznaczyć dodatkowe ważne parametry, 
takie jak prawdopodobieństwo uszkodzenia. Dodatkowo artykuł opisuje zagadnienie korygowania parametrów modelu, tak aby 
obliczane w nim częstości napraw sprzętu były bliskie wartościom znanym z jego historii eksploatacji, co jest bardzo ważne w 
praktycznych zastosowaniach metody. Omawiamy także problemy mogące pojawić się, gdy algorytm automatycznego korygo-
wania modelu jest stosowany w analizach hipotetycznych strategii eksploatacyjnych wykraczających poza warunki, dla których 
model oryginalny został opracowany.

Słowa kluczowe: modelowanie procesu starzenia, metoda probabilistyczna, polityka remontowa, ocena ryzyka.

1. introduction

Selection of an efficient maintenance strategy plays a very im-
portant role in the management of today’s complex systems. when 
searching for an optimal strategy, numerous issues must be taken into 
account and, among them, reliability and economic factors are often 
equally important. on the one hand, for obvious reasons, in successful 
system operation failures should be avoided and this opts for extensive 
and frequent maintenance activities. on the other, superfluous mainte-
nance may result in large and unnecessary costs. Finding a reasonable 
balance between these two factors is the key point in efficient main-
tenance management and to facilitate finding such a balance some 
measures should be available that allow for quantitative evaluation 
of the deterioration process of a system which is subjected to various 
maintenance actions (inspections, repairs, replacements, etc.).

The purpose of the development described in this work is to pro-
vide a computer tool for evaluating both the risks and the costs as-
sociated with the selection of various possible maintenance strategies. 
Rather than searching for a solution to a problem: “what maintenance 

strategy would lead to the best reliability and dependability param-
eters of the system operation”, in this approach different maintenance 
scenarios can be examined in the “what-if” type of studies and then, 
using the tool, their reliability and economic effects can be automati-
cally estimated so that the persons managing the maintenance is as-
sisted in making informed decisions ([13, 34]). The mathematical ap-
proach that form the basis of this tool uses semi-Markov model first 
introduced in 1990 [4] and then improved and extended in [1 – 3, 5 
– 6, 10 – 18, 22 – 32].

The method of maintenance evaluation which is the subject of 
this work has been presented initially in [8] and its specific extensions 
were further described in [26 – 28]. In this paper, after summarizing 
the current state of the development in Sections 2 and 3, we discuss 
one particular problem of automatic adjustment of the model which 
is required for representation of the deterioration process with modi-
fied repair frequencies (Section 4) and, finally, we include an original 
study of practical application that illustrates potential of this method 
in real-world situations (Section 5).
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2. Modelling deterioration and maintenance

Probabilistic maintenance models [1 – 8, 11 – 12, 14, 21 – 25, 
31] are the preferred tools for quantifying the effect of inspection and 
maintenance on reliability and costs. Their important advantage, apart 
from relative simplicity even when applied for complex technical sys-
tems or elements, is the ability to incorporate uncertainties associated 
with the deterioration of equipment and the outcomes of inspection 
and maintenance. The impact which maintenance makes on perform-
ance of the system – on both its reliability parameters and operational 
effectiveness – can be analysed with various performance measures, 
including: cost of performing inspection, maintenance and repair [8, 
11 – 12, 15, 18, 22 – 23, 25, 31], unavailability (or availability) [2, 
11, 25, 31], frequency of failure [15], first passage time (FPT) [18, 
21], cost of interruption or cost of lost revenue [15]. As investigated 
in [32],  additional care must be paid when analysing maintenance 
with non-periodic inspections because classic models may be unable 
to provide accurate results in such situations. To handle them appro-
priately new probabilistic models have been proposed in [1, 3].

In the typical approach, maximizing the performance measures 
becomes the objective of maintenance optimization like, for example 
in [12, 23], when single objective optimization is aimed at minimiza-
tion of the operation and maintenance cost. In the more comprehen-
sive solutions, the optimization has two objectives, e.g., to maximize 
the availability and to minimize the cost [11, 31] or to maximize the 
FPT while minimizing life cycle cost and unavailability [25]. In the 
latter solution, the objective function is formulated by assigning dif-
ferent weight factors for FPT, unavailability and life cycle cost.

In general, tuning parameters of the maintenance policy in the 
search of the optimal configuration can be realized using sensitivity 
analyses or optimization techniques. For example, modification of the 
inspection rates is used in [2, 18, 22] where sensitivity analyses were 
applied to investigate the behaviour of reliability and cost measures. 
In [11, 25, 31] the task is solved using optimization methods based on 
simulated annealing algorithm and Markov decision process. 

At the heart of the methodology proposed in this paper is the 
probabilistic model that assumes that the equipment will deteriorate 
in time and, if not maintained, will eventually fail. If the deterioration 
process is discovered, preventive maintenance is performed which can 
restore the condition of the equipment. Such a maintenance activity 
will return the system to a specific state of deterioration, whereas re-
pair after failure will restore to “as new” condition [5, 17]. The main-
tenance policy components that must be recognized are: monitoring 
or inspection (how the equipment state is determined), the decision 
process (which determines the outcome of the decision), and finally, 
the maintenance actions (or possible decision outcomes).

2.1. Construction of the model

All the necessary assumptions about the aging process and main-
tenance activities can be incorporated in an appropriate state-space 
(Markov) model [11, 14, 16, 19, 24, 33].  It consists of the states the 
equipment can assume in the process, and the possible transitions be-
tween them.  In a Markov model, the rates associated with the transi-
tions are assumed to be constant in time.

The method described in this work uses a model of the Asset 
Maintenance Planner (AMP) [6–7]. The AMP model is designed for 
equipment exposed to deterioration but undergoing maintenance at 
prescribed times.  It computes the probabilities, frequencies and mean 
durations of the states of such equipment.  The basic ideas in the AMP 
model are the probabilistic representation of the deterioration process 
through discrete stages, and the provision of a link between deterio-
ration and maintenance. For a structure of a typical AMP model see 
Fig. 1.

In the model, the deterioration progress is represented by a chain of 
deterioration states D1 … DK which leads to the state F symbolizing 

occurrence of a failure. In most situations, it is sufficient to represent 
deterioration by three stages: an initial (D1), a minor (D2), and a major 
(D3) stage (K = 3).  This last is followed, in due time, by equipment 
failure (F) which requires extensive repair or replacement.

In order to slow deterioration and thereby extend equipment life-
time, the operator will carry out maintenance according to some pre-
defined policy.  In the model of Fig. 1, regular inspections (Is) are 
performed which result in decisions to continue with minor (Ms1) or 
major (Ms2) maintenance or do nothing (more than two types of re-
pairs can also be included). The expected result of all maintenance 
activities is a single-step improvement in the deterioration chain; 
however, allowances are made for cases where no improvement is 
achieved or even where some damage is done through human error in 
carrying out the maintenance, which results in returning to the stage 
of more advanced deterioration.

The choice probabilities (at transitions from inspection) and the 
probabilities associated with the various possible outcomes are based 
on user input and can be estimated, e.g., from historical records or 
operator expertise.

Mathematically, the model in Fig. 1 can be represented by a 
semi-Markov process, and solved by the well-known procedures. 
The solution will yield all the state probabilities, frequencies and 
mean durations. Moreover, the model can be further analysed using 
Monte Carlo methods: starting from any given state Dk, transitions 
of the system are simulated until the failure state F is reached and the 
corresponding time moments are recorded as the values of the first 
passage times (FPT) to failure. These times are subsequently taken 
as the estimates of the mean remaining lifetimes in each deterioration 
state. Specific issues arising in numerical implementation of this idea 
are discussed in [20].

2.2. Using the model to estimate the life curve and the pro-
bability of failure

A convenient way to represent the deterioration process is by the 
life curve of the equipment [5].  Such a curve shows the relationship 
between asset condition, expressed in either engineering or financial 
terms, and time. For examples please refer to Fig. 3 in Section 5 where 
life curves will be used in a case study presenting various types of 
analysis carried out for evaluation of the maintenance scenarios.

As pointed out above, computing the average first passage time 
(FPT) from the first deterioration state (D1) to the failure state (F) 
yields an average lifetime of the equipment, i.e., the length of its life 
curve. on the other hand, solving the model for the state probabili-
ties makes possible computing the expected state durations, which 
are used to determine the shape of the curve (some additional deci-
sions are required as to how the deterioration states are mapped to 
the ranges of the asset condition values, which is discussed in [8] and 
[29]). Simple life curves obtained for different maintenance policies 
can be later combined if constructing composite life curves which de-

Fig. 1. Structure of the state-transition model which represents the deteriora-
tion process together with the inspection and repair events (an example 
with two types of repairs is shown).



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013306

sciENcE aNd tEchNology

scribe various maintenance scenarios are required (as an example see 
Fig. 4 in Section 5).

Having the model and the life curve, one can compute the probabil-
ity of failure (PoF) within given time period T for the equipment which 
is in some specific asset condition. The procedure is as follows:
1° For the current asset condition (an input parameter), find from the 

life curve the corresponding deterioration state Ds and then com-
pute a state progress SP (%), i.e., estimate how long the equip-
ment has already been in the Ds state (this is calculated with the 
assumption that the value of asset condition decreases with con-
stant rate when the system remains in Ds, hence simple propor-
tionality rule can be used).

2° Running FPT analysis on the model, find the distributions Ds(t) 
and Ds+1(t) of the first passage time from the current state Ds and 
the subsequent deterioration state D(s+1), to the failure state F.

3° Interpreting the state progress as a weight which balances the cur-
rent equipment condition between Ds and D(s+1), estimate the 
final value of the probability as:

 PoF  =  Ds(T)·(1 – SP)  +  Ds+1(T)·SP (1)

3. automatic adjustment of the model

Preparing the Markov model for some specific equipment is not 
an easy task and requires expert intervention. The goal is to create the 
model representing closely the real-life deterioration process known 
from the records that usually describe equipment operation under a 
regular maintenance policy with some specific frequencies of inspec-
tions and repairs. The model itself permits calculation of the repair 
frequencies and compliance of the computed and recorded frequen-
cies is a very desirable feature that verifies the trustworthiness of the 
model.

At this point, we will describe briefly a method of model adjust-
ment proposed in [26] and [29] that aims at reaching such a compli-
ance. It can be used also for a different task: fully automatic generation 
of a model for a new maintenance policy with modified frequencies of 
repairs which is very often required during the evaluation of various 
hypothetical maintenance options.

3.1. The method

Let K represents the number of deterioration states and R the 
number of repairs in the model under consideration. Also, let Psr = 
probability of selecting maintenance r in state s (assigned to decision 
after state Is) and Ps0 = probability of returning to state Ds from in-
spection Is (situation when no maintenance is scheduled as a result of 
the inspection). Then, for all states s = 1 … K:

 0P P 1s sr

r
+ =∑  (2)

Let Fr represents the frequency of repair r acquired through solv-
ing the model. The problem of model tuning can be formulated as 
follows:

Given an initial Markov model M0, constructed as above and pro-

ducing the frequencies of repairs 1 2
0 0 0 0F ,F ,...FR =  F , adjust the prob-

abilities Psr so that some goal frequencies FG are achieved.
Since the model presented in Fig. 1 has many parameters, one 

could devise different approaches manipulating their values to achieve 
the desired effect. we have selected to vary the probability values 

since these are usually guessed by an expert whereas the repair rates 
and their durations are largely based on historical records. 

The vector FG usually corresponds to the observed historical val-
ues of the frequencies of various repairs but can also represent new 
hypothetical repair frequencies of some possible maintenance policy. 
In the proposed solution, a sequence of tuned models M0, M1, M2,… 
MN is evaluated with each consecutive model approximating desired 
goal with a better accuracy. Starting with i = 0 the procedure consists 
of the following steps:
1° For model Mi compute the vector of repair frequencies Fi.
2° Evaluate an error of Mi as a distance between vectors FG and Fi.
3° If the error is within the user-defined limit, consider Mi as the 

final model and stop the procedure (N = i); otherwise proceed to 
the next step.

4° Create a new model Mi+1 through tuning values of Psr
i , then cor-

rect 0Ps
i  according to (2).

5° Proceed to step 1° with the next iteration.

3.2. approximating model probabilities

of all the steps outlined in the previous section, it is clear that tun-

ing the probabilities Psr
i  in step 4° is the heart of the whole procedure.

In general, the probabilities represent K·R free parameters and 
their uncontrolled modification could lead to a serious deformation 
of the model. To avoid this, a restrictive assumption is made: if the 
probability of some particular maintenance must be modified, it is 
modified proportionally in all deterioration states, so that at all times

 1
0P r : 2

0P r : … : 0PKr   ~  1P r
i : 2P r

i : … : PKr
i   (3)

for all repairs (r = 1…R).
This assumption also significantly reduces dimensionality of the 

problem, as now only R scaling factors Xi+1=[ 1
1Xi+ , 2

1Xi+ , … 1XR
i+ ] 

must be found to get all new probabilities for the model Mi+1:

 1 1 0P X Psr r sr
i i+ += ⋅ ,   r = 1…R,  s = 1…K (4)

Moreover, although the frequency of a repair r depends on the 
probabilities of all repairs (modifying probability of one repair chang-
es, among others, state durations in the whole model; thus, it changes 
the frequency of all states) it can be assumed that, in a case of a single-
step small adjustment, its dependence on repairs other than r can be 
considered negligible and

 
F F X X X F Xi

r
i
r

i i i
R

i
r

i
r= ( ) ≈ ( )1 2, ...

 (5)

with these assumptions, generation of a new model is reduced to 
the problem of solving R non-linear equations in the form of 

F X Fi
r

i
r

G
r( ) = . This can be accomplished with one of the standard 

root-finding algorithms.
one point of the procedure requires additional attention, though: 

applying equation (4) with Xi+1 > 1 may violate the condition

 1
1
P 1

R
sr
i

r
+

=
≤∑  (6)
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in some deterioration state s. This situation needs special tests that 
would detect such illegal probability values and reduce them propor-
tionally so that their sum does not exceed 1: a so called scale-down 
transformation needs to be applied. As practical studies show, such 
conditions do occur during model tuning towards repair frequencies 
that are remarkably higher than 0Fr  from the initial model M0. In its 
simplest form, the scale-down operation consists in dividing each 
probability Psr in the offending state s by the sum of all repair prob-
abilities in this state:

 
1

P P , P
R

sr sr sr
Ds Ds

r
S S

=
= = ∑  (7)

This will also imply that Ps0 = 0 which means that every inspection 
ends with some repair and there are no direct returns from Is state to 
Ds. Moreover, this obligatory correction mechanism can result in a 
violation of the proportionality rule (3), as an inevitable side effect.

3.3. numerical implementation

The following three approximation algorithms were implement-
ed in the task of solving equation (5): Newton method working on a 
linear approximation of Fr functions (the NoLA method), the secant 
method and the false position (falsi) method. For their detailed pres-
entation please refer to [26] and [29].

Generally, if the scale-down operation (7) does not disturb the 
iteration flow, any of the approximation algorithms can arrive at the 
requested goal frequencies with just a few steps, even if imposed pre-
cision margins are very narrow. The iterative scheme is very efficient 
with regard to this aspect. Moreover, practical tests have shown that 
although simplifications of the NoLA solution may seem critical, it is 
reasonably efficient and stable in the real-world cases because it has 
one advantage over its more sophisticated rivals: since it does not de-
pend on previous approximations, selection of the starting point is not 
so important and the accuracy during the first iterations is often better 
than in the secant or falsi methods. Superiority of the latter methods, 
especially of the falsi algorithm, manifests itself in the later stages of 
the approximation when the potential problems with initial selection 
of the starting point have been diminished.

4. Correction of the adjustment procedure for saturated 
models

Adjusting the model to the repair frequencies that are substantially 
higher than the original ones may lead to the model saturation – a con-
dition in which repair probabilities reach the limit (6) in every state Ds 
and there is no room for further increase if the adjustment procedure 
is limited only to the simple probability scaling as expressed in equa-
tion (4). In this situation, bringing together the two requirements: tun-
ing the model towards high repair frequencies and, at the same time, 
keeping the modifications of the internal structure within a safe range 
that does not break proper relation with the original, is a challenge and 
is discussed in this section.

4.1. The problem

For practical illustration of the problem we will use two real-
world Markov models, A and B that are especially prone to probabil-
ity saturation. Both models have the same general structure with K = 
R = 3, i.e., they include three deterioration states (D1 ÷ D3) and three 
repairs: minor (index = 1), medium (2) and major (3). The main differ-
ence between them lies in the distributions of the repair probabilities 
Psr in the deterioration states (or, strictly speaking, in inspection states 
I1 ÷ I3 associated with the deterioration states, as in Fig. 1).

The model A has been created with an assumption that although 
there are no repairs in the first state D1, when the equipment is in 
subsequent states D2 and D3 every inspection leads to some sort of 
repair and the totals SD2 = SD3 = 1 (P20 = P30 = 0). Actual probability 
distribution in each state is chosen so that in the medium deterioration 
state D2 the minor repair is the most common (P21 = 0.80) while in the 
major deterioration D3 the distribution is more balanced with medium 
repair taking half of the chances (P32 = 0.50).

The model B is a sibling of A with just one difference: repair prob-
abilities in D2 and D3 are lowered by, respectively, 20% and 10%, 
which means that after inspections I2 and I3 it is possible to return to 
Ds without undertaking any repair (P20 = 0.2 and P30 = 0.1). From the 
point of view of the current discussion, model B, as opposite to model 
A, has more potential for the probability growth.

In the following analysis, a series of models for the goal frequen-
cies will be generated in cases A and B 

 FG = ⋅



α F F F0

1
0
2

0, , 3

with factor α increasing from 0.5 (frequency of the minor repair re-
duced by half) to 2.0 (minor repair performed twice as often) in steps 
of 0.1. Values of α will be expressed as %. Frequency of the minor 
repair (no. 1) was selected as the varying parameter in FG just as an 
example with frequencies of the other repairs remaining constant, but 
equivalent results could be demonstrated with changing the frequen-
cies of medium or major repairs.

As it was discussed with greater detail in [30], both models can 
be successfully adjusted only up to the point of saturation which is 
reached for α = 100% for model A (i.e., the initial model is already sat-
urated) and 130% for model B. As it turns out, in this particular case 
the values P20 = 0.2 and P30 = 0.1 in model B leave enough room for 
approximately 30% increase of F1. In both saturation situations prob-
abilities in the states D2 and D3 sum up to unity and cannot be further 
increased, while in D1 the P11 is zero and applying the scaling factor 
as in equation (4) cannot produce any increase. on the other hand, the 
procedure has no problems with an adjustment towards frequencies 
lower than the saturated ones and, in such cases, the probabilities are 
scaled accordingly.

4.2. Modification of the adjustment procedure

The above examples of unsuccessful tuning can be used for il-
lustration of the proposed extension to the algorithm: if the model 
gets saturated after some adjustment iteration but there is still a state 
with null repair probability, the process can be continued in the same 
iterative way after some non-zero probability is added in this state. 
Such modification, though, goes beyond the restrictive assumption 
expressed by equation (3) and, being a more serious invasion into the 
model structure, must be applied in a cautious and thoughtful manner.

In particular, the following two issues must be taken into account: 
(1) forcing non-zero probability in some state before it is not abso-
lutely necessary, i.e., prior to the model saturation, instantly changes 
reaction to the adjustment iterations; hence, may change the final re-
sult of the tuning also in cases when the standard procedure would be 
able to produce the correct result; (2) replacing the null value of Psr, 
even if delayed up to the moment of saturation, but with probability 
which is too high for the actual needs, also may affect the final result 
in a way that is against the general idea of conservative tuning which 
should try to preserve the structure of the original model with minimal 
possible modifications. Consequences of the improper modifications 
that violate the above rules were presented in [30].

After analyses of numerous case studies like the above two exam-
ples, the following modification of the adjustment procedure has been 
found to be the most flexible and efficient solution that gives optimal 
results in a broad range of practical cases. Its main idea is not only 
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to delay the increase of null probability until the moment of model 
saturation, but also to scale its value adequately.

The modification does not amend the general iterative scheme de-
fined in point 3.1 in steps 1º ÷ 5º; the changes are limited only to the 
internal details of step 4º, which computes new probability values for 
the next model Mi+1. The modified implementation of this operation 
detects and deals differently with the following two cases:
(a) If the model is not saturated, i.e., there is a state with 0 < SDs < 

1, the standard approach is applied: in all states the values of Psr 
are multiplied by the scaling factors Xr (equation (4)) and then, if 
required, they are scaled down as in equation (7).

(b) If the model is saturated but there is a state with Psr = 0 (a chance 
for probability increase), this particular null probability is replaced 
with a predicted average increase of Psr in other states computed 
by the regular method as described above; after this the model is 
no longer saturated and the iterative scaling of this probability can 
be continued with the standard algorithm.
It should be noted that in case (b) the new value that replaces 

the null probability is computed as an average of the predicted actual 
increases of probabilities for a given repair in other states: these in-
creases will be scaled down with equation (7) because these states, by 
virtue of the method, will be saturated. As a result, the applied value 
of the increase will be proportional to the needs of particular situation 
but, at the same time, it will be additionally constrained.

Figure 2 presents the results obtained after application of this 
extended procedure to the models A and B: the upper graphs shows 
probabilities of the minor repair in all three deterioration states (Ps1) 
and the lower graphs – sum of all repair probabilities in every state 
(SDs). For both models, the adjustment can be successfully completed 
beyond the point of saturation, i.e., up to the doubled frequency of the 
minor repair, while for goal frequencies without model saturation (a < 
100% for model A and α < 130% for model B) the results are identical 
to the outcomes of the standard (unmodified) procedure.

Moreover, the graphs unveil the actual mechanism of model ad-
justment. Before saturation P11 = SD1 = 0 and scaling only P21 and P31 
is enough for reaching the goal frequencies. At the point when this 
becomes insufficient (α = 110% and α = 140%) the null values of P11 

are increased and further growth is limited to the D1 state with the 
other two remaining saturated.

5. evaluating reliability and cost for different mainte-
nance strategies

The methodology presented in the two previous sections will be 
now illustrated by a practical example of maintenance evaluation. The 
example is based on a real-world piece of equipment with a model 
created and fine-tuned so that it represents the actual reliability and 
maintenance parameters found in the historical records. According to 
them, the average equipment life has been found to reach 18.7 years 
of operation before failure. The model includes three deterioration 
states and represents the default maintenance policy with three pos-
sible repair types corresponding to, respectively, minor, medium and 
major repairs.

5.1. Life curves

Fig. 3 presents life curves computed for this equipment with vari-
ous repair policies. The rightmost one represents the standard (his-
torical) policy with all three repairs implemented with their typical 
frequencies, while the leftmost one – corresponding to the average 
equipment life of approx. 10 years – has been created from the model 

with all repairs removed (so called “do nothing” 
policy). As it is shown, in this specific case, 
turning off all the maintenance actions results 
in shortening of the equipment life by 46% and 
this fact can be compared to expected economic 
savings. The other three curves represent the 
following mid-range scenarios which were se-
lected in this work as typical examples of the 
solutions that may be considered in the real-
world applications:

turning off the major repair without chang- –
ing the frequencies of the remaining two 
ones (minor and medium), which has been 
evaluated to reduce the average equipment 
life to 14.7 years (i.e. by 21%),
keeping only the medium repair with minor  –
and major ones removed (equipment life re-
duced by 28% to 13.4 years),
reducing by half the frequencies of all three  –
repairs (equipment life reduced by 40% to 
11.3 years).
It should be stressed that in the three mid-

range cases the curves have been computed us-
ing models that were tuned to required repair 
frequencies with the numerical procedure de-
scribed earlier in this paper.

Having such models not only the shape and 
length of the curves can be evaluated, but also 

other significant reliability characteristics, with the probability of fail-
ure within the specific time horizon being one of the most important 
in further analysis.

5.2. Maintenance scenarios

The models and the life curves for different repair policies can be 
used for evaluation of various maintenance scenarios. As examples, 
we will consider a situation when, with an initial equipment deteriora-
tion estimated as 80% of “as new” condition, some specific actions – a 
repair or just a change in maintenance policy – will take place after 
a 3 year delay while the effects will be evaluated for a 10 year time 
period. The actions in the scenarios will be as follows:

Fig. 2. Successful tuning of the models A (left) and B (right) beyond the point of model saturation by the 
proposed extension of the adjustment procedure.
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adopting “do nothing” policy, which means just stopping all in- –
spections and repairs; in case of failure the equipment will be 
refurbished and its condition restored to 85%,
replacing the equipment with “as new” one and then switching  –
to the “do nothing” policy,
performing a major refurbishment of the equipment which re- –
stores its condition to 85% and then continuing with a medium 
repair only.

Fig. 4 shows the composite life curves created over a period of 
10 years for the above scenarios and compares them to the “continue 
as before” policy. The composite curves were constructed with the 
appropriate segments of the basic curves form Fig. 3. Starting from 
the initial asset condition of 80% of the initial asset value, which cor-
responds to the equipment ca. 8 year old, the curves run down to 72% 
during the first three years and then split at the moment of the action. 
For the “do nothing” action deterioration rate speeds up, while for 
the two other actions the asset condition is first increased as a result 
of the replacement or refurbishment and, then, a new reduced repair 
policy is applied, which again causes a higher rate of deterioration. 
The shapes of the curves make possible a quantitative comparison of 
these processes and allow evaluation of their effects.

It can be noted that, in the case of “do nothing” action, it is pre-
dicted that the equipment will fail within the time horizon under con-
sideration. while in such a case, different actions (repairs or replace-
ments) may take place, in this specific scenario it is assumed that the 
equipment will be repaired with its condition restored to 85%, but 
other courses of action can also be modelled.

5.3. Probability of failure

Probability of failure within the time horizon computed for the 
strategies under consideration is shown in Fig. 5. Values on the graphs 
are presented as functions of the action delay time (100% = 3 years) 

and they are compared against the probability of failure for the un-
modified standard maintenance (“continue as before”). The value of 
this probability has been computed to be 42%.

It can be seen in case of all three scenarios that, since the new 
maintenance policy after the action is more or less reduced, the more 
the action is delayed, the less probable equipment failure becomes. 
For evident reasons adopting “do nothing” policy leads to the highest 
values of the failure probability, while replacing the equipment and 
“doing nothing” afterwards turned out to be a less dangerous strategy 
(in terms of failure probability) than refurbishing and then keeping 
only the medium repair. whether the differences in the economic ex-
penses of these two possible strategies justify this discrepancy in the 
reliability parameter or not – remains an open question and generally 
depends on the costs associated with the equipment failures.

one interesting observation can be made about the curve for “do 
nothing” strategy: its decrease is not strictly monotonic and there is a 
local minimum at the level of 61% for the delay equal to 164% (4.9 
years) after which the probability begins to rise slowly. To explain this 
rise, the two components: the probability of failure before and after 
the action should be investigated and they are shown in Fig. 6. In gen-
eral, these two components behave as expected: the later the action 
takes place, the higher the probability of failure before and the lower 
probability of failure after the action but the rates of these two flows 
– increasing and decreasing – are not constant and do not sum up into 
a monotonic decrease. In this case, the probability of failure after the 
action falls down to some extent slower after the point of 164% and 
this causes the local minimum in the total probability of failure.

5.4. Cost analysis

In financial evaluations, the costs are expressed as the present val-
ue (PV) quantities and this approach should also be used in this kind 
of studies because maintenance decisions on aging equipment include 

Fig. 3. Life curves for equipment with different repair policies

Fig. 4. Life curves for different maintenance scenarios over a time horizon of 
10 years

Fig. 5. Probability of equipment failure within a period of 10 years as a func-
tion of action delay

Fig. 6. Probability of equipment failure before and after the action for “do 
nothing” scenario
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timing, and the time value of money is an important consideration in 
any decision analysis. The cost difference is often referred to as the 
Net Present Value (NPV). In the case of maintenance, the NPV can be 
obtained for several re-investment options which are compared with 
the “Continue as before” policy. 

Cost evaluation for any maintenance scenario involves calcula-
tion of the following three fundamental classes of components:

cost of the maintenance activities,1. 
cost of the selected action (i.e., refurbishment or replace-2. 
ment),
cost associated with failures (cost of repairs, system cost, pen-3. 
alties).

To compute the PV, inflation and discount rates are required for the 
specified time horizon.  The cost of maintenance over the time horizon 
is the sum of the maintenance costs incurred by the original mainte-
nance policy for the duration of the delay period (up to the action), and 
the costs incurred by the new policy for the remainder of the time hori-
zon (after the action). The costs associated with the equipment failure 
over the time horizon can be computed similarly except that the failure 
costs before and after the action should be multiplied by the respective 
probabilities of failures, and the two products added.

Fig. 7 presents the plots showing the cost analysis for the exem-
plary scenario “replace and then do nothing”. Again (as it was in the 
case of the probability of failure) the values are visualized as functions 
of the action delay varying in the range 0 ÷ 200% of the user-specified 
reference value. In this particular case, this value was 3 years and the 

costs correspond to the estimated expenses over the period of 10 years 
(i.e., for 150% delay one can read the costs incurred over the period 
of 10 years evaluated for situation when the replacement was delayed 
for 4.5 years).

The “Maintenance” component that can be seen in this figure in-
cludes inspection and repair costs that were incorporated in the model 
and, since in this scenario there is no maintenance after the replace-
ment, for 0% delay (the action done immediately) all the maintenance 
activities are suspended from the start of the time horizon and the 
value of this component falls to zero. only after delaying the action 
by 35% the first repair is expected to be performed (incurring some 
non-zero cost) while the further increase of this delay causes more 
and more repairs to take place – hence several noticeable jumps ap-
pear in the flow of this curve. As for the cost of the replacement itself 
(“Action”), although it does not depend on the delay, is not constant 
due to the PV calculations. Also cost of the failure (loss of equipment, 
penalties, loss of revenue, repair cost, etc.) although assumed to be 
constant for each specific scenario, in this analysis fluctuates due to 
changes in probabilities of failure (estimated separately for the peri-
ods before and after the action) and, to a lesser extent, also due to the 
PV calculations.

6. Conclusions

The purpose of the method presented in this paper is to help the 
maintenance supervisor in choosing an effective yet cost-efficient 
maintenance policy. Based on the Markov models representing de-
terioration process, the equipment life curve and other reliability 
parameters can be evaluated. once a database of equipment models 
is prepared, the end-user can perform various studies with differ-
ent maintenance strategies and compare expected outcomes. As the 
results are visualized through the relatively simple concept of a life 
curve, no detailed expert knowledge about internal reliability param-
eters or configuration is required.

Additionally, we have presented a method for automatic adjustment 
of a given deterioration model to the requested new repair frequencies. 
Such a task arises often either in fine-tuning of the model to histori-
cal records of equipment operation or during analyses of the possible 
hypothetical maintenance options. The proposed adjustment method 
strives to be as conservative as possible with regard to the amount of 
alterations introduced to the existing model in order to avoid its defor-
mation and, consequently, corruption of the produced results. 

Fig. 7. Estimated cost of “replace & do nothing” scenario (the total value 
and the three components)
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możliwości określeniA prędkości krytycznej pojAzdu 
nA podstAwie bAdAń jego dynAmiki poprzecznej

In this paper, the parameters important for lateral dynamics of vehicles are analyzed in order to establish the values of its criti-
cal speed on the moment of losing the stability. The values of the vehicle’s speed yaw rate, the steering wheel angle, the lateral 
acceleration, and the roll angle obtained from experimental tests are filtered according to the set conditions and only the general 
values that mean the beginning of the vehicle slipping are selected. For more precise assessment of the selected values, a statisti-
cal analysis is carried out. The Normal distribution law describes scattering of the selected values in the most relevant way and 
concretizes the critical speed being established. In the end of the paper, the obtained values of the speed are compared to the results 
of the theoretical calculations. Conclusions assessing the developed technique of selection of the parameters are provided.

Keywords: critical speed, lateral dynamics, vehicle sideslip, stability, circular motion.

Niniejsza praca analizuje parametry istotne dla dynamiki poprzecznej pojazdów w celu ustalenia wartości prędkości krytycznej w 
momencie utraty przez nie stabilności. Wartości szybkości zboczenia przez pojazd z kursu, kąta skrętu kierownicy, przyśpieszenia 
poprzecznego oraz kąta odchylenia się pojazdu, uzyskane w badaniach doświadczalnych, dobrano pod kątem założonych warun-
ków i tylko ogólne wartości oznaczające początek poślizgu pojazdu zostały wybrane. W celu dokładniejszej oceny wybranych war-
tości przeprowadzono analizę statystyczną. Prawo rozkładu normalnego opisuje odpowiednie rozproszenie wybranych wartości i 
konkretyzuje ustaloną prędkość krytyczną. W końcowej części pracy porównano uzyskane wartości prędkości z wynikami obliczeń 
teoretycznych. Wnioski służą ocenie opracowanej techniki doboru parametrów.

Słowa kluczowe: prędkość krytyczna, dynamika poprzeczna, poślizg pojazdu, stabilność, ruch obrotowy.

1. Introduction

Assessment of parameters of vehicles became a topical and per-
manently disputable object for persons involved in creation and im-
provement of vehicles and, of course, all traffic participants as early 
as since their appearance on roads. Each of the above-mentioned cat-
egories has its own goals, namely: striving for technological progress; 
ensuring safe and reliable exploitation; adaptability to various situa-
tions of the daily life to the maximum possible extent. Modernity of 
today vehicle systems and the possibilities of their diagnostics enable 
to carry out a detailed exploration of various parameters of movement 
that become important in improving the safety systems, in investiga-
tion of traffic events or upon striving to clear up (upon the maximum 
accuracy) the regularities of movement of a vehicle, as a totality of 
aggregates with different properties. A moment of losing control of 
a vehicle may be identified as a critical value of speed that may be 
found upon applying various methods. If all the systems are precisely 
assessed and mathematically described, an application of the numeri-
cal method for estimating the parameters is possible; however, it re-
quires a particularly detailed technique for application of fundamental 
knowledge and often is too complicated for many cases of establish-
ment. So, experimental tests are used for estimation of certain regu-
larities upon real conditions.

on investigation of the parameters of lateral dynamics of a ve-
hicle, a model of a vehicle with four degrees of freedom is most fre-
quently used. Such a model assesses the key parameters and does not 
charge the calculations with data of low importance. The calculation 

technique based on the said model takes into account the loads onto 
the wheels and the nonlinearity of the tires and it enables to calculate 
the lateral forces acting the tires and the sideslip angles [1] and [5]. 
Longitudinal and lateral speed estimation is often used from vehicle 
cornering stiffness, friction parameters in various driving maneuvers 
[20]. Chinese scientists apply methods of analysis to data collected 
from sensors in order to introduce the earlier developed algorithms 
in active safety systems of vehicles. The interaction between the tire 
and the road dependently on the speed and character of driving is 
analyzed. For the research, experiments, mathematical models and 
computer programs, are used [8].

Lateral stability of a vehicle depends not only on the acting lateral 
forces, but on the longitudinal dynamics as well. Sideslip in vehicle 
usable in auto racing is formed artificially by the parking brake or 
by considerable increasing the tractive force of driving wheels. The 
performance parameters of such movement and the algorithms usable 
for their processing were explored by scientists of Switzerland and 
USA in 2010 [18]. The surface of the road where the vehicle is mov-
ing distinguishes itself for the type of the pavement, unevenness and 
geometrical parameters, thus the road parameters considerably impact 
the general dynamics of the vehicle [16].

At Heudiasyc laboratory (France), the investigations on the side-
slip angle of a vehicle dependently on the acting lateral forces in case 
of a sudden turn were carried out [15]. on double late change and 
slalom maneuvers upon the lateral acceleration up to 4 g, the results 
of experiments and mathematical simulation differed inconsiderably; 
however, when lateral acceleration exceeded 0.6 g, the results became 
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markedly different because of nonlinearity of tires that’s assessment 
required special investigation in each case. 

on expert’s examinations of traffic events, various cases of traffic 
events, such as collisions of vehicles [12], hitting a pedestrian [19], 
turning turtle [13], collisions with obstacles [14] and so on, are ex-
amined. If sideslip of wheels takes place on a traffic event, it is very 
important to estimate precisely the lateral dynamics parameters of ad-
herence of the wheels with the pavement and to establish the initial 
moments of losing the stability and critical speed [3] and [13].

operation of electronic stability systems (ESP) is based on control 
of the intensity of the rotational speed of the body, angular rotational 
speeds of wheels and the acting accelerations. According to the data 
from the sensors, the established processing algorithm assesses a sta-
bility of the vehicle and, when required (when the limit of stability 
provided by the manufacturer is overstepped), sends signals to the 
control systems [7] and [10]. In critical stability cases, operation of 
the traction system and the vehicle braking system is very important, 
so activation of the said systems on the proper moment is a matter of 
a great relevance [21].

2. vehicle model

Analysis of the dynamics of a vehicle moving along a circular 
trajectory is convenient upon using a model with four degrees of free-
dom (DoF) (Fig. 1). This mathematical model provides a possibility 
of vehicle body longitudinal and lateral movement, yaw (ψ) and roll 
(φ) movement. in Fig. 1, vx and vy are the longitudinal and lateral 
components of the speed vector, respectively, in the point A that is the 
center of mass of the vehicle plane’s projection. on the vehicle stand-
ing or uniform rectilinear movement, the center of mass is leant at the 
angle θ in respect of the point B. This leaning is caused by the position 
of the axis of inclination that, in its turn, is impacted by the structure 
of the vehicle’s suspension. on turning, the lateral force acting upon 
the vehicle causes a rotation of the sprung masses (ms) at the angle φ 
around the said axis. In the presented model, the steering angles δ1,2 
and sideslip angles α1,2,3,4 of all wheels are shown as well. C is the 
center of mass on low-speed turning of the vehicle at the radius R′ 
without sideslip, and C′ is the momentary center of mass on turning 
at a larger angle R′ with a higher speed. in such a case, the tire planes 
differ from the directions of the speed vector v1,2,3,4 by angles α1,2,3,4.

According to Lagrange's equation, the equations of motion for 
4-DoF vehicle model are derived:
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where:  m – total mass of the vehicle, ms – sprung mass, Fx – tractive 
forces, Fy – lateral forces, Fxd – aerodynamics and rolling 
resistance forces, Ix, Iy, Iz – moments of inertia around x, y 
and z axes, Ixz – inertia product of the sprung mass, Miz – 
self-aligning moment generated by wheel i, R and R′ – radius 
of the cornering vehicle, moving without sideslip and with 
sideslip, s1 and s2 – distances from the center of gravity to 
the front and rear wheel, a and b – distances from the center 
of gravity to the front and rear axle, 'h  – arm length of roll 

moment, cϕ1 2,  – roll stiffnesses of front and rear exes, kϕ1 2,  
– damping coefficient of front and rear exes.

3. experimental procedure

on a natural test, the vehicle is involved in circular movement at 
the agreed diameter upon gradual increasing the speed up to the limit 
when following the trajectory becomes impossible because of side-
slip. Such a test is not classified as steady-state circular test, because 
the speed is changed. In addition, the driver is provided a freedom 
in correction of the steering wheel angle for maintaining the agreed 
circular trajectory of movement. A test of such a type was described 
in the international standard ISo 4138 [9]. In addition to circular 
movement of the constant radius, the standard also provides research 
techniques for cases when constant steering wheel angle and constant 
speed are kept. 

on the tests, the ability rating of the vehicle Toyota Avensis is 
fixed by the equipment mounted on its sprung masses, namely: a tri-
axial 3g±  accelerometer  and a 150 deg/s±  gyroscope mounted on 
the windscreen of the vehicle; a noncontact optical speed sensor Cor-
revit S-350 Aqua in front of the vehicle (Fig. 2a); three laser sensors 
HF-500C for measuring the pitch and roll angles of the body; and a 
wire potentiometric steering wheel angle sensor Kuebler D8 for steer-
ing wheel angle measurement. For the tests, a closed 80 m long and 
60 m wide site with asphalt concrete pavement was used.

Drives are carried out along a circular trajectory with the radii of 10, 
15 and 20 metres, respectively; each test is repeat-

ed at least for four times. In such a way, it is tried 
to avoid possible gross errors of measurement. 

During the experiment, information from 
the sensors is fixed by the data collection equip-
ment Corrsys-Datron DAS-3 (Fig. 2b.) and later 
is processed in the general time scale by soft-
ware TurboLab 6.0. Data collection and graphi-
cal presentation during the tests is provided in 
Fig. 3.

4.   analysis of experimental data

For a detailed analysis, the most varying pa-
rameters on curved trajectory were selected: the 
vehicle speed, the yaw rate, the steering wheel 
angle, the lateral acceleration, and the roll an-
gle. Although all above-listed parameters are 
measured directly during the tests, the target 
value, i.e. critical speed, is a complex result of 

Fig. 1. 4-DOF vehicle model
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the measurement that is obtained upon applying additional methods of 
analysis. A complex measurement is considered establishing the val-
ues of parameters of the same character by measuring various indirect 
parameters or their dependences. Therefore, obtaining the optimal re-
sult it is necessary to evaluate the overall parameter changes over time 
combining them as much as possible.

In order to establish the critical speed according to the parameters 
fixed during the tests, a special filter is formed. Generated selection 
model separates moments corresponding to moving in critical speed:
1) the conditions of sideslip of the vehicle according to the intensity of 
the yaw and the steering wheel angle change:
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Here the first part of the condition (2) selects preliminary mo-
ments of slipping when the intensity of the yaw rate of the vehicle 
upon no change of the steering wheel angle or its reducing. To such 
cases of slipping, oversteering is attributed. The second part of the 
condition (3) selects expectable moments of slipping when the steer-
ing wheel angle is not changed or increased and the vehicle turns less 
and less. It is considered that understeering takes place;
2) the condition of sideslip of the vehicle  according to the lateral ac-
celeration that affects the vehicle and the roll angle intensity depend-
ently on the longitudinal acceleration:
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where: 5 5[ ; ),  ' [ ; ).i i i vr i vrdt t t dt t t t t+ +∈ ∈ + +
In this group of conditions (4), the moments when upon maintaining 
a constant speed of circular movement or its increasing, the limit of 

Fig. 2. Equipped vehicle during experimental procedure

Fig. 3.Data selection during experimental procedure: a) data window of numerical form, b)  window of signal analysis in TuboLab 6.0 software

a) b)

b)a)
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adhesion of the wheels with the road surface is overstepped and the 
acting lateral acceleration and lateral angle of inclination of sprung 
masses becomes less. 

The specified dependence dt covers the interval with five meas-
urement points. In the specific case, it means 0.5 s, because the fre-
quency of general registration of parameters is 10 Hz. So, a 0.5 s in-
terval is accepted for examination of variation of a relevant parameter 
and within such an interval, a remarkable character of variation of a 
certain parameter may be assessed. The interval 'dt  provided at the 
parameter of steering wheel angle δv covers five measurement points 
as well; however, this parameter is shifted by the value of tvr that 
means the driver’s reaction time to turn steering wheel. According to 
psychophysiological properties of a driver, the reaction time to turn 
steering wheel is 1.2–1.4 times longer than the usual reaction time 
[11]. Taking into account that during the tests, the driver was ready for 
possible turns of the steering wheel, the said time tvr is not increased 
on application of selection of critical speed and accepted to be 0.5 s. 

After establishing that the parameters satisfy the set conditions, 
the speed of the vehicle in the beginning of the interval is presented 
as the result of the selection. It is considered that the conditions are 
satisfied when the processed parameters satisfy one inequality from 
the first condition and the inequality of the second condition. only a 
measuring line that satisfies the both conditions may be selected.

A variant when d dtψ ' = 0  is not included in the conditions of 

sideslip, because in such a case, slipping is impossible while main-
taining a trajectory of constant radius. The case when is not assessed 
as  well, because, in accordance with the preset conditions of the test,  

on increasing the vehicle speed, the values of ya  and φ will naturally 
grow (in absence of sideslip) because of centrifugal acceleration.

The moments according to the condition 1 or the condition 2 of 
sideslip provided in the formulas (2, 3) and (4) are selected in respect 
of zero, i.e. it is established whether the intensity of the parameter 
variation was positive or negative. However, striving for more pre-
cise identification of the critical speed, optimization of the said values 
would be convenient. For this purpose, the precise data on the per-
formance of the specified vehicle, including its inertness, lateral stiff-
ness of the tires and stiffness, stiffness and damping of the suspension, 
are required. However, such a precise assessment would not allow 
applying the established trend. If a less number of parameters is used 
for data filtration and a typical scattering of the values of the critical 
speed is obtained, statistical data processing methods are applied for 
a further analysis.

5. Statistical processing of the results

After selection of the measurement data according to the formed 
conditions, scattering of preliminary critical speeds upon certain regu-
larity is obtained. For more precise establishing the target value of 
speed, the said regularity is assessed upon applying statistical data 
analysis. In course of establishing the distribution of the selected val-
ues of speed, the series of the values is formed first of all and divided 
into ranges (Table 1). Frequency mi shows the number of values (se-
lected speeds) included in the relevant range and pi shows the statisti-

cal probability of appearance of the values in the said range. ip∑
is integral statistical probability. Statistical processing will make it 
easier to identify the most commonly recurrent filtered value of criti-
cal speed and assess the accuracy of adapted statistical law of distri-
bution.

If the frequency in each interval is known, the average value of the 
selected speeds is calculated as follows:

 1
i

n
ivid V

i

mT T
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= ⋅∑  (5)

where: 
iVT  – the average value of speed in the i-th interval, mi – 

frequency of access to the range, N – the number of selected 
values of speed. The extent of deviation of the selected 
values of speed from the average value is calculated as 
follows:
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For applying the theoretical distribution law, the relative deflec-
tion of the values of speed should be assessed. It is described by the 
coefficient of variation:

 ν
σ

=
T vid

 (7)

In all analyzed cases (driving along different circles), according to 
the formed statistical series and calculated performance curves, it was 
found that 0.33v ≤  [17]; it means that the selected values of speed are 
distributed according to the Normal distribution (the Gaussian law) 
and the shapes of drawn histograms of the distributed values and dif-
ferential curves f(T) (Fig. 4) preliminary support the statement.

A proper substantiation of the chosen distribution law may be 
provided upon using the criteria. For reasoning a feasibility of the 
chosen mathematical model according to all values of the sample, the 
so called Pearson compatibility criterion χ2 [4] is most frequently ap-
plied.  Pearson criterion is based on a comparison of the number of 
events obtained in empirical way mi with the expected events of the 
theoretical distribution in the same interval npi. Upon applying the 
compatibility criterion χ2 for verifying the zero hypothesis, the prob-
abilities pi of finding the random variable H in the intervals are calcu-
lated on the base of a hypothetic function as follows:
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Table. 1. The statistical series of the selected values of speed according to the data on circular movement*

range, v, km/h 15–20 20–25 25–30 30–35 35–40 40–45 45–50

Frequency, mi 1 22 77 53 28 3 0

statistical probability, pi 0,005 0,120 0,418 0,288 0,152 0,016 0,000

ip∑ 0,005 0,125 0,543 0,832 0,984 1,000 1,000

* at the radius of 15 meters
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where: i =1, 2,…, k – the numbers of intervals.
on multiplying the calculated probabilities by the sample n, the 

theoretical frequencies npi  of the intervals, i.e. the frequencies ex-
pectable if the zero hypothesis is veridical, are found. on the base 
of the available values, the compatibility criterion χ2 is calculated as 
follows:

 χ 2
2

1
=

−( )
=
∑

m np
np

i i

ii

k
 (9)

The number of the model’s degrees of freedom is calculated as 
follows:

 ν = − −k r 1 (10)

where: k = 7 – the number of intervals in the formed statistical 
series, r = 2 – the number of parameters of the distribution 
law under verification: the sample average and dispersion. 

According to the level of importance 0.05 and the degree of free-
dom from χ2 distribution quantile tables [4], it is found that the critical 

value
 
χ0 05 4

2 9 488. ; .= . The value χ 2 6 257= .  calculated according to 

the formula (9) is less then χα ;v
2 , so the hypothesis that the chosen 

distribution law duly describes the selected results of the experiment 
is confirmed. This condition is satisfied for the data on driving along 
the trajectories of the radius 10 and 20 meters. 

on formation of the differential curve f(T), the theoretical probabili-
ties of the applied distribution law are calculated for each interval:

 f T A T TV vidi( ) =
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where: A – the difference between values of the interval, A = 5 km/h, 
φo – the value to be taken from statistical references.

For finding the probability of critical stability on circular move-
ment of the vehicle with a certain speed, diagrams of the empirical 
and theoretical functions are drawn (Fig. 5). For a calculation of the 
integral curve, the following formula is used:

 F t F
T Tg vid

( ) =
−
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where: Tg – the value of the end of the statistical series interval,  
Fo – the value to be taken from statistical references.

It may be seen from the diagrams provided in Fig. 5 that starting 
from approximately 35 km/h, the vehicle moving at the radius of 15 m 
is prone to sideslip in 90 % of cases. on further increasing the speed, 
the probability of slipping grows up to almost 100 %.

6. The assessment of the data selection technique

Statistical analysis of the selected experimental values of speed 
enables a comparison of its results to the results obtained upon apply-
ing the methods used in calculations of lateral dynamics of vehicles. 
In a general case, the lateral force acting in the vehicle center of mass 
is found as follows:
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Then the following equation may be written:
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the adhesion coefficient for sideslip, like for longitudinal slip, de-
pendently on the vertical load or as a combined slip effect [6] accord-
ing to the theory of the circle of adhesive forces:   
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Fig. 5. Graphs of empirical and theoretical function, R=15 m

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

1 2 3 4 5 6 7

pi
, f

(T
)

Ranges of speed

Statistical probability f(T)

Fig. 4. Histogram and graph of theoretical differential function, R=15 m



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013 317

sciENcE aNd tEchNology

So, on comparison of the theoretically calculated values of the 
critical speed  with the results of the experiment after their selection 
and statistical analysis, it was found that the inadequacies of the values 
for all trajectories involved in the experiment varies between 8.87 % 
(R = 10 m) and 16.60 % (R = 20 m). For assessing the said inadequa-
cies, the correction coefficients provided in the table 3 may be used. 

7. Conclusions

The established inadequacies between the theoretically calculated 1. 
values of the critical speed and the processed experimental values 
point out that in the activities related to analysis of dynamics of ve-
hicles where fixing of the initial moment of losing a stability by the 
vehicle is important, an application of the data selection technique 
developed for the conditions (2), (3) and (4) is purposeful. For sim-
plified calculations, the values of correction coefficients provided 
in the table 3 may be used. The found inadequacies do not negate 
the fundamental calculation methods; they only provide an alterna-
tive algorithm for assessing the parameters when fixing of the initial 
moment of losing stability by the vehicle is important. 
on the established moments of losing stability, it is still possible to 2. 
stop the slip and to return the vehicle to the desired trajectory by ac-
tions of the driver or by active safety systems, so the technique may 
be useful in the activities related to expert’s examination of traffic 
events, where, in addition to the speed of the vehicle after irrevers-
ible losing its control, it is important to identify it’s speed when the 
driver still has technical possibilities to regain its control.
The said technique may be used in improving vehicle stability, its 3. 
active braking and other active safety systems, because sensors in-
stalled in electronic systems of modern vehicles may establish the 
values of parameters that cause increasing efficiency of the sys-
tems after processing the values according to the set algorithm.

The value of the speed at the slip that exceeds the limits of friction 
according to the equation (11):

 
v v R gRy y= ⋅ = µ  (17)

where: yv  – lateral acceleration; ym  – lateral adhesion coefficient; 
g – gravitational acceleration. 

on comparing the values found according to the formula (17) 
with the experimental values after their statistical analysis, typical 
inadequacies are observed. when the normal distribution law was ap-
plied in analyzing the movement along the trajectory of the radius of 
15 meters, the found average value of critical speed was 30.05 km/h 
with relative scattering equal to 0.16. If the values of lateral accelera-
tion are selected for a moment of the experiment when the vehicle 
has lost its stability (the values of speed exceed the established criti-
cal value and the trajectory of movement is kept by correction of the 
steering wheel only), the average value of the critical speed according 
to the formula (17) is 35.74 km/h. The comparison of the statistically 
assessed experimental values with theoretically calculated values of 
critical speed on movement along circular trajectories with the radius 
of 10, 15 and 20 meters is provided in Table 2.

Table. 2. The experimental and theoretically calculated values of critical speed

radius of the trajectory of movement R, m 10 15 20

The critical speed established by experiments 

and statistical analysis ,crv km/h
27.86 30.05 35.13

The theoretical critical speed  , ,crv km/h 30.57 35.74 42.12

The coefficient for assessing the inadequacies 
of the established values of critical speed 0.911 0.841 0.834
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the influence of oils on the scuffing of concentrAted friction 
joints with low-friction coAted elements

wpływ olejów nA zAcierAnie elementów z powłokAmi 
niskotArciowymi skojArzonymi w styku skoncentrowAnym*
The paper presents the results of four-ball scuffing tests for the following oils: polyalphaolefine oil (PAO 8), refined rapeseed oil 
(RzR), as well as mineral and synthetic oils of GL5 API performance level. Three material combinations of friction joints were 
investigated, with the upper ball material as a variable. In the research, 100Cr6 bearing steal balls were used. The tests were 
carried out for uncoated and low-friction coated balls. Two PVD coatings were used: a-C:H:W and MoS2/Ti. The research results 
were compared with the outcome from the tests of the reference mineral oil (RL 219). The influence of oils on friction joint scuffing 
characteristics were determined using the scuffing load Pt and limiting pressure of seizure poz, obtained by means of the four-ball 
method with continuously increasing load. The obtained results indicate that, in case of concentrated friction joints with low-
friction coated elements, the influence of selected oils on scuffing depends on the type of PVD coating used. The research findings 
also show the significant practical effect of aforementioned PVD coatings deposition on steel elements of friction joints, which is 
the interception of the anti-scuffing function of the classical extreme pressure (EP) oil additives by the coating. Due to that fact, 
the usage of such coatings makes it possible to reduce the concentration of EP additives, resulting in more environmental friendly 
oils.

Keywords: scuffing, seizure, oils, coatings, four-ball tester.

W artykule przedstawiono wyniki badań zacierania modelowego, czterokulowego węzła tarcia, smarowanego olejami bez do-
datków smarnościowych: mineralnym olejem wzorcowym (RL 219), syntetycznym (PAO 8), rafinowanym olejem rzepakowym 
(RzR), oraz dwoma olejami handlowymi z dodatkami klasy GL5 na bazie mineralnej i syntetycznej. Przebadano trzy skojarzenia 
materiałowe, w których zmienną stanowił materiał kulki górnej. Zastosowano kulki ze stali łożyskowej (100Cr6) bez powłoki oraz 
z niskotarciowymi powłokami: a C:H:W (WC/C) oraz MoS2/Ti, osadzonymi metodą PVD. Rezultaty badań porównano z wynikami 
otrzymanymi dla mineralnego oleju wzorcowego (RL 219). Dokonano oceny wpływu oleju na zacieranie węzła tarcia, wykorzy-
stując wskaźniki obciążenia zacierającego Pt oraz granicznego nacisku zatarcia poz, otrzymane przy zastosowaniu metody z 
narastającym obciążeniem. Stwierdzono, że wpływ rodzaju oleju na zatarcie elementów stalowych pokrytych powłokami PVD jest 
zależny od rodzaju powłoki. Ważnym efektem praktycznym jest też wskazanie, że powłoki PVD nanoszone na elementy stalowych 
systemów tribologicznych, przejmują funkcje klasycznych, nieekologicznych na ogół, dodatków smarnościowych (EP), pozwalając 
na redukcję ich zawartości w środkach smarowych.

Słowa kluczowe: zacieranie, zatarcie, oleje, powłoki, aparat czterokulowy.

1. introduction

Heavily loaded friction joints, such as gears, rolling bearings, and 
cam-follower units are neuralgic parts of engines and transmissions, 
and millions of these parts are produced each year. In recent years, 
there has been a considerable development in the area of the construc-
tion of machine parts in the direction of size and energy-consumption 
reduction. Unfortunately, the size reduction is followed by an increase 
in the contact stresses, which results in higher risk of scuffing and 
may lead to machine failure.

The introduction of new technological solutions is inevitable, 
because the producers of heavily loaded machine parts predict that 
further increase in the durability by means of conventional technolo-
gies, like those connected with modelling of the mechanical strenght 
of the base material of gears (mainly steel), is practically impossible 
[6]. A similar problem can also be observed in the field of lubricant 

modification, especially in the case of an increase in the concentra-
tion of active anti-scuffing (EP) additives, which lead to a significant 
decrease in the resistance to pitting of the friction joints [27]. The 
research carried out by the authors [17, 29] indicate that the deposi-
tion of thin antiwear PVD/CVD (physical vapour deposition/chemical 
vapour deposition) coatings on machine elements by means of vacu-
um methods represent a promising direction in the aspect of machine 
life extension. In recent years, the antiwear PVD/CVD coatings have 
revolutionised the market of cutting and forming tools. It is estimated 
that approx. 80% of the currently used cutting tools are coated in order 
to increase their durability.

The typical coatings that are used for the tools cannot be deposited 
on the friction joints elements, due to the insufficient resistance to 
fatigue wear (pitting) [23]. only in the case of low-friction thin hard 
coatings, such as wC/C and MoS2/Ti, the resistance to pitting can be 
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obtained on a similar level as in the case of steel material, even under 
lubrication with oils without additives. 

The application of coating, even on only one of the friction joint 
elements, results in the change in the chemical composition of the 
contacting materials, in the level of residual stresses, and in surface 
physical structure, leading to a change in the relation between the ma-
chine elements and the lubricant. The range of PVD/CVD coatings 
application is limited by the lack of knowledge about the interaction 
between coatings and components of lubricants. Unfortunately, most 
research on the characteristics of wear mechanisms for coatings have 
been performed under conditions of dry friction. Therefore, the ob-
tained results cannot be referred to heavily loaded, lubricated fric-
tion joints [2, 11, 12, 15, 26]. The problem of coating applications on 
machine parts is a relatively new, so the research findings available 
in literature, related to the physical and chemical interactions between 
the lubricants and the coated elements, are incomplete and ambigu-
ous [16, 22]. The processes that occur in the contact zone between 
the coating and the lubricant components are insufficiently identified, 
especially when the friction joint working under extreme conditions 
is considered [3, 8, 16, 28]. Some of these interactions might be modi-
fied by the proper selection of lubricant additives; however, the selec-
tion requirements developed for steel friction joints do not apply to 
tribosystems in which at least one element is coated. 

The application of coatings on machine parts is in the focus of 
interest of many leading research institutes worldwide [10, 20, 21]. In 
Europe, investigation on coating deposition on gears for the increase 
of scuffing resistance was realized in the CoST 532 Action EU frame-
work [1] and other projects. In the USA, similar works were part of 
NASA’s research field [7].

In the literature, there are many references to the application of 
diamond-like coatings (DLC) on the gear teeth, the units of the cam-
shafts (pivots), pushers and piston rings [4, 5, 9]. The coatings are 
mainly used on parts working with uncoated elements and subjected 
to scuffing [Fig.1].

2. Test method

For evaluation of scuffing resistance, a four-ball tribosystem was 
employed [11-13]. Test balls were made of 100Cr6 bearing steel with 
a diameter of 12.7 mm (0.5 in.) with Ra surface roughness of 0.032 
and 60±2 HRC hardness. The four-ball tribosystem is presented in 
Fig. 2.

The three stationary bottom balls (2) are fixed in the ball pot (4) 
and pressed against the top ball (1) under the continuously increasing 
load P. The top ball is fixed in the ball chuck (3) and rotates at the 
constant speed n. The tribosystem is immersed in the tested lubricant. 

During the run, the curve of friction torque is recorded until seizure 
occurs or a load of 7200 N is achieved. 

The investigation was performed under following conditions:
Shaft rotational speed [rpm]: 500• 
Sliding speed [m/s]:  0.19• 
Speed of load growth [N/s]: 409• 
Maximum load [N]:  7200±100• 
Initial load [N]:   0• 
Starting temperature [°C]: approx. 20• 
Min. number of tests:  3 per each tested friction joint.• 

An example of friction torque course (Mt) obtained at the continu-
ously increasing load (P) is shown in Fig. 3.

Scuffing initiation occurs at the time of a sudden increase in the 
friction torque – Point 1. The load at this moment is called the scuffing 
load and is denoted as Pt (according to the standard [18]). In accord-
ance with the test method, the load still increases (over the value of Pt) 
until seizure occurs (i.e. friction torque exceeds 10 Nm - Point 2). The 
load at this moment is called the seizure load and is denoted as Poz. If 
10 Nm is not reached, the maximum load (c.a. 7200 N) is considered 
to be the seizure load (even though there is no seizure) [17]. 

The poz - limiting pressure of seizure is calculated from the fol-
lowing equation (1):

 
 

2
52,0

d

P
p oz

oz =   (1)

where:
 Poz – the load P under which the seizure occurs,
 d – the average diameter of wear scar on the lower  

 balls.

Fig. 2. Model four-ball tribosystem for testing scuffing: a) tribosystem: 1 - top 
ball, 2 - lower balls, 3- ball chuck, 4 - ball pot, b) photograph

Fig. 3. An example of simplified friction torque curve (Mt) obtained under 
continuously increasing load (P): 1 – scuffing initiation, 1-2 – scuffing 
propagation, 2 – seizure
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Fig. 1. The images of machine units with coated elements
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3. The aim and the subjects of the study

The aim of the study was to determine the influence of oils on the 
scuffing characteristics of steel friction joints and friction pairs with 
elements with deposited low-friction coatings. The tested friction 
joints were lubricated with the following oils: RL 219 mineral refer-
ence oil, PAo 8 synthetic polyalfaolephin oil, RzR rapeseed refined 
oil, and two API GL5 class commercial oils containing EP additives 
(GL5m mineral and GL5s synthetic). The physiochemical properties 
of these oils are presented in the Table 1.

The tests were done for uncoated and low-friction coated balls. 
Two PVD coatings were used - wC/C and MoST. The wC/C coating 
is a DLC type representing a-C:H:Me group. The coating consisted 
of an elemental Cr adhesion layer adjacent to the steel substrate, fol-
lowed by an intermediate transition region consisting of alternating 
lamellae of Cr and wC, and an outermost w containing a hydrocarbon 
(a-C:H:w) layer. The composition of the outermost a-C:H:w layer, in 
atomic percentage, is approximately 12% w, 70% C, 15% H, and 3% 
Ni. The a-C:H:w coating was deposited using PVD (Physical Vapour 
Deposition) by reactive sputtering. MoST is the commercial name of 
a low-friction composite coating MoS2/Ti. The MoS2/Ti coating is 
deposited by DC Magnetron Sputtering using a CFUBMSIP process 
(closed field unbalanced magnetron sputter ion plating). The coating 
procedure starts with ion cleaning, followed by a 70 nm Ti layer, a 
200 nm MoS2/Ti multilayer, a 900 nm MoS2/Ti (non-multilayer) and 
a last step of a 50 nm layer of MoS2 giving the characteristic surface 
colour.

4. The results of scuffing tests

The resistance to scuffing was determined by calculating: Pt scuff-
ing load and poz limiting pressure of seizure. The poz indirectly char-
acterizes the resistance to wear in sliding motion. The higher the Pt 
and poz indicators are, the higher the resistance to scuffing and seizure 
is. The Pt and poz, shown in the diagrams were calculated on the bases 
of at least three test runs for each investigated friction joint; whereas, 
the diagrams showing the characteristics of friction torque present 
only one of selected results from each tested friction joint.

The friction torque lines obtained for the steel-steel friction joint 
lubricated with tested oils are shown in Fig. 4.

As it is shown in the graph, in the case of steel-steel  
(100Cr6-100-Cr6) friction pair, only the commercial GL5 quality 
class oils prevent the friction joint from seizure. It is because these 
oils contain EP (Extreme Pressure) anti-scuffing additives and are de-
signed to lubricate the heavily loaded steel pairs. 

The other base oils (without additives) do not prevent seizure; 
however, the vegetable oil demonstrates a level of resistant to scuff-
ing initiation as high as the commercial synthetic oil, significantly 
exceeding the Pt obtained for GL5m mineral oil. It is important to 
remark that the rapeseed oil has the lowest viscosity at 40°C among 
all tested lubricants. 

The average values of Pt scuffing load obtained for steel friction 
joints, under conditions of lubrication with investigated oils, are pre-
sented in Fig 5.

It should be emphasized that, although the steel-steel friction joint 
lubricated with RzR oil has a higher value of Pt in comparison with 
friction joint lubricated with mineral commercial GL5 oil, the rape-
seed oil do not provide full protection against scuffing. 

The average values of poz limiting pressure of seizure, obtained 
for steel friction joints under conditions of lubrication with investi-
gated oils are presented in Fig 6.

As it is shown in the Figures 4 and 6, the average values of poz 
limiting pressure of seizure are nearly similar for all three base oils. 
Due to the fact that there was no seizure observed for both GL5 oils, 
the maximum Poz value was taken to account for poz calculating, giv-
ing approximate information about the wear, which is slightly lower 
for the friction joint lubricated with synthetic GL5s oil.

The four-ball tests were also performed for all investigated oils, 
lubricating the friction joint with three lower balls of steel and the up-
per ball coated with wC/C thin, hard, low-friction coating. The fric-

Fig. 4. Graphs of friction torque for steel-steel couples lubricated with tested 
oils

Fig. 6. The poz limiting pressure of seizure for steel-steel friction joints lubri-
cated with tested oils

Fig. 5. The Pt scuffing load for steel-steel friction joints lubricated with test-
ed oils

Table 1. The physiochemical characteristic of investigated oils

Property unit
oil

rl 219 Pao 8 rzr gl5m gl5s

Viscosity at 
40 °c mm2/s 49.31 47.04 25.68 40.00 81.00

Viscosity 
index - 99 140 213 106 194

Density at 
15 °c g/ml 0.874 0.832 0.921 0.880 0.879

Flash point °c 225 260 332 220 205
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tion torque lines obtained for the wC/C-steel friction joint lubricated 
with tested oils are shown in Fig. 7.

As the friction torque graphs indicate, the wC/C-steel pairs lubri-
cated with GL5 oils and the synthetic base oil did not undergo seizure. 
The introduction of a wC/C coated upper ball to the tribosystem re-
sults in a significant increase in the resistance to scuffing of all cou-
ples lubricated with tested oils. As it is shown in Fig. 6, the friction 
torque lines for both synthetic oils, are almost overlapped, which can 
be interpreted as taking over of the EP additives action by the wC/C 
coating. This feature of wC/C confirms the results from the earlier, 
low-friction coating research [14, 29].

The average values of Pt scuffing load obtained for wC/C-steel 
friction joints under conditions of lubrication with investigated oils 
are presented in Fig. 8.

The Pt scuffing load for wC/C-steel for the mineral oil is four 
times higher than for the steel tribosystem. In case of rapeseed oil, 
the increase is twofold. The highest Pt value was obtained for the both 
synthetic oils – base and commercial. Considering the scuffing load 
value for the wC/C-steel couple lubricated with base and commercial 
mineral oils, the high spread of results as compared to the remaining 
oils can be observed. Interestingly, despite the increase in scuffing 
load, the friction joint lubricated with mineral oil did not achieve anti-
seizure protection. In contrast to the synthetic oils, the effect of the 
action of EP additives is very clear in case of mineral oils. The case 
of vegetable oil is also interesting, because, for wC/C- steel friction 
joint, a difference in Pt of 1.5 times can be observed as compared to 
the reference oil lubricated joint, even in spite of the kinematic viscos-
ity of rapeseed oil, which is substantially lower.

The average values of poz limiting pressure of seizure, obtained 
for wC/C-steel friction joints, under conditions of lubrication with 
investigated oils, are presented in Fig. 9.

The results indicate that both synthetic oils represent the highest 
resistance to wear with a slight advantage for commercial GL5s oil.

Apart from steel-steel and steel-wC/C friction joints, the four-
ball tests were also performed for all investigated oils, lubricating the 
friction joint with three lower balls of steel and the upper ball coat-
ed with MoS2/Ti coating. The friction torque graphs obtained for the 
MoS2/Ti-steel friction joint lubricated with tested oils are shown in Fig. 10.

The lines of friction torque for MoS2/Ti-steel couples indicate 
that, in comparison with the steel reference friction joint, there is an 
observable improvement in the resistance to scuffing in almost all 
tested cases. The only exception is the friction joint lubricated with 
rapeseed oil.

The average values of Pt scuffing load and poz limiting pressure 
of seizure obtained for MoS2/Ti-steel friction joints under conditions 
of lubrication with the investigated oils are presented respectively in 
Figs. 11 and 12.

The differences in Pt values in all tested cases do not exceed 50%. 
Considering poz limiting pressure of seizure, there is a certain im-
provement in protection against seizure; however, it is much lower 

Fig. 7. Graphs of friction torque for WC/C-steel couples lubricated with 
tested oils

Fig. 8. The Pt scuffing load for WC/C-steel friction joints lubricated with 
tested oils

Fig. 9. The poz limiting pressure of seizure for WC/C-steel friction joints lu-
bricated with tested oils

Fig. 10. Graphs of friction torque for MoS2/Ti-steel couples lubricated with 
tested oils

Rys. 11. The Pt scuffingload for MoS2/Ti-steel friction joints lubricated with 
tested oils
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than in the case of wCC-steel friction joint, especially lubricated with 
synthetic base oil.

For MoS2/Ti-steel friction joint, the best anti-scuffing and anti-
seizure protection is provided by lubricating the tested friction joint 
with the GL5 commercial oils.

5. Conclusions

The obtained results indicate that, in the case of the tested con-
centrated friction joints, the role of selected oils on scuffing is crucial. 
The influence of the oil on the scuffing wear of friction joints with 
PVD coated steel elements depends on the type of deposited coating. 
The introduction of a friction joint element with a low-friction coating 
favourably affects most of the obtained scuffing characteristics, which 
is confirmed by following observations:

In the case of steel-steel friction joint, only the commercial oils 1. 
provide the friction joint with an effective protection against sei-

zure. The vegetable oil ensures a longer time before scuffing initi-
ation in comparison to mineral-based commercial oil; however, in 
the consequence of the lack of extreme pressure additives, seizure 
of the friction joint lubricated with RzR takes place under only a 
slightly higher load than in the case of the mineral-based reference 
oil and PAo 8 oil. The characteristics of scuffing for the friction 
joint lubricated with PAo 8 and RL 219 overlap, demonstrating 
the lowest scuffing protection among tested lubricants.
The use of a-C:H:w coating improves scuffing resistance in all 2. 
tested cases. For the vegetable oil and mineral commercial oil, 
the scuffing load is nearly two times higher; however, the protec-
tion from seizure is not provided. The most significant change is 
observed for the friction joint lubricated with PAo 8, where the 
scuffing characteristic overlaps with the one obtained for the syn-
thetic commercial oil containing the EP additives. It follows that 
the coating takes the role of the additives, which is convergent 
with the results obtained by the authors in their previous works.
The application of MoS3. 2/Ti coating has a negative result in the 
form of scuffing initiation acceleration for the friction joint lu-
bricated with vegetable oil. on the other hand, the friction joints 
lubricated with PAo 8 demonstrates approximately a twofold in-
crease in both the scuffing load and in limiting the load of seizure, 
in comparison with uncoated friction joint. The MoS2/Ti coating 
also improves a level of the protection from seizure for the friction 
joints lubricated with the tested commercial oils.
The highly important demonstrated and practical effects of this 4. 
research are that the PVD coatings deposited on steel elements 
of tribosystems intercept the function of most commonly used EP 
additives and that the usage of such coatings makes it possible to 
reduce the oil additive concentrations, resulting in more environ-
mental friendly oils.

0

500

1 000

1 500

2 000

2 500

3 000

3 500

4 000

4 500

RL219 PAO8 RzR GL5m GL5s

p o
z[N

/m
m

2 ]

Oil

Fig. 12. The poz limiting pressure of seizure for MoS2/Ti-steel friction joints 
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study of the chArActeristics About insulAtion dAmAge 
bAsed on the AccelerAted life tests

bAdAnie chArAkterystyk uszkodzeń izolAcji 
w opArciu o testy przyspieszonego stArzeniA 

In this study the Maximum Likelihood Estimator is taken to identify the characteristics of insulation failure about the class-H mo-
tors by considering the accelerated life testing data under censored situation from Nelson. Based on the Weibull survival modeling 
the failure is expressed as the series connection of three modes, namely the turn, phase, and ground, respectively, the so-called 
competing failure. The main concern in present investigation is about the variation of shape parameters, β with the temperature. 
The Gompertz-type relation of βi(T) is suggested with the reference temperature, Tri  for the i-th failure mode. It is found that the 
Tri ’s not only distinguish the characteristics of cumulative damage process about the insulation, but also involve the estimation 
of mean-time-to-failure (MTTF). Physically Tri  denotes the turning point of varied βi as the i-th failure mode becomes moderate 
in a sense of less capability about the accumulation of insulation damage at higher temperature where corresponds the thermal 
degradation process. The numerical results indicate that the insulation technique used is acceptable as the operation temperature 
kept in the use condition 363K. According to the predicted lifetime as the temperature rises up to 440K, which still within the al-
lowed range in application, the turn structure needs to be rearranged primarily, then the phase next. The ground mode has only 
influence on the failure at much higher temperature.

Keywords: accelerated life testing, competing failure mode, insulation degradation, Gompertz-type relation of 
shape parameter.

W prezentowanej pracy zastosowano estymator największej wiarygodności do określenia charakterystyk uszkodzenia izolacji 
silników klasy H z wykorzystaniem danych z badań przyspieszonego starzenia w sytuacji cenzurowanej wg. Nelsona. Na podsta-
wie Weibullowskiego modelu prawdopodobieństwa przetrwania, uszkodzenie określono jako szereg trzech przyczyn dotyczących, 
odpowiednio, zwoju, fazy i ziemi, czyli jako tzw. uszkodzenie konkurujące. Głównym zagadnieniem przedstawionych badań jest 
zmienność parametrów kształtu β wraz z temperaturą. Zaproponowano zależność Gompertza βi(T), z temperaturą odniesienia Tri
, dla n-tego trybu awaryjnego. Stwierdzono, że temperatury Tri

 nie tylko wyróżniają charakterystykicałościowego procesu uszko-
dzenia izolacji, ale również służą ocenie średniego czasu do awarii (MTTF). W kategoriach fizycznych Tri  oznacza punkt zwrotny 
o zróżnicowanym βi gdy n-ta przyczyna uszkodzenia staje się umiarkowana w sensie mniejszej zdolności akumulacji uszkodzeń 
izolacji w wyższej temperaturze, odpowiadającej procesowi termicznej degradacji. Wyniki liczbowe wskazują, że stosowana tech-
nologia izolacji jest akceptowalna, ponieważ temperatura pracy wynosi 363K. Zgodnie z prognozowanym czasem pracy, wraz 
ze wzrostem temperatury do 440K, co nadal mieści się w dozwolonym zakresie temperatur użytkowania, zachodzi konieczność 
zmiany najpierw struktury zwoju a w dalszej kolejności struktury fazy. Przyczyny dotyczące gruntu mają wpływ na uszkodzenie 
jedynie przy wyższych temperaturach.

Słowa kluczowe: badania przyspieszonego starzenia, konkurujące przyczyny uszkodzeń, degradacja izolacji, 
funkcja Gompertza dla parametru kształtu.

abbreviations

ALT - accelerated life test,
CFMA - competing failure mode analysis,
fpdd - failure probability density distribution,
MLE - maximum likelihood estimation,
MTTF - mean-time-to-failure,

Symbols

βi, θi - shape and scale parameter of each failure mode,
τ - observed lifetime,
Xi - random failure lifetime of the failure mode,
m - number of failure modes,
L - likelihood function,

r - number of failures among test samples,
n - total sample size,
δij - decision factor of the likelihood function,
p - number of test levels,
fS,i - failure probability density distribution for the i-th  

 mode  failure,
r* - rate constant of the reaction,
A* - characteristic parameter for the chemical process,
Ea  activation energy of the reaction,
K - Boltzmann constant,
T - temperature in Kelvin,
LT - estimation of the lifetime,
Tri  - reference temperature.
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1. introduction

Accelerated life tests (ALT) are usually carried out by stressing 
specimens at overstress conditions to explore the defects and estimate 
the mean-time-to-failure (MTTF) at normal use. The basic assump-
tion in conducting ALT is that the tests should be followed the same 
failure mechanism as the product failed at normal condition. The fail-
ure mechanism is related to the degradation of the material due to the 
stress from certain physical phenomena. Due to the complexity of the 
product geometry, failure may occur at different locations, each with 
its own particular features, e.g. the notch shape which is in common to 
induce the fatigue failure of structure etc. These are the so-called the 
failure modes. There is a specific probability for failure at each dif-
ferent position. The lifetime estimation becomes obviously optimistic 
if only the most frequently occurred failure mode considered. The 
competing failure mode analysis (CFMA) takes all potential failure 
modes into account at the same time. The other mission of CFMA is 
to predict the proportion of each mode in the apparent failure which 
is observed under the same mechanism without the location details. 
Such information helps in the product development. In early study, 
Nelson [11] took the concept of competing risk in the analysis of ALT. 
Sometimes to simplify the tests, the failure is periodically checked as 
the system function qualified with the particular mode or not, i.e. the 
recorded time may not be the exact time as the system failed at those 
modes considered. To shorten the total time of ALT the process is in 
usual terminated with a certain amount of survivals, the so-called cen-
sored situation [13]. In this case the estimation becomes much more 
sophisticated. It should be not only conformed in some degree with 
the data but also explained well with physical sense. Therefore, a deep 
understanding of the material degradation with stress has to be ad-
dressed. In the present study the motor failure due to the deterioration 
of insulation, which is caused by the thermogravimetic phenomenon 
of insulation materials, is investigated about the censored data as mul-
tiple failure modes involved. At higher temperature the mass loss rate 
becomes larger, thus it leads to weaken the insulation more seriously 
and results in a shorter lifetime of the product. The Maximum Like-
lihood Estimation (MLE) [5] is a typical approach adopted for the 
prediction in such case.

The weibull distribution is widely used in the reliability expres-
sion due to its flexibility in describing different behavior of the hazard 
rate. Klein and Basu [8] investigated the ALT data with the weibull 
distribution as several failure modes considered. Miller and Nelson 
[10] applied the MLE in the analysis of a set of step-stress ALT data as 
the lifetime decreased exponentially with the temperature. Later Bai 
et al [1] studied how to arrange a failure-censored ALT sampling plan 
with equal recorded test time at different thermal environment. 

All of these studies worked on that the scale parameter, , varies 
based on Arrhenius assumption [4] and the shape parameter β remains 
fixed in the analysis. The Arrhenius assumption describes the deterio-
ration of oxidation which introduces acid groups into the insulation to 
increase the conductivity and power factor of the insulation. However 
the shape parameter characterizes the process of the insulation dam-
age due to the material degradation as well as the increasing stress 
from continuous changing of the local geometry i.e. β should be con-
sidered varying with the temperature also. It is also known that these 
parameters are related to a number of load cycles and other factors in 
fatigue [7]. From experience as the thermal environment kept at lower 
temperature the damage process continues in a submerged manner. 
At higher temperature, another type of deterioration, thermal decom-
position [2], becomes an important factor.The polymer chains break 
into shorter units occurs in all polymers including cellulose at elevated 
temperatures even in the absence of oxygen. In terms of reliability the 
insulation vanishes more or less suddenly, i.e. the corresponding shape 
parameter should be much larger than one. on the contrary, as the 
temperature at higher level the material degradation is more serious, 

the reliability decays in a some degree of constant failure rate situa-
tion. Such point of view has already been mentioned by Nelson [12]. 
Seo and Kim [14] designed an accelerated life test sampling plan in 
the consideration of the weibull distribution with both shape and scale 
parameter taken in the power-law forms of temperature. on the other 
hand, [3] made an estimation followed Bayesian framework for the 
ALT data about all possible failure modes by constant failure assump-
tion, each hazard rate with different proportion to the temperature. 

A mature technology should be robustness against the operation 
condition within an acceptable range during its service.In other word it 
needs be reliable and predictable. Generally to the electrical insulation 
material, the dielectric strength is degraded with rising temperature. 
The density of material is losing and becomes non-uniform,this 
causes the specimens not only have shorten life but also the failures 
become more unpredictable.Based on the thermogrvimetric analysis, 
it requires that the characteristic of cumulative damage of insulation 
changes little as the operation condition around the normal tempera-
ture, thus the motor quality can be assured. Meanwhile at much higher 
temperature environment, say beyond an assumed reference point, the 
characteristic of damage process is basically changed with less capa-
bility of accumulation and then the insulation failure tends to be in a 
constant hazard rate situation. This means that the failures are induced 
mainly by some unpredictable fluctuations of circumstance, e.g. the 
moisture, etc. It is worth to denote that such change differs from the 
estimation about lifetime, which is related primarily to the scale pa-
rameter by Arrhenius assumption, decreasing with increasing the tem-
perature. Therefore the shape parameter should slip down from its 
saturation value to one, as the constant failure rate situation, when 
the thermal environment at much higher temperature. Gompertz-type 
variation [17] can be chosen as one of the candidate to show such 
tendency. It is 

 y x z b cx( ) = × − × −[ ] exp exp  (1)

where z is the upper asymptote and c is the change rate. (ln ) ( )/1
b c−  

denotes the inflection point of Eq. (1).The effects of varying z, b and 
c for y are depicted in Fig. 1.

Fig. 1. Typical Gompertz variation curves
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2. Model assumptions and likelihood function for com-
peting failure analysis

Consider in the presence of m failure causes, the observed lifetime 
τ of a set of tests is the minimum among X1, X2, … , Xm; Xi the random 
failure lifetime of mode i, i.e.

 τ = …( )min , , ,X X Xm1 2  (2)

Let the failure modes be independent to each other, thus a series 
connection of these modes represents the apparent failure in the tests. 
Now we have the reliability Rcf(t) as
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Suppose that the weibull survival model for the i-th failure mode 
in the ALT data exists as the scale and shape parameter both varied 
with the thermal environment condition. The corresponding reliability 
decays with the time t as
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where θi(T) and βi(T)  are the scale and shape parameter, respectively, 
of the weibull expression, T the temperature. The probability density 
function fi(t) becomes
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Let the r-th among n causes lead to n specimens failed, and each 
failure comes only from a single cause. The corresponding likelihood 
function L is defined as 
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where δij is the decision factor, i.e. δij=1 as the specimen failed in 
test time point tj with the i-th failure mode; otherwise δij=0. For cen-
sored testing the effect of j-th survival on the likelihood function is 

accounted in the term R tcf jj r
n ( )= +∏ 1 . For a p-constant temperature 

levels ALT, the likelihood function becomes
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The probability density function for the i-th mode failure is expressed 
as
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The integral value of fS,i(t) is theproportion of i-th mode failure on 
the total. It points out which modes should be paid attention and im-
proved in the product developing.

3. Temperature dependence of the Weibull parame-
ters

A rough examining about the data shown in Table 1 reveals three 
facts, as the temperature kept at lower level,
(1) the average failure time X g  about the ground mode, is overall 

the largest one, 
(2) for all modes Xi  decreases as the temperature increasing, and 
(3) the failure times are much more concentrated, respectively, for 

each mode.
The third point requires that the smaller shape parameter is the higher 
temperature is.

3.1. arrhenius relationship for the scale parameter

Arrhenius relation presents the chemical reaction rate among the 
material components under a specific thermal environment. It is ex-
pressed as

 
r A E

KT
a* * exp= × −



 , 

where r is the rate constant of reaction, A* the characteristic pa-
rameter about the chemical process, K the Boltzmann constant, Eα 
the activation energy of the reaction and T the temperature in Kelvin 
scale. Since higher reaction rate yields less lifetime of the insulation, 
a straightforward assumption can be made as r ∙ LT~ constant, while LT 
is the estimation of lifetime. Therefore we have

 L A B
TT = +





exp . (10)

For the weibull description of reliability the expected lifetime 
varies primarily with the scale parameter (a proportional factor related 
to a gamma function of both parameters), thus for the i-th mode scale 
parameter θi can be assumed in the form as

 
θi i

iT exp A B
T

( ) = +



 , (11)

where Ai and Bi are decided by maximizing the likelihood estimator 
shown in the previous section.

3.2. gompertz relationship for the shape parameter

The ASTM standard D3850 [15] provides the measurement of 
thermal stability about the content of volatile components of the in-
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sulation material involved. As the specimen operated under a harsh 
thermal environment, the effect of material decomposition [9] [16] 
will lead to the loss of insulation property early. The sustainability 
is much lower as the mass loss rate is small because of less normal 
material existed. Thus, any disturbance can destroy the insulation. To 
modeling of the thermal decomposition process, the Gompertz model 
and its modified forms have beensuccessfully applied[6] [18]. Ac-
cording to the observed fact mentioned in the beginning of this sec-
tion, in this study, the shape parameter varying with temperature is 
suggested in the form

 βi i i
r

T z c
T T

i

( ) = + × − − −






































1 1 1exp exp , (12)

Tri is the reference temperature which plays the role of b, see Eq. 1 in 

the combination b c
T

i

ri
=













exp . when the testing temperature beyond 

the reference much higher the failure occurrence is considered rather 
unpredicted, thus the corresponding β reduces to one. Since at such 
circumstance a significant change of the characteristic of insulation 
decay has taken place, the process of damage accumulation becomes 
mild; the failure tends to be a constant failure rate condition.

4. Case study

Consider a set of data by Nelson [10], see Table 1, which collected 
from a thermal-accelerated life tests of Class-H motor insulation. The 
material of Class-H motor insulation consists of silicone elastomeric 
and the combination of others such as mica, glass fiber, asbestos etc. 
Insulation failed according to three failure modes, namely turn, phase  
and ground, each occurring at different parts of the system. The life 
of the motor is the first occurrence of these failures. In atypical test of 
motor insulation the turn insulation is the winding coils, the phase is a 
sheet of insulation laid between the phases and the ground insulation 

is the slot cell. In thermal-accelerated life test, specimens go into an 
oven which is then raised to test temperature. 

There is no voltage applied to the insulation in the oven. After a 
specified time at temperature, the specimens are removed from the 
oven and cooled to room temperature then a specified voltage is ap-
plied to the insulation, which failure (breaks down) or survives. Survi-
vors go back into the oven for the next cycle at temperature. A median 
life over 20,000 hours is expected with temperature below 453K.In the 
table it presents the recorded failure times for each mode (turn, phase 
and ground, respectively) under different thermal environment, as the 
temperature held at 463K, 493K, 513K and 533K, respectively. 

During the testing the motors were kept going on run till the rest 
failure modes appeared after the first shown. The failure is assumed 
as the voltage drops below the threshold defined for the particular 
mode. The recorded time in Table 1 is the midway between periodical 
inspections for the failure. It is quite different in real application; the 
first appearance of the defined failure may not cause the end of motor 
life at once but lead to less efficiency. For details, the motors appeared 
as in the sequence 1, 2 and 3 in the table at temperature 463K, of 
which the insulation decays did not reach the thresholds of the de-
fined failure modes till at 7228 hours all of these three motors were 
disqualified on the turn mode and then the motor 1 failed at 10511 
hours, motor 2 and 3 at 11855 hours all on the mode phase afterward 
quitted the tests with mode ground still qualified by marked plus to 
denote the censoring time. The other tests in Table 1 were also carried 
out in the same manner. 

The LE, Eq. (8), is maximizing with the parameters shown in the 
relation of θ’s  and β’s, see Eq. (11) and (12), as the data in Table 1 
taken. The identified parameters for each failure mode are given in 
Table.2. In this study, the shape parameter β is assumed either with 
Gompertz-type variation or fixed. The results in Table 2 for β fixed 
assumption present the characteristics of insulation damage of the 
mode turn and phase are quite similar to each other but the mode 
ground with less cumulative tendency due to its small value of β. This 
also can be found for β followed Gompertz-type variation assump-
tion, see Fig. 2a. Comparing these two assumptions the shape param-
eter of both are similar to each other for the mode ground and phase, 
respectively. But the corresponding  for turn is quite different with 
larger in the Gompertz-type variation case. Such difference leads to 
the life estimation with remarkable change, see Table 3. The identi-
fied numerical value of reference temperature for each mode nears to 
the inflection point of the corresponding Gompertz curve, this reflects 
that the characteristics of damage process about the insulation change 
as mentioned in the introduction. The variations of scale parameter 
with the temperature for these modes are given in Fig. 2b.

The plots show that all have similar trend. The important informa-
tion of scale parameter relates to the lifetime estimation. From CFMA 
the mode with the lowest scale parameter dominates the apparent fail-
ure, i.e. the actual lifetime is somewhat below that of dominant mode. 
At lower temperature, say below 450K, the failure due to the ground 

Table 1. Class-H motor insulation data under competing failure mode (hours) [11]

463k 513k
 m
s  

Turn Phase ground
m
s

Turn Phase ground

1 7228 10511 10511+ 1 1175 1175+ 1175
2 7228 11855 11855+ 2 1881+ 1881+ 1175
3 7228 11855 11855+ 3 1521 1881+ 1881+
4 8448 11855 11855+ 4 1569 1761 1761+
5 9167 12191+ 12191+ 5 1617 1881+ 1881+
6 9167 12191+ 12191+ 6 1665 1881+ 1881+
7 9167 12191+ 12191+ 7 1665 1881+ 1881+
8 9167 12191+ 12191+ 8 1713 1881+ 1881+
9 10511 12191+ 12191+ 9 1761 1881+ 1881+

10 10511 12191+ 12191+ 10 1953 1953+ 1953+

493k 533k
 m
s

Turn Phase ground
 m
s Turn Phase ground

1 1764 2436 2436 1 1632+ 1632+ 600
2 2436 2436 2490 2 1632+ 1632+ 744
3 2436 2436 2436 3 1632+ 1632+ 744
4 2436 2772+ 2772 4 1632+ 1632+ 744
5 2436 2436+ 2436 5 1632+ 1632+ 912
6 2436 4116+ 4116+ 6 1128 1128+ 1128
7 3108 4116+ 4116+ 7 1512 1512+ 1320
8 3108 4116+ 4116+ 8 1464 1632+ 1632+
9 3108 3108 3108+ 9 1608 1608+ 1608

10 3108 4116+ 4116+ 10 1896 1896 1896
M: mode, S: sequence

Table 2. The fitted parameters for the ALT data in Table 1, θ expressed in Eq. (11)

  mode 

β with gompertz-type-
relation

in eq. (12)
β fixed 

Turn
β (z, g, Tr) (6.69, 5789, 516) 4.23

θ (A, B) (−5.16, 6644) (−3.83, 5942)

Phase
β (z, g, Tr) (3.31, 5983, 839) 4.12

θ (A, B) (−4.25, 6381) (−4.25, 6381)

ground
β (z, g, Tr) (1.54, 69112, 614) 2.54

θ (A, B) (−12.63, 10753) (−12.84, 10665)
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mode can be ignored because its scale parameter is much larger than 
the other two; however as temperature higher than 550K the effect of 
ground mode failure becomes significant. The MTTF at maximum al-
lowed temperature (453K) and use condition (365K) for these failure 
modes and the corresponding apparent failure are shown in Table 3. 
The predictions based on -fixed assumption are quite different with 
the other two especially about the MTTF of the apparent failure which 
is dominated by the mode turn primarily and then the mode phase 
secondly while the mode ground has little influence. 

The MTTF prediction by Nelson [11] follows the reliability with 
a log-normal distribution under constant deviation with the data in 
Table 1 except those of mode turn at 533K. In the present study all 
information in Table 1 is taken into account. For comparison of the 
models Fig. 3 shows the predicted reliability variations with the data 
at 463K. It shows that present study with β varied with temperature 
fits the data even better among the models. The approach from Bunea 
[13] is taken in a different way, the reliability drops in a constant fail-
ure rate manner, i.e. β = 1, which deviates from the data obviously, but 
with acceptable MTTF prediction.

The comparisons of models based on the two assumptions about   
β in this study are made in Fig. 4 for the temperature at 463K and 
533K, respectively. Although the fitting based on β-fixed assumption 
is well at higher temperature but not for the lower one, such limits its 
application in the life estimation. This also coincides with the results 
shown in Table 3. At lower temperature the mode turn dominates the 
failure; however as the temperature getting high, the mode ground 
becomes meaningful. It seems that the influence of the mode phase 
maintains the same level about the apparent failure in the mentioned 
temperature range. The sum of failure probability density distribu-
tions (fpdd) of the three modes from Eq. (9) denotes the actual failure 
distribution. The area beneath the fpdd of some particular mode repre-
sents the percentage of that mode failure on the total. Table 4 provides 
such information which can be double checked with Fig. 2b about the 
scale parameter variation vs. temperature.

Finally the predicted reliabilities of the test motors are given in 
Fig. 5 for the temperature at the allowable range the lower 363K, 
400K and upper 453K, respectively. It is interest that decay trend of 

Table 3. The comparison of the MTTF in hours for each failure mode and the apparent failure at maximum allowed temperature (453K) 
and use condition (363K)

mode β fixed β with gompertz-relation
eq. (12) for Tr

nelson (1990)

453k 363k 453k 400k 363k 453k 363k

Turn 9.82e3 2.54e5 1.25e4 1.94e4 4.79e5 1.23e4 1.00e6

Phase 1.70e4 5.58e5 1.71e4 2.58e4 5.55e5 1.70e4 5.41e5

ground 3.95e4 9.99e6 5.92e4 8.83e4 9.70e6 3.51e4 4.81e6

apparent failure
(failure in series connection) 9.52e3* 2.51e5 1.19e4* 1.85e4* 4.43e5 1.16e4* 5.22e5

* denotes not qualified with respect to the specification

Fig. 2. The variations of (a) shape parameter and (b) scale parameter with 
the temperature for each failure mode

a)

b)

Fig. 3. The comparison of reliability fittings for data at temperature 463K
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these two curves are very similar to each other. This is because that the 
shape parameter, mainly decided by the mode turn, tends to its satu-
ration value β = 7.69, i.e. the characteristic of damage process about 

insulation changes little as the temperature within the allowable op-
eration range. In other words the insulation technology of the test mo-
tors is suitable. The geometry about the mode turn and phase structure 
need to be improved for longer MTTF to meet the standard require-
ment as the operation temperature up to 440K and higher within the 
allowed range, see Table 3.

5. Conclusions

In the present study the Maximum Likelihood Estimator is taken 
to investigate the characteristics of the insulation failure about class-H 
motors with accelerated life tests data under censored situation. Three 
failure modes namely the turn, phase, and ground, respectively, are 
considered in the estimation, the so-called competing failure analysis. 
Several remarks can be summarized as follows:

a. About the model:
weibull representation of the reliability for each failure mode 1. 
is suitable as taking the shape parameter varied with the tem-
perature, this is necessary due to its influence on the estima-
tion of the scale parameters which closely related to the MTTF 
prediction;
Gompertz-type variation of the shape parameter is likely ap-2. 
propriated to depict the characteristics of cumulative damage 
process about the insulation; instead of Gompertz-type rela-
tion, other curves with both ends saturated can be considered, 
e.g. arctangent, logistic-like, etc. to show the variation of β 
with the temperature;
The existence of reference temperature distinguishes the be-3. 
havior of damage accumulation and correspond the thermal 
decomposition process.

b. About the motor in the testing:
The insulation technique used is acceptable as the operation 1. 
temperature kept in the use condition used 363K;
As the temperature rises up to 440K, which still within the 2. 
allowed range in application, the turn structure needs to be 
rearranged primarily , then the phase next;
The mode ground has only influence on the failure at much 3. 
higher temperature.
Based on 4. Tr, the maximum test temperature should below 516K 
because the behavior of failure is quite different to normal use 
condition. This is also referring to Nelson’s result [11].

Table 4.  The corresponding percentage of occurrence for each failure mode in the series connection at 4 test tempera-
ture and maximum allowed temperature (453K), use condition (363K)

      Temperature
mode  363k 453k 463k 493k 513k 533k

Turn 68.7% 80.0% 79.2% 75.8% 68.8% 57.9%

Phase 31.2% 18.6% 18.6% 15.8% 13.6% 10.4%

ground 0.1% 1.4% 2.2% 8.4% 17.6% 31.7%

Fig. 5. The predicted variations of reliability at the allowable temperature 
lower 363K, 400K and upper 453K, respectively

Fig. 4. The reliability fittings based on the MLE withβ-temperature depended 
in black and β-fixed in grey at 463K (−) and 533K (−), respectively
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This paper describes the use of harmonic analysis in the analysis of a longwall conveyor chain. Correct and stable operation of 
the chain is connected both with the safety of the work and the economic performance of the transportation process. The aim of the 
study was to show the ability to detect changes in conveyor work related to damage or improperly conducted procedure of chain 
length changing. Observation of the conveyor chain work was to monitor the power consumption of the three motors driving the 
conveyor. The analysis included nearly 26 000 startups have been reported within 20 months of the conveyor work. This paper de-
scribes the initial stage of raw measurement data analysis, and analysis of data transformed by the Fourier transform. As a result 
of the data analysis, diagnostic procedures allowing to signal deviations from the conveyor normal conditions were proposed.

Keywords: device diagnostics, harmonic analysis, longwall conveyor.

Artykuł opisuje zastosowanie analizy harmonicznej do analizy stanu łańcucha przenośnika ścianowego. Poprawna i stabilna 
praca łańcucha wiąże się zarówno z bezpieczeństwem prowadzenia prac jak i ekonomiczną wydajnością procesu. Celem prze-
prowadzonych badań było wskazanie możliwości wykrywania zmian pracy przenośnika związanych z uszkodzeniem bądź prze-
prowadzoną w sposób nieprawidłowy procedurą zmiany długości łańcucha. Obserwacja pracy łańcucha przenośnika polegała 
na monitorowaniu poboru prądu przez trzy silniki napędzające przenośnik.  Analizie poddano blisko 26 000 uruchomień, jakie 
odnotowano w okresie 20 miesięcy pracy przenośnika. W pracy opisano etap wstępnej analizy surowych danych pomiarowych, 
a także analizy danych przekształcony transformacją Fouriera. W rezultacie analizy danych zaproponowano procedury diagno-
styczne pozwalające sygnalizować odstępstwa od normalnych warunków pracy przenośnika.

Słowa kluczowe: diagnostyka urządzeń, analiza harmoniczna, przenośnik ścianowy

mIcHalak m, sIkora m, sobczyk J. analysis of the longwall conveyor chain based on a harmonic analysis. eksploatacja i niezawodnosc 
– maintenance and reliability 2013; 15 (4): 332–336.

1. introduction

In the industry, including coal mining, there is observed signifi-
cant increase in the importance of information derived from the moni-
toring systems. The main task of the monitoring system is to visualize 
the current state of the devices (e.g. power consumption, temperature, 
fluid pressure and levels (cooling, hydraulic) etc.).

It can be assumed that at the present time functionality of moni-
toring systems provides full monitoring and visualization of any in-
dustrial process (production, machines and equipment work, natural 
hazards, etc.). The data collected by these systems are mainly used for 
the current visualization and reporting.

At the moment, more and more software developers and users of 
monitoring systems indicate the need for analysis of the data collected 
in their repositories. In particular, the purpose of this analysis may be 
defining the diagnostic models of monitored devices [2, 7, 15]. Iden-
tification of diagnostic model may be done through the planned ex-
periments or analysis of data collected during device operation. In this 
paper we concentrate on the second approach. Based on data collected 
by SMoK [13], the longwall monitoring system, we present how the 
application of the Fourier transform can be used to detect changes in 
longwall conveyor chain (in particular by joining the chains with dif-
ferent parameters).

This paper is organized as follows: the next section provides a 
short overview of the work related to diagnostics of mining machines, 
in particular longwall conveyor. The following part describes the 
stages of initial data processing and a substantial processing of the 

recorded signals. This is followed by diagnostic models, based on an 
analysis of the value described here in the paper as a basic period.

2. analysis of longwall conveyor

The problem of monitoring and diagnosing the condition of ma-
chines used in the mining industry was raised in [2, 4, 5, 6, 10, 11, 
15]. It has also been reviewed extensively in [2, 5, 15]. Papers [2, 15] 
also present new methods of extracting and processing of diagnostic 
features to discover diagnostic relations. In particular, a part of the 
work [2] was devoted to the diagnosis of belt conveyors, used as the 
main transport device in the mining industry. In [11] power consump-
tion and temperature of a coal combine cutting heads were monitored. 
Therefore, three operating states of the coal combine were defined. 
Two of the identified states describe different but correct conditions of 
mining. This work has identified a parameter describing the efficiency 
of the coal combine cooling system.

Diagnosis of longwall conveyor was the subject of such works as 
[4, 6, 10]. The work [4] presents a method for detecting defects on a 
conveyor chute of the bottom side of the conveyor. Based on the analy-
sis of power consumption of longwall conveyor driving motors during 
one repair shift, the damage was localized with an accuracy of one sec-
tion. In [6] a comprehensive management system of the conveyor belt 
components was proposed. The system allows generating both sum-
mary statements and, operational and analytical reports. These reports 
allow for evaluation of the conveyors monitored in the system.
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In [10] power consumption of motor driving the conveyor is ana-
lyzed. The result of the study is to propose summary reports of motor 
operation including the level of exceeded values of the rated current 
as well as the duration of the exceedances. In addition there was pro-
posed rule-based description of the operating parameters of the motor, 
based on association rules [1].

3. acquisition of measurement data

The results presented in the latter part of the paper were obtained 
due to the analysis of power consumption of each of the motors driv-
ing the conveyor transport system. we analyzed data from two peri-
ods of operation of the conveyor. Later in the paper, the time interval 
between the turning on and turning off the conveyor will be called 
startups. In the first period (called P) lasting more than 19 months, 
there were more than 24 500 startups of the conveyor, in the sec-
ond period (called NP) more than 1 200 startups were reported. The 
most important, from the point of view of data analysis, was that in 
the second period a part of the chain was replaced with another one. 
Unfortunately, information about the difference in the construction of 
both chains was not available, therefore, it could not be assumed that 
replaced part of the chain was composed of links of different size or 
scrapers were placed in the other intervals.

observation of work consisted in measuring the power consump-
tion by each of the three motors of the conveyor within one second 
intervals. Motors identified as M1 and M2, served as a “pulling”, the 
task of the motor denoted as M3 was pulling the chain from under the 
conveyor (turning back). The analyzed conveyor was equipped with 
two-speed starter.

3.1. initial processing of data

The aim of the analysis was to evaluate the work of conveyor in a 
steady state. In the measurement data concerning each startup the first 
two phases were omitted: work at low speed and switching the motor 
from low to high speed. Duration of speed shifting phase and conse-
quent increase in the values of current was based on observations at 
20 seconds from the moment of switching on high speed.

In the next step of data processing all startups were discarded from 
the analysis, the duration of which is less than 80 seconds, since assuming 
the conveyor moving speed is about 1.5 m/s in this time conveyor path 
was shorter than the length of the longwall (it was more than 110m).

The last stage of pre-processing was the data smoothing. The 
smoothing process consisted of averaging the value 
of power consumption based on n preceding and n 
subsequent values (moving average).

Taking as x(i), unsmoothed value of current at 
the time i, the smoothed value at the moment i is 
given by formula (1):

 ′ =
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= −

+
∑

x i
x j

n
j i n

i n

( )
( )

2 1
                        (1)

where: x′(i) represents a new smoothed value, n 
is a smoothing parameter, whose value equaled 5 
(which corresponds to averaging nine consecutive 
values). This value allows to compromise between 
filtering fast-changing current intensity components 
and keeping the nature of the course. This value was 
determined by observing smoothed courses of 30 randomly chosen 
long (more than 120 s) startups. For the first four and last four mea-

surements averaging were not performed. Sample comparison of the 
original and smoothed course is shown in Fig. 1.

3.2. data transformation into the frequency domain

Diagnosis of a chain in conveyor means studying periodicity of 
rolling the chain through the conveyor. The aim is to check whether 
during conveyor operation, periodicity of the conveyor work can be 
registered and whether changes of periodicity can be associated with 
damage or improperly conducted “repairs” of the chain.

It should be noted that it is impossible to diagnose individual links 
in the chain, this happens due to the sampling frequency of measure-
ment data. Sampling time in the monitoring system is one second, the 
conveyor during its work moves at a speed of about 1.5 m / s (± 10%). 
As a result, between two consecutive samples the conveyor travels 
generally longer than the length of a single link.

For the collected measurement data the Fourier transform was 
used. For each of the motors the changes frequency spectrum of cur-
rent was obtained. After analyzing the spectra for many motors of 
many startups, it was observed that the initial values of the spectrum 
(corresponding to the lowest frequencies) obtain disproportionately 
high values   (especially for the first argument, corresponding to the 
constant component of signal), thereby distorting the spectrum of mo-
tors work. Therefore, it was concluded that the domain of spectrum 
should be reduced of the initial arguments. Finally, it was found that 
the first two arguments obtained in the distribution will be excluded.

Due to the fact that distribution values showed the highest signifi-
cance in the initial (the lowest) frequency domain (fractional hertz) it 
was decided to consider time domain instead of frequency domain. Fur-

Fig. 1. Comparison of unsmoothed and smoothed courses describing the cur-
rent consumption of one of the motors.

Fig. 2. Illustration of spectrum transform into periodogram

M3 motor current spectrum for the startup 
marked as 1192. 

The X-axis unit is 1 Hz

Periodogram of M3 motor startup marked as 
1192. The X-axis unit is 1 second
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ther analysis was based on the periodogram observation that showed 
how input course of current intensity change is distributed into sinusoi-
dal changes in a specified period of time. Comparison of the spectrum 
and the periodogram for a selected startup is illustrated in Fig. 2.

In the example, for each single startup and at the same time for 
each of the three motors, were obtained graphs showing changes in 
the current intensity depending on the period of these changes. Fur-
ther analysis of the data focused on local maxima in received peri-
odograms. For each of the motors five periods with the greatest local 
maxima in periodogram were taken into account, sorting them from 
the most significant. These periods are marked: M11, M12, …, M15 
and analogically M21, M22, …, M25 and M31, M32, …, M35.

4. analysis of longwall conveyor motors

After analyzing periodograms, in such a way as described in the 
previous section, each conveyor startup was characterized by a vector 
of 15 features. Analysis of the resulting data set has demonstrated that 
it is impossible to determine the relationship between the basic period 
(the basic period T means the time in which the chain travels equal to 
twice the length of the conveyor), and one (for example, the largest) 
value in periodogram.

The first attempt to identify the basic period was based on the 
calculation of arithmetic mean values of M11, M21 and M31, sepa-
rately for startups recognized as correct (startups of period P) and in-
correct startups (startups of period NP). Mean values of M11, M21, 
M31 for correct startups marked γi, i∈{1,2,3}. Mean values of M11, 
M21, M31 for incorrect startups were marked βi, i∈{1,2,3}. Then, for 
each startup there was calculated distance between γi, and M11, M21 
and M31, as well as for βi, and M11, M21 and M31. on this basis 
startups were being classified as correct or incorrect. The highest ac-
curacy was achieved for means γ3 and β3. However, the results were 
not satisfactory, because the variance of the variable M31 for correct 
and incorrect startups was very high. As a result, algorithm reflecting 
presented way of classification was characterized by low sensitivity 
and specificity (i.e. a large number of correct startups was recognized 
as incorrect and vice versa).

It was necessary to take actions leading to a situation in which 
the variance of the strongest period, derived from the analysis of 
periodograms of motors M3, M2, M1 would be as small as possible. 
Therefore such a filter is defined to minimize the variance for correct 
startups, ignoring the incorrect, with assumption that in case of incor-
rect starts the basic period should change.

Therefore the following actions were taken:
Startups of less than 4 minutes were removed. For startups 1) 
shorter than 4 minutes in most cases the strongest period was 
less than 70 seconds, it was then considered that the length 
of the chain is longer than 110 meters, so these periods were 
found to be incorrect;
In order to determine the basic period that allows distinguish-2) 
ing between correct and incorrect start the following logic rule 
was fixed (RL):

IF M31=M21=M11 THEN T=M31
  ELSE
  IF ((M31=M22=M12) oR (M31=M23=M13) oR (M31=M24=M14) oR 
          (M31=M25=M15)) THEN T=M31
          ELSE
          IF ((M31<M22) AND (M22=M12) AND (Time>300)) THEN T=M22
             ELSE T=M31

In the formula above it can be observed that it was necessary to 
extend the duration of the startup to 5 minutes (300 seconds), the re-
maining part of the formula is somehow responsible for negotiating the 
length of the basic period, which can be identified in periodogram.

Using the methodology outlined above, there was obtained the 
mean value for the basic period for the correct startups equal to γ = 117 s, 

with a standard deviation σ = 36.28 s. For incorrect startups these values 
were β = 158.43 s, σ = 105.66 s. In order to further reduce the variance 
of the basic period for correct startups, all startups of which the basic 
period T <100 s were removed. Finally, there were achieved 7125 start-
ups, among which for correct startups the mean of the basic period was 
γ = 128.45 s, and the standard deviation σ = 8.63 s (Fig. 3).

Presented way of filtration and identification of the basic period 
does not allow for the diagnostics of the conveyor after each startup, 
as these shorter than 5 minutes will not be the subject of evaluation, 
however, we obtain the possibility of diagnosing on average of every 
second startup. Average daily number of startups was 25, while the 
average daily number of startups, for which performing the diagnostic 
procedure is possible, is 12.

Now it is possible to perform diagnostic procedure using the pa-
rameters γ and β. However, this will be a diagnostic procedure for a 
specific type of change in working conditions of conveyor (lengthen-
ing the chain by combining different chains). In order to diagnose 
unknown types of error it is necessary to monitor whether the basic 
period and its standard deviation change.

Distribution of the basic period for correct startups was a nor-
mal distribution (Shapiro-wilk W test was performed), nine-
ty-five percent of startups should therefore lie in the interval 
[γ−1.95996σ, γ+1.95996σ]. it appears that it can be assumed that the 
distribution of the basic period is a normal distribution, with various 
values   of the mean (γ) and the standard deviation σ. If, however, it 
turned out differently, it is always under the Chebyshev inequality 
holds. It  says that for any k>1 probability that a randomly selected 
feature value differs from the expected value by more than ±kσ  is at 
most 1/k2, which is outside the range [γ−2σ, γ+2σ] is at most 25% of 
the feature value.

This information can be used in the following way: as an incorrect 
startup (or rather: different from the pattern found to be diagnostically 
correct) will be considered such a strartup, the basic period of which will 

Fig. 3. The chart of the basic period of each startup after the final data filtra-
tion.

Fig. 4. Distribution of the basic period for correct startups.
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not lie in the mentioned intervals. In such a case, the user would have 
the ability to view courses of current on all three motors and browse 
periodograms. As a result, one would qualify startups as actually incor-
rect, or could change the value of the basic period, when it would clearly 
result from the periodogram, thus, from the actual reconstruction of the 
conveyor. The second option would include the phase of updating pa-
rameters used in diagnostic procedures. Information about the recon-
struction of the structure of the monitored device or its location is often 
registered into diagnostic or monitoring systems with a delay.

To further reduce the number of the user interventions, incorrect 
startups may be only these for which the basic period will be an out-
lier. For the filtered the basic periods, median M and the first and 
third quartiles (Q1 and Q3, respectively) can be calculated, then the 
interquartile range IQR is expressed by the formula (2)

 IQR= Q3− Q1 (2)

Values lying in the ranges (Q3+1.5IQR, Q3+3IQR] and [Q1−3IQR, 
Q1−1.5IQR) are considered outliers. Values grater than Q3+3IQR and 
less than Q1−3IQR are considered extreme outliers. In the case of di-
agnosis referred to in this paper, the user would observe all startups 
for which outliers in the basic period were registered.

Information about specificity and sensitivity of diagnostic proce-
dure described above is presented in Table 1. Diagnostic procedures 
verification was performed on the data set used for defining the Table.

Taking all the analyses into consideration, the following diagnos-
tics scheme can be proposed:

Select a group of startups reflecting correct operation of the 1. 
conveyor.
Select a group of startups reflecting incorrect operation of the 2. 
motor (if there are startups describing different types of fail-
ure, for each failure type create a separate group). Point 2 can 
be omitted if you have examples only of correct startups.

(the following points concern of all three motors, these actions 
apply only to startups selected in step 2)

For all the startups perform the processes of deleting low 3. 
speed and switching into high speed.
For all startups perform data smoothing process.4. 
For all startups perform the process of determining the Fourier 5. 
transform, skip the first two components and determine the 
reciprocal of arguments in frequency domain.
For all startups find the first five maximum values in periodo-6. 
gram and determine their equivalent arguments.
For each startup specify a value of the basic period according 7. 
to the rule RL (section 3.3).
Determine the arithmetic means and standard deviations, as well 8. 
as quartiles and interquartile range for correct startups group.

Determine the arithmetic means and standard deviations for 9. 
all identified groups of incorrect startups.
Determine limits for outliers (formula (2)).10. 
For each new startup begin the diagnostic procedure, checking 11. 
whether startup parameters qualify it as correct or incorrect.

Block diagram of the procedure is shown in Fig. 5.

The diagnostic procedure presented above includes some incon-
venience. The most important one is the need to define the rule (RL) 
identifying the basic period. Such methodology is not appropriate 
if the ultimate goal is automation of the diagnosis process. As it is 
known, in order to define the diagnostic model of the device, machine 
learning also can be applied [7, 15]. As sets of correct (Period A) and 
incorrect (Period B) startups of conveyor were available, rule induc-
tion algorithm PART was used [3, 14]. Calculations were carried out 
in weka environment [14]. Detailed description of PART algorithm 
can be found in [3].

In the data set submitted to the algorithm, each startup was char-
acterized by already mentioned in section 3.2 vector of 15 features 
(local maxima in periodograms), also used to identify the rule RL. 
The results are presented in Table 2. The first line of Table 2 presents 
the results obtained by using 10-fold cross validation. The second line 
presents the result of the analysis of whole available set of examples 
(i.e. without isolating a test set).

As it can be observed, the results obtained by PART and the diag-
nostic method based on the distance from the means γ, β (the last line 
of Table 1) are satisfactory. The best sensitivity and specificity lies 
in the method applying the PART algorithm to recognize correct and 
incorrect startups. Therefore, in the diagnostic scheme (points 1-11), 
points 8 and 9 can be replaced by training the classifier and including 
it into the diagnostic process.

The fact is, that presented methods of identification the correct 
values of the basic period (including the method based on rule induc-
tion) need a set of positive examples (correct startups) and negative 

Table 1. Information about the  number of true positives (TP), true negatives 
(TN), false positives (FP) and false negatives (FN) for different diag-
nostic methods.

method TP FP Tn Fn

normal distribution (2σ) 5713 212 123 1077

normal distribution (1σ) 5119 806 316 884

outliers 5718 207 1146 54

Distance from the means 
γ, β 5921 4 923 277

Fig. 5. Block diagram of the diagnostic procedure.

Table 2. Information about the number of true positives (TP), true negatives 
(TN), false positives (FP) and false negatives (FN) for the basic period 
identification based on rule induction

metod TP FP Tn Fn

ParT (10cV) 5875 51 1138 60

ParT 5896 30 1173 25
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examples (incorrect startups). This diagnostic method can be used 
only after a certain period of conveyor work. In the initial period of 
operation, we may assume that the conveyor is working properly, and 
the Fourier analysis (in particular analysis of the values classified as 
outliers in terms of the basic period) allows for identification of poten-
tially incorrect startups. After collecting sufficient number of negative 
examples based on the Fourier analysis (based on the characteristics 
resulting from the analysis), the classifier is determined and then it is 
used for fully automatic diagnostics.

Note also that the set of negative examples can be created based on 
startups considered as incorrect for various reasons (reflecting various 
types of damage). In this situation we may deal with so-called concept 
drift, resulting in the need to re-train classifier on the extended set of 
negative examples, in order to improve its sensitivity and specificity. 
However, this process can be automated.

The procedure suggested here including: acquisition of a set of 
positive and negative examples, monitoring the classifier quality and 
(if necessary) re-training it, has successfully been applied to predict the 
total energy of seismic events that were recorded in a given period of 
time in coal mines [8] and to predict the concentration of methane [9].

Certainly, acquisition of diagnostic knowledge (correct and incor-
rect startups) can be carried out also by the planned experiment [7]. 

However, it is definitely more complicated in underground conditions 
of conveyor work.

5. Summary

This paper presents the diagnostic procedure, which allows moni-
toring work of a longwall conveyor, with particular emphasis on the 
diagnostics of “transporting” chain. Diagnostic procedure is based on 
harmonic analysis, power analysis, monitoring of outliers, as well as 
the induction of classification rules. The work presents all the neces-
sary steps to allow the implementation of the presented diagnostic 
procedure. The results are satisfactory, developed diagnostic proce-
dure can with high precision indicate correct and incorrect startups. 
The procedure generates a small number of so-called false alarms 
which is especially important for the dispatcher monitoring more de-
vices working. It is planned to implement presented diagnostic proce-
dure into the monitoring system DEMKop [12] (the successor of the 
SMoK system).

The work was financed by the European Union through the Eu-
ropean Social Fund (contract number: UDA-POKL.04.01.01-00-
106/09 – first author) and the Rector of the Silesian University of 

Technology (grant RGH-2/RAu0/2012 – second author). The authors 
also wish to thank the anonymous reviewers, who served a valuable 

remarks and comments.
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brAke system studies using numericAl methods

bAdAniA ukłAdów hAmulcowych metodAmi numerycznymi*
The paper presents the examples of numerical simulations of braking systems performed in order to determine the parameters of 
their work. Using a typical finite element and meshless numerical methods, dynamic analyses of the brake were performed pay-
ing particular attention on the phenomenon of thermo-mechanical coupling occurring in the process of braking, as well as wear 
processes occurring on the surface of the linings. The article presents sequence of research steps, including hybrid modelling of 
braking system.

Keywords: brakes, FEM modelling, SPH modelling, thermomechanics, friction.

W pracy przedstawiono przykłady symulacji numerycznych układów hamulcowych wykonanych w celu wyznaczenia parametrów 
ich pracy. Stosując siatkowe i bezsiatkowe metody numeryczne przeprowadzono dynamiczne analizy pracy hamulca ze zwróce-
niem szczególnej uwagi na zjawiska sprzężone (cieplno – mechaniczne) występujące w procesie hamowania oraz procesy zużycia 
zachodzące na powierzchni okładziny ciernej. W artykule przedstawiono kolejne kroki badań obejmujące modelowanie hybrydo-
we układu hamulcowego.

Słowa kluczowe: hamulce, modelowanie MES, modelowanie SPH, termomechanika, tarcie.

1. introduction

This paper discusses the issues associated with the operation of 
the braking system, which is one of the most important safety systems 
in a car [23]. As a result of braking friction surfaces of the lining are 
heated to the temperature up to 500°C [14, 15, 19]. Such thermal con-
ditions and other phenomena accompanying the process of braking 
cause a constant grow of requirements for the properties of materials 
used for brake linings.

on the other hand, increasing availability of appropriate tools 
causes that, as in many other areas, numerical analyses become in-
creasingly important in the brakes design process. Nevertheless, the 
nature of the physical processes associated with braking makes their 
correct modelling (using the most popular analytical tools based on 
the finite element method) virtually impossible [20] at the moment. 
The above statement seems to be surprising, but only to the point 
where we will realize what should be included in a numerical model-
ling of the brake process, such as:

nonlinearities associated with large rotation,• 
nonlinearities of boundary conditions (contact, friction),• 
non-stationary nature of the process,• 
thermo-mechanical coupling,• 
wear of linings required to model change in geometry of fric-• 
tion pair.

For this reason, in the numerical studies of braking systems, vari-
ous simplifications are usually used. For example, the geometry of 
brake is simplified to axisymmetric representation [24] or system is 
analysed in the plain strain [16].

In the case of temperature field analysis, many authors define sta-
tionary or non-stationary heat sources and ignore the fact that heat is 
generated by friction [2, 4, 8, 21]. In other words: thermo-mechanical 
coupling is omitted in investigations.

wear of the friction pair is most commonly investigated using 
tools developed by tribology. From the point of view of this work 

these methods can be divided into those that use semi-empirical equa-
tions describing surface wear [3, 12, 17], and those in which models 
describe some aspects of the phenomena occurring at the micro level, 
i.e. the level of the surface layer of components. Review of publica-
tions representing the latter approach can be found in [26].

An interesting attempt to implement a tribological approach to 
macro models is presented in [18], where a procedure for random gen-
eration of irregularities appearing on the working surface of the brake 
pad was described. In [25] attempts to assess the lining wear in the 
macroscopic model, however the problem was brought to the analysis 
of the sole brake pad running in stationary conditions. Popular linear 
Archard model was used to describe the wear process. A more accu-
rate model of the whole brake is described in [1], although thermal ef-
fects were also omitted and geometry changes resulting from the wear 
were modelled based on experimental measurements by the arbitrary 
movement of nodes in the direction normal to the contact surface.

Above examples show the difficulties that arise when trying to 
take into account the microscopic processes accompanying wear in 
the macroscopic models of whole components. In the case of brake, 
this inconvenience manifests itself when we will try to include a suf-
ficiently accurate description of the surface friction geometry in the 
assembly model [17, 20]. one way to solve this problem is the imple-
mentation of meshless methods. Here analysed object is represented 
by a set of points (particles) with a finite size which can form any 
shape [22]. Although known for about 30 years, these methods be-
come popular in the analysis of tribological processes quite recently 
[11, 20]. Authors, as part of this trend, also applied this meshless ap-
proach to simulate wear of friction surface.

Presented paper discusses numerical simulations of braking proc-
ess conducted using LS-Dyna explicit code. obtained results for 
brake with two pistons and for modified set-up with additional third 
piston are compared. Due to the fact that a number of thermo-mechan-
ical phenomena begin in micro scale, it was decided to carry out the 
analysis of contact surfaces in a microscopic scale including the wear 
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process using the aforementioned meshless method, more particular 
Smooth Particle Hydrodynamics (SPH) technique.

In the earlier work authors presented results of a drum brake anal-
yses [10]. Numerical models presented there enabled the development 
of modelling procedure that allows to estimate the efficiency of brakes 
and to predict the most exposed areas to wear (Fig. 1)

obtained results showed that algorithms of conversion of work 
done by friction forces into heat are working properly. This was one of 
the most important elements necessary for proper numerical descrip-
tion of brake. It should be pointed out, though, that the algorithms are 
very sensitive to the parameters describing thermal and mechanical 
properties of brake materials. Another important factor strongly af-
fecting results is a discretisation of contact areas of interacting bodies. 
This translates into accurate values of contact forces, which is a key 
factor for the proper definition of heat flux generated by friction.

2. Description of numerical methods used in brakes 
studies

In order to model disc brakes mentioned earlier, commercial 
software LS-Dyna was used. This program utilizes method of direct 
integration of complete dynamic equation of motion using slightly 
modified central difference scheme. In this approach velocity and ac-
celeration of a point are described as follows [13]:
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Matrix equation of motion for nonlinear case is described as fol-
lows [13]:

 
intM F F Cext

n n n nx x= − −   (3)

where: M – global stiffness matrix, C – global damping matrix, 

Fext
n  – external forces (vector) intFn  – internal forces 

(vector).

As it was mentioned before, in each numerical model, contact 
conditions between lining and drum or disk were defined. It was as-
sumed that friction coefficient in the lining-drum (disk) pair has con-
stant value of μ = 0.4 (chosen based on experimental data [14, 15]). 
Contact algorithm was based on penalty function approach [9,13]. 
Based on calculated friction forces, heat generation was computed 
using the following formula:

 
pf

dS dTF mcdt dt=  (4)

where: Ff – friction force, S – distance of braking, t – time, m – 
mass, cp – specific heat, T – temperature.

Due to the fact that braking time covered by 
analyses was short enough no convection and 
radiation were included in performed simula-
tions.

3. numerical model of disc brake

After studies on the brake drum, authors 
decided to conduct, in addition to the previous 
tests, analyses on disc brake setup. obtained re-
sults gave a broader view of the phenomena oc-
curring during the braking process and the pos-
sibility to support the design process of brakes 
by numerical analysis. Figure 2 shows the CAD 
model of discussed brake system.

At a later stage of investigation FE model 
was developed based on the CAD geometry. 

Figure 3 shows the model of brake after discretization process. Due 
to the complex shape of the disc, it was modelled using tetragonal 
elements (TET4), while pads and lining were modelled using hexago-
nal solid elements (HEX8). Running belt test bench was modelled as 
a concentrated mass (with proper moments of inertia defined) con-
nected to the disc via beam elements. The entire model consisted of 
approximately 150500 elements and 40300 nodes.

3.1. initial and boundary conditions

Solution to the problem – involving solution of differential equa-
tions – requires initial and boundary conditions, i.e. adoption of ap-
propriate loads (e.g. power, torque force, pressure) and constraints 
of FE model by taking back the degrees of freedom in the selected 

Fig. 1. Stress distribution in the brake lining and drum at the specific moment of time [10]

Fig. 2. CAD model of brake system with dual-piston clamping system [5]
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nodes. In addition, the solution must include constitutive equations 
with stress and displacement equilibrium conditions.

Each part of FE model was given the same material properties as 
in the drum brake model [10]. The disc was supported in the mounting 
holes (Fig. 4), which was an approximation of the actual conditions 
of restraint.

In areas of pistons and clamp interaction, pressure corresponding 
to this prevailing in the hydraulic system on the stand was applied to 
the pads (p1 = 6.238 MPa at the calliper side and p2 = 25.858 MPa at 
the pistons side). Also, the initial rotational velocity ω0 = 42.0 rad/s 
was applied to the disc and concentrated mass. Moreover, initial tem-
perature T0 = 20° (293 K) was prescribed to all nodes in the model.

3.2. results of two-piston brake numerical analyses

The figures below shows the results of the two piston brake. Figure 
5 shows distribution of the normal stress in lining: a) pushed against 
calliper, b) pushed against pistons, for a selected time t = 0.4 s.

Above figures shows uneven work conditions of inner and outer 
lining. Based on this it can be concluded that this visible inequality 
can be resulted from the badly selected stiffness and geometry of the 
brake calliper. Thus, it was decided to modify the brake system.

3.3. Model of improved brake version

Based on the conducted research, it was decided that from the 
efficiency and economy point of view, the best direction of the brake 
design modification will be to apply additional pistons, keeping – if 
possible – outer dimensions of brake intact. The outcome was a three 
pistons brake, with altered calliper geometry, utilizing the same disc 
and the brake pads.

From the point of view of FEM modelling, the proposed design 
modifications were very small. The use of the same disc and pads 
allowed to use the same finite element mesh with initial conditions 
and constrains unchanged. The only change, compared to the original 
mode, was a different method of application of the pressure acting 
on the structure (Fig. 6). Applied pressure values were as follows: 
p1 = 55.954 MPa outside of the calliper, p2 = 34.289 MPa inside of the 
calliper, p3 = 22.408 MPa external pistons and p4 = 21.279 MPa mid-
dle piston. 

3.4. Comparative analysis

Applied modifications resulted in higher stresses on the surface 
of the pads. In order to compare working conditions of the structure 
before and after the modification, graphs of temperature versus time 
for both layouts (Fig. 7) and change of the rotational speed of the disc 
in time were prepared (Fig. 8). As expected, increasing the number 
of pistons resulted in increased pads downforce acting on disc. As a 
result, temperature raised and the brake disc deceleration increased.

Fig. 3. Numerical model of the disc-brake system [5]

Fig. 4. Initial boundary conditions in the numerical model of disc brake sys-
tem [5]

Fig. 5. Normal stresses on the brake pad surfaces at t=0.4 s, a) pressed using 
clamp, b) pressed using pistons

Fig. 6. Forces distribution in the triple-piston brake system

Fig. 8. Comparison graph of angular velocity versus time for the both cases

Fig. 7. Comparison graph of temperature versus time for the both cases
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4. Microscopic model of pad lining

All the processes occurring on the surface lining, disc or drum, 
have their origin in micro areas of contacting bodies [7]. Therefore, 
authors decided to develop a numerical model of lining surface, in 
which surface roughness and the traces of destruction were mapped 
in the microscopic scale. This decision resulted also from the fact that 
such approach is difficult to implement in case of a global model of 
the braking system, where it is virtually impossible to introduce a 
fine mesh correctly reproducing roughness of a lining surface. The 
proposed microscopic scale modelling has enabled a more accurate 
numerical representation of the impact of surface roughness on the 
phenomena occurring on the surface of the friction lining. Figure 9 
shows the successive stages of developin the numerical model of lin-
ing in microscopic scale. whole process is described in more detail 
in [7].

Developed micro-sample had dimensions of 4 mm x 4 mm x 0.25 
mm. It was modelled with 25600 solid hexagonal elements (HEX) 
with 32805 nodes. Both lining sample and counter sample were 
given material properties taken from literature. In order to simulate  
a braking process the linear velocity v = 19.79 m/s was applied to all 
lining sample nodes and pressure p = 0.587 MPa (Fig. 10) was applied 
on its upper surface. Initial and boundary conditions directly corre-
sponded to conditions encountered during the experiment, which have 
been widely described in [6].

4.1. analysis results

From the carried out dynamic numerical analyses obtaining tem-
perature distribution for sample as well as for counter-sample was ob-

tained. In Fig. 11 temperature result for a given 
time t = 0.15 s is presented, while changes of 
temperature as a function of time for the highest 
peak and entire model of the sample is shown 
in Fig. 12. 

Foregoing figures show that the maximum 
temperature is generated on the roughness 
peaks, which in combination with the conditions 
occurring during the braking process causes the 
grinding of these vertices, the propagation of 
wear and hot spots generation [7]. Taking all 

above into consideration, authors decided to reproduce the wear pro-
cess of samples using SPH method in micro-scale.

4.2. Modelling of lining wear using SPH

Smooth Particle Hydrodynamics method (SPH) is a meshless 
method especially useful tin simulation where large deformation of 
the material takes place, i.e., crash tests and fluid flow. It was devel-
oped in order to avoid significant reduction of accuracy generated by 
finite element mesh at large deformation. The main advantage of the 
SPH method is the lack of a mesh connecting the nodes.

The basis of this method is interpolation. Distributions of physical 
parameters replaced by the corresponding estimates at a given inter-
polation kernel [13] are given by:

 ∏ = −∫k f x f y W x y h dy( ) ( ) ( , )  (5)

where: W is approximation kernel.
Approximation kernel W has the following form:

 W x h
h x

xd( , )
( )

( )= 1
θ  (6)

where: d – number of space dimentions, h – 
smoothing lenght, defining distance at which 
particle can interact with other particles.

Finite elements of sample model were re-
placed by the hydrodynamics particles. Initial 
and boundary conditions were identical as for 
the FEM model in a microscopic scale. The one 
and a major difference between those two lied in 
the strain based eroding criterion allowing the 
pieces of material (SPH particles) to detach from 
the lining model. Figure 13 shows the results of 

Fig. 9. Subsequent stages of the microscopic model development process; a) profilometer model, 
b) geometrical model, c) FE model

Fig. 10. Initial boundary conditions in the microscopic model [6]

Fig. 11. Temperature distribution on the counter-surface and microscopic lining surface at the time t=0.15s

Fig. 12. Temperature versus time graph for the whole microscopic model and 
for the highest roughness peak



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013 341

sciENcE aNd tEchNology

pads are modelled using SPH particles whereas the simplified brake 
disc is modelled using solid elements. 

5. Conclusions

This paper presents the results of the investigations covering a 
broad phenomenon, which is certainly the braking process. After ana-
lysing the results it can be stated, that today, with the help of numeri-
cal methods, it is possible to perform detailed analysis of the brake 
during its operation. The main problems, however, are long calcula-
tion runtimes and hardware resources requirements. Also, the need 
for obtaining the full characteristics of the material as a function of 
temperature, which have a significant impact on the results, is an addi-
tional factor that hinders the use of numerical simulations in the brake 
design process. Another limitation is associated with FEM discretiza-
tion, which should be detailed enough to include surface roughness 
and at the same time should give acceptable calculation time. There-
fore, authors decided to conduct separate studies on macroscopic ob-
jects (drum brakes and disc) and microscopic (sample friction lining). 
The simulations results showed that the macroscopic approach allows 
for conclusions of the general nature of the brake (like the uniformity 
of pad work or comparative analyses), but is not enough detailed to 
predict the wear of pads, which – for example – prevents to predict 
life of the brakes.

The proposed concept of numerical description of the surface 
layer wear will be further modified and investigated, in order to find 
optimal parameters for modelling the process of wear. Authors hope 
that with combining the SPH method and FEM modelling it will be 
possible to simulate the braking process using numerical model of the 
whole brake and also to include such details as surface roughness in 
the calculations. At the moment, performing such analysis using the 
classical FEM and available hardware is practically impossible.

the numerical analysis involving a process of failure of the sample for 
two specific moments of time.

Based on obtained results it can be seen, that the proposed im-
plementation of algorithm of linings material failure works properly. 
It is difficult to clearly determine whether it fully reflect the real me-
chanics of material damage, but from numerical point of view, the 
procedure seems to work properly. To have a complete picture of the 
wear process nature used in the study, its exact characteristics and 
parameters should be measured and acquired. This would allow for 
more exact simulation of wear process. Despite the lack of such data, 
due to the promising effects of the application of meshless methods, 
authors decided to investigate and develop this approach much more 
thoroughly. At the moment researches on hybrid models involving a 
combination of FEM modelling techniques SPH are conducted. In 
Figures 14 and 15 an initial computational model is presented where 

Fig. 14. Hybrid model (SPH+FEM) of the brake system

Fig. 15. Hybrid model of the brake system – temperature [K] distribution at 
the specific moment of time

Fig. 13. SPH lining model erosion for the two chosen moment of time, a) t = 0.08 s, b) t = 0.2 s
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sławomir DuDa

numericAl modeling And simulAting the dynAmic interActions 
within the drive system of electric rAil vehicles

modelowAnie i symulAcjA numerycznA oddziAływAń dynAmicznych 
w ukłAdzie nApędowym elektrycznych pojAzdów szynowych*

This paper shows the methodology that can be used to study the dynamic phenomena occurring in rail vehicle drive systems by 
taking into account its actual seating. The studies are performed by providing a detailed description of electromagnetic phenom-
ena found in drive motors and contact phenomena at the interface between the wheel and rail. Forces determined based on the 
models below constitute the load of a rail vehicle drive system. The mathematical model of the motor has been implemented in 
Matlab/Simulink software and coupled with the vehicle model developed in the Simmechanics application. These models make it 
possible to determine the load of drive system for various vehicle dynamic states (startup, steady-state operation) depending on 
the locomotive load.

Keywords: rail vehicle, electromechanical drive system.

W niniejszej pracy przedstawiono metodologię, która może być zastosowana do badania zjawisk dynamicznych w układach napę-
dowych pojazdów szynowych z uwzględnieniem rzeczywistego ich osadzenia. Badania są realizowane przy szczegółowym opisie 
zjawisk elektromagnetycznych w silnikach napędowych oraz zjawisk kontaktowych na styku współpracy koła z szyną. Wyznaczone 
z powyższych modeli siły stanowią obciążenie układu napędowego pojazdu szynowego. Sformułowany model matematyczny silni-
ka zaimplementowano w programie Matlab/Simulink i sprzężono go z modelem pojazdu opracowanym w programie Simmecha-
nics. Modele te umożliwiają na wyznaczenie obciążenia układu napędowego, dla różnych stanów dynamicznych pojazdu (rozruch, 
praca ustalona) w zależności od obciążenia lokomotywy.

Słowa kluczowe: pojazd szynowy, elektromechaniczny układ napędowy.

1. introduction

In many contemporary mechanical systems the structural deform-
ability plays a key role. The numerical approach to analyzing the kine-
matics and dynamics of deformable multi-member systems originates 
from classical methods described in literature [2, 3]. Their common 
feature is the assumption that the absolute motion of any mechanism 
component is decomposed into the basic motion of components su-
perimposed by small elastic deformations. It signifies that in the case 
of elastic deformations the lack of their influence on the system mo-
tion is assumed, while internal forces, resulting from this motion, play 
a key role in creating the deformations of individual mechanism com-
ponents. Therefore the analysis of multibody system of rigid bodies 
is used to examine the internal forces introduced as external forces to 
solve the problem of component deformation. The main limitation of 
this approach is the necessity to assume the linearity of deformations, 
which eliminates significant non-linear effects from analysis results.

In the past, many papers on modeling rail vehicle drive systems, 
were based on the assumption that the system consisted of rigid bod-
ies or that the elastic deformations generated as a result of dynamic 
interactions had little importance or were just negligible. 

Investigating the dynamic phenomena of rail vehicle drive sys-
tems when not including the very vehicle leads to oversimplification. 
The load of drive system is very complex. on the one hand, there 
are forces coming from the electric motor constituting the drive of 
the vehicle, and being also, in some locomotive models, electrically 
coupled with the drives of remaining axles; on the other hand, there 
are forces coming from the interaction between the wheel and the rail. 

These forces are determined by the travel of the very vehicle, and 
this vehicle movement results from the application of these forces. It 
is undoubtedly the coupling between the drive system dynamics and 
the vehicle dynamics that makes it necessary to take into account the 
real seating of rail vehicle drive system in the body constituting the 
vehicle chassis.

2. Modeling the drive system of an electric locomotive

Modeling the dynamics of machine or vehicle drive systems is 
especially significant for receiving information on dynamic phenom-
ena, such as start-up or braking. The model of drive system and power 
transmission from the driving motor to wheels should take into ac-
count the dynamic analysis performed. In high power systems, it is 
important to develop a model that would describe transverse-torsional 
vibrations. It allows us to include the transverse rigidity of drive sys-
tem components, as well as the rigidity and slackness of bearings.

one of the methods for constructing a physical model used to 
study the dynamics of machine drive systems is the so-called hybrid 
method [9], constantly developed by the employees of the Department 
of Theoretical and Applied Mechanics of the Silesian University of 
Technology in Gliwice. It consists in representing a real system using 
rigid and finite elements. In this method components featuring a clear 
flexibility, including long shafts, are modeled by using a two-node 
beam element, and the disks of the teethed wheels or e.g. clutches 
as rigid elements. Individual drive system components, constituting 
subsystems, are connected by a proper kinematic pair modeling the 
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assumed relative motion of elements connected by this pair. In ad-
dition, individual subsystems can interact with each other by forces 
or torques resulting from the action of force generation components, 
e.g. a spring or a damper (a leaf spring or shock absorber), a force 
resulting from the deformations of flexible components (deflection 
of a toothed wheel in the toothed gear, deflection of bearing rolling 
components). Proper models for a toothed gear used to construct the 
physical model of the drive system of the rail vehicle under analysis 
have been described in papers [9].

A dynamic equation for the drive system motion in the matrix 
method can be expressed in the following form: 

 ( ) ( ) ( )t t t+ + =Mq Bq Kq f   (1)

 q = [ ] , , , , , , ,u v wi i i i i iψ ϑ ϕ Τ
 (2)

where: M, B, K – are, respectively, the matrices of inertia, damping 
and rigidity, f – column matrix for generalized forces.

The above-presented approach to modeling drive systems assumes 
system motion described in generalized coordinates with holonomic 
constraints. This model makes it possible to analyze the transverse-
torsional vibrations of rail vehicle drive system forced by operating 
conditions. Active forces applied on the system result from driving 
torque and contact torques generated as a result of interactions be-
tween the wheel and rail. In this case numerical calculations for the 
drive system model are performed separately for the whole vehicle 
model, assuming that the elastic deformations of drive system do not 
affect the vehicle travel, while contact forces (wheel – rail interface), 
resulting from this travel play a key role in generating deformations 
in individual drive system components. This method can be especially 
useful for analyzing torsional vibrations.

Another solution for the analysis of drive system dynamics is 
to build a model based on the multibody system formalism. Then, 
the drive system model and the vehicle model constitute an integral 
whole. However, it results in creating a complex, multiple-free-of-
freedom model, generating considerable calculation costs.

3. Modeling an electric rail vehicle

Studying the dynamic phenomena in complex electro-mechanical 
systems requires adopting a physical model of the real object under 
analysis, representing its most significant features and phenomena, 
required from the point of view of dynamics analysis performed. This 
model frequently constitutes a compromise between the accuracy in 
object representation and the complexity of describing phenomena 
occurring in this object, thus affecting the credibility of the solution 
obtained, duration of simulation, and in extreme cases, the opportu-
nity to obtain any solution. In the case of electromechanical systems, 
the drive parts – both mechanical and electrical – are mutually cou-
pled dynamic systems. To analyze dynamic phenomena, especially 
in unstable conditions, it is necessary to use the model allowing for 
implementing an electro-mechanical feedback [5].

The electromagnetic and mechanical systems of the electric rail 
vehicle powertrain couple mutually through electromagnetic torque 
(Me) and angular rotor velocity (ω). Because of the rail vehicle sys-
tem presented in Fig. 2, an analysis of dynamics in railway vehicles 
and the driving system coupled with it must take into account the 
analysis of electromagnetic and mechanical systems.

Fig. 1. A) CAD model of the driving system, B) Physical model of a railway 
vehicle with the use of hybrid method (Lumped-Parameter Method, 
Finite-Element Method)

A)

B)

Fig. 2. Structure of a driving system
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Taking into account the unique character of the solution for the 
electric locomotive driving system (type of its electric motor, number 
of motors and the configuration of their connections), further down the 
paper presents an electromagnetic model of the locomotive chosen for 
further analysis. For this purpose electric locomotive type EU07 has 
been chosen [1]. In spite of being aware that this is a bit obsolete loco-
motive, this one was chosen because of easy access to construction doc-
umentation making it possible to model this vehicle in a virtual space 
to determine the basic features of the vehicle, including its weight and 
moment of inertia, necessary to build a mechanical system model. 

In their operation mode the traction motors of the EU07 loco-
motive operate in two configurations. During start-up four motors 
are connected in series; then, to increase the voltage the motors are 
switched over to a parallel circuit, two motors per branch. A serial 
locomotive motor connection was analyzed.

A substitute schematic diagram for motor circuits connected in 
series has been adopted for the need of modeling (Fig. 3). 

For the above-adopted schematic diagram, voltage equations for 
circuits and physical connections were formulated [1]. Individual sym-
bols presented in Fig. 3. have the following meaning: It – traction motor 
armature current, Isz12, Isz34 – currents conducted by excitation windings 
in motors S1, S2 and S3, S4, kEi – machine constants, φni – streams at 
normal excitation, f(Iszi) – relative non-linear magnetizing characteris-
tics (Fig. 4), Rti – armature resistances, Rb12, Rb34 – shunt resistances for 
excitation winding, Rszi – serial circuit resistances, RD – total of addi-
tional resistances, Lszi, Lt – inductance for excitation windings, ωi – ro-
tor angular velocities, eri – voltages induced in armature circuits.

As a result of analyzing the construction form of a rail vehicle, a 
physical model of the vehicle has been created in the form of a multi-
rigid-body (Fig. 5) system mutually coupled with proper kinematic 
pairs and elastic and damping components, and then its interpretation 
in SimMechanics application was obtained. The necessary parameters 
describing a model, including weights, moments of inertia and dimen-
sions determining the position of kinematic pairs were obtained from 
a 3D model, created by using the Autodesk Inventor software. Re-
maining parameters, i.e. rigidity and suspension components damping 
for the first and second unsprung mass reduction, were obtained in the 
documentation submitted by the Zakłady Naprawcze lokomotyw Ele-
ktrycznych (Electric Locomotive Repair Plant) in Gliwice, Poland.

Studying the dynamics of electric rail vehicles requires creating 
three intercoupled models: a vehicle model including drive system 

models, a rail model, and a model for the wheel 
– rail interface. At the first stage of rail vehi-
cle modeling process, during its travel on the 
railway track the subsystem models are built 
separately. Then, the models are interconnected 
to make a complete system. This method was 
implemented in proprietary software created in 
the Matlab environment. The calculation algo-
rithm used to analyze the rail vehicle travel on 
any railway track is presented in the form of a 
schematic diagram in Fig. 6.

The presented algorithm used to develop the computer program 
for analyzing the rail vehicle travel dynamics on any railway track can 
be expressed in a few steps [4, 6, 7, 8]:

Assuming initial conditions for generalized coordinates • q t0( )  

and generalized velocities q t0( ) , as well as determining ini-

tial surface parameter values s tr
0( ) , u tr

0( ) , s tw
0( )  i 

u tw
0( )  related to a specific wheel-rail pair;

Solving a non-linear equation system to obtain the surface pa-• 
rameters that determine the contact point coordinates related to 
a specific wheel - rail pair;
Calculating normal forces during the contact that are gener-• 
ated as a result of the wheel-rail interaction and depend on the 
contact surface size;

Fig. 3. Assumed substitute diagram of series connected electric motors for 
switching program of contactors 0÷27

Fig. 4. Relative magnetizing characteristic

Fig. 5. Physical model of the vehicle under consideration

Fig. 6. Calculation algorithm used to analyze the rail vehicle travel dynam-
ics on any railway track
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Fig. 7. Travel program

Fig. 9. Course of changes in the electric current of the stator in the auxiliary 
circuit of motor connections in a serial system as a function of time

Fig. 11. Displacement of the first wheelset center of mass as a function of 
time

Fig. 12. Longitudinal force at the point of contact of the rail with the left wheel 
of the first wheelset as a function of time

Fig. 13. Lateral force at the point of contact of the rail with the left wheel of 
the first wheelset as a function of time

Fig. 14. Traction torque at the point of contact of the rail with the left wheel of 
the first wheelset as a function of time

Fig. 8. Velocity of the first wheelset center of mass as a function of time

Fig. 10. Course of variations in an electromagnetic torque on the S1 motor as 
a function of time
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Calculating micro slides, tangent micro slides and spin mo-• 
ments generated as a result of the wheel-rail interaction;
Determining the drive torques for each axle of the wheelset • 
separately,
Adding the forces and torques occurring in the contact, related • 
to each wheel, as well as adding drive torques to the vector of 
external forces acting on the system. Using the multi-member 
system formalism to obtain a solution, new generalized system 
positions and velocities for subsequent time step t t+ ∆ ;
Updating the system for another moment by adopting initial • 
data from the previous step to determine non-generalized sur-
faces related to each wheel-rail pair;
Continuing the whole process for a new time step until final • 
time for the analysis performed is obtained.

Studies have been performed using the adequate models of:
The vehicle developed based on the multi-member system for-• 
malism in the Matlab/SimMechanics software,
Discreet dynamic models for the electromechanical drive sys-• 
tem, developed by using the Matlab/SimMechanics software 
and the Matlab application script,
Electric motor connections constituting the rail vehicle drive • 
system developed by using the Matlab/Simulink software,
The wheel-rail contact, used to determine the support and • 
guide forces developed by using the proprietary script package 
from the Matlab software.

4. numerical simulation of a rail vehicle travel and dy-
namic interactions in drive system kinematic pairs

As a result of numerical calculations performed, the curves of 
changes in drive system parameters, displacements, vehicle velocities 
as well as contact forces and torques for the travel program presented 
in Fig. 7 (contactor switch over for connecting motors in serial mode) 
are obtained.

For the case under analysis, in the case of the straight-line start-up 
of a rail vehicle, the examples of curves for the changes of torsional 

torque in selected kinematic pairs, Fig. 15 – between the large and 
small toothed wheels (SES1 – SES2, Fig. 1), Fig. 16 – between the 
modeling element for the wheelset and the cross joint (SES8 – SES11, 
Fig. 1) are presented. As shown in Figures presented (Fig. 15 and 16), 
the external load has a significant impact on the vibration profile of 
the signal.

5. final conclusions

Each mechanism has its operating life. Therefore, for economic 
reasons it is important to properly determine the dates of overhauls 
or just for routine periodic inspections. It can be obtained by having a 
thorough knowledge of dynamic phenomena occurring in the system 
under analysis, by applying numerical simulations performed on the 
adequate vehicle model. one of the most susceptible to wear and tear 
and important part of a rail vehicle is its drive system.

Using the methods of numerical modeling and simulation to pro-
vide dynamic analyses in the kinematic pairs of electric rail vehicle 
makes it possible to identify the state of loads for system components 
under different operating conditions and it can constitute a basis for 
forming vehicle traction characteristics effectively. Such studies can 
be successfully used both to modify the existing objects and to assist 
the design-construction process for the prototypes of new vehicles.

The developed vehicle model, in the form of an electro-mechan-
ical system including dedicated programs used to determine vehicle 
support and guiding forces, makes it possible to obtain:

the curves of kinematic parameter changes at selected model • 
points (for displacements, velocity and acceleration values), 
mutual interaction forces in individual kinematic pairs and the 
wheel-rail interface; 
point of interface between the wheel and rail (separately for its • 
rolling part and flange), the dimensions of contact ellipses on the 
rail and wheel surface, including the places where they occur.

The presented results for computer simulations allow us additionally 
to come to the conclusion that the algorithms developed are general in 
their character and can be successfully used to determine the construc-
tional features of similarly constructed electro-mechanical systems.

Fig. 15. Torque in the selected pair of the driving system Fig. 16. Torque in the selected pair of the driving system
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reseArch on durAbility of composite mAteriAls 
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bAdAnie mAteriAłów kompozytowych 
wykorzystAnych do nAprAwy konstrukcji lotniczych

The paper presents methodology and results of research on durability of composite materials, which were applied to expedient 
repair of damaged aircraft components. Numerical calculation and experimental tests were conducted during research. The ob-
tained results proved that failure of aircraft components is connected with local loss of stability in case of aircraft’s skin and stiff-
ness in case of girders and beams. The damaged components were repaired with the use of a metal insert and a composite patch. 
The use of a metal insert, which had the same stiffness as repaired elements, was a solution which allowed to restore local stiffness 
of repaired components. Composite patches which were formed with glass, carbon or aramid fabrics impregnated with epoxy 
resins, also created an adhesive bonds and joined all elements of repaired zone. The experimental tests proved that the executed 
repairs whose time was limited to 120 minutes improved stability, stiffness and fatigue life of the repaired components.

Keywords: failures of aircraft, expedient repair, composite materials, composite patch, research on durability of 
composite materials.

W artykule zaprezentowano metodologię i wyniki badań wytrzymałościowych materiałów kompozytowych, które zostały zastoso-
wane do naprawy doraźnej elementów konstrukcji lotniczych. Podczas badania wykorzystano obliczenia numeryczne i badania 
eksperymentalne. Otrzymane rezultaty dowodzą, że uszkodzenie elementów konstrukcji lotniczych związane jest z lokalną utratą 
stateczności, w przypadku poszycia samolotów, oraz utratą sztywności, w przypadku belek i żeber. Uszkodzone elementy zostały 
naprawione z użyciem metalowej wkładki usztywniającej i łaty kompozytowej. Użycie wkładki o tej samej sztywności co napra-
wiany materiał pozwoliło odzyskać sztywność w trefie uszkodzenia. Łaty kompozytowe, które zostały uformowane z wielu warstw 
tkaniny (szklanej, węglowej i aramidowej) i nasączone żywicą epoksydową, pozwoliły na utworzenie złącza klejowego, w ramach 
którego scalono wszystkie elementy węzła naprawczego. Badania eksperymentalne dowiodły, że przeprowadzone naprawy, któ-
rych czas był ograniczony do 120 minut, poprawiły stateczność, sztywność i trwałość zmęczeniową naprawionych komponentów.

Słowa kluczowe: uszkodzenia samolotów wojskowych, naprawa doraźna, materiały kompozytowe, łata (nakład-
ka) kompozytowa, badanie wytrzymałości materiałów kompozytowych.

1. introduction

Composites are often used in airplane structures because of their 
specific strength [5]. Therefore, the repairs with use of composite 
materials are an effective method of damages removal in case of air-
craft components. The composite materials are bonded to the dam-
aged structure with adhesives. The repairs executed with the use of 
composites are particularly accepted in relation to thin skin elements, 
which are made of aluminum alloy [7]. The skins repairs include 
cracks of air components, dents and material losses of fuselage and 
wings skin [1, 3].

An assessment of repair feasibility is an important stage of prepa-
ration and execution of repair. There is a lack of standard guidelines 
which may be used to perform a repair. Individual airplanes manu-
facturers create their own repair procedures for certain products. The 
procedures present a scope and technology of repairs without spe-
cific criteria. The assessment of repair feasibility requires defining the 
scope of repair and effect of damage to adjacent structure elements 
[2]. The experiences of some companies providing repair of airplane 
components show that the general principle of repair designing and 

its execution is reduction of a damaged component safety coefficient 
to a level not lower than 1.2. The assessment of safety coefficient 
changes can be provided with the use of modern numerical calculation 
systems [6, 9]. 

2. Methodology of research

The opportunities of repair of damaged components were as-
sessed with use of chosen composite materials. The composite patch-
es were shaped in order to substitute metal plates and riveted joints 
were replaced with adhesive joints. A repair of skin components was 
researched on the basis of “TS-8 Bies” aircraft and a repair of girders 
and beams was researched on the basis of “Su-22” aircraft. 

The numerical calculations were used to assess the effect of de-
fects in the research aircraft components. The numerical calculations 
were conducted with finite elements method  (Nastran/Patran soft-
ware environment). Hexagonal elements of HEX8 type were used to 
create numerical model. The loads were modeled with elements of 
RBE 3 type.
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The experimental research studies on composite materials used 
in repairing of aircraft skin, were conducted with use of a research 
stand. The stand was constructed especially for planned tests, in order 
to verify the conclusions of numerical calculations and assess the re-
pair feasibility of damaged component with use of composites (Fig. 
1). The horizontal tail of “TS-8 Bies” aircraft was mounted in the 
frame, which was bolted to the forceful floor. The loads were gen-
erated with hydraulic actuator controlled by HNC 100 controller of 
Rexroth Bosh company. The actuator with tail was also mounted on 
the special frame.

The strain gauges were used to measure strain in tail skin. The 
strain gauges were arranged on the surface of skin according to the 
scheme presented in the Fig. 2.

The effectiveness of girder repair was checked by a comparative 
analysis of stiffness of girder which was undamaged, damaged and re-
paired. The stiffness was determined during bending tests. The fixing 
method of the tested girder and the used research stand is presented in 
the Fig. 3. The distance between supports was 717 mm and the girder 
was loaded between supports with use of loading stanchion. A change 
in strain of the loaded girder was determined in function of the force. 
A strain sensor was mounted under flange of the girder. on the basis 
of the obtained results it was possible to assess an effectiveness of 
applied repairs.

3. research on composite materials used in repairing 
aircraft skin

3.1. numerical calculations of damaged skin structure

A model of “TS-8 Bies” aircraft horizontal tail was generated in 
order to execute numerical calculations. The horizontal tail was built 
with skin, stringers, ribs and two girders: front and rear. The geomet-
ric model of plane tail was generated (Fig. 4) with particular emphasis 
on accurate mapping of its individual components.

on the basis of the geometric model, numerical model was gener-
ated which included elements of SHELL type (skin, beams, girders’ 
skin) and elements of BAR type (stringers and girder’s flange). There 
were boundary conditions (loads and mounts) assumed which corre-
spond with the method of the tail mounting on the testing machine. 

The numerical model was loaded in the same way as the real com-
ponent in the experimental research. It was assumed that the external 
force would have value of 1000 N when loading the tail. The value 
was determined in the analysis, which described ultimate loads for 
this type of semi-monocoque airframe [7]. The same material features 
were assumed for all finite elements of model, i.e. duralumin 2024T4. 
The stress and strain distribution was analyzed in the undamaged and 
damaged tail during numerical calculations. The damage was mod-
eled in the shape of a hole with a diameter of 100 mm, which was 
located in the middle of tail skin (Fig. 5). 

The comparison of reduced stress distribution in the damaged and 
undamaged zone is presented in the Fig. 6. In the area of damage accu-
mulation of stress was observed. More than twofold increase in stress 
was noticed in the direction parallel to the tail girder and decrease in 
stress was noticed in the direction parallel to the stringers. This kind 
of changes in the skin is specific in case of loss of local stability of 
the skin (in the zone between stringers and girders). on the basis of 
numerical calculations it was assumed that due to the damage, the 
changes in stress and strain are limited to skin zone bounded by ribs 
and stringers. The changes occur to the minimum extent outside these 
strengthening elements. Simultaneously, the numerical calculations 
prove that the damage caused a greater effort of supporting elements, 
i.e. ribs and stringers directly adjacent to the damaged zone. At the 
same time it was observed that the rivet joints between the supporting 
components and the skin carried greater loads.

Fig. 1. The research stand with strain gauge bridge of National Instruments 
and ESAM Traveller Company

Fig. 2. The arrangement of strain gauges on the surface of tail skin

Fig. 5. The model of a tail with damage in the shape of a hole located in 
the middle of the skin between supporting girders of the generated 
airframe

Fig. 4. The section of “TS-8 Bies” aircraft horizontal tail and its geometric 
model

Fig. 3. Method of a girder mounting in the research stand
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Taking into account the obtained results it seems that the main 
criteria of repair of a thin semi-monocoque airframe, which does not 
include supporting components, are stiffness reconstruction of skin in 
the damaged zone and sustaining stability of repaired element.

3.2. The experimental verification 

The experimental tests were conducted in order to verify the ob-
tained results of numerical calculations. The research on strain in the 
skin; in statically loaded structure was conducted before damage and 
after damage. The damage was in the shape of a hole with a diameter 
of 60 mm and was made by milling in the upper skin of tail according 
to the scheme presented in the Fig. 7. 

The horizontal tail was loaded with the force of 880 N that cor-
responded with  a displacement of the actuator of 25 mm. The values 
of maximum main strain were determined on the basis of the strain 
gauges’ rosettes placed in the subsequent construction zones. The val-
ues of strain were defined in chosen zones of undamaged and loaded 
construction (case no. 1) and in damaged and loaded construction 
(case no 2). The results are presented in the Fig. 8.

The results of performed tests showed that maximum main strain 
in the zones adjacent to damaged zone (outside the supporting ele-
ments) did not change significantly. A significant decrease in strain 

was registered in strain gauges no. 14 and 19 which were located in 
the damaged zone. The obtained results confirmed conclusions of the 
numerical calculations.

3.3. research on construction repaired with composite 
materials

on the basis of the numerical calculations and the experimental 
research it was claimed that the main aim of skin repair should be 
stiffness reconstruction of a part of skin in the damage zone (between 
supporting elements) and therefore, stability sustaining of the repaired 
element. with the use of results concerning repaired plates [8] which 
were loaded by shear, the method of tail skin repair was proposed. It 
included material loss supplemented by a disk-shaped insert of dura-
lumin 2024T4 and formation of one-sided strengthening composite 
patch achieved by means of vacuum bag method. one of the essential 
conditions of the skin repair effectiveness is to ensure proper sensitiv-
ity of composite patch to deformation. Thus, the composite patch of 
6 layers of glass fabric Synglass E81weighing 101 g/m2 was formed. 
The layers of fabric in a disk-shape were arranged according to the 
scheme (0/45/90)2 and the successive layers had a diameter of 5 mm 
less than each previous one in order to obtain a stepped effect. The 
first layer had a diameter of 100 mm. The last layer with a diameter 
of 110 mm was made of aramid fabric with the weight of 61 g/ m2 in 
order to protect the composite patch against mechanical damage. The 
epoxy resin L418/H418 of German company MGS was used to join 
all elements of the patch. Because there was access to only one side 
of the tail skin, the problem of holding up of duralumin insert had to 
be solved during composite patch formation. In order to achieve it 
a special composite ring was formed on the inside of tail skin. The 
composite ring consisted of 3 layers of glass fabric and its outside 
layer had a diameter of 100 mm and its inside layer had a diameter 
of 40 mm. Sealing the gap between the repaired skin and the metal 
insert was possible due to the application of the inside ring. In the Fig. 
9 there is presented the scheme of layers in the repaired zone and the 
view of repairing zone prepared to curing process.

The applied patch was cured at normal temperature for 24 hours 
and then heated up at temperature of 80°C within 15 hours with heat-
ing blanket. The strain gauges no. 11, 12 and 13 were bonded on the 
composite patch in order to monitor conditions of the repaired zone 
(metal insert and composite patch) during durability tests (compare 
Fig. 8). The repaired structure was research on durability. The cyclic 
load was applied by shifting a hydraulic actuator with the frequency 
of 0.5 Hz. The shift of the hydraulic actuator was equal to 25 mm as 
it was in static tests. 20 000 cycles were performed to analyze the 
strain changes in the repaired zoned, particularly in the composite 
patch (strain gauges no. 11, 12 and 13) and in the adjacent area to 
the repaired zone. The changes of maximum principle strain during 

Fig. 9. The scheme of the composite patch application and the repaired area

Fig. 8. Maximum main strain in the chosen zones of loaded construction

Fig. 7. The geometry of the damage and view of the hole made in the upper 
skin of tail

Fig. 6. The comparison of stress distribution in the tested tail: undamaged 
zone (on the left), damaged zone (on the right)
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durability tests are presented in the Fig. 10. Strain changes after 2000, 
5000 and 20 000 load cycles are presented.

on the basis of the research included in the paper [4], it can be as-
sumed that re-damage of repair zone (including disbonding of metal in-
sert) causes significant change of maximum principle strain in the com-
posite patch and in the repaired skin. Since this kind of phenomenon did 
not occur during the conducted tests, it can be assumed that the repaired 
zone was not damaged again during presented durability research. An 
interesting phenomenon of strain decrease in the composite patch was 
noticed in relation to the number of load cycles. The strains of the com-
posite patch measured directly after durability tests were higher than the 
strains measured a few hours after completion of tests.

4. research on composites materials used in repairing 
aircraft girder

4.1. numerical calculation of a damaged girder

An important criterion of girder repair effectiveness is restoration 
of its initial stiffness before damage. Therefore, in the first step nu-
merical calculations were executed in order to assess stiffness changes 
caused by damage. A numerical model of the girder was created on the 
basis of the girder geometry of tail-plane of the “Su-22” Aircraft. The 
created model is presented in the Fig. 11. The following features of 
materials (duralumin B93) were assumed during analysis: longitudi-
nal modulus of elasticity – 72GPa, Poisson’s ratio – 0,3.

The load was modeled by applying force to the middle node of the 
group creating a stanchion (Fig. 12). The stiffness of elements which 
creating stanchion was increased due to defining their modulus of 
longitudinal elasticity two orders of magnitude greater. Additionally, 
the stanchion’s nodes were immobilized along the X and y axis. The 
value of the loaded force was 8.3 kN and it was caused by assumption 
that maximum strain of girder in the loaded part is 2 mm.

The following damages during research were assumed:
damage in the middle part of the girder partition in the shape of  –
a hole of 29 mm diameter located in the axle of force loading;
damage in the girder flange in the shape of a rectangle of 30 x  –
40 mm.

According to obtained results, it could be claimed that the damage 
in the shape of a hole did not influence significantly the stiffness of 
the girder – the value of strain changed slightly. It was also determined 
that the damage of the girder flange caused higher loss of stiffness 
than the damage of  the girder partition. Taking into consideration 
the obtained results it seems that repair of a girder partition should 
be much easier to execute and more effective. The above conclusions 
were checked in experimental tests. 

4.2. experimental tests of the repaired girder

Effectiveness of the horizontal tail repair of the “Su-22” Aircraft’s 
girder (Fig. 13) was tested. The girder is produced with duralumin 
PA7 (partition) and PA30 (flanges). The girder was a type of conver-
gent girder and consisted of a partition (wall) made with sheet metal 
of 2 mm thickness and riveted to it convergent flanges.

In the first step the undamaged girder was tested. As a result of the 
bending tests a graph was determined which presents the girder’s strain 
in function of the force (Fig. 14). The maximum deflection of the un-
damaged girder was 1.74 mm at the force of 8.3 kN. 

Then the damaged girder was tested. The damage 
had a shape of the hole of 29 mm diameter and was 
located in the axle of the load (Fig. 15). The value of 
the force did not change. As a result of the damage a 
change of girder’s stiffness was noticed. The maxi-
mum deflection of the researched part of girder was 
1.79 mm (Fig. 14).

Fig. 14. Dependence of the girder’s strain in function of the 
force changes – F=f(x)

Fig. 13. The tested girder and the horizontal tail from where the girder was 
dismantled (left) and geometric dimensions of the girder (right)

Fig. 12. Method of the girder loading and strain distribution for damage in 
shape of a hole

Fig. 11. Method of the girder anchoring and loading

Fig. 10. Maximum principle strain in the composite patch and in the repaired 
zone
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Subsequently, a repair of the damaged partition of the girder was 
executed. The repair was fixed with the use of composite materials 
and epoxy resin (Epidian 57/z1). At the beginning, a metal insert (du-
ralumin 2024) was set in the hole. Afterwards, a strengthening com-
posite patch was formed with use of several layers of carbon and glass 
fabrics, which were laminated with the use of the mentioned epoxy 
resin (Fig. 16).

The strengthening patch was formed in the elliptic shape with 
dimensions of 140 × 48 mm. Two sorts of plain wave fabrics were 
used to form the patch. The first one was glass fabric of Belgian com-
pany Synglass weighing 160g/m2 and carbon fabric of KDL company 
weighing 160g/m2 as well as. The strengthening patch was formed 
with five layers of 1.2 mm thickness. The first and last layers were 
formed with glass fabric and the middle layers were formed with car-
bon fabric (Fig. 17). The layers of fabric were laminated with epoxy 
resin. The surface for bonding was cleaned with extraction petrol. The 
repaired zone was cured in a thermal chamber at the temperature of 
100°C within 30 minutes. The presented repair was completed within 
120 minutes.

Then stiffness was determined by means of bending test which 
was conducted in the same conditions as the undamaged girder. As 
a result, a curve F=f(x) was determined (Fig. 18). It was noticed that 
the applied repair allowed us to restore the initial stiffness of the dam-
aged girder.

Additionally, fatigue test of the repaired girder was executed. The 
girder was subjected to cyclical force in the range of 0…8.3 kN. The 
load cycle was repeated 200 times and organoleptic assessment of 
the repaired zone was executed. No re-damages were detected. After 
that stiffness of the researched girder was determined again and no 
changes were observed.

The next step was to conduct research on the girder which had 
damage in the flange. The damage was designed in a few steps and 
after each step the dependence of F = f(x) was determined. The dam-
ages were as follows (Fig. 19):

case no. 1., a single cut in the middle of the flange which was  –
located 120 mm from the axle of force loading;
case no. 2, double cut in the middle of the flange which was  –
located  80 and 120 mm from the axle of load;
case no. 3,  an extraction in the girder flange in the shape of  –
rectangle of 30 mm × 40 mm.

The obtained results of the dependence of F = f(x) are presented 
in the Fig. 20.

Afterwards, the damaged flange of the girder was repaired with 
use of duralumin and a steel plate and rivets. The strengthening plate 
was riveted to the inside of the girder in the place of the damage. The 

Fig. 16. Method of the girder’s partition repair

Fig. 17. Method of composite patch forming

Fig. 18. Dependence of the girder’s strain in function of the force changes – 
F=f(x)

Fig. 19. A fragment of the girder with three damages in the flange

Fig. 15. The view of the girder’s damaged partition

Fig. 20. Dependence of the girder’s strain in function of the force changes – 
F=f(x)
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dimensions of the plate were 140 × 25mm and thickness was 2.5mm. 
The thickness of the plate was selected taking into account the possi-
bility of access to the rivets’ heads during crimping. The strengthening 
plate was one-sided in order not to change external dimensions of the 
girder. The duralumin rivets were used in the repair, which had a di-
ameter of 4 mm and a shank length of 10 mm. Furthermore, the metal 
insert which was made with the same material as the repaired girder 
was implemented in the place of damage (extraction). The view of the 
repaired zone is depicted in the Fig. 21.

The comparison analysis of the girder stiffness which was undamaged, 
damaged and repaired with riveted plates, is presented in the Fig. 22.

As a result of the researched repairs it was not possible to restore 
initial stiffness of the girder. According to predictions the stiffness of 
the repaired girder was closest to the initial stiffness in case of using 
steel plate.

Furthermore, the repair was applied where a composite patch and 
adhesive joint were used. The damage (extraction) in the girder was 
implemented with a metal insert of the same material as the girder. 
Then, there were laminated subsequent layers of carbon, glass or ara-
mid fabric to form a strengthening patch. The epoxy resin of Epidian 
57/z-1 was used to saturate and join layers of fabric. The strengthen-
ing patch was formed in the shape of a rectangle which had dimen-
sions of 150 × 25 mm (joined to inside of the girder’s flange) and 
120 × 40 mm (glued to outside of the girder’s flange). 10 layers of 
fabric were used from the inside and 3 layers were used from the 
outside of the girder’s flange in order to form a composite patch. The 
number of outside layers was limited to keep the external dimensions 
of the girder (Fig. 23). The surface of repaired element was cleaned 
and degreased with extraction petrol and subsequent layers were lami-
nated with epoxy resin, which was hardened in the temperature of 
100°C within 45 minutes.

The view of the repaired zone is presented in the Fig. 24 and re-
search on the girder’s strain in function of the force changes (F = f(x)) 
is presented in the Fig. 25.

The initial stiffness of the girder was not restored as a result of 
the conducted repair. However, the obtained stiffness was close to the 
one which was determined for the girder that was repaired with steel 
riveted plate. Furthermore, fatigue tests of the repaired girder were 
executed. The girder was subjected to cyclical force in the range of 
0…8.3kN. The load cycle was repeated 50 and 100 times and orga-
noleptic assessment of the repaired zone was executed. No re-damag-
es were detected but the stiffness of the repaired girder changed little 
according to the curve presented in the Fig. 26.

Fig. 21. The view of the repaired zone

Fig. 23. Method of the strengthening composite patch forming

Fig. 24. The view of the repaired flange of the girder

Fig. 25. The comparison analysis of the girder’s stiffness which was undam-
aged, damaged and repaired with composite patch – F=f(x)

Fig. 22. The comparison analysis of the girder’s stiffness which was undam-
aged, damaged and repaired with riveted metal plates – F=f(x)
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5. Conclusions

Taking into account the performed studies, the following conclu-
sions can be drawn:

The skin damage of a semi-monocoque structure causes a local • 
change (increase) in strain mainly in the damage zone, which 
is limited to adjacent ribs and stringers.
Stiffness reconstruction of the damaged elements should be • 
main criterion in designing aircraft structure in order to protect 
them against local loss of stability.

The use of composite materials and metal inserts is an effective • 
technology, which can be used to perform repair of the skin of 
the semi-monocoque airframe. The use of an insert which has 
the same stiffness as a repaired element is a solution that allows 
restoration of its local stiffness. The composite patch joins all 
elements of repaired zone and increases its fatigue life.
Damage of a girder’s partition (wall) can be effectively re-• 
moved with a composite patch. The conducted repair allowed 
us to restore the initial stiffness of the repaired girder. Moreo-
ver, this kind of repair enables us to sustain fatigue life of the 
repaired component. 
Damage of the girder’s flange causes more trouble. The repair • 
is more time consuming and it is difficult to restore the initial 
stiffness of the damaged component. The mentioned damage 
has a greatest impact on the stiffness of considered element. 
Repairs were executed with 3 technologies in this case. The 
best results were obtained for repair with use of steel riveted 
plate and composite patch. The conducted experimental tests 
confirmed the usefulness of composite patching as an effective 
repair technology.
Various methods of expedient repairs were researched. Some • 
assumptions were made while executing repairs. First of all, It 
should be possible to perform the assumed repairs in the field 
conditions with the use of basic tools and materials. Secondly, 
time of repair was limited to 120 minutes.

Fig. 26. The comparison analysis of the girder’s stiffness which was undam-
aged, damaged and repaired and subjected to fatigue tests – F=f(x) 
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system reliAbility demonstrAtion with equivAlent dAtA 
from component AccelerAted testing bAsed 

on reliAbility tArget trAnsformAtion

stwierdzAnie niezAwodności systemu nA podstAwie równowAżnych 
dAnych z przyspieszonych bAdAń elementów skłAdowych 

w opArciu o trAnsformAcję celu niezAwodnościowego
The reliability demonstration test (RDT) programs in general proceed at various levels, including component, subsystem, and 
system in the verification and validation phase of the product life cycle. The system reliability demonstration within feasible dura-
tion becomes a considerable issue because of the marketplace demands for decreased development time and cost. A method based 
on reliability target transformation is proposed to accomplish the system reliability demonstration with the data from the RDT of 
the components. In order to shorten the test time, the RDT plan for component under the accelerated condition is first designed. 
Then, the reliability target of the system with different lifetimes required by the producer and the consumer is transferred to the 
target with the same specified mission time, which should meet the time constraint of the system level test. Next, the lower limit 
confidence of component reliability at the system mission time are estimated and converted to the equivalent binomial component 
data by the curve fitting method, then they are synthesized to the equivalent binomial system data by the Bayesian method. Finally, 
the system reliability demonstration is considered. The system classical attribute acceptance sampling plan at the mission time is 
used to make decisions using the equivalent binomial system data. If the decision cannot be made, the system Bayesian attribute 
acceptance sampling plan will be designed with the equivalent data as the prior parameters and the complementary system test 
will be conducted.

Keywords: reliability demonstration, accelerated testing, equivalent binomial component data; reliability target 
transformation, Bayesian attribute acceptance sampling plan.

Ogólnie, oprogramowanie do badań stwierdzających niezawodność (RDT) można stosować na różnych poziomach, w tym na 
poziomie elementu składowego, podsystemu i systemu, w fazie weryfikacji i walidacji cyklu życia produktu. Stwierdzenie nie-
zawodności systemu w realnym terminie staje się ważkim problemem ze względu na wymogi rynku co do zmniejszenia czasu i 
kosztów rozwoju. W prezentowanej pracy zaproponowano metodę opartą na transformacji celu niezawodnościowego, wedle której 
niezawodność systemu stwierdza się na podstawie danych z RDT części składowych. Aby skrócić czas testowania, w pierwszej 
kolejności tworzy się plan RDT dla części składowej w warunkach przyspieszonych. Następnie cel niezawodnościowy systemu 
przy różnych czasach pracy wymaganych przez producenta, jak i konsumenta, zostaje przetransponowany na cel o tym samym 
określonym czasie użytkowania, który powinien spełniać ograniczenie czasowe dla badań na poziomie systemu. Następnie szacuje 
się dolne granice przedziałów ufności dla niezawodności komponentów w określonym czasie eksploatacji systemu oraz przekształ-
ca się je na równoważne dane dwumienne dla części składowych z wykorzystaniem metody dopasowywania krzywych; dalej, są 
one syntetyzowane do równoważnych dwumiennych danych dotyczących systemu z zastosowaniem metody Bayesa. Pozwala to 
na stwierdzenie niezawodności systemu. Decyzje podejmuje się na podstawie równoważnych danych dwumiennych dotyczących 
systemu z wykorzystaniem klasycznego planu wyrywkowej kontroli odbiorczej systemu według zadanych charakterystyk dla okre-
ślonego czasu użytkowania. Jeżeli decyzja nie może zostać podjęta w ten sposób, konstruuje się bayesowski plan wyrywkowej kon-
troli odbiorczej systemu wg. zadanych charakterystyk, gdzie dane równoważne stanowią parametry a priori, oraz przeprowadza 
się uzupełniające badania systemu.

Słowa kluczowe: stwierdzanie niezawodności;badania przyspieszone; równoważne dane dwumienne dla części 
składowych; transformacja celu niezawodnościowego; bayesowski planwyrywkowej kontroli 
odbiorczej systemu  wg. zadanych charakterystyk.

1. introduction

Before being disposed to the markets, the product is subjected to 
a number of phases, including product planning, design and develop-
ment, verification and validation, production. In the planning phase, 
all the products are required to achieve a reliability target that need 

to be demonstrated. In the design and development phase, the target 
of the product (also termed the system) is allocated to its subsys-
tems and components, and according to these targets, the reliability 
is designed into the system proactively. In the verification and valida-
tion phase as well as the production phase, the reliability targets of 



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013 357

sciENcE aNd tEchNology

the components, the subsystems, and the system are demonstrated 
through the reliability demonstration test (RDT).

Because of the marketplace demands for decreased development 
time and cost, the RDT is required to be accomplished within feasible 
test duration. For the components, the accelerated life testing (ALT) 
can be adopted in RDT to shorten the test time [1, 4-5, 15, 18], which 
is termed the accelerated life reliability demonstration test (ALRDT). 
However, for the system reliability demonstration, the accelerated 
testing may not be applied due to the complexity of the system. The 
acceptance sampling plan is often employed for system reliability 
demonstration. And the literature on the acceptance sampling plan 
can be classified by the classical (commonly used) plan [3, 9, 12] and 
Bayesian plan [2, 7, 11, 16–17].

Further, the system reliability demonstration method utilizing the 
component data is generally considered. In the literature, there are 
two main approaches to demonstrate the system reliability target. one 
approach is that the system reliability target is demonstrated through 
the component test based on the derived relationship between the 
system reliability target and the component test plan. Mazumdar [10] 
proposed an optimum procedure for component testing with type-I 
censoring to demonstrate the series system reliability, and Rajgopal 
and Mazumdar [13] developed a system-based component test plan 
for a series system with type-II censoring. yan and Mazumdar [20], 
and Rajgopal and Mazumdar [14] provided the component-testing 
procedure for a parallel system with type-II censoring, respectively. 
The time to failure for the components is assumed an exponentially 
distributed in the methods above, and the methods can only be applied 
to the series system or the parallel system, but be not suitable for the 
complex system that comprises of the components with other lifetime 
distributions. The other approach is that the system reliability target is 
demonstrated through designing the system test plan with component 
data. Li and Cai [7] designed the system attribute acceptance sam-
pling plan through synthesizing the binomial subsystem data by the 
Bayesian method, which can reduce the sample size for the flight test-
ing. Ten and Xie [17] also proposed a Bayesian reliability demonstra-
tion test plan for series-systems with binomial subsystem data, where 
the approximate lower limit confidence (ALLC) of system reliability 
was estimated using the binomial subsystem data and was utilized to 
calculate the system prior distribution parameters. However, the sys-
tem prior distribution parameters cannot be derived directly utilizing 
the component data for the case that the components of the system 
undergo the accelerated testing (AT).

In some applications, the lifetime at the specified reliability is 
selected as the reliability measure for the target to be demonstrated, 
where the lifetimes required by the producer and the consumer are dif-
ferent. In this case, the system attribute acceptance sampling test plan 
at the specified mission time cannot be utilized directly. Additionally, 
the system attribute test plan is unfeasible when the mission time for 
the target is long.

In this paper, a system reliability demonstration test methodol-
ogy with equivalent binomial data from component ALRDT based 
on reliability target transformation is developed. The ALRDT of the 
components is first conducted within feasible test duration. with the 
parameter estimates of the lifetime distribution for the components, 
the system reliability target with different lifetimes required by the 
producer and the consumer can be transferred to the target at the 
same specified mission time with different reliability required by the 
producer and the consumer, where the mission time meets the time 
constraint of the system level test. Next, the LLC of component reli-
ability at the specified mission time is estimated and converted to the 
equivalent binomial component data, and they are synthesized to the 
equivalent binomial system data. Finally, the system reliability dem-
onstration is considered. The system classical attribute acceptance 
sampling plan at the mission time is designed to make decisions using 
the equivalent binomial system data. If the decision cannot be made, 

the system Bayesian attribute acceptance sampling plan at the mission 
time will be designed with the equivalent binomial system data as the 
prior parameters and the complementary system level test for the mis-
sion time will be conducted.

2. assumptions

(1) Life distribution
Assume that the lifetime of the xth component follows the weibull 

distribution, then the reliability at t is

 R t tx x
x( ) = −( )( )exp η δ  (1)

where ηx and δx are the scale and shape parameters for the xth com-
ponent, x=1,2,...,l, and l is the number of components in the system. 
The time to failure of the components for the system is assumed to be 
statistically independent.

(2) Accelerated model
The accelerated model often indicate that the ηx is a log linear 

function of a (possibly transformed) stress S, given as

 ln , ,η γ γx x x f S= + ⋅ ( )0 1  (2)

where γ0,x and γ1,x are the parameters of the acelerated model for the 
xth component and f(S) is the function of the stress S. Additionally, the 
acceleration factor ax is equal to η η0, ,x a x , where η0,x  and ηa,x  are 

the scale parameters when the stresses are the normal stress S0 and the 
accelerated stress Sa, respectively. And the shape parameter δx  is con-
stant and independent of the stress.

(3) The reliability targets
Let ( )0,x xt R  and ( )1,x xt R with the corresponding risks αx  and 

βx  denote the reliability target of the xth component required by the 

producer and the consumer, where t Rx x0, ( )   and t Rx x1, ( )  are the 

lifetimes at the specified reliability xR  for x=1,2,...,l. And let ( )0,s st R  
and ( )1,s st R  with the corresponding risks αs  and βs  denote the reli-

ability target of the system required by the producer and the consumer, 
where t Rs s0, ( )  and t Rs s1, ( )  are the lifetimes at the specified relia-

bility sR .

3. Test Methodology

A system reliability demonstration test methodology is developed 
here. The purpose of the proposed methodology is to demonstrate that 
the system reliability as well as the components reliability meets the 
reliability targets required by the producer and the consumer prior to 
the field deployment. The four generic steps are given as follows, and 
the flowchart of the test methodology is described in Fig 1.

The reliability targets of the components are first to be dem-1) 
onstrated. They are subjected to time-censored ALRDT to ac-
complish the demonstration within feasible test duration.
If all the components pass the test, the system reliability demon-2) 
stration is considered. As ( )0,s st R  and ( )1,s st R  are different, 
the system acceptance attribute sampling plan at the mission 
time cannot be designed. So the reliability target of the system 
should be transferred. The transferred target is ( )0,s stR t  and 

( )1,s stR t , which denote the reliability at the same mission time 
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stt  required by the producer and the consumer, respectively. 
Note that the specified time stt  should meet the constraint of 
the system test duration.
In order to utilize the component data for system reliability 3) 
demonstration, the LLCs of component at stt  under two con-
fidence levels (CLs) are estimated and then converted to the 
equivalent binomial component data at stt  by the curve fit-
ting method. And the system equivalent binomial data can be 
obtained through synthesizing the equivalent binomial compo-
nent data by the Bayesian method. 
According to the system transferred target, the system classical 4) 
attribute acceptance sampling plan for the mission time stt  is 
designed. And if the decision can be made using the system 
equivalent binomial data, the system level test is not needed. 
otherwise, the system Bayesian attribute acceptance sampling 
plan is designed, where the system prior distribution param-
eters are obtained from the equivalent binomial system data. 
Then, the complementary system level test will be conducted 
until the time reaches stt  and the decision is made in terms of 
the number of failures occurs during the test.

3.1. Time-censored aLrDT plan for components

For the xth component, assume that the xn  specimens are ran-
domly sampled from a lot and then are tested simultaneously under 

the specified accelerated stress until the censoring time 0,a xt , 

x=1,2,...,l. The producer’s risk and the consumer’s risk can be ex-
pressed through calculating the acceptance probability of operating 
characteristic (oC) curve when the reliability are set to R tx x0,( )  and 

R tx x1,( ) , respectively [1]. Additionally, the cost of time-censored 

ALRDT for the xth component comprises of two parts:

the cost of conducting the test is 1) 1 0,a xC t ;

the cost of samples is 2) 2 xC n . 

The optimum plan Dcx = ( )n c tx x a x, , ,0  for the xth component can 

be solved by

 1 0, 2Min[ ]
cx

a x x
D

C t C n+  (3)
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(4)

where xc  is the acceptance number of failures; αx
'  and βx

'  are the 

actual values of risks; lim.xn  and lim,xt  are the limits of nx  and ta x0,

, respectively; and x=1,2,...,l. The Dcx can be calculated by the exhaus-

tive method when ta x0,  is discretized with a fixed step size.

For the xth component, the xn  specimens undergo the AT simul-

taneously until the time reaches ta x0, , x=1,2,...,l. The reliability of the 

xth component is accepted if x xf c≤  and is rejected otherwise, where 

xf  denotes the number of failures at 0,a xt , x=1,2,...,l. It should be 

noted that the test plans depend on the design parameters xa  and δx

for x=1,2,...,l. Pre-estimates of unknown design parameters are need-
ed in previous studies. Such prior pre-estimates may be from past ex-
periences, similar data, testing data in the design and development 
phase, and the preliminary test.

3.2. System reliability target transformation

After the ALRDT of the components, the ηa x,ˆ
 
for x=1,2,...,l can 

be estimated using the censoring data and then η η0, ,x a x xa= ⋅ˆ ˆ . with 
the η0,xˆ  and δx for x=1,2,...,l, the pseudo failure data of the compo-

nents can be simulated by the Monte-Carlo method. Then, the pseudo 
failure time of the system can be calculated in terms of the system 
reliability model. The simulation procedure is repeated for N times, 
and the N pseudo failure times of the system are approximately fitted 
to the weibull distribution. Further, the N pseudo failure times of the 

system is sorted in ascending order, which is denoted by ,ps kt  , 

k=1,2,…, N, and the fitting precision is evaluated by the so-called cor-
relative coefficient ρ[6]

conduct the AlRDT of components 
within the feasible duration

Transfer the reliability target of the system

·  Estimate the ALLCs of component 
·  calculate the equivalent binomial component data
·  calculate the equivalent binomial system data

Obtain the equivalent binomial system data

System reliability demonstration

Design the system classical attribute sampling plan 
and  make decisions with the equivalent binomial 

system data

Decision is 
made?

 Design the Bayesian attribute sampling plan 
with the equivalent binomial system data and 

conduct the complementary test

No

yes

End

Fig.1 The flowchart of the proposed methodology
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According to the ( )0,s stR t  and ( )1,s stR t  with αs and βs, the sys-

tem attribute acceptance sampling plan at stt  can be designed.

3.3. equivalent binomial system data

3.3.1. estimate the LLC of component reliability 

After the ALRDT of the components, the ALLC of component 

reliability at stt  can be estimated using the censoring data and the use-
ful degradation information during the test by the Bootstrap method 
[8, 19].

3.3.2. Calculate the equivalent binomial component data

Using two LLCs at different CLs, the equivalent binomial com-
ponent data can be obtained by the curve fitting method. The the-
oretical basis of the method can be seen in [8], and the simplified 

method is given as follows. For the xth component, let ( ),x xS F  de-

note the equivalent binomial component data at stt  and ( ), 0.1L xR  

and ( ), 0.9L xR  denote the LLCs of reliability at stt  when CL is 0.1 

and 0.9, respectively; x=1,2,...,l. Then, ( ),x xS F  can be fully identi-
fied by [8]
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 + = −


+ = −
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where ( ), 1R x xI S F +  is a Beta distribution function with parameters 

xS  and xF , x x xN S F= + , and we have

 ( ) ( )
0

, 1 1
x

xx x x
x

F
FF N F

R x x N
i

I S F C R R−

=
+ = −∑   (7)

Note that xS  and xF  are generally decimal.

3.3.4. Calculate the equivalent binomial system data by the Bay-
esian method

The methods commonly used to synthesize the component reli-
ability include the MML method, the Bayesian method, and Boot-
strap method etc. In [8], it is verified that the estimate precision of 
the Bayesian method with the equivalent binomial component data 
is higher than other methods. The equivalent binomial system data 

( ),s sS F  can be obtained by the Bayesian method as follows
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where sN , sS  and sF  are the equivalent binomial system data, μx and 
xv  are first and second moments of reliability for the components, 

x=1,2,...,l, and they are calculated using the equivalent binomial com-
ponent data by
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where 0 1 2s = , 0 1n = .

3.4. System reliability demonstration 

3.4.1. System reliability demonstration through classical attribute 
acceptance sampling plan using the equivalent binomial 
system data

The steps of the decision procedure are given as follows.

Step 1: Let [ ]s sn N= , []⋅  is an integral function, the system clas-

sical attribute plan ( ),s sn c  is solved by
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 (10)

where sn  is the sample size of the system and sc  is the acceptance num 

ber of  failures at stt , s s sN S F= + , and { } ( )Pr , | 1 rr n r
nn r R C R R −= − .

when 1) ( ),s sn c  can be solved, the reliability of the system is 

accepted if s sc F≥  for all the solutions; the reliability of the 

system is rejected if s sc F<  and ( ) ( )s s s sF c N n− > −  for all 
the solutions; otherwise, the decision cannot be made and the 
step 2 is considered.

when 2) ( ),s sn c  cannot be obtained, the decision cannot be 
made and the step 2 is considered.
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Step 2: Let s sc F<  and s sn N> , the system attribute sampling 

plan ( ),s sn c  is solved by
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The reliability of the system is rejected if the solution can be ob-
tained; otherwise, the decision cannot be made, and the complementa-
ry system test will be considered, where the system Bayesian attribute 
sampling plan is designed.

3.4.2. System Bayesian reliability demonstration test plan

For the system Bayesian attribute acceptance sampling plan, the 
Beta distribution has been widely used as the prior distribution for 
binomial sampling as recommended in [17]. The prior distribution of 
system reliability can be expressed as follows [11].
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where pa and pb are the beta distribution parameters, and 
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Then, with the equations (12) and (13), the system posterior dis-
tribution is 
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where D denote the ( ),s sn f , sf  is the number of system failures at 

stt .

For binomial sampling,
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By applying Bayesian theorem, the constrains of the risks can be 
expressed by
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where α′s and β′s are the actual values of risks.

with the equivalent binomial system data ( ),s sS F  at stt , the 

prior parameters pa and pb can be obtained, and pa=Ss and pb=Fs. 

Then, the test plan ( ),s sn c  can be derived by
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where lim,sn  is the limit of sn .

The sn  systems will be tested simultaneously until the time reach-

es stt , the reliability of the system is accepted if s sf c≤  and is re-

jected otherwise.

4. illustrative example

without loss of generality, assume that a series system comprises 
of three components, and the system reliability model is depicted in 
Fig. 2.

The assumed reliability target of the system is shown in Table 1. 
According to the target, the procedure of system reliability demon-
stration is given as follows.

4.1. Time-censored aLrDT plans for the components

The lifetimes of the components are assumed to follow the 
weibull distribution. And the Arrhenis model is employed when the 
temperature is the accelerating variable. The use temperatures and the 
accelerated temperatures for three components in ALRDT are shown 
in Table 2.

component 1 component 2 component 3

Fig. 2. System reliability model

Table .1 The reliability targets of the system

Target ( )0,s st R (h) ( )1,s st R (h) Rs αs βs

1 26280 17520 0.78 20% 20%

Table 2.  The use temperatures and the accelerated temperatures for three 
components

x use temperature (k) accelerated temperature (k)

1 293 393

2 293 403

3 293 383
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The assumed prior values of the accelerated model parameters 
and the shape parameters as well as the acceleration factors for three 
components are shown in Table 3.

According to the reliability targets and the limits of the sample 
size and the test duration for three components shown in Table 4, the 
time-censored ALRDT plans are designed with the values of the de-
sign parameters αx and δx  for x=1,2,3 in Table 2, which are shown in 
Table 5.

4.2. System reliability target transformation

Assume that the reliability of three components satisfies the re-
quirements of the corresponding targets respectively and the model 
parameters of three components shown in Table 3 are the estimate 
values. The pseudo failure times of the components are simulated us-
ing the Monte-Carlo method. Then, the pseudo failure time of the sys-
tem can be obtained according to the system reliability model in Fig. 
2. The simulation procedure is conducted for N=100000 times, and 
the N pseudo failure times of the system are fitted into the weibull 
distribution and ρ=0.9999, which indicate that the weibull distribu-
tion is proper to describe the statistical properties of the system life-
time. And δ̂s=1.61.

Let 8760stt = h, then ( )0,s stR t  and ( )1,s stR t  can be calculated 
by equation (5). The transferred target of the system is shown in Ta-
ble 6. 

4.3. System reliability demonstration

4.3.1. Calculate the equivalent binomial system data

The assumed LLCs of three components when CL is 0.1 and 0.9 
are shown in Table 7.

The equivalent binomial component data are calculated by equa-
tions (6) and (7) are shown in Table 8.

Then, the equivalent binomial system data ( ),s sS F  are calculated 

by equations (8) and (9), where ( ) ( ), 121.2495, 5.0488s sS F = .

4.3.2. System reliability demonstration through attribute sam-
pling plan

(1) According to the transferred target in Table 6, the system clas-
sical attribute sampling plan is designed and the decision is made with 

( ),s sS F  as follows.

Step1: Let [ ] 126s sn N= = , the solution cannot be solved by 
equation (10), the decision cannot be made. Then, the step 2 is con-
sidered.

Step2: Let [ ] 5s sc F≤ =  and s sn N> , the solution cannot be 
solved by equation (11), the decision cannot be made.

(2) Assume that lim, 10sn = , the system Bayesian attribute sampling 

plan is designed by equations (18) and (19) with ( ),s sS F , which are 
shown in Table 9. 

Five systems will be arranged to undergo the test until the time 
reaches tst=8760h. After the complementary test, the reliability of the 
system will be accepted if the number of system failures is not greater 
than three and will be rejected otherwise.

4.4. System reliability demonstration for other targets

Another three reliability targets of the system are assumed and 

shown in Table 10. And suppose that the tst and the ( ),s sS F  are un-

changed, the transferred targets of the system are given in Table 11.

Table 3. The prior values of model parameters

x γ0,x γ1,x δx αx

1 25.5762 -0.0485 1.9 128

2 24.5620 -0.0431 1.3 114

3 28.1278 -0.0545 1.4 135

Table 4. The reliability targets and the limits of the sample size and the test 
duration for three components

x t0,x (Rx) (h) t1,x (Rx) (h) Rx αx βx nlim,x tlim,x(h)

1 26280 17520 0.92 20% 20% 30 1000

2 26280 17520 0.93 20% 20% 30 1000

3 26280 17520 0.94 20% 20% 30 1000

Table 5. The time-censored ALRDT plans for three components

x nx cx ta0,x (h) α′x β′x
1 30 5 264 16.79% 19.54%

2 30 10 736 19.36% 19.94%

3 30 9 576 18.28% 19.87%

Table 6. The transferred reliability target of the system

tst (h) R0,s(tst) R1,s(tst) αs βs

8760 0.9585 0.9218 20% 20%

Table 7. The assumed LLCs of three components

x cl=0.1 cl=0.9

1 0.9960 0.9729

2 0.9921 0.9561

3 0.9962 0.9731

Table 8. The equivalent binomial component data

x Sx Fx

1 146.5461 1.1101

2 102.7690 1.5278

3 148.9287 1.0713

Table 9. The system Bayesian attribute sampling plan 

ns cs α′s β′s
5 3 17.02% 19.75%

Table 10. Another three reliability targets of the system 

Target ( )0,s st R (h) ( )1,s st R (h) sR αs βs

2 26280 17520 0.75 20% 20%

3 17520 8760 0.95 20% 20%

4 17520 8760 0.92 20% 20%
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According to the transferred targets, the corresponding system re-
liability demonstration test plans are designed and the decisions are 
made.

(1) System reliability demonstration for the target 2

Let [ ] 126s sn N= = , the system classical attribute sampling plan 

is solved and shown in Table 12. As s sc F> , the reliability of the 
system is accepted. 

(2) System reliability demonstration for the target 3

Let [ ] 126s sn N= = , the system classical attribute sampling plan is 

solved and shown in Table 13. As s sc F<  and ( ) ( )s s s sF c N n− > − , 
the reliability of the system is rejected.

(3) System reliability demonstration for the target 4

1) Let [ ] 126s sn N= = , the system classical attribute sam-

pling plans are solved and shown in Table 14. As s sc F<  and 

( ) ( )s s s sF c N n− < − , the decision cannot be made. Then, the step 
2 is considered.

2) Let [ ] 5s sc F= =  and s sn N> , the classical sampling plan can 
be solved, and one of the solutions is shown in Table 15. So the reli-
ability of the system is rejected.

5. Conclusion

(1) A system reliability demonstration test methodology with the 
equivalent binomial data from ALRDT of components based on the 
reliability target transformation is developed in this paper. The feasi-
bility of the method is illustrated through a numerical example.

(2) The data from the ALRDT of components are used to estimate 
the LLCs of components and converted to the equivalent binomial 
component data by the curve fitting method. Then, they are synthe-
sized to the equivalent binomial system data by the Bayesian method, 
which is utilized for system reliability demonstration. If the equiva-
lent binomial system data is sufficient for decision-making, the sys-
tem classical attribute sampling plan is employed and the system level 
test is not needed; otherwise, the system Bayesian attribute sampling 
plan will be designed and the complementary system test at the trans-
formed mission time will be conducted. As the equivalent binomial 
system data are used to calculate the parameters of prior distribution, 
the sample size of the system level test is reduced. Additionally, the 
proposed method is also applicable to the complex systems with vari-
ous types of component data, where the LLCs of components can be 
obtained. For the case that the lifetimes of the components follow 
different distributions, several types of distributions such as weibull 
distribution and lognormal distribution can be used to fit the pseudo 
failure times of system and the one with maximum correlative coef-
ficient ρ is selected to describe the statistic properties of the system. 
Then, the target of the system is transferred using the similar way 
shown in equation (5) according to the cdf expression of the selected 
distribution.

(3) In terms of the model parameter estimates for the components 
and the system reliability model, the system pseudo failure times can 
be simulated by the Monte-Carlo method and fitted to the weibull 
distribution. Then, with the estimate of the shape parameter for sys-

tem lifetime distribution, the system reliability target ( )0,s st R  and 

( )1,s st R  can be transferred to the target ( )0,s stR t  and ( )1,s stR t  at the 

same specified mission time stt . As the stt  is specified to meet the 

time constraint of the system level test and the ALRDT of components 
are employed, the reliability target with long lifetime can be demon-

strated. Note that the stt  can not be too short; otherwise, ( )0,s stR t  

and ( )1,s stR t  will become larger, and so does the sample size of the 

system level test.

Table 11. The transferred reliability targets of the system

Target t0,x (Rx) (h) R0,s(tst) R1,s(tst) αs βs

2 8760 0.9521 0.9101 20% 20%

3 8760 0.9833 0.95 20% 20%

4 8760 0.9731 0.92 20% 20%

Table 12. The system classical attribute sampling plan when 
ns=126 for the target 2

ns cs α′s β′s
126 8 15.11% 19.12%

Table 13. The system classical attribute sampling plan when 
ns = 126 for the target 3

ns cs α′s β′s
126 3 15.98% 12.00%

Table 14. The system classical attribute sampling plan when ns = 126 for the 
target 4

Plan ns cs α′s β′s
1 126 5 12.61% 5.67%

2 126 6 5.50% 11.50%

Table 15. A system classical attribute sampling plan when 
cs = 5 and ns > Ns for the target 4

ns cs α′s β′s
127 5 12.95% 5.41%
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eXhAust emission tests from non-roAd vehicles 
conducted with the use of pems AnAlyzers

bAdAniA emisji związków toksycznych spAlin z pojAzdów 
o zAstosowAniAch pozAdrogowych 

z wykorzystAniem AnAlizAtorów pems*
The paper discusses the issue of exhaust emissions from non-road vehicle engines. In the first part of the paper American regula-
tions on the procedures of engine testing in operation were briefly characterized. The said regulations are a novel solution and 
were introduced as one of the first of this type worldwide. In the next part of the paper the authors presented the results of the 
exhaust emission tests from a farm tractor performed under actual operating conditions during fieldwork. For this purpose PEMS 
(Portable Emissions Measurement System) was used. The tests were carried out for different test procedures such as the NTE (Not-
To-Exceed) procedure. The analysis of the test results was performed chiefly in the aspect of the NTE test applicable in the U.S. The 
analysis pertains chiefly to the engine operating conditions and exhaust emissions. European legislation currently does not require 
such tests and that is why the presented tests are related to the American procedures. The performed tests and their analysis led to 
a formulation of conclusions related to the engine operating conditions and its exhaust emissions.

Keywords: non-road vehicles, measurement of exhaust emissions under actual operating conditions.

Artykuł dotyczy problemu badań emisji związków toksycznych spalin z silników pojazdów o zastosowaniach pozadrogowych (non-
road). W pierwszej części artykułu krótko scharakteryzowano przepisy amerykańskie nt. procedur badań silników w eksploatacji. 
Przepisy te są nowatorskim rozwiązaniem i zostały wprowadzone jako jedne z pierwszych tego typu rozwiązań na świecie. W 
dalszej części artykułu przedstawiono wyniki badań emisji związków toksycznych spalin silnika ciągnika rolniczego, wykonane 
w rzeczywistych warunkach eksploatacji, podczas wykonywania prac polowych. Do tego celu wykorzystano aparaturę PEMS 
(Portable Emissions Measurement System). Badania te wykonano dla różnych procedur badawczych, m.in. w teście NTE (Not-
To-Exceed). Analizę wyników badań przeprowadzono głównie w aspekcie testu NTE, obowiązującego w Stanach Zjednoczonych. 
Analiza ta dotyczy przede wszystkim warunków pracy silników oraz emisji związków szkodliwych. Europejskie regulacje prawne w 
chwili obecnej nie nakładają obowiązku wykonywania takich badań, dlatego w zaprezentowane badania odnoszą się do procedur 
amerykańskich. Wykonane badania i ich analiza pozwoliły na sformułowanie wniosków dotyczących warunków pracy i emisji z 
silnika.

Słowa kluczowe: pojazdy o zastosowaniach pozadrogowych, pomiary emisji w rzeczywistych warunkach eksploatacji.

1. introduction

For many years now works have been continued to reduce the 
negative impact of transport on the natural environment. A particular 
involvement of research and development centers is seen in works 
related to vehicle drivetrains and powertrains. In 2012 IARC (Inter-
national Agency for Research on Cancer), a member of wHo (world 
Health organization), in the report published in June 2012 qualified 
diesel exhaust gas to a group of carcinogenic factors [7]. Before that, 
diesel exhaust gas was classified as a group of ‘probably’ carcino-
genic factors. yet, in light of the latest research the diesel exhaust gas 
is classified as having the greatest carcinogenic risk [3, 14]. This is yet 
another factor that motivates to commit to research and development 
works aiming at a reduction of the negative impact of diesel engines 
on the environment. The works should focus on the technical solu-

tions reducing the exhaust emissions and a development of research 
methods and equipment. only the combination of solutions in the 
above fields may bring measurable effects such as the improvement 
of the ecological indexes of combustion engines. Non-road vehicles 
are mostly fitted with diesel engines. Besides, contrary to on-road ve-
hicles they are technologically obsolete and the admissible emission 
limits are much more liberal. Hence, the necessity of a technological 
improvement of these engines aiming at their reduced impact on the 
human health and natural environment. 

one of the most significant aspects of exhaust emission testing is 
the adopted methodology. In recent years methods of exhaust emis-
sion testing under actual operating conditions have been developing 
rapidly. This type of testing is used increasingly as it provides invalu-
able information on the actual on-road exhaust emissions, information 
that is not obtainable under laboratory conditions [1, 5, 6, 10]. That is 
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why the results of such tests are so desirable. Since this is a relatively 
new trend, the testing methodology is not yet fully developed and 
commonly recognized. From the publications on this subject we know 
that many issues still remain unresolved. one of these issues is the se-
lection of engine operating conditions during the tests. It is important 
that the conditions are representative of a given type of vehicle and 
that the results are comparable. Another issue is the problem of engine 
operating conditions under research tests. The problem of engine op-
erating conditions under laboratory tests has been drawn attention to 
earlier [2, 4, 8, 9, 13, 11, 12, 15]. From the relevant published works 
conclusions are drawn that the engine operating conditions (engine 
load and speed) in laboratory tests, for both on-road and non-road 
vehicles, are not compliant with the conditions of actual operation. 
Despite numerous investigations and analyses of this problem it still 
remains unresolved.

Tests conducted under actual operating 
conditions indicate that the engine operation of 
vehicles of different categories (HDV – Heavy 
Duty Vehicles, LDV – Light Duty Vehicles, 
non-road) is characterized by specific operating 
parameters e.g. traction vehicle engines utilize 
a wide range of engine speeds while engines 
of some of the vehicles of non-road applica-
tions operate in a very limited range of engine 
speeds [1, 6, 11, 12, 15]. It is thus worth analyz-
ing whether the testing methodology should be 
individually selected for a given engine appli-
cation and whether current testing procedures 
take this fact into consideration.

2. exhaust emission regulations for non-road vehicles

The procedures applicable in exhaust emission testing for non-
road vehicles have been described and analyzed in earlier works 
[11, 12]. This paper focuses on the procedures related to the exhaust 
emission testing under actual operating conditions. one of the first 
regulations pertaining to this type of measurements was introduced 
by Environment Protection Agency based in USA [16]. According to 
these procedures NTE test and emission limits in this test were in-
troduced as an additional tool for exhaust emission control (NTE is 
also a standard related to the described procedure). These tests are 
conducted under actual engine operating conditions. The NTE test 
was initially introduced for HDV engines and since 2011 it has been 
applicable for some of the non-road vehicles. 

The NTE tests are not tied to any specific driving cycle of a ve-
hicle or engine work points. There is no predefined mileage or test 
time. The tests cover a range of engine operation that falls within the 
boundaries of the controlled NTE zone, and the measurements include 
stationary and dynamic conditions (Fig. 1). The exhaust emissions 
are averaged from the engine work cycle lasting a minimum of 30 
seconds (a 30 second window).

The NTE test sets an control zone limited by specific engine speed 
and load values:

minimum engine speed is determined analogically to the • 
speeds determined in the ESC test: nmin = nlo + 0,15(nh - nlo) 
(speed A in the ESC test is nA = nlo+0,25(nh - nlo)),
engine load equal to or greater than 30% of the maximum en-• 
gine torque,
from NTE all engine speeds and loads are excluded for which • 
the engine obtains an effective power lower than 30% of the 
maximum power,
engine manufacturer may apply for exclusion from NTE of • 
the speeds and loads for which the fuel consumption (BSFC – 
Break Specific Fuel Consumption) does not exceed 5% of the 
minimum unit fuel consumption if the manufacturer expects 

the engine not to operate at these work points during regular 
operation. This does not apply to engines fitted with automatic 
transmission of a given number of speeds and vehicles fitted 
with manual transmission. 

For EPA 2004 compliant engines the zones without particulate 
matter measurements were determined (depending on speed B in the 
ESC test). This does not apply to EPA 2007 compliant engines but in 
this case the manufactures may conditionally apply to EPA for exclu-
sion of the PM measurement in these zones. Besides, the manufactur-
ers may apply for a reduction of the NTE zone by a certain sub zone, 
if the operating time in this sub zone does not exceed 5% of the total 
operating time of the engine. These sub zones should have an ellipti-
cal or rectangular shape and its boundaries, at some point should be 
convergent with the boundary of the NTE zone.

According to the requirements prescribed by the EPA all Tier - 4 
compliant non-road vehicle engines must also comply with the NTE 
standard. For non-road vehicle engines of the power output greater 
than 130 kw the regulations have been applicable since 2011, for 
engines of the power output from 56–130 kw – since 2012 and for 
engines of the power output lower than 56 kw – since 2013. The 
unit exhaust emission limits in the NTE test have been set at 1.25 of 
the admissible unit emission of a single exhaust component from the 
Tier 4 standard. only for engines that have the unit emission of nitric 
oxides lower than 2.5 g/kwh and the unit emission of particulate mat-
ter lower than 0.07 g/kwh this coefficient amounts to 1.5. The NTE 
regulations apply to the type approval tests and must be met for the 
whole engine life cycle [16]. 

The proposals of the future European regulations for HDV en-
gines also provide for the exhaust emission tests in operation. A Euro-
pean equivalent of the NTE test is a proposal of a compliance test of 
the vehicle in operation with the requirements of the unit emissions, 
based on the determination of the emissions in the whole driving cycle 
as a function of engine operation expressed in kwh. 

3. Methodology and object 

In recent years interest in the on-road exhaust emission testing 
has grown significantly as this is the only way to obtain information 
on the actual exhaust emissions from a given vehicle. Such tests pro-
vide valuable and reliable test results that would otherwise be im-
possible to obtain under laboratory conditions on a chassis or engine 
dynamometer. The tests presented in the paper were carried out under 
actual conditions of operation of a farm tractor operating in the field 
using a cultivator (Fig. 2). The basic specifications of the tractor en-
gine have been given in table 1. 

The authors used Semtech DS by Sensors Inc. for the exhaust 
emission tests. This is a PEMS (Portable Emission Measurement Sys-
tem) analyzer that measures the concentration of the exhaust com-
ponents (carbon dioxide, carbon monoxide, hydrocarbons and nitric 
oxides) and simultaneously measures the flow rate of the exhaust gas. 

Fig. 1. Schematics of the NTE test for non-road engines, a) for engines of the maximum engine speed 
2400 rpm, b) for engines of the maximum speed greater than 2400 rpm [16]
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The measurement of the above emissions determines the vehicle on-
road emission, unit emission and fuel consumption. The exhaust gas 
is introduced into the analyzer through a probe maintaining the tem-
perature of 191°C. Then particulate matter is filtered out (diesel en-
gines) and the exhaust is directed to the flame-ionizing detector (FID) 
where hydrocarbons concentration is measured. The exhaust gas is 

then chilled to the temperature of 4°C and the measurement of the 
concentration of nitric oxides (NDUV analyzer), carbon monoxide, 
carbon dioxide (NDIR analyzer) and oxygen follows in the listed or-
der. The measurement of the oxygen concentration is realized with an 
electrochemical sensor. It is possible to add data sent directly from the 
vehicle diagnostic system to the central unit of the analyzer and use 
the GPS signal (Global Positioning System).

For the measurement of particulate matter SEMTECH-LAM (La-
ser Aerosol Monitor) was used. SEMTECH-LAM operates through 
laser light scattering and measures the concentration of fine particu-
late matter in the exhaust gas in real time. with two selectable ranges 
and variable dilution ratios, the analyzer is compatible with a variety 
of different engine types, vehicles and test conditions. It could be used 
as test stand equipment or for on-road testing. The dual sample port 
enables testing of the filter efficiency for engines fitted with a diesel 
particulate filter. The SEMTECH-LAM uses three mass flow control-
lers that are automatically adjusted to maintain the desired dilution 
ratio. The monitor contains a laser light scattering analyzer that meas-
ures fine particulates from 100 nm to 10 000 nm. The specifications 
of SEMTECH-LAM have been shown in table 3. 

4. Test results and analysis

The conducted research enabled a determination of the exhaust 
emissions during the whole test cycle (the whole range of engine 
speeds and loads). The applied methodology enabled a determination 
of the exhaust emissions in the NTE test. The used methodology also 
allowed distinguishing of the NTE test complaint engine work points. 
Figure 4 shows the work points and the NTE test zone determined for 
the tested engine. During the tests the tractor was coupled to a cultiva-
tor. The aggregate operated in the filed. During the tests the tractor 
operated at four different speeds, which resulted in changes in the 
engine loads caused by the increase in the resistance of the cultivator 
as the speed grew. This is seen in figure 4. The work points of the 
engine are accumulated around certain engine speeds. From the data 
obtained during the tests it results that only 61% of the total operating 
time of the test cycle the engine worked in the NTE test zone (Fig. 4). 
The duration of the whole test cycle was 4337 s., 2645 s. of which the 
tractor engine operated in the NTE test. That constitutes 61% of the 
total test time, which means that as much as almost 40% of the engine 
time of operation is not covered by the NTE test. The NTE test did 
not cover the engine operating areas with small loads (up to approxi-
mately 280 N∙m) and low engine speeds (up to 1300 rpm) including 
idle. Idle is a frequently used engine operating area when performing 
light agricultural tasks. 

Since the test cycles covered the 
engine operation outside of the NTE 
zone this was reflected in the exhaust 
emissions. Figure 5 shows the exhaust 
emission test results for the whole test 
cycle and for the NTE test. what is 
characteristic is that in the NTE test the 
exhaust emission of all toxic compo-
nents is lower. The greatest differences 
are for hydrocarbons and nitric oxides. 
The emission of these components is 
lower in the NTE test by 25 and 23% 
respectively (Fig. 6). we also have a 
substantial difference in the emission 
of particulate matter. In the NTE test 
it is lower by 13% as compared to the 
emission from the whole test cycle. 
The smallest difference was observed 
for the emission of carbon monoxide, 
which was 9%. Based on the obtained 

Fig. 2. The view of the tractor during the tests with the measurement equip-
ment fitted

Fig. 3. Schematics of the Semtech DS analyzer

Table 2. Characteristics of SEMTECH DS – a portable exhaust emission analyzer 

Parameter measurement method accuracy

component concentration 
co
Hc
nox = no + no2

co2

o2

sampling frequency

nDIr – non-dispersive (infrared), range 0–10%
FID – flame ionization, range 0–10 000 ppm
nDuV – non-dispersive (ultraviolet), range 0–3000 ppm
nDIr – non-dispersive (infrared), range 0–20%
electrochemical, range 0–20%
1–4 Hz

±3%
±2,5%
±3%
±3%
±1%

exhaust mass flow mass flow
Tmax to 700°c

±2,5% 
±1% of the range

warm-up time 15 min

response time T90 < 1 s

supported diagnostic systems sae J1850/sae J1979 (lDV)
sae J1708/sae J1587 (HDV)
can sae J1939/J2284 (HDV)

Table 1. The engine specifications of the tested farm tractor

Displacement / 
number of cylinders

6,4 dm3/6 

number of cylinders /valves 6/12

maximum power output 122 kw / 1900 rpm

maximum torque 698 nm / 1350–1500 rpm

aspiration VgT turbocharger

Injection system common rail, max pressure: 160 mPa

aftretreatment system oxidation catalyst 

emission standard stage IIIb/Tier3
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results we can also conclude that the engine operating area in the NTE 
test was more advantageous in terms of fuel consumption than the 
whole test cycle because the unit emission of carbon dioxide in the 
NTE test was lower by 9%. 

Figure 7 shows relative exhaust emissions from the engine of the 
tested tractor during operation under actual operating conditions as 
compared to the Tier 3 limits. The emission of carbon monoxide and 
the sum of the emissions of hydrocarbons and nitric oxides is lower 
than the Tier 3 limit while the emission of PM exceeds this limit sig-
nificantly – it is almost three times higher.

5. Conclusions

Exhaust emission testing of non-road vehicles is a necessity. No 
emission control exists over most of these vehicles. The NTE test in-
cluded in the American emission legislation is one of the first pro-
posals of this type, yet we need to consider whether this proposal 
fully lives up to the requirements and conditions of non-road vehicle 
operation. The test results and their analysis presented in this paper 
prove that in the case of farm tractors the NTE test zone does not 
entirely reflect the actual tractor engine operation. In the case of the 
tests described in the paper almost 40% of the engine operating time 
fell outside of the NTE test zone. we should thus consider whether 
the procedure of this test should be modified. It seems it is purposeful 
to seek such testing solutions that will more accurately reflect engine 
actual operating conditions. The European proposal prescribes the de-
termination of the exhaust emissions in operation based on the deter-
mination of work performed by the engine during the tests. we need 
to stress that the exhaust emission testing methodology under actual 
operating conditions is currently in its infancy an it will certainly be 
modified as the experience and additional information in this matter 
extends. Another problem are the emission limits for tests conducted 
under actual operating conditions. The regulations on the NTE test 
prescribe that these values are not to be greater than 1.25 of the limits 
included in the type approval standard (Tier 4). Based on the results 
presented in the paper and authors’ experience we can state that meet-
ing these requirements may be very difficult, especially for particulate 
matter. The test described in the paper is one of the first in its type and 
its results and conclusions motivate to continue works on this subject. 
The final determination of the requirements pertaining to the testing 
methodology for non-road vehicles under actual operating conditions 
requires a more extensive research on a greater number of objects 
performing a greater variety of works. 

Fig. 4. Characteristics of the maximum engine torque of the tested engine. 
The work points and the NTE zone marked 

Fig. 7. Relative exhaust emissions from the engine of the tested tractor under 
actual operating conditions
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AnAlysis of the influence of fActors on the photometry 
of the opticAl light system of chmsl cAr lAmps 

AnAlizA czynników wpływAjących nA fotometrię systemu 
optyczno-świetlnego lAmpy sAmochodowej typu chmsl*

The article presents an analysis of the construction of CHMSL (Centre High-Mounted Stop Lamp) car lamps and a study of the 
influence of individual components on the photometric parameters (light intensity). The authors have conducted a detailed study 
of the various design elements and the impact of their settings on each photometric parameter of the tested lamp. There is also 
a presentation of research results on the impact of plastic injection technologies used to manufacture the lamp, such as holding 
pressure, holding time and injection speed, on the photometric parameters of the CHMSL lamp’s optical system.

Keywords: photometry, optical system, car lamp, plastics.

Artykuł zawiera analizę budowy lampy samochodowej typu CHMSL, (ang. Centre High-Mounted Stop Lamp) oraz badania 
wpływu poszczególnych jej elementów konstrukcyjnych na parametry fotometryczne (natężenie światła). Autorzy przeprowadzili 
szczegółowe badania w zakresie wpływu konstrukcji poszczególnych elementów i ich ustawienia względem siebie na parametry 
fotometryczne badanej lampy. Przedstawiono również wyniki badań w zakresie wpływu wykonania elementów lampy w technolo-
gii wtrysku tworzyw sztucznych takich jak: ciśnienie docisku, czas docisku i prędkość wtrysku na parametry fotometryczne całego 
systemu optyczno-świetlnego lampy typu CHMSL.

Słowa kluczowe: fotometria, systemy optyczne, lampy samochodowe, tworzywa sztuczne.

1. introduction

The automotive industry is associated with continuous develop-
ment and with innovative solutions in design and technology being 
implemented in motor vehicles. The most spectacular solutions are 
those involving propulsion systems, where such changes cause mo-
tor vehicle power to surge while fuel consumption is reduced. How-
ever, the most rapid development and the greatest evolution are taking 
place in motor vehicle exterior lighting systems. At present, these are 
intricate and technologically advanced systems, the primary functions 
of which have expanded significantly. only a few years ago the role 
of motor vehicle lighting systems was to improve the driver’s vis-
ibility in adverse atmospheric conditions, signal his presence on the 
road and to inform others of his manoeuvres [8]. while fulfilling these 
fundamental requirements, the automotive industry has also come up 
with new lamp designs and some new ideas for lighting system solu-
tions [17]. one of these solutions is extra lights for daytime driving, 
Daytime Running Lights, which, since 2011, in accordance with EU 
directive 2008/89/EC, have been required for all new motor vehicles, 
passenger cars, trucks, and buses. 

A particularly rapidly developing trend in this sector is the appli-
cation of Light-Emitting Diodes [4, 13] as a source of light on an ever-
greater scale. LED diodes, due to their substantially lower consump-
tion of electric energy, reduce fuel consumption and thus lower Co2 
emissions into the atmosphere [7, 13]. Due to smaller dimensions, 
lower heat emission and enhanced longevity, they increasingly tend to 
replace traditional halogen bulbs on the market [7, 12].

Among the new ideas and solutions, attention should be paid to 
the technological development of lighting not only with LED diodes, 

but also using laser diodes [15] as a light source, which not long ago 
was a futuristic vision of lighting but right now is being implemented 
by a number of automotive companies in their models of the cars of 
the future. There is also work in progress on selective lighting, whose 
function of adapting to road conditions will allow drivers to selective-
ly choose areas to be lit so as to limit negative impact on other road us-
ers [8, 9]. Adaptive Front-Lighting System constitutes a breakthrough 
in lighting technology [9]. It enables automatic adaptation to changing 
traffic conditions such as the speed of the vehicle, atmospheric condi-
tions, curves in the road, etc. All these changes pose an ever-greater 
challenge to lamp designers and control-and-feed system designers, 
but most of all to the provisions of laws concerning safety and compli-
ance of specific parameters with technical requirements.

The article contains an analysis of factors influencing the photom-
etry of CHMSL lamps. In Poland such lamps are described as ‘third 
brake lights’ or else as ‘central brake lights’. This lamp was intro-
duced in 1986 in USA and Canada as part of the obligatory equipment 
for passenger cars. In Europe this type of lamp was not introduced 
until 1998. The function of the lamp is to provide an extra warning of 
a braking manoeuvre, especially in a situation when the main brake 
lights are not visible [17]. The implementation of CHMSL lamps has 
reduced by a few percentage points the number of road accidents 
characterised by rear-end collisions with a vehicle directly ahead in 
standard road traffic conditions and, in particular, in city traffic [16]. 

within the study programme established to test the process of 
CHMSL lamp production, several tests and observations have been 
carried out. Their objective was to confirm the current knowledge on 
the process of design and manufacture of the tested lamp. The ex-
pected result was the identification of boundary parameters for the 
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manufacturing process which would enable assured improvements in 
the process’s stability and maintenance of the required quality param-
eters for the end product. 

2.  Construction of the CHMSL car lamp

The tests were performed using a typical serially-produced 
CHMSL lamp, in which LED diodes were applied as a source of light 
and the exterior construction joined with ultrasonic welding. The 
tested lamp consisted of four major functional elements featured in 
figure 1, marked as follows: 1 – an external lens manufactured with 
the PMMA thermoplastic injection process, 2 – a Fresnel lens, also 
manufactured with the polycarbonate plastic (PC) injection process, 
3 – a PCB (printed circuit board) with LED diodes, 4 – housing pro-
duced with the PC-ABS injection process, which, due to its proper-
ties, makes the lamp as a whole sturdier and resistant to breakage.

The performed study omitted structural elements of the CHMSL 
lamp with no influence on the photometric parameters (intensity of 
light), such as seals, rear wipers and mounting elements.

The external lens is manufactured through the PMMA thermo-
plastic injection process using a screw injection moulding machine 
(by Demag) with a holding force of 200 Mg. The use of PMMA ther-
moplastic derives from its properties, i.e. high transparency at a 92% 
level; as well, it is an amorphic polymer, shiny, with a sparkling sur-
face, characterised by good mechanical strength, resistance to chemi-
cals, and very high resistance to atmospheric conditions.

In the sequence of thermoplastic injection into a mould socket, the 
holding process consists of three stages, for each of which the value of 
holding pressure is different. For amorphic polymers such as PMMA, 
the values in the individual stages should decrease in order to reduce 
the frozen-in residual stress.

The tested lamp used LED diodes, Lx E6SF series, made by os-
ram. These diodes are characterised by amber light, high effective-
ness, and a 120° light emission angle. This diode has no convex 
external lens, so the emitted light does not undergo refraction when 
the boundary between two sources is crossed, as is the case with the 
traditional diodes, and it is reflected only from the concave reflector, 
which contains a connector emitting optical radiation.

The reduced angle of emission to 120°, as compared to 180° and 
greater in traditional diodes, reduces losses connected with light ener-
gy dispersion, and hence enhances the diode’s efficiency. Apart from 
the above-mentioned properties for brake lights, one essential param-
eter is the lamp’s reaction time, i.e. the inertia of the light source. For 
the sake of comparison, an LED diode reaches full luminous intensity 
within 30 μs, a traditional car bulb within 75 μs [3].

Thanks to its shape, the Fresnel lens applied in the tested lamp 
enables a substantial reduction in dimensions compared with a tradi-
tional lens with the same optical parameters. This is due to the struc-
ture of the lens, which consists of two dispersive collimator areas and 
a focusing collector. It is this very feature, i.e. small dimensions, and 
hence low production costs, that allow this lens to be widely used 

for devices requiring small dimensions, high efficiency and low cost. 
Lenses of this type are characterised by a certain distortion on the 
edges; however, for industrial use this imperfection is not critical. 

In the tested lamp, the optical element consists of several con-
stituents: an inverted Fresnel lens, the lens itself, and cushion lenses 
situated on the external part. A lamp thus constructed is characterised 
by uniform dispersion of light, due to which the light emitted by point 
sources is close to a uniform beam of light. This lens is responsible 
for uniform propagation of light in a vertical plane within the required 
angular range, i.e. +10°/10° from the lamp’s vertical axis.

The lamp housing and the external lens are joined through ul-
trasonic welding, i.e. a process inducing mechanical vibrations with 
frequencies of approximately 20 kHz in one of the two elements being 
connected. During this process the two elements being connected are 
situated so that the surfaces to be joined can touch one another. 

3.  programme of study of the parameters influencing 
chmsl lamp photometry

3.1. formulation of the equation of state 

one of the fundamental parameters defining lamp efficiency is in-
tensity of emitted light. In the automotive industry this value is measured 
on a dozen or so points of a measuring grid, and is defined by standard 
no. E/ECE/324 of the Economic Commission for Europe [16].

In order to limit study costs, and on the basis of former observations 
concerning the CHMSL light lamp manufacturing process, an assump-
tion has been made regarding only partial variations in the tested optical 
system. Likewise, assuming zero external interference, the tested opti-
cal system can be described by the equation of state (1)

 B+C+D+[A(n)] = [E(n)]. (1)
 
using the following notation:
 B, C, D – constant values (B – Fresnel lens, C – LED source 

of light, D – housing),
 [E(n)] – output signal, light intensity (18-element matrix 

corresponding to light intensity at 18 points of measurement, 
n = (1 ... ∞) – lamp),

 [A(n)] – matrix of variables, A – external lens.

 A n( ) 



















a n
b n
c n
d n

( )
( )
( )
( )

. (2)

In the equation (1) [A(n)] denotes the matrix describing changes in 
the parameters of the external lens. It has been assumed that for every 
one of the n tested cases (lamps), an essential influence on the photo-
metric parameters of the lamp appears precisely in that area. This vari-
ability ensues the high susceptibility of that element to changes in the 
parameters of the manufacturing process; the essential role played by 
the external lens in the lamp’s optical system has necessitated certain 
detailed tests of precisely that element.

In order to define the main factors influencing changes in the con-
stituent values of matrix [A(n)], the following tests have been per-
formed:
 a(n) – impact of changes in holding time, 
 b(n) – impact of changes in holding pressure,
 c(n) – impact of changes in injection speed,

Fig.1. Construction of CHMSL lamp
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 d(n) – other factors not tested, but influencing the tested system, 
e.g. the lighting surface of the lens [11], the extent of dirt contami-
nation [10], how precisely the external lens has been joined to the 
housing, etc.
The output variable [E(n)] is the main parameter defining func-

tionality and photometric efficiency, meaning the intensity of light as 
emitted by the tested lamp. Intensity of light was measured according 
to the SI system in Candelas (cd). In compliance with the standard E/
ECE/324 for lamps in the S3 group, in which the tested lamp is clas-
sified, this parameter is measured at eighteen points of the measuring 
grid. These points are located on the grid with a scale of 5 angular 
degrees, in the +/– 10° range for the horizontal coordinate and in the 
+10°/– 5° range for the vertical coordinate. A recommended value is 
used to define the grid of intensity distribution through the definition 
of minimum and maximum values of intensity for each of the points, 
as a percentage value of nominal intensity at the central point of the 
grid. These points are set by an appropriate deviation from the central 
point (the point crossing through lamp axis H-0; V-0) by 5° or 10° 
in either the horizontal or vertical plane. The light intensity value at 
points H-0 and V-0 as per the valid standard for the tested lamp should 
fall within 25 to 110 cd. The standard E/ECE/324 in chapter 5 allows 
for reduction of that criterion to 95% [1].

Figure 2 presents an exemplary measurement report, generated at 
the end of the study as a summary and a collection of measurement 
results. This report presents the grid of points. Individual measure-
ment points are presented in figure 3, using the following notation: 1 
– location of measurement point, 2 – measured value of light intensity 
in cd, 3 – minimum and maximum values of light intensity for that 
measurement point in cd. 

3.2. Description of measurement chain 

The measurements of light intensity of the tested lamp were per-
formed with the use of a device known as a goniophotometer. This de-
vice consists of a flex arm on which the lamp to be tested is mounted, 
a fixed sensor, a control-measurement apparatus, and an IT system 
provided with an application to carry out and edit measurement re-
sults. The arm on which the tested lamp is mounted enables changes 
in position so that during the measurement sequence the axis of the 
tested lamp is capable of assuming any of the eighteen different posi-
tions corresponding to the eighteen measurement points defined by 
the standard. when the CHMSL lamp is tested, the sensor is placed 
25 metres away from the arm on which the lamp is installed. That dis-

tance is needed in order to preserve the inverse square law of distance, 
i.e. the measured intensity of light is directly proportional to the lumi-
nous intensity of the source, and inversely proportional to the square 
of the distance between the source being tested and the location of the 
measurement device, i.e. of sensor placement. To perform the study, a 
Goniophotometer Go-H1400, a dedicated device used for measuring 
light intensity, was applied.

The accuracy of the aforementioned device together with the 
measuring sensor SP 30 S0T-Go, which had already been used in the 
study, fulfils the requirements imposed on qualified devices as com-
pliant with the “L” standard described in the standard DIN 5032, part 
7 [6]. The discussed measuring device was built in the underground 
testing tunnel depicted in figure 4, which, thanks to its location and 
the additional covering of its walls with paint which absorbs reflected 
radiation, eliminates the influence of external distortion and guaran-
tees suitable measurement conditions.

3.3. Scope of the study

3.3.1. Study of the impact of lamp completeness

For the purpose of describing the functional impact of each of the 
lamp elements on the tested photometric parameters, tests were per-
formed consisting of the measurement of the intensity of light emitted 
by parts of the complete optical system, i.e.:

a system consisting of a light source in the form of PCBs in-• 
stalled in the housing with no optical elements,
a system consisting of a light source and a Fresnel lens as well • 
as a housing.

The last part of the study of the impact of lamp completeness on 
photometric parameters consisted of measurements of light intensity 
for an optical system consisting of a light source, Fresnel lens, exter-
nal lens and housing, i.e. for the entire lamp. 

3.3.2. Study of the impact of technological process of making 
external lens

In accordance with the equation of state (1), in which the elements 
of the matrix [A(n)] are: a(n), b(n) and c(n), a study was performed in 
order to define the impact of changes in the parameters of the injec-
tion process on the intensity of light emitted by the lamp being tested. 
In accordance with the primary assumptions, only the external lens 
manufacturing process was analysed. This does not mean, however, 
that the remaining lamp elements such as the Fresnel lens or the hous-
ing are not essential. Their functional significance in the entire optical 
system of the lamp is important even though a simplification has been 
assumed on the basis of the proven high stability and repeatability of 
the process for these elements. Such an assumption was made in chap-
ter 1 while formulating the equation of state (1), where the thesis re-
garding the stability of these two components was described in terms 
of constant values B and C affecting the output value [E(n)]. 

Fig. 2. Exemplary report from performed CHMSL lamp study

Fig. 3. Description of measurement point

Fig. 4. Measurement tunnel for photometric study of various type of car 
lamps
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The study programme on the impact of the parameters of the in-
jection process of the external lens on the intensity of light emitted by 
the CHMSL lamp covered changes in: holding time, holding pressure, 
and injection speed [2, 14, 18]. 

a) Impact of changes in holding time – a(n)
As part of the study, an analysis was made of the impact of change 

in the holding time parameter value on the quality of manufactured 
mouldings, and, in effect, on the intensity of light generated by the 
tested lamp. During the study, a change in parameter was forced by 
gradually reducing the given value of the set time by 1 s from nominal 
value, which was initially 7 s, while leaving the temperature of the 
injection mould for fixed and flexible parts as well as the constant 
speed of injection unchanged.

b) Impact of changes in holding pressure – b(n)
As part of the study on the impact of changes in holding profile, 

some gradual changes were introduced in each of the three stages, 
beginning with nominal values of 150 bar – stage 1, 130 bar – stage 2, 
110 bar – stage 3; then pressure values were reduced by 2 bar in each 
of the stages, thus reaching values of 130–110–90 bar.

c) Impact of changes in injection speed – c(n)
During the course of the study there were proportional changes 

made in the injection speed at each of the 3 stages, similar to those 
made during injection pressure testing. The study commenced with 
the values 24–38–26 mm/s (test 1), followed by reductions of 2 mm/s, 
thus reaching values of 18–32–20 mm/s (test 4). The study was per-
formed for 3 different additional conditions, with the mould temper-
ature as the variable. while testing sample no. 1, when changes in 
speed were made, the standard temperature was maintained; while 
testing sample no. 2, the temperature was reduced by 5°C from nomi-
nal value; while testing sample no. 3, the temperature was reduced 
by 10°C.

4. Presentation of study results

4.1.  Study of an optical system with a light source in the 
form of PCBs with LeD diodes mounted in the CHMSL 
lamp housing

The tested light system may be described by the equation of state (3).
 

 C+D = [E(n)]. (3)
Figure 5 features the study results for the analysed system. It may 

be concluded that, for the majority of the 18 measurement points, 
the light intensity has such a low value that it does not fit within the 
measuring scale, whereas for the remaining points the incidental light 
intensity falls within the scale or even meets the requirements, as in 
the case with point 10o-10R. The distribution is dispersed and not 
uniform, and the majority of the light emitted by each of the LED 
diodes constituting part of the light source is lost as a result of the 
dispersion of light rays in planes which are not tested and are func-
tionally insignificant.

A system constructed in this way, despite combining power cor-
responding to the power emitted by a complete CHMSL lamp meet-
ing the requirements of the standard E/ECE/324, does not fulfil that 
standard’s requirements, as the majority of light energy is dispersed 
and lost. The functionality of a system thus constructed fails to fulfil 
the basic requirements.

4.2. Study of a lighting system with a light source in the form 
of PCBs with LeD diodes mounted in the CHMSL lamp 
housing with a fresnel lens

The tested light system may be described by the equation of state 
(4). In this case the tested light system has been additionally provided 
with a Fresnel lens.

 B+C+D = [E(n)]. (4)

Figure 6 features a diagram for eighteen tested points of the lamp. 
By analysing the diagram featuring the results of measurement of the 
system, one can observe significant improvement in the photometric 
parameters; however, for the majority of the eighteen points of meas-
urement, the intensity of light is still below the lower boundary of the 
minimum value required by the standard E/ECE/324.

By analysing the diagram it can be seen that light intensity at 
points located on the main horizontal axis fulfils the requirements, as 
the measured value is within the required range; nonetheless one can 
still observe asymmetrical distribution, especially for extreme points 
for which the values are beyond the measurement boundaries. The 
non-linearity of the distribution is also caused by the low rigidity of a 
light system constructed in this way. In this form the incomplete lamp 
(no welding to join the housing and the external lens) indicates a high 
propensity to deformation and distortion. 

Fig. 5. Distribution of light intensity for the tested light system

Fig. 6. Distribution of the intensity of light for the tested light system (nota-
tions as in fig. 6.)
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4.3.  Study of the light system with the source of light in the 
form of PCBs with LeD diodes mounted in the CHMSL 
lamp housing, a fresnel lens and an external lens

The tested light system may be described by the equation of state (5).

 B+C+D+[A(n)] = [E(n)]. (5)

In this case we have a complete lamp consisting of four elements, 
i.e. housing, source of light, Fresnel lens and external lens. A light 
system constructed in this way demonstrates the expected properties, 
i.e. the intensity of light falls in within the required range for each 
of the measured points. This has been achieved by adding the ulti-
mate element, i.e. the external lens, which, first of all, completes the 
entire construction, creating a uniform and closed solid (enhancing 
the rigidity of the system); secondly, it fulfils the role of an optical 
filter enabling the emission of waves ranging from 630 to approxi-
mately 780 nm, i.e. waves visible as red light [19]. The third func-
tion, being of key importance, is the optical function connected with 
‘cleaning up’ the radiation emitted by the LED diodes and initially 
corrected by Fresnel lens, so that the distribution of radiation, in this 
case in the horizontal plane, is compliant with the requirements, i.e. 
so that it fits within the range of +10°/–5°. Such intensity of light 
has been achieved thanks to the specific shape of the external lens’s 
internal surface, on which there are several asymmetrical prisms. It is 
important, for the calculation of the entire system, to accommodate 
the coefficient of light refraction at the time of crossing the boundary 
between two sources, PMMA thermoplastic and the air, which is 1.46 
(compared with e.g. 1.6 for optical glass, 1.5 for water; and 1.0 for a 
vacuum) [5]. By studying the intensity of light emitted by the optical 
system constructed in this way, the impact of each of the constituting 
elements on the intensity of light at the defined points of measurement 
is observed. As can be seen, each of the elements fulfils an important 
role in the system; nonetheless, the function of the external lens is 
most complex and essential from the perspective of the functionality 
of the entire CHMSL lamp. The measurement results are presented 
in Figure 7.

4.4.  impact of changes in the parameters of the injection 
process

 4.4.1.  impact of changes in holding time – a(n)
The results point to relatively small changes in the intensity of 

light with respect to light intensity values obtained from the measure-
ment of external lenses produced via the process, for which the hold-
ing time was 7 s. The study of changes in that value was completed 
with a holding time of 3 s. Any further reduction of that time caused 

visible and unacceptable changes as well as geometrical deforma-
tions. The study results are featured in Figure 8. 

The analysis of the results indicates that a change in holding time 
value of 50% causes insignificant changes in light intensities at the 
measured points of approximately 2% of initial value. Thus it can be 
assumed that given conditions such as these, the impact of changes 
in that parameter on our output variable is insignificant. However, 
it should be remembered that an insufficient holding time may be a 
cause of deformation in the surface and could cause a deformation 
resulting from shrinkage of the thermoplastic material in the injection 
mould chamber. 

4.4.2.  impact of changes in holding pressure – b(n) 

The list of holding pressure values in the performed tests is pre-
sented in Table 1. A reduction in holding pressure to 130–110–90 
bar was performed. Setting parameters below that limit causes unac-
ceptable changes in the form of flawed mouldings and deformations 
resulting from plastic shrinkage. The performed study pointed to an 
inversely proportional relationship of changes in the intensity of light 
relative to changes in holding pressure in the central area of the grid of 
measurement points; reduction increases light intensity values. This 
rule holds as far as holding pressures of 142–122–102 bars.

The dependence observed in the first range, i.e. improvement of 
light parameters, results from, among other things, a reduction in the 
density of the sample. This change is the result of the reduced weight 
of the mouldings, which is a consequence of reduced holding pres-
sure, i.e. of the supply, within the same time unit, of a smaller quantity 
of material. Further reduction in holding pressure would cause the 
appearance of deformations, as clearly indicated by measurements 
performed with the use of an optical projector. Poorer results on the 
edges are caused by greater deformations of optical elements, which 
appear in proportion to increasing distance from the centre of the lens. 
The results of the measurements are presented in figure 9.

one conclusion from these tests is the confirmation of the positive 
influence of a reduction in holding pressure value on the improve-
ment of photometric parameters; however, this is observed only in 
the central part of the grid of measurement points, i.e. central part of 
the lens. one side effect is a deformation (flexion) of the element, as 

Fig. 7.  Distribution of the intensity of light for the tested light system (nota-
tions as in fig. 6)

Fig. 8. Impact of changes in mould holding time on the intensity of light emit-
ted by lamp
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well as changes in the imaging of internal cushion lenses, which cause 
gradual deterioration of the optical parameters in the extreme ranges. 
These deformations are related to incomplete formation of the mould-
ing due to insufficient pressure. This effect intensifies proportionately 
to distance from the centre of the moulding, which in this case is also 
the point of thermoplastic injection.

The tests indicate the feasibility of an improvement in the param-
eters of light intensity through a change in pressure value; however, 
such changes would probably be insignificant, a maximum of 5% over 
the present parameters of injection, and with a risk of deformations, 
which, within the initial range of parameter reduction, are not easily 
spotted; nonetheless, with a further reduction in holding parameters, 
they tend to increase and exert a negative influence on photometric 
parameters as well as on the geometry of the produced element.

4.4.3.  impact of changes in injection speed – c(n)

A list of injection speed values for various mould temperatures is 
presented in table 2. 

The analysis of the results of tests presented in Figure 10 indicates 
a change in the photometric parameters of the tested lamp with re-
spect to a change in plastic injection speed. In the first case, in which 
the injection mould maintained a nominal temperature, a reduction 
in injection speed caused an improvement in the photometric param-
eters. However, in a case where temperature was reduced by −5°C and 
–10°C, this dependence proceeded in the opposite direction, i.e. a re-
duction in the injection speed caused a reduction in light intensity val-
ue. Knowing that injection speed has an impact on the temperature of 
injected material resulting from flow through a gate channel, it can be 
concluded that in the first case the reduction in speed caused reduced 
friction, and thus a reduced impact of injection speed on temperature 
increase; in addition, reduced speed caused a prolongation of injec-
tion time, and hence an improvement in the formation and quality of 
mouldings. In the following two cases a reduction in speed, and thus 
a reduction in temperature growth resulting from the process of mate-
rial injection, coincided with additional forced temperature reduction, 
which caused deterioration in the moulding parameters. 

The performed tests showed that injection speed can be reduced 
at a given mould temperature; however, this extends cycle time, and 
hence increases costs. The conclusion regarding the impact of chang-
es in mould temperature is also significant, as this should force bet-
ter and more accurate monitoring of the systems responsible for the 
maintenance of temperatures at an appropriate level.

Table 1. List of performed tests.

 test no. Holding profile
 [bar]

Test 1 150–130–110

Test 2 148–128–108

Test 3 146–126–106

Test 4 144–124–104

Test 5 142–122–102

Test 6 140–120–100

Test 7 138–118–98

Test 8 136–116–96

Test 9 134–114–94

Test 10 132–112–92

Test 11 130–110–90

Fig. 9. Impact of changes in mould holding pressure on the intensity of the 
light emitted by the lamp

Fig. 10. Study of changes in the photometric parameters of the lamp at chang-
ing injection speeds 

Table 2. List of performed tests

sample no. 1
nominal temp. of 

mould

sample no. 2
Temp. reduced 

by 5°c

sample no. 3
Temp. reduced 

by10°c 

Test 1 
[mm/s] 24 – 38 – 26 24 – 38 – 26 24 – 38 – 26

Test 2 
[mm/s] 22 – 36 – 24 22 – 36 – 24 22 – 36 – 24

Test 3 
[mm/s] 20 – 34 – 22 20 – 34 – 22 20 – 34 – 22

Test 4 
[mm/s] 18 – 32 – 20 18 – 32 – 20 18 – 32 – 20
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5.  Summary

The article presents the results of the study of the impact of indi-
vidual design elements and of the technological process of external 
lens manufacture on the photometric parameters of a third lamp, type 
CHMSL, that signals that a car is braking, applied in passenger cars, 
trucks and buses. The solutions currently in use in the automotive in-
dustry such as LED diodes as a source of light, or newly-developed 
laser diodes, pose utterly new challenges for designers and produc-
ers, and require greater accuracy, repeatability and stability from the 
manufacturing process. 

The objective of the performed tests was to describe the variabil-
ity of the manufacturing process and the impact of these changes on 
output value, i.e. the intensity of light emitted by the CHMSL lamp. 
The presented tests and observations are part of the optimisation of 
the manufacturing process which can be conducted using various 
methods, starting with theoretical analysis, to digital simulations or 
the performance of tests consisting of simulations of process variabil-
ity in order to define acceptable tolerance ranges for process input 

variables such as geometrical parameters of lamp elements, param-
eters of the injection process, etc.

The performed analyses indicated the proportional influence of 
input variables on output signal, which until now was merely an es-
timated value. The impact of changes in the parameters of injection 
process, apart from pointing to certain anomalies, particularly in con-
nection with the temperature of the injection process, has caused a 
change in the system of injection moulding machine inspections, since 
the demonstrated instability of the process (frequently related in reality 
to technical condition), especially in the case of tested external lenses, 
has a critical effect on the parameters of the entire lighting system.

Based on this study, the fundamental parameters influencing the 
quality of the manufactured design elements of CHMSL lamps can be 
defined. Taken as a whole, the presented tests and experiments, which 
frequently consisted of forcing certain extreme conditions upon the 
technological process, have contributed to better familiarisation with 
the process and to its further optimisation. The results of the study will 
be successively implemented in the technological process of manu-
facturing CHMSL lamps and other lamps of similar construction.
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1. introduction

Traffic safety is one of the main problems facing road and railway 
operators in many countries of the world.Traffic safety situation in 
Lithuania, despite the progress made in 2008, is still not good enough 
compared to the other European Union countries. The effective control 
and management of railway traffic, ensuring its safety, requires a com-
prehensive analysis of the state of the railway infrastructure objects 
and systemization of the obtained data. This would help to develop 
the effective urgent measures to considerably reduce railway traffic 
safety risks [1]. Thecomponentof railway infrastructure, causing many 
problems, associated with the collisions of trains with road vehicles 
and human injuries and mortalities, is level crossing. A comprehensive 
analysis of level crossings was performed for the period of several 
years (2003-2011) in Australia and the risk evaluation model ALCAM 
was suggested, and practically implemented by its governmental in-
stitutions. The experts from Great Britain also pay great attention to 
increasing traffic safety at railway level crossings with the help of the 

developed traffic safety control model ALCRM [10]. The Safety Risk 
Model (SRM), which presents quantitative investigation of the po-
tential accidents resulting from the operation and maintenance of the 
Great Britain rail network is widely applied too [12]. SRM comprises 
a total of 120 individual models, each representing a type of hazardous 
event. other railway infrastructure components, causing problems to 
specialists dealing with the problems of railway traffic safety in the 
Baltic States, Poland and Finland, are railway stations, freight termi-
nals and their sortingtrack yards, pipelines [4, 18, 20].

Railway traffic safety control is aimed at protecting people, their 
health and wealth, as well as improving traffic conditions, reducing 
harmful effect of rail transport on the environment and ensuring the 
realization of the general aims, associated with railway traffic safety 
and the relationship between railway systems of various countries.
The control of railway traffic safety is regulated in Lithuania by the 
Lithuanian Law on Railway Traffic Safety. This law defines the rights 
and responsibilities of the state institutions, developing and imple-
menting the policy of railway traffic safety, as well as the require-

bureIka g, bekInTIs g, lIuDVInaVIČIus l, VaIČIŪnas g. applying analytic hierarchy process to assess traffic safety riskof railway infra-
structure. eksploatacja i niezawodnosc – maintenance and reliability 2013; 15 (4): 376–383.

gintautas bureIka
giedrius bekInTIs
lionginas lIuDVInaVIČIus
gediminas VaIČIŪnas

Applying AnAlytic hierArchy process to Assess trAffic sAfety risk 
of rAilwAy infrAstructure

zAstosowAnie procesu hierArchii AnAlitycznej do oceny zAgrożeniA 
bezpieczeństwA ruchu w odniesieniu do infrAstruktury kolejowej 

TheAnalytic Hierarchy Process is described in recent research works as an emerging multicriteria decision-making approach 
to solving large, dynamic, and complex problems, which reflect real situations, such as strategic planning of management or re-
sources, justification of introducing new technologies or determining the effectiveness of systems’ operation. The paper presents an 
application of the Analytic Hierarchy Process to performance evaluation through a case study of Lithuanian railway traffic safety 
risk. The results of the performed study show that the application of the Analytic Hierarchy Process method can help railway traffic 
control managers effectively evaluate the railway infrastructure objects from the perspective of traffic safety risk and make long-
term strategic plans for preventing the accidents on railway lines even under difficult economic and transportation conditions. A 
model for assessing railway infrastructure objectsfrom the perspective of traffic safety risk,developed and realized by the authors 
for Lithuanian Railways two real lines, is presented. Finally, basic conclusions and recommendations are given.

Keywords: railway traffic risk, infrastructure objects, assessing of traffic risk,Analytic Hierarchy Process (AHP) 
method, coefficient of concordance.

Najnowsze prace badawcze opisują proces hierarchii analitycznej jako nowy wielokryterialny model podejmowania decyzji służą-
cy rozwiązywaniu dużych, dynamicznych i złożonych problemów, które odzwierciedlają rzeczywiste sytuacje, takie jak strategiczne 
planowanie zarządzania lub zasobów, uzasadnianie wprowadzenia nowych technologii lub określanie efektywności działania 
systemów. W pracy opisano zastosowanie procesu hierarchii analitycznej do oceny działania, przedstawiając studium przypadku 
dotyczące bezpieczeństwa ruchu kolejowego na Litwie. Wyniki przeprowadzonego badania wskazują, że stosowanie metody pro-
cesu hierarchii analitycznej może pomóc menedżerom ds. sterowania ruchem kolejowym skutecznie oceniać obiekty infrastruktury 
kolejowej z punktu widzenia zagrożenia bezpieczeństwa ruchu oraz konstruować długoterminowe plany strategiczne mające na 
celu zapobieganie wypadkom na liniach kolejowych, nawet w trudnych warunkach gospodarczych i transportowych. Przedstawio-
no model oceny obiektów infrastruktury kolejowej z punktu widzenia zagrożenia bezpieczeństwa ruchu drogowego, opracowany i 
zrealizowany przez autorów dla dwóch linii Kolei Litewskich. Na zakończenie, podano podstawowe wnioski i zalecenia.

Słowa kluczowe:zagrożenie bezpieczeństwa ruchu kolejowego, obiekty infrastruktury, ocena zagrożenia ruchu, 
metoda procesu hierarchii analitycznej (AHP), współczynnik konkordancji.
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ments to and the rights of the managers (carriers), and the investiga-
tion and registration of traffic accidents.

The aim of this paper is to present a traffic safety risk evaluation 
model developed by the authors with respect to various objects of the 
railway infrastructure, based on qualitative (expert) evaluation.In the 
considered risk management model, it is suggested to assess the dam-
age made by railway traffic accidents, based on the criteria presented 
in the Lithuanian law on railway traffic safety.

The study of Japanese scientists [17] was conducted to evaluate 
the effect of potential risk factors – such as driving without a license, 
alcohol use, speed, seat belt, and helmet – use on fatality in motor ve-
hicle traffic accidents. Human factors play an important role in the oc-
currence of railway traffic accidents too. They embrace the violation 
of traffic rules, ignorance of road signs and signals by train operators, 
their dazzling, tiredness, intoxication, etc. [6, 7, 15, 18].However, 
traffic safety specialists emphasize that technical factors, including 
the provision of fencing, pedestrian and cattle crossings, lighting and 
signs, visibility, etc., can also increase traffic safety [2, 8, 21].

The application of multicriteria methods, especially,the AHP 
method, largely depends on calculation of the criteria weights, based 
on expert evaluation [13, 14]. The results obtained can be used for 
practical purposes if expert judgments are in good agreement [5].The 
latter may be determined by the concordance coefficient obtained by 
ranking the available alternatives. The paper considers a possibility 
to apply the concordance coefficient in the cases, when expert evalu-
ation is not based on ranking. The calculations reveal the dependence 
of the agreement of expert estimates on a particular method used. The 
highest degree of agreement has been obtained by using the direct 
ranking method. The effect of equally assessed criteria, i.e. the tied 
ranks, on the concordance coefficient and thereby on the level of ex-
pert judgments’ agreement is usually insignificant and cannot change 
the results of rating.

For the reasons discussed above in the presented survey, the 
AHP method was chosen by the authors. It was applied to the analy-
sis of transport sector, particularly, to the assessment of Lithuanian 
railway traffic risk. In the railway line environment, these groups of 
criteria(factors) were evaluated:

theintensity of railway and road traffic.1) 
the degree of line traffic control (controllable, semi-automatic  2) 
and fully automatic);
ambient conditions (rain, snow, darkness, fog, etc.);3) 
other.4) 

The infrastructure of Lithuanian Railways embraces the main 
lines of 2000 km of length, more than 500 level crossings (located at a 
distance of 4.2 km from each other), tens of railway stations, bridges, 
viaducts, several locomotive maintenance depots and one tunnel.In 
the present paper, all objects of the railway’s infrastructure are clearly 
defined, the comprehensive data referring to them is presented and 
major criteria describing railway traffic safety are determined. The 
significance of these criteria is also determined, based on expert 
evaluation, and they are ranked according to this parameter. After 
evaluation of factors influence weight on the analysed railway line 
accident level, the urgent measures of increasing the traffic safety on 
infrastructure object can be ranked. The authors of the present paper 
offered the developed model for evaluating safety risk with respect 
to the objects of Lithuanian railway infrastructure. This model was 
applied on two Lithuanian Railways real lines situated on the main 
transport corridor (the IXB trans-European corridor) to investigate the 
level of traffic risk and recommend vital means to improve the situa-
tion on these lines. Suggested estimation process, based on worldwide 
scientifically grounded methods [3, 5, 7, 9, 11, 16], could be also used 
for assessing and managing traffic safety on the railways infrastruc-
ture objects of various country.

2. railway infrastructure and identification of risk objects

The operator of Lithuanian railway infrastructure is the 
State Company “Lithuanian Railways” (the original name – AB 
“lietuvosgeležinkeliai”), which manages and regulates the traffic in 
the railway entire network. The railway sidings are private. Railway 
traffic is controlled by the State Inspection of Railways subordinate to 
the Ministry of Transport. 

The investigation and assessment of traffic safety risks associated 
with railway infrastructure were performed in three stages:

The initial stage, which includes the collection (registration) 1. 
of data on the objects of railway infrastructure and their sys-
temizing, identification of threats, which may result in traffic 
accidents, expert evaluation of possible damage, the collection 
of data on the risks associated with the infrastructure objects 
and determination of the significance of risk factors.
Railway traffic risk analysis, when the risk level of an object 2. 
or a set of objects, chosen based on particular criteria, taking 
into account the registered risk factors of the considered object 
or set of objects, is considered.
Traffic risk management, which embraces the selection of the 3. 
required or recommended measures, aimed at reducing risks 
and associated with a particular object or a set of objects, se-
lected based on particular factors.

At the initial stage of analysis, the data on the objects of Lithua-
nian Railway infrastructure presenting risk to traffic safety are col-
lected. The risks presented by the following objects of railway infra-
structure to railway traffic safety are considered and assessed by the 
evaluation model:

rolling stocks; 1) 
rails and automatic switches;2) 
railway buildings; 3) 
level crossings;4) 
signalling systems and automatic devices;5) 
railway stations and terminals. 6) 

The main objective ofrailway traffic safety risk evaluation is a 
basic railway infrastructurecomponent – the railway line. The railway 
network of the state consists of railway lines, which make the primary 
chain of the automatic and signalling system of traffic management.

Traffic safety on the railway line depends on the general factors 
as follows:

type of the railway line (single/doubletrack);1) 
availability of automatic train traffic control devices;2) 
the conditions of track repair performance, with the traffic 3) 
stopped or active;
operational (actual average) speed of the trains;4) 
actual number of pairs of trains, running along the railway line 5) 
per day;
the type of the traffic block-system (automatic or semi-auto-6) 
matic system);
type of the railway line (crossing – or not – any settlements);7) 
the distance to the closest residential building;8) 
type of the railway line (passing – or not – any stations);9) 
fencing of the railway line;10) 
the number of level crossings;11) 
visibility of level crossings in both directions;12) 
level crossing lighting (present or not present);13) 
the number of automatic switches on the railway line;14) 
the number of bridges;15) 
the number of animal crossings;16) 
the number of viaducts and overpasses;17) 
the number of viaducts over water;18) 
a description of the track largest grade (slope) of the railway 19) 
line;
the smallest radius and length of a horizontal curve;20) 
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geometric errors of the gauge;21) 
the highest superelevation of the rails.22) 

The survey of experts’opinion (specialists in railway traffic safety 
and train maintenance) allowed the authors to determine the main risk 
factors for railway line traffic as follows:

single-track or double-track railway;1) 
geometric errors in the railway track gauge;2) 
the number of pairs of trains per day;3) 
type and number of level crossings;4) 
category of level crossing (intensity of road and train traffic);5) 
availability of automatic control devices of train traffic;6) 
the largest track grade and the track smallest horizontal curve.7) 

3. identification of traffic accident threats on railways

The analysis of the data on railway traffic safety risks allowed the 
authors to identify the main threats as follows:

the collision of trains;1) 
train derailment;2) 
the collision of rolling stock;3) 
the derailment of rolling stock;4) 
the collision of rolling stock and road vehicles at level cross-5) 
ings;
running of rolling stock vehicles over the people at level cross-6) 
ings;
the collision of rolling stock and some foreign bodies at level 7) 
crossings;
the collision of rolling stock and people in the area of the rail-8) 
way and its equipment (buildings);
the collision of rolling stock and the objects of railway infra-9) 
structure;
the collision of rolling stock and other objects;10) 
fire in the rolling stock;11) 
signal passing at danger(SPAD)12) 
breakage of the rolling stock wheels;13) 
breakage of the rolling stock wheel-sets;14) 
spontaneous uncoupling of automatic train carriage coupling;15) 
rail breakage;16) 
geometric gauge damage;17) 
signalling error (erroneous train route design);18) 
breakages in signalling, communication, contact systems and 19) 
power equipment;
faults in other engineering equipment.20) 

The threats to railway traffic are constantly revised during the op-
eration of trains and infrastructure objects. Threats are identified by 
performing the following actions:

Investigating railway traffic accidents. It should be determined 1. 
if the accident was caused by violation of a law regulating rail-
way traffic safety.
The investigator of railway safety risks, having found the 2. 
cause of the traffic accident, should check if this cause had 
already been registered as the risk factor in the traffic safety 
evaluation model.

To determine railway traffic safety risks, the potential threat harm 
(damage) should be determined (Rheinberger et al 2009, Shibata et al 
1994). It is found, taking into account the factors given below:

Human safety.1. 
Direct and indirect financial losses:2. 

due to infrastructure damage;a) 
due to damage to the rolling stock;b) 
due to the harm to the environment;c) 
due to train delay.d) 

To perform the analysis of railway traffic safety risks, based on 
the suggested model and taking into account railway infrastructure 
objects, the following expert information is required:

Types of objects.1. 
Threats typical of a particular object.2. 
Factors, increasing the weight of threat criteria.3. 
Relative values of factors, increasing the weight of threat cri-4. 
teria.
Factors, decreasing weight of threat criteria (control measures 5. 
are offered).
The level of damage caused by the realized threat.6. 

3.1. The determination of the railway infrastructure objects risk 
model

The application of the created model was demonstrated by consid-
ering two railway lines, representing Lithuanian Railways infrastruc-
ture. Their brief description is given below.

The first considered Lithuanian railway line is „Livintai – 
Gaižiūnai“:

railway type – a single-track railway; 1) 
railway track gauge – 1520 mm;2) 
distance – 12 km;3) 
automatic block system;4) 
type of signalling – interlocking system;5) 
communication system – analogue, digital; 6) 
railway traffic intensity – 63 pairs of trains per day;7) 
allowable speed on the railway line for freight/ passenger 8) 
trains – 90/120 km/h;
the number of level crossings – 1unit;9) 
the type of level crossings – 1 unregulated level crossing (10) the 
3rd category level);
road traffic intensity at the level crossing – 12 vehicles/day;11) 
the number of switches on the railway line (without railway 12) 
station switches) – no switches;
the smallest radius of the road curve on the railway line – 833 m;13) 
the largest track on the railway line –  7,9 ‰.14) 

the second considered lithuanian railway line “kaišiadorys-
Pravieniškės”:

railway type – a double-track railway; 1) 
railway track gauge – 1520 mm;2) 
distance – 16 km;3) 
automatic block system;4) 
type of signalling – interlocking system;5) 
communication system – analogue, digital; 6) 
railway traffic intensity – 43 pairs of trains per day;7) 
allowable speed on the railway line for freight/ passenger 8) 
trains:
even route – 80/120 km/h; 9) 
odd route – 90/120 km/h.10) 
the number of level crossings – 1 unit;11) 
the type of level crossings – 1 unregulated level crossing (the 12) 
3rd category level);
road traffic intensity at the level crossing – 1533 vehicles/day;13) 
the number of switches on the railway line (without railway 14) 
station switches) – no switches;
the smallest radius of the road curve on the railway line:15) 

even route – 850 m;a) 
odd route – 1373m.b) 
the largest track on the railway line:c) 
even route – 5.8%o;d) 
odd route – 5.5‰.e) 

NoTE. The 3rd category is (51–100) trains and (251–700) vehi-
cles per day according Lithuanian classification of level crossings.
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3.2. Threats considered in the risk management model

Three threats common for the railway linewere chosen to reveal 
the operation of the risk estimation model:

Human injury (T1).1) 
Derailment (T2).2) 
The collision of rolling stock (T3).3) 

For each of these 3 threats, the factors, increasing theweight of 
criteria, were identified below in the text.

The first threat T1.The factors, increasing the weight of the threat 
“Human injury” criteria:

T1F1 High allowable train speed (more than 100 km/h);1) 
T1F2 Intense railway traffic (more than 50 pairs of trains per 2) 
day on a double-track and more than 24 pairs of trains on a 
single-track railway);
T1F3 The railway in the state of track repair (with traffic 3) 
stopped);
T1F4 The railway in the state of track repair (with traffic ac-4) 
tive);
T1F5 Regulated level crossing with low intensity road traffic 5) 
(up to 500 vehicles per day);
T1F6 Unregulated level crossing with low intensity road traf-6) 
fic (up to 500 vehicles per day);
T1F7 Regulated level crossing with high intensity road traffic 7) 
(more than 500 vehicles per day);
T1F8 Unregulated level crossing with high intensity road traf-8) 
fic (more than 500 vehicles per day).

The second threat T2. The factors, increasing realization weight of 
the threat “Derailment”criteria:

T2F1 High allowable maximum speed (more than 100 km/h);1) 
T2F2 Intense railway traffic (more than 50 pairs of trains per 2) 
day on a double-track and more than 24 pairs of trains on a 
single-track railway);
T2F3 The railway in the state of track repair (with traffic ac-3) 
tive);
T2F4 Passing a switch (switches);4) 
T2F5 Railway curves of small radius (up to 700m);5) 
T2F6 Railway track grade (a large grade of more than 8 ‰ and 6) 
length of more than 2 km);
T2F7 Irregular straight railway track gauge (lower than 1517 7) 
mm or higher than 1525 mm);
T2F8 No automatic railway traffic regulating devices (on the 8) 
passed railway line);
T2F9 The ambient temperature (minus 309) °C and lower or plus 
30°C and higher).

The third threat T3.The factors, increasing the realization weight of 
the threat „Collision of rolling stock“ criteria:

T3F1 The use of automatic block system on the railway line;1) 
T3F2 The railway in the state of track repair with traffic 2) 
stopped, when an even train is allowed to run on the odd track 
or vice versa;
T3F3 A single-track railway;3) 
T3F4 The use of a parallel gauge (European and wide track 4) 
gauges) on the railway line;
T3F5 High allowable maximum speed (more than 100 km/h);5) 
T3F6 Intense railway traffic (more than 50 pairs of trains per 6) 
day on a double-track and more than 24 pairs of trains on a 
single-track railway);
T3F7 Passing a switch (switches);7) 
T3F8 No automatic railway traffic regulating devices (on the 8) 
railway line).

4. evaluating the factors, which increasing weight the 
threat criteria, by using the aHP method

Ranking is not the only method of comparing various objects. Ex-
perts may evaluate the objects (or the factors describing them) in the 
units of measurement of a particular scale, as well as in percent, or 
in any system of points.They may also determine the values of the 
criterion weights by the method of pairwise comparison. In this case, 
the sum of the criterion weights should be equal to one. If we wish to 
apply the concordance coefficient W for establishing the level of con-
sistency of experts’ judgements, any assessment of the objects should 
be transformed into ranking. This is not difficult to do because any 
method shows the significance of the objects as well.

 For quantitative evaluation of the weights (significance) of 
the criteriadescribing the objects, the AHP (Analytic Hierarchy Proc-
ess) pairwise comparison method was applied by Saaty [14] and later 
widely used by many other scientists [5, 19]. Experts compare all es-
timated factors (criteria) in pairs.  

 The pairwise comparison matrix is:
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jia
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where m – the number of compared factors (criteria).
T. Saaty devised a consistency test to distinguish the consistent 

comparisons (with acceptable deviations) from the inconsistent com-
parison (with unacceptable deviations). The consistency test involves 
the use of a “consistency ratio”: C.R.=(λmax−n)/(n−1)/R.i., where 
R.I. is a random index whose value depends on RI is presented in the 
tables (Saaty 1980). If the value C.R.⩾0.1, the decision maker has to 
redo the pairwise comparison matrix.

An example of determining the values of the weights of threat 
criteria,using the above-mentioned T. Saaty method and the filled in 
questionnaire of pairwise comparison of criteria obtained from the 
experts, is shown in Table 1, in Table 3 and in Table 5.

Applying the T. Saaty’s AHP pairwise comparison method, the 
level of consistency of judgements is determined for each expert. In 
this case, the level of consistency of judgements of a group of experts 
based on the concordance coefficient was determined by calculating 
theT. Saaty weights of the criteria and ranking them according to the 
decrease of theweights. The method enables us to determine the level 
of judgements’ consistency for an expert. The consistency of 20 ex-
perts’ judgements was acceptable because the concordance coefficient 
was less than 0.1.

Evaluating the criteria (factors), increasing weight ofthreatcriteria, 
the method of pairwise comparison was used. Performing risk analysis 
of traffic on Lithuanian Railways, aquestionnaire survey of 12 experts 
of railway traffic control and management and 4 staff members (deci-
sion-makers) of the State Company “Lithuanian Railways” was made. 
Respondents had to compare the criteria determining the weight (sig-
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nificance) of the criteria at the particular hierarchical level neither with 
respect to a higher hierarchical level nor to non-structural criteria. Two 
questionnaires with inconsistent evaluation data were rejected. During 
the analysis, the factors, increasing the weight of each threat criteria, 
were compared with each other against the 9-point scale.

when the data elicited from experts were processed and the consist-
ency of experts’ judgements was validated by methods presented in the 

papers of Sivilevičius et al (2010), the comparison matrices and values 
of the threat increasing factors were obtained in this research work.

4.1. risk threat “Human injury”

The values of comparison matrix’s factors, increasing the weight 
of the Threat “Human injury”, are presented in Table 1.

Table 1. The comparison matrix of the factors, increasing the threat “Human injury” (threat T1)

factors increasing threat realization
values of comparable coefficients

T1f1 T1f2 T1f3 T1f4 T1f5 T1f6 T1f7 T1f8

t1f1. High allowable maximum speed (more 
than 100 km/h) 1 1/2 1/3 1/6 1/3 1/5 1/4 1/8

t1f2. Intense railway traffic (more than 50 pairs 
of trains per day on a double-track and more 
than 24 pairs of trains on a single-track railway)

2 1 1/2 1/5 1/2 1/4 1/3 1/6

t1f3. The railway in the state of track repair 
(with traffic stopped) 3 2 1 1/6 2 1/2 5 1/4

t1f4. The railway in the state of track repair 
(with traffic active) 6 5 6 1 4 2 4 1

t1f5. regulated level crossing with low inten-
sity road traffic of up to 500 vehicles per day 3 2 1/2 1/4 1 1/4 1/2 1/8

t1f6. unregulated level crossing with low in-
tensity road traffic of up to 500 vehicles per day 5 4 2 1/2 4 1 1/2 1/5

t1f7. regulated level crossing with high inten-
sity road traffic of more than 500 vehicles per 
day

4 3 1/5 1/4 2 2 1 1/3

t1f8. unregulated level crossing with high 
intensity road traffic more than 500 vehicles 
per day

8 6 4 1 8 5 3 1

Table 2. The weight values of the factors, increasing the threat “Humaninjury” (threat T1)

Threat increasing factors Weight value

 t1f1.High allowable maximum speed (more than 100 km/h) 0.021

t1f2.Intense railway traffic (more than 50 pairs of trains per day on a double-track  
and more than 24 pairs of trains on a single-track railway) 0.047

t1f3.The railway line in the state of track repair (with train traffic stopped) 0.077

t1f4.The railway line in the state of track repair (with train traffic active) 0.311

t1f5.regulated level crossing with low intensity road traffic of up to 500 vehicles per day 0.033

t1f6.unregulated level crossing with low intensity road traffic of up to 500 vehicles per day 0.101

t1f7.regulated level crossing with high intensity road traffic of more than 500 vehicles per day 0.064

t1f8.unregulated level crossing with high intensity road traffic of more than 500 vehicles per day 0.345

Table 3. The weight values of the factors, increasing the threat “Derailment” (threat T2)

Threat increasing factors Weight value

t2f1. High allowable maximum speed (more than 100 km/h) 0.031

t2f2. Intense train traffic (more than 50 pairs of trains per day on a double-track and more than 24 pairs of trains on a 
single-track railway) 0.026

t2f3. The railway line in the state of track repair (with train traffic active) 0.220

t2f4. Passing a switch (switches) 0.120

t2f5. railway track curves of small radius (up to 700m) 0.112

t2f6. railway track grade (a large grade of more than 8 %o and length of more than 2 km) 0.029

t2f7.Irregular straight railway track gauge (lower than 1517 mm or higher than 1525 mm) 0.346

t2f8. no automatic railway traffic regulating devices (on the passed railway line) 0.068

T2F9. The ambient temperature (minus 30°C and lower or plus 30°C and higher) 0.047
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Based on the data of the comparison matrix, presented in Table 
1, and the validation of consistency of the compared coefficients, the 
weight values of the factors describing the threat “Human injury”are 
given in Table 2.

As was gained according AHP analyses, the threat factors T1F4 
and T1F8 are the most determining factors of weight of threat T1 “Hu-
man injury” criteria.

4.2. risk threat “Derailment”

The values of comparison matrix’s factors, increasing the weight 
of the threat „Derailment“ criteria, were estimated. Based on the com-
parison matrix of the coefficients, given and the validation of the pre-

sented data, the values of the factors, increasing the weight the threat 
“Derailment” criteria, are obtained. They are presented in Table 3.

As is seen in Table 3, the threat factors T2F3 and T2F7 are the 
most determining factors of the weight of the threat T2 “Derailment” 
criteria.

4.3. risk threat „Collision of rolling stock“

The values of comparison matrix’s factors, increasing the weight 
of the threat “Collision of rolling stock” criteria, were estimated by 
realization of comparison matrix. Based on solved comparison matrix 
of the coefficientsand the validation of the presented data, the values 

Table 4. The weight values of the factors, increasing the threat “Collision of rolling stock” (threat T3)

Threat increasing factors Weight value

t3f1. The use of automatic block system on the railway line 0.079

t3f2. The railway in the state of track repair (with train traffic stopped, when an even train is allowed to run on the odd 
track, or vice versa); 0.224

t3f3. a single-track railway 0.184

t3f4. The use of a parallel gauge (european and wide track gauges) on the railway line 0.239

t3f5.High allowable maximum speed (more than 100 km/h) 0.037

t3f6. Intense railway traffic (more than 50 pairs of trains per day on a double-track and more than 24 pairs of trains on a 
single-track railway) 0.076

t3f7. Passing a switch (switches) 0.113

t3f8. no automatic train traffic regulating devices (on the passed railway line) 0.048

Table 5. The assessment of the weight of the threat “Collision of rolling stock” criteria on the railway lines

Threat increasing factor weight 
of criteria

Infrastructure line (section)

“livintai–
gaižiūnai“

“kaišiadorys–
Pravieniškės“

“kaišiadorys- 
Pravieniškės“(railway 

under track repair)

T3F1. The use of automatic block system on the railway line 0.079 0.079 0,079 0.079

T3F2. The railway in the state of track repair (with traffic 
stopped, when an even train is allowed to run on the odd 
track or vice versa);

0.224 - - 0.224

T3F3. a single-track railway 0.184 0.184 - -

T3F4. The use of a parallel gauge (european and wide track 
gauges) on the railway line 0.239 - - -

T3F5. High allowable maximum speed (more than 100 km/h) 0.037 0.037 0.037 0.037

T3F6. Intense train traffic (more than 50 pairs of trains per 
day on a double-track and more than 24 pairs of trains on a 
single-track railway)

0.076 0.076 - -

T3F7. Passing a switch (switches) 0.113 - - -

T3F8. no automatic railway traffic regulating devices (on the 
passed railway line) 0.048 0.048 - -

The numerical value of threat weight of criteria 1.0 0.424 0.116 0.340

Threat realization weight of criteria - Medium Low Medium

Table 6. Assessment of the threat “Collision of rolling-stock” risk level

name 
railway line

“Livintai–gaižiūnai” “Kaišiadorys–
Pravieniškės”

“Kaišiadorys–Pravieniškės”
(railway under track repair)

Threat medium low medium

Damage High High High

risk High medium High
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of the factors, increasing the weight of the threat “Collision of rolling 
stock”, are obtained. They are presented in Table 4.

As is seen in Table 4, the threat factors T3F2 and T3F4 are the 
most determining factors of the weight of the threat T3 “Collision of 
rolling stock” criteria.

4.4. risk assessment of the threat “Collision of rolling stock” 
in real lines of Lithuanian railways

The results of the weight of the threat “Collision of rolling 
stock”criteria obtained for the considered infrastructure objects (rail-
way lines) are presented in Table 5.

By calculating traffic risk level of the particular threats on the 
particular railway lines, the total risk of an object can be assessed. The 
comparative analysis of the risk level on the railway lines “Livintai-
Gaižiūnai”and

“kaišiadorys-Pravieniškės” (not during the track repair) is pre-
sented Table 7.

Finally, as is seen in Table 7, the risk of the threat “Derailment” 
has the low level on both analysed railway lines. 

7. Discussion &conclusions

The authors developed the model of railway traffic risk manage-
ment, focussing on the objects of railway infrastructure. This model 
may be used by railway managers for improving traffic safety strat-
egy, establishing the priority of the required (urgent) measures and 
their correction.

The suggested railway traffic risk management model provides 
the information about the particular factors causing traffic risks and 
allows an identification of the areas or objects to be improved for vital 

railway traffic safety.The suggested model enables for ranking basic 
railway infrastructure objects such as railway lines, according to their 
riskiness to traffic safety, and helps to determine the “weakest points“ 
and to plan the organizational measures, required for eliminating the 
threats.First, all infrastructure objects, presenting considerable risk to 
railway traffic according to the results obtained by using the created 
model, were ranked. Then, the level of risk at all infrastructure objects 
was reduced to the “medium” and, finally, to “low” level.

The analysis of the threat “Human injury“ has shown that the fac-
tor T1F8, associated with unregulated level crossing with high inten-
sity road traffic up to 500 vehicles per day and found on the estimated 
railway line highly increases the weight of the considered threat re-
alization criteria. The elimination of this factor would allow traffic 
accident threat to be reduced to the “low” level, thereby decreasing 
the risk of the threat “Human injury” to the “low”. The threat fac-
tors T2F3 and T2F7 are the most influential factors of the threat T2 
“Derailment” criteria.The analysis of the threat “Collision of rolling 
stock” injury“ has shown that the factors T3F2 and T3F4 are the most 
determining,

Respondents of 16 questionnaires had to compare the criteria de-
termining the weight (significant) of the traffic safety criteria. The 
largest eigenvalue λmax, C.I. (consistency index) and C.R. (consist-
ency ratio) were calculated to ensure the sufficient reliability of pre-
sented traffic risk assessment.Limitations of applying this suggested 
model are to asses only the objects of entire railway infrastructure 
with identically the same signalling, automation and traffic manage-
ment systems. The comprehensive (complex) traffic risk evaluation 
index of railway infrastructure object should be created for the future 
improvement the applicability of traffic risk management model. 

Table 7. Comparison of traffic risk levels of two Lithuanian railway lines

risk of threat „Human injury“
railway line

“Livintai–gaižiūnai” “Kaišiadorys–Pravieniškės”

risk of the threat „Human injury” low medium

risk of the threat „Derailment“ low low

risk of the threat „collision of rolling stock“ High medium

Total risk (determined based on the highest risk level) High medium

references

1. Cacciabue PC. Human error risk management methodology for safety audit of a large railway organisation. Applied Ergonomics 2005; 36 
(6): 709–718.

2. Chang H. Ju L. Effect of consecutive driving on accident risk: a comparison between passenger and freight train driving. Accident Analysis 
and Prevention 2008; 40 (6): 1844–1849.

3. Davey J, wallace A, Stenson N, Freeman J. The experiences and perceptions of heavy vehicle drivers and train drivers of dangers at railway 
level crossings. Accident Analysis and Prevention 2008; 40 (3): 1217–1222.

4. lama a, Smirnovs j, Naudžuns j. Road traffic safety in the Baltic States. the Baltic journal of Road and Bridge Engineering 2006; 1 (1): 
63–68. DoI:http://www.bjrbe.vgtu.lt/volumes/pdf/Volume1_Number1_08.pdf

5. Lin H. An application of fuzzy AHP for evaluating course website quality. Computers Education 2010; 54 (4): 877–888.
6. Lobb B. Trespassing on the tracks: a review of railway pedestrian safety research. Journal of Safety Research 2006; 37 (4): 359–365.
7. McCollister GM, Pflaum a. a model to predict the probability of highway rail crossing accident. in Proc. of the institution of Mechanical 

Engineering. Part F – Journal of Rail and Rapid Transit 2007; 221 (3): 321–329. 
8. Olejnik k. Critical analysis of the current traffic regulations concerning visibility from the position of a vehicle driver. Quarterly Motor 

Transport distributed by Motor Transport Institute, warsaw, Poland 2003; 2: 69–80.
9. Podofillini l, Zio E, Vatn j. Risk-informed optimisation of railway tracks inspection and maintenance procedures. Reliability Engineering & 

System Safety 2006; 91 (1): 20–35.
10. Review of Network Rail’s All Level Crossing Risk Model (ALCRM). Project Leader: Dr Shane Turner. RSU/08/16 2008; 84.
11. Rheinberger CM, Bründl M, Rhyner j. Dealing with the white death: avalanche risk management for traffic routes. Risk analysis: an Official 

Publication of The Society For Risk Analysis 2009; 29 (1): 76–94. 
12. RSSB. Learning from operational Experience. Annual Report 2011/2012. London 2012: 69.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013 383

sciENcE aNd tEchNology

13. Saaty tl. Decision-making with the aHP: Why is the principaleigenvector necessary? European journal of Operational Research 2003; 
145(1): 85–91. 

14. Saaty TL. The analytic hierarchy process, McGraw-Hill, New york 1980.
15. Savage i. Does public education improve rail-highway crossing safety? accident analysis and Prevention 2006; 38(2): 310–316. 
16. Shedden P, Scheepers R, Smith w, Ahmad A. Incorporating a knowledge perspective into security risk assessments. VINE: The Journal of 

Information& Knowledge Management Systems 2011; 41(2): 152–166.
17. Shibata a, Fukuda k. Risk factors of fatality in motor vehicle traffic accidents. accident analysis & Prevention 1994; 26(3): 391–397.
18. Silla A, Kallberg V-P. The development of railway safety in Finland. Accident Analysis and Prevention 2012; 45: 737–744. 
19. Sivilevičius H, Maskeliūnaitė l. the criteria for identifying the quality of passengers’ transportation by railway and their ranking using aHP 

method. Transport 2010; 25(4): 368–381.
20. Szybka J, Broniec z, Pilch R. Forecasting the failure of a thermal pipeline on the basis of risk assessment and exploitation analysis. Esploatacja 

i Niezawodnosc – Maintenance and Reliability 2011; 4: 5–10.
21. Tey LS, Ferreira L, wallace A. Measuring driver responses at railway level crossings. Accident Analysis and Prevention 2011; 43: 2134–2141.

gintautas bureikA, ph.d., d.sc., Assoc. prof.
lionginas liudvinAvičius, ph.d.
gediminas vAičiūnAs, ph.d., d.sc., Assoc. prof.
railway Transport Department 
Vilnius gediminas Technical university
J. basavičiaus str. 28, 03224 Vilnius, lithuania
e-mails: gintautas.bureika@vgtu.lt, lionginas.liudvinavičius@vgtu.lt
gediminas.vaiciunas@vgtu.lt

giedrius bekintis, m.sc.
uab “synergy consulting”, ltd
saltoniškių g.9, lT-08105, Vilnius, lithuania
info@synergy.lt



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013384

article citation info:

1. introduction

The high degree of the world’s dependency on energy related with 
the expected future depletion of the worldwide petroleum reserves has 
led to big efforts in search for alternative energy sources such as nucle-
ar, geothermal, biomass source etc. Alcohols, biomass based fuels, ei-
ther single or blended with conventional petroleum based fuels are the 
most important alternative fuels for internal combustion engines [1].

Ecological environment and pollution is one of many problems 
solved in vehicles production that cause the rice of ecological require-
ments. Now we have standard Euro V [16]. The previous detailed in-
vestigations [7, 10] demonstrate than regulation of fuel supply system 
is not simple according to exhaust emission parameters like Co, HC, 
and o2, and the air-fuel ratio is not homologous to these parameters. 
The outer characteristics, power and torque of internal combustion en-
gines, are associated with ecological requirements by decreasing their 
limit values, because we cannot adjust performance of the fuel sup-
ply system to optimal characteristics when ecological requirements 
should be satisfied. Ecological requirements create special difficulties 
when solving the problem of alternative fuels using in internal com-

bustion engines. The analysis of environment pollution is very com-
plicated, because many factors have an influence on exhaust emission 
contents [14]. 

The Problem of energy resources is the theme considered with 
growing attention every year on a world scale. Crisis shaking econ-
omy of the whole planet motivates to deal with the issue of energy 
resources much deeper. Vehicle manufacturers are more often talking 
about alternative energy resources and alternative cars: electro-mo-
biles, bio-fuel-driven engines, hydrogen internal combustion aggre-
gates. The greatest vehicle manufacturers invest hundreds of millions 
into the investigation of a hydrogen engine. Specialists make predic-
tions that hydrogen is almost an inexhaustible resource, without any 
pollution of environment; just we need to improve hydrogen extrac-
tion ways [9 – 11].

Efficiency of an internal combustion engine is improved by fuel 
enrichment with hydrogen. This is achieved by hydrogen injection 
into fuel mixture in the intake manifold [4, 8].

with hydrogen used as an additive for traditional fuels, charac-
teristics of an internal combustion engine become higher, i.e. engine 
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combustion engines on exhaust emission. eksploatacja i niezawodnosc – maintenance and reliability 2013; 15 (4): 384–389.
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investigAtion of the influence of hydrogen 
used in internAl combustion engines on eXhAust emission

bAdAnie wpływu wodoru stosowAnego  
w silnikAch spAlinowych nA emisję spAlin

This article deals with the possibility to use hydrogen in gasoline and diesel engines. Hydrogen production in a vehicle and hy-
drogen generators mounted in a vehicle are overviewed. Under operation of the hydrogen generator electrical current changes 
with temperature, to stabilize current the current pulse generator is used. Modifications of an intake manifold were made in order 
to supply hydrogen to an engine. For this purpose a special universal plate to evenly mix the hydrogen with fuel mix was made 
designed. The experimental and rig tests were performed. The rig tests were carried out at constant 2200 rpm. It was found that 
smokiness, in both cases decreases with an additional deployment of hydrogen. Other indicators of the exhaust gas using the hy-
drogen in case of the rig tests are worse. A possible cause of negative influence is an excessive amount of hydrogen, which releases 
at 25 A current.

Keywords: hydrogen, fuel, exhaust gas, energetic.

Przedstawiony artykuł dotyczymożliwości wykorzystania wodoru w silnikach benzynowych i wysokoprężnych. Omówiono wytwa-
rzanie wodoru w pojeździe oraz w generatorach wodoru zamontowanych w pojeździe.W trakcie funkcjonowania generatorawo-
doru prąd elektryczny zmienia się wraz z temperaturą; w celu stabilizacji prądu stosuje się generator impulsów prądowych. Aby 
dostarczyć wodór do silnika dokonano modyfikacji kolektora dolotowego. Do tego celu zaprojektowano specjalną uniwersalną 
płytę do równomiernego mieszania wodoru z mieszanką paliwową.Przeprowadzono próby eksperymentalne i próby na stanowisku 
badawczym. Próby na stanowisku badawczym prowadzono przy stałej prędkości obrotowej 2200 rpm. Stwierdzono, że zadymienie 
w obu przypadkach zmniejsza się wraz z dodatkowym wykorzystaniem wodoru. Inne wskaźniki spalin przy wykorzystaniu wodoru 
w przypadku badań na stanowisku badawczym wypadają mniej korzystnie. Możliwą przyczyną tego negatywnego oddziaływania 
jest nadmierna ilość wodoru, który uwalnia się w obecności prądu o wartości 25 A.

Słowa kluczowe: wodór, paliwo, spaliny, energetyczny.
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power increases, fuel consumption and concentration of dangerous 
additives in exhaust decrease.

2. Hydrogen extraction and use in vehicles

During water electrolysis chemically-asso-
ciated elements dissociate as electric current 
flows along them.  

when water is subject to electrolysis

       2 22 2 2H O s H d O d( ) ( ) ( )→ +          (1)

electric current flows through water, which dis-
sociates into oxygen and hydrogen gas. oxygen 
emits at anode and hydrogen emits at cathode 
on electrolysis element Fig. 1 [2]. 

      H O H O e2 2 1 2 2 2→ + + + −/        (2)

       2 2 2H e H+ −+ →                (3)

To conduct these reactions under normal 
conditions required potential difference be-
tween anode and cathode is equal to 1,229 V. 
During the process all 100% of electric power 
is not converted into chemical energy of hydro-
gen. Energy loss appears so as ions transmitting 
electricity have heate water [4].

A hydrogen generator is used to produce hydrogen in a car Fig. 2. 
The Generator is filled with distilled water. Required amount of the 
water is refilled from a reservoir. Electrolysis reaction goes in a hy-
drogen generator. Electrodes obtain electrical charge from a battery in 
a car. To achieve more efficient hydrogen emission calcium hydroxide 
powder is added into the distilled water. Emitted hydrogen by pipe 
goes to the engines intake manifold. Then it mixed with air gets into 
cylinders of the engine. Fuel mixture enriched with hydrogen burns 
out faster and more evenly. The engine runs more silently and evenly, 
gas going out from the silencer is almost scentless and there is detect-
able a little dampness [7, 13].

Faraday’s law is applied to evaluate efficiency of the hydrogen 

generator of the system and following to that law it is possible to 
calculate the volume of hydrogen emitted [4].

 V R I T t
F p zH gen2

=
⋅ ⋅ ⋅
⋅ ⋅

 (4)

where R – universal gas constant (R=8,31J/mol K); I – current strength; 
T – ambient temperature; t – time; F – Faraday’s constant (F=96485 
C/mol); p – ambient pressure; z – amount of electrons, flowing along 
circuit to form one molecule: z(H2) = 2, z(O2) = 4.

Calculation of a hydrogen generator showed that with 25 A cur-
rent hydrogen gas extractions is 1.88 l per minute. From one liter of 
water 1860 liters of hydrogen are extracted. Power of the hydrogen 
generator at the voltage of 13.8 V and the current of 25 A is equal to 
345 w. Vehicle engine losses are 0.34 kw.

3. influence of hydrogen used in iCe on fuel consump-
tion and exhaust emission

In order to evaluate exhaust emission of an internal combustion 
engine an investigation has been performed. we chose for experiments 
popular three vehicles with gasoline internal combustion engines and 
three vehicles with diesel internal combustion engines in Lithuania. 
The working capacities of these engines are from 1500 to 2200 cm3 
and the power from 60 to 89 kw (Table 1). 

A hydrogen generator (model R130V12, H2 - 130 l/h) is mounted 
in engine compartment. It has to meet safety requirements. If the en-
gine does not run, the generator does not have to switch. A hydrogen 
generator is connected through relay.

Generator exciting voltage of winding is used to relay connection, 
so as voltage in it appears only when the engine is running, thus until 
an engine does not run, hydrogen generator does not work, as well, 
Fig.3. 

In order to avoid overheating of hydrogen generator, thermo-relay 
is mounted within it, which disconnects exciting voltage of switching 
relay, until hydrogen generator gets cool.

   

 

 

Connecting bridge 

   Electrolyte 

Positive 
charge 

Negative 
charge 

Fig. 1. Principal scheme of water electrolysis [3] 

Fig. 2. Scheme of hydrogen generator 

Table 1. Technical data of tested engines

row.
nr.

engine
name

Fuel
type

year of 
manufac-

ture

Power,
kw

working 
capacity, 

cm3

1 Type 1 gasoline 1986 89 2000

2 Type 2 gasoline 1985 66 1800

3 Type 3 gasoline 1987 63 1500

4 Type 4 Diesel 1995 70 2200

5 Type 5 Diesel 1997 60 1700

6 Type 6 Diesel 1998 81 1900
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For mixture of hydrogen the air intake system was modified. For 
this purpose the universal plate was constructed. This helped to mix 
hydrogen with the intake air (Fig.4).

It is noted that under operation of the hydrogen generator, it is 
practically impossible to maintain constant current, and the electro-
lyte starts to heat up. In case of cold electrolyte the current is too low, 
and under operation of the hydrogen generator, it grows too much. To 
solve the problem the current pulse generator was used (CPG). The 
installed universal plate is shown in Fig. 5.

The principle of CPG operation are often cut offs of the circuit 
what is characterized by frequency (Hz), that is, how many times per 
second the circuit was cut off. This allows more efficient use of the car 

power. It is also possible to get varying amount of exhaust gas with 
changing capacity, which depends on the current.

For measuring of exhaust gases, the engine diagnostic stands 
CoRGHI GAS 810 +Nox and BEA 460 which belongs to Transport En-
gineering Department of Kaunas University of Technology was chosen.

Fig. 6 shows the content of vehicle gasoline hydrocarbons (HC) 
at different engine modes. Fig. 6 shows that at low engine speeds the 
exhaust gas hydrocarbon content is more than at the higher speed. In 
addition, after the filing of hydrogen, the hydrocarbon content in the 
exhaust gases is reduced.

one of possible reasons is the oxidation of hydrocarbons. During 
explosion the flame spreads at high speed, so fuel burns better. The 
petrol engine working at low revolutions emits more hydrocarbons 
into environment than at higher revolutions. Reduction of hydrocar-
bon emission is observed when the fuel burns with hydrogen. By in-
creasing the engine speed, the difference decreases and at maximum 
revolutions the hydrogen addition does not affect the exhaust gas 
composition. 

with increasing revolutions the valve opening time is shorter, and 
at the same time, the amount of air entering the cylinder is lower, 
which results in worse fuel combustion. Hydrogen feeding promotes 
better combustion of the mixture up to 3500 rpm. The best effect is the 
appearance at lower and medium engine speeds. 

Fig. 7 shows emissions of carbon dioxide (Co2) at different en-
gine modes. Fig. 7 shows that the amount of Co2 in the exhaust gas 

Fig.3. Electrical scheme of connection a hydrogen generator into circuit

Fig.4. Universal plate

Fig. 6. Hydrocarbons of gasoline and gasoline with hydrogen: 1 – Type 3 
gasoline; 2 – Type 1; gasoline; 3 – Type 2 gasoline; 4 – Type 1 (gaso-
line+ H2); 5 – Type 3 (gasoline+H2); 6 – Type 2 (gasoline+H2)

Fig. 7. Carbon dioxide of gasoline and gasoline with hydrogen: 1 – Type 3 
gasoline; 2 – Type 1 gasoline; 3 – Type 2 gasoline; 4 – Type 1 (gaso-
line+ H2); 5 – Type 3 (gasoline+H2); 6 – Type 2 (gasoline+H2)

Fig.5. The installed universal plate: 1 – intake manifold; 2 – constructed 
plate;3 – box of air filter 
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increases as the engine speeds. Co2 exhaust reduction is observed af-
ter the filing of additional hydrogen.

Fig. 8 shows emissions of carbon monoxide (Co) at different en-
gine modes. In Fig. 8 it is shown that the maximum amount of Co in 
the exhaust gas is at lower engine speed.

Co is formed at high combustion temperatures and oxygen defi-
ciency. Therefore, the fuel is oxidized not to the end. Co is reduced 
by about 14% when the fuel is burning along with the hydrogen. Dur-
ing engines operation at high revolutions hydrogen does not have any 
effect on the exhaust gas composition. Speeds decrease with increas-
ing Co content. In case of further hydrogen the amount of Co in the 
exhaust gases further reduces.

Soot formation process in the local fuel oversaturated areas is 
during hydrocarbon pyrolysis, where according to the complex mul-
ti-level mechanism the fuel molecules break down and decompose. 
Smokiness of the diesel engines is more dependent on the chemical 
composition of the fuel, i.e. amount of aromatic hydrocarbons and the 
fuel ketene number, diffusion processes taking place in the chamber, 
complicated mechanism of the formation of soot particles and their 
combustion rate.  

Fig. 9 shows the soot content of diesel vehicles with different en-
gine speeds. The graph 9 shows that the soot content increases with 
engine speeds. The maximum amount of soot emissions is at the max-
imum engines speed. In case of addition of hydrogen, carbon black 
is reduced. The effect is due to the hydrogen, the fuel burns better, 
therefore, there is less emissions of soot.

Fig. 10 shows Nox of the diesel vehicles, at different engine 
speeds. The graph 10 shows that the minimum amount of Nox in the 
exhaust gases is at low engine speeds. with increasing engine speeds 
Nox increases, but at the speeds higher than 3000 rpm Nox stabilizes. 
Lower combustion temperature results in less Nox.
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Fig. 8. Carbon monoxide of gasoline and gasoline with hydrogen: 1 – Type 3 
gasoline; 2 – Type 1 gasoline; 3 – Type 2 gasoline; 4 – Type 1 (gaso-
line+ H2); 5 – Type 3 (gasoline+H2); 6 – Type 2 (gasoline+H2)

Fig.9. The soot content of diesel vehicles at different engine speeds: 1 – Type 
4 diesel; 2 – Type 5 diesel; 3 – Type 6 diesel; 4 – Type 4 (diesel+ H2); 
5– Type 5 (diesel+H2); 6 – Type 6 (diesel+H2)

when the intake valve opens, low pressure area, formed in the cyl-
inder, is quickly filled with the air of atmospheric pressure. This com-
pressed air binds to the fuel hydrocarbons (HC) and provides a basis for 
combustion, pushing the piston and creating the engine power. 

During compression the piston begins to rise, the molecules of 
air and fuel due to their mutual friction heat up. Absorbing heat the 
molecules expand.

with the further going up of the piston, pressure in the cylinder 
continues to increase, so the friction between the molecules is also 
increasing, leading to the further increase in temperature, and further 
expanding of the molecules.

Absorbing heat, molecules of hydrocarbon break down into hy-
drogen and carbon, and oxygen molecules (o2) decompose into two 
separate oxygen atoms. when the fuel is ignited one atom of the oxy-
gen oxidizes (combines with them) two hydrogen atoms and creates 
water and two oxygen atoms with one carbon atom create carbon di-
oxide. with increasing oxidation, the newly formed water and carbon 
dioxide creates an additional pressure, which the engine turns into 
useful power that allows rotating crankshaft to drive a car. while the 
combustion chamber temperature remains below 2300 degrees Fahr-
enheit, nitrogen molecules remain inert, this means that they do not 
split into separate nitrogen atoms and do not bind to other gases. How-
ever, reaching 2300 degrees nitrogen molecules decompose and bind 
to oxygen to form Nox compounds. Concentration of Nox is less at 
lower engine’s revolutions. with engine speed greater than 3000 rpm 
addition of hydrogen has much lower effect on Nox formation.

one of the possible reasons is that the gas volume generated by 
hydrogen generator is too low when the engine is running at the speed 
higher than 3000 rpm. 

To realize the analysis of impact of hydrogen gas on the diesel en-
gine rig tests were carried out in the laboratory of Internal combustion 
engines of Automobile transport department of Vilnius Gediminas 
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Fig.10. NOx of the diesel vehicles at different engine speeds: 1 – Type 4 die-
sel; 2 – Type 5 diesel; 3 – Type 6 diesel; 4 – Type 4 (diesel+ H2); 
5 – Type 5 (diesel+H2); 6 – Type 6 (diesel+H2)

Fig. 11. Rig test structure: 1 – internal combustion diesel engine; 2 – dy-
namometer load КИ 5543; 3 – power takeoff; 4 – HD 2304,0 Pressure 
Meter; 5 – exhaust manifold; 6 – turbo-compressor; 7 – intake mani-
fold; 8 – smoke meter AVL DiCom 465; 9 – gas analyzer AVL DiCom 
4000; 10 – fuel tank; 11 – scale for diesel consumption; 12 – battery; 
13 – hydrogen generator.
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Technical University (VGTU), using four-strokes diesel engine 1.9 
TDI 66 kw, dynamometer load KI-5543, gas analyser AVL DiCom 
4000, smoke meter AVL DiCom 465 and electronic scale SK-5000 to 
measure fuel consumption (Fig. 11).

Tests with both diesel and additional hydrogen were carried out 
three times. From the results obtained averages were derived and de-
pendencies plotted.

Measurements were performed at the constant speed 2200 rpm, 
with variable load (40, 80 and 110 Nm). Fuel consumption with the 
additional hydrogen is slightly higher and at the load of 110 Nm both 
with diesel fuel and the additional deployment of hydrogen it does 
not change.

one of the reasons of the fuel consumption increase is possibly re-
quired the additional energy to go electrolysis in the hydrogen genera-
tor. The cause of the possible negative affect is an excessive amount 
of hydrogen, which is released at 25 A current. At higher currents the 
hydrogen generator is more heated, and the intensity of the heat caus-
es an additional water steam. Therefore, it is appropriate to establish a 
suitable electric current, at which reduction in fuel consumption is to 

be derived. with additional use of hydrogen the smokiness decreases 
from 5% to 20% throughout the entire load mode (Fig. 12).

Nox amount increases with load. Nox amount at low and medium 
loads, with additional use of hydrogen increases by 2–5%. At the load 
higher than 80 Nm, Nox amount varies slightly. one of the possible 
causes is the increasing Nox emissions due to the increased combus-
tion temperatures Fig. 13. At the load higher than 80 Nm the hydrogen 
does not affect the amount of Nox.

4. Conclusion

Having the results of investigation, the following was concluded:
The investigation established that the hydrogen addition to tra-1. 
ditional fuels did not have significant impact on fuel consump-
tion – at certain engine operating modes the fuel consumption 
with hydrogen additive increases.
Co is formed at high temperature, and oxygen deficiency. 2. 
Therefore, the fuel is oxidized not completely. Co is reduced 
to 20% when the fuel combusts along with the hydrogen, Co 
reduction is due to the fact that there is no carbon in the sup-
plied hydrogen-oxygen mixture. Hydrocarbon (CxHy) exposed 
in the atmosphere to the sunlight reacts with nitrogen oxides to 
form the main component of smog, ozone o3. The introduc-
tion of hydrogen promotes better combustion of the mixture in 
the wider range of revolutions. Therefore, fewer hydrocarbons 
(42%) are discharged into the environment and probability 
less ozone is formed.
No3. x reacting with water forms nitric acid. At the sunlight Nox 
reacts with other active components of atmosphere, common-
ly with hydrocarbons, and as the result of complex reactions 
photochemical oxidants (including ozone) are formed. These 
highly unstable combinations damage plants and irritate hu-
man respiratory and vision organs. It is important to reduce 
amount of Nox in the exhaust gas. Mixing of the combustible 
mixture with the hydrogen reduces combustion temperature; 
therefore, environmental pollution is less (to 28%).
with applying the hydrogen Co4. 2 reduces by 1–5%. Co2 
amount in the atmosphere causes so called „greenhouse ef-
fect“, therefore it is very important to reduce its amount. 
The results of rig tests performed vary from the road test ones. 5. 
In case of road testing it is difficult to define the human factor, 
which is to be regarded as the main decisive factor causing the 
difference between the results obtained.
The results show that the hydrogen gas in an internal com-6. 
bustion engine in different engine operating ranges result in 
positive energy and environmental performance, therefore, it is 
appropriate to continue the research, finding the optimal adjust-
able engine parameters and amount of hydrogen gas provided.

Fig. 13. NOx of the diesel vehicles at different engine speeds (2200 rpm): 1 – 
diesel; 2 – diesel+H2

Fig.12. The soot content of diesel vehicles at different engine speeds (2200 
rpm): 1 – diesel; 2 – diesel+ H2
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AnAlysis of A grAin motion in the trAnsfer AreA of the belt conveyor

AnAlizA ruchu ziArnA w przestrzeni przesypowej 
przenośnikA tAśmowego*

Transfer chutes are critical areas within conveyor transfer systems in terms of maintenance and high levels of energy consumption.  
Appropriate chute design allows material stream to be uniformly fed on the receiving conveyor with a desired stable tangential 
speed. This reduces the motion resistances and belt wear. Any construction work associated with a transfer chute should be pre-
ceded by a thorough analysis of the stream trajectory. The simplest case is to consider the motion of a single grain. The article 
presents an analysis of grain motion in a parallel chute and a methodology of calculating the impact angle and tangential speed 
of the grain at the point of contact with the receiving conveyor belt. Based on calculations made on developed model it was deter-
mined which of the basic input parameters have the most significant impact on the changes of observed output parameters.

Keywords: maintenance of belt conveyors, transfer stations, grain motion analysis.

Przenośnikowe węzły przesypowe są miejscami newralgicznymi z punktu widzenia eksploatacji jak również energochłonności 
systemów transportowych. Odpowiednie ukształtowanie konstrukcji przesypu, pozwala na podawanie strugi transportowanego 
urobku na przenośnik odbierający w sposób równomierny, stabilny i z pożądaną prędkością styczną. Dzięki temu zmniejszane są 
opory ruchu w przesypie, jak również zużycie taśmy. Prace konstrukcyjne związane z zabudową przesypu, powinny być poprzedzo-
ne gruntowną analizą trajektorii ruchu strugi. Najprostszym przypadkiem do rozpatrzenia jest ruch pojedynczego ziarna. W arty-
kule przedstawiono analizę ruchu ziarna w przesypie równoległym oraz metodykę obliczeń kątów padania jak również prędkości 
stycznych ziarna w miejscu jego upadku na taśmę przenośnika odbierającego. Na podstawie obliczeń modelowych określono, 
które z podstawowych parametrów przesypu mają najistotniejszy wpływ na zmiany obserwowanych wielkości.

Słowa kluczowe: eksploatacja przenośników taśmowych, przesypy, analiza ruchu materiału.

1. introduction

Conveyor transport systems are based mainly on conveyor belts, 
which are basic and universal means of transport of particulate mate-
rials. The structure of such systems can vary and usually consists of 
a few or several conveyors connected together with so called trans-
fer chutes, where the transported material is directed from the feed 
conveyor onto the receiving one. These are usually critical places a 
source of dust and rapid energy transformations and require special 
attention from the designer, because a poorly designed chute may be 
the cause of costly failures and downtime. If a material stream is not 
fed tangentially from the feed conveyor to the receiving conveyor at 
a speed equal to the speed of the belt, there is a further increases of 
resistances and power consumption in the transfer point. In case of 
feeding a material stream with capacity Q [t/h] perpendicular to the 
receiving conveyor belt with the speed v [m/s], the resistance value 
is [1, 5, 10]: 

 
3,6z
Q vW ⋅

=   [N] (1)

and the loss of power due to energy transformations

 
2

3,6z z
Q vN W v ⋅

= ⋅ =  [w] (2)

For example, for capacity Q1-3 = 1000-3000-5000 [t/h] and belt speed 
v=1÷6 [m/s] results are shown at fig. 1.

From these data, it appears that the additional resistance and 
power dissipation for a single transfer chute can be significant, and 
it increases proportionally with a growing number of transfer chutes. 

Fig. 1a. A graph of Wz(v)

a)
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In order to reduce the energy consumption of conveyor transport sys-
tems there is a need to look for better solutions of transfer chutes 
based on the analysis of construction and operation of previously used 
ones. 

In this paper, the construction of typical transfer chutes is present-
ed and analysis of the effect of geometrical and kinematic parameters 
of the chute on the grain motion and impact on the receiving conveyor 
belt was performed. These parameters have a significant influence on 
additional resistance, lost power and wear of the chute components 
as well as the belt life, so proper values are essential for the rational 
design of transfer points.

2. Construction of transfer chutes in conveyor transport 
systems

Conventional transfer chute design is relatively simple (figures 
2–5). Fundamentally, standard steel sections and plates are used with 
additional removable linings made   of other materials which acts as 
protection against wear. The correct combination and configuration 
of the above, as well as their geometric configuration and selection 
of construction materials determines the functionality of the solution. 
The transfer stations are also often equipped with various types of 
devices for measurement and control of the flow of material.

General scheme of a typical transfer station area is shown on Fig-
ure 2. It can be divided into the following four characteristic zones [9].

Head chuteA.  – space surrounding the front drum of a feed con-
veyor;  at this point the separation of the material from the belt 
occurs and, depending on the design, free flight of a certain tra-
jectory or capturing the material stream by chute components 
(such as impact plates).
Free flight area – B. an area in which the material falls freely, 
without contact with the elements of the chute; if the stream 
is dispersed, depending on how it was captured in zone A, a 
significant amount of air gets into it, which in turn leads to the 
formation and emission of dust.
Loading chuteC.  – the area where the material is getting in con-
tact with the receiving conveyor belt; there may be elements of 
the lower intercept (chutes, slides), or is loaded directly to belt 
(within the hopper).
Stream formationD.  – in this area loaded material stream is being 
formed to its final shape/cross section; it is very often equipped 
with de-deusting devices. The movement of material during 

loading is usually turbulent and in this area should be stabi-
lized.

Depending on the requirements determined by the process and 
the properties of transported materials, structures of transfer chutes 
differs. The simplest classification can be division into transfer points, 
in which the direction of motion of the material stream changes (an-
gle chutes), or remains the same (parallel chutes). Examples of such 
transfers are shown on figure 3. The whole transfer point contains 
many elements and devices, whose job is to direct the stream of trans-
ported material in such a way as to minimize the negative effects that 
occur during handling (additional resistance, increased belt wear, 
noise, etc.).

Depending on the difference in height between the conveyors, and 
their arrangement, various kinds of components are used in aim to 
capture and redirect the stream. The three most commonly used solu-
tions are: impact plate, chutes (straight or curved) and so called “rock 
box”, which are specially shaped pockets being filled by the material 
and after that stream reflects from successive layers of accumulated 

Fig. 1b. Graph of: Nz(v)

b)

b)

Fig 2. General construction of typical transfer chute with indicated charac-
teristic zones [9]

a)

Fig. 3. View of a transfer chutes: a) parallel; b) angeled [7]
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heap. Typical chute structures are based on combinations of these ele-
ments. Terminology for structural elements is very diverse, there are 
many different authors who refer to the same components using dif-
ferent names.

The use of individual solutions is largely determined by physico-
mechanical properties of the material: the size and hardness of solids, 
the degree of abrasiveness, the degree of moisture. Two commonly 
used solutions are transfer points of type impact plate to impact plate 
and impact plate to rock box [8]. In both cases, the stream of material 
is artificially and suddenly disturbed, which can lead to many prob-
lems in maintenance. These systems behaves well in transport of free 
flowing dry materials. Selection criteria are based mainly on two as-
pects: blocking of the chute and wear of its components and receiving 
belt [4]. Recently the new type of construction, composed of curved 
chutes in capturing and loading zones, called Hood-and-Spoon is be-
ginning to be widely used. It exhibits several advantages especially 
when material is sticky and cohesive. However, it is more costly than 
the traditional design and is not so well recognized in practice.

Currently, more attention is paid to energy efficiency in the con-
struction of transport machines and equipment is shown at figure 6. 
Motion of a single grain of diameter a was investigated. The aim was 
to determine the impact of changes in various parameters on the sys-
tem response. In particular, the object of interest were the normal and 
tangential components of the velocity of grain in point of impact on 
the receiving conveyor belt.

Input parameters:
 ν1, ν2 – belt speeds [m/s], 
 β1, β2 – conveyors inclination [deg], 
 ω1, ω2 – angular speeds of head drums [rad/s], 
 H, V  – horizontal and vertical distance from drums  

axis [m], 
 D1, D2 – drums diameters [m], 
 h1, h2 – belt thickness [m], 
 a  – grain diameter [m]. 

where: v Ri i i= ⋅ω  and R D
i

i=
2

 for i =1,2. 

Several methods for trajectory calculation exist (Dunlop, Good-
year, CEMa, MHEa, Booth, korzeń). the differences are mainly due 
to the range of physical phenomena included, which are affecting the 
forces acting on the grain. These methods can be divided into three 
categories: analytical, graphical or combined. In each of the methods 
it is needed to determine the point of separation of the grain from the 
feed conveyor belt. The analysis conducted by the authors was based 
on the formulas derived in the standard CEMA (Conveyor Equipment 
Manufacturers [4]). The calculations take into account the effect of 
centrifugal force, but does not take into account the friction and adhe-
sion forces between the belt and the grain. Three cases are considered 
depending on the angle of inclination of the feed conveyor:

β1 0=1.  

If 1.1. v
g r

s
2

1
1

⋅
≥ , grain will separate at the point of contact between 

the belt and head drum. Assuming that the origin is coincident 
with the axis of the drum, the coordinates of the point of sepa-

ration for this case are x0 = 0 and 0 0y = .

If 1.2. v
g r

s
2

1⋅
<1, the grain before separation will traverse a certain 

distance around the head drum until v
g r

s
2

1⋅
= cosγ  , where  is 

the angle between the vertical axis of the drum, and the point 
of separation of the grain. The coordinates of the point of sepa-
ration for this case are x ro = ⋅1 sinγ  and y ro = ⋅1 cosγ  where-

in γ =
⋅

arccos( )v
g r

s
2

1
.

b)

a)

Fig. 4. Angled transfer point with straight and curved chutes (left) and a rock 
box construction (right)

Fig. 5. Schemes of rock box to rock box transfer (left) and impact plate to 
rock box (right) [8] 

Fig. 6. Belt conveyors in parallel configuration
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β1 0>2. 

If 2.1. v
g r

s
2

1
1

⋅
≥ , grain will separate at the point of contact between 

the belt and head drum. Taking into account the inclination of 
the conveyor, the coordinates of the point of separation for this 
case are x ro = − ⋅1 1sin β  and y ro = ⋅1 1cosβ

If 2.2. 
v
g r

s
2

1⋅
 < 1 and , grain may separate at the point of contact 

between the belt and head drum, however, it is likely that it 
will come in contact with the belt again. It is not clearly stated 
how to determine the point of separation. CEMA suggests that 
the grain after contact with the belt will travel some distance 
around the drum, and then the separation occurs (see p. 2.4).

If 2.3. 
2

1
1sv

g r
=

⋅
, the grain will separate at point with coordinates 

0ox =  and 1oy r= . 

If 2.4. 
2

1

sv
g r⋅

< cos β1, the grain remains on the belt and will travel 

some distance around the head drum, to the point in which the 

condition v
g r

s
2

1⋅
< cos γ is satisfied . The model assumes that 

the separation occurs when the v
g r

s
2

1⋅
≥ cosγ , thus separation 

point has coordinates x ro = ⋅1 cosγ  and x ro = ⋅1 1sin β .

β1 0<3. 

If 3.1. 
v
g r

s
2

1⋅
 ≥ cos β1, the grain may separate at the initial point of 

contact between the head drum and belt. This point will have 
coordinates x ro = ⋅1 1sin β  and y ro = ⋅1 1cosβ .

If 3.2. 
2

1

sv
g r⋅

< cos β1, the speed vs is too low for the separation at the 

initial point of contact between the head drum and belt. The 
grain remains on the belt and will travel some distance around 

the head drum, to the point in which the condition v
g r

s
2

1⋅
≥ cosγ

is satisfied.
Speed vs should be calculated taking into account the thickness of 

the belt h1 [4] : v rs = ⋅ω1 1 ; where: 1 1 1r R h a= + + .

After separation of the grain, free flight occurs. Air resistance 
were omitted in the analysis. CEMA method describes the trajectory 
equation in the coordinate system associated with the point of separa-
tion of the grain. From the point of view of positioning components 
responsible for capturing and directing material stream, it was decided 
to put the origin at the center of the head drum of feed conveyor. 
In such coordinate system the equations describing the movement of 
grain are as follows:

 x t x v ts( ) cos= + ⋅ ⋅0 θ  (3)

 y t y v t g t
s( ) sin= + ⋅ ⋅ −

⋅
0

2

2
θ  (4)

where angle θ depending on the inclination angle and speed condi-
tions of the conveyor is equal to β1 or γ.  By removing time from the 
above equations, trajectory of a grain in the xy plane is described:

 y x y x x tg g x x
vs

( ) ( )
cos

= + − ⋅ − ⋅
−
⋅









0 0

0
2

2
θ

θ
 (5)

Belt of the receiving conveyor was treated as perfectly rigid and in-
flexible. With these assumptions, it can be mathematically described 
as a line equation:

 y x tg x b2 2( ) = ⋅ +β  (6)

The value of the parameter b was calculated based on knowledge of 
the point of tangency of the belt and drum

 x V re = − ⋅2 2sin β  (7)

 y r He = ⋅ −2 2cosβ  (8)

where: 2 2r R h= +

Based on equations (6), (7) i (8) was derived:

 r H tg V r b2 2 2 2 2⋅ − = ⋅ − ⋅ +cos ( sin )β β β  (9)

so:

 b r H tg V r= ⋅ − − ⋅ − ⋅2 2 2 2 2cos ( sin )β β β   (10)

Finally, the equation describing the belt is given by:

 y x tg x r H tg V r2 2 2 2 2 2 2( ) cos ( sin )= ⋅ + ⋅ − − ⋅ − ⋅β β β β      (11)

The coordinates of the impact point were calculated by comparing 
to each other right sides of equations (5) and (11)

 2( ) ( )y x y x=  dla x > 0  (12)

 y x x tg g x x
v

tg x b
s

0 0
0

2

22
+ − ⋅ − ⋅

−
⋅









 = ⋅ +( )

cos
θ

θ
β    (13)

arranging the equation (13):

 σ ⋅ + ⋅ + =x C x C2
1 2 0  (14)
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where: 

 σ
θ

=
⋅ ⋅

g
vs2 2 2cos  (15)

 C tg x tg1 2 02= − ⋅ ⋅ −β σ θ  (16)

 C x x tg b y2 0
2

0 0= ⋅ + ⋅ + −σ θ  (17)

Solving the quadratic equation (12) and taking into account that 
searched coordinate x > 0, we obtain:

 ∆ = − ⋅ ⋅C C1
2

24 σ  (18)

 x C
c1

1
2

=
− −

⋅
∆

σ
 (19)

 x C
c2

1
2

=
− +

⋅
∆

σ  (20)

because xc2 > 0 it is substituted in the equation (5):

 y y x x tg g x x
vc c

c

s
= + − ⋅ − ⋅

−
⋅









0 2

2
2

2
( )

cos
θ

θ
 (21)

Thus, the point of impact of the grain at the belt of receiving con-
veyor has the coordinates xc2, yc. In order to determine the angle of 
impact of the grain, derivative of the equation of the trajectory with 
respect to x has to be calculated: 

 
dy
dx

x x tg= − ⋅ ⋅ − +2 0σ θ( )  (22)

Calculating value of the derivative at point x = xc2 we get:

 
dy
dx

x x tg tg
x x

c
c







 = − ⋅ ⋅ − + =
= 2

2 2 0σ θ α( )  (23)

where: α - angle of impact in the global coordinate system
hence:

 α σ θ= − ⋅ ⋅ − +arctg x x tgc[ ( ) ]2 2 0  (24)

Total impact angle is a sum of α  and β2 (rys.7).
In the coordinate system associated with the center of the 

drum of a feed conveyor, velocity components of the grain at the point 
of contact with the belt of receiving conveyor are described by equa-
tions:

 v vx s= ⋅ cosθ  (25)

 
v v gty s c= ⋅ −sinθ 2  (26)

where: 

 
t x

vc
c

s
=

⋅
2

cosθ  (27)

Magnitude of velocity vector is:

 v v vx y= +2 2  (28)

In the analysis, values of the velocity vector in the direction of the 
normal and tangential to the receiving conveyor belt were of inter-
est. Given the inclination angle of the second conveyor, the angle of 
impact of the grain and its velocity components in global coordinate 
system at the moment of impact, values of velocity components nor-
mal and tangent to the receiving belt were calculated from:

 v vn = ⋅ +sin( )α β2  (29)

 v vt = ⋅ +cos( )α β2  (30)

4. Sensitivity analysis of the model

System was analyzed in terms of the influence of selected param-
eters on the value of the tangential velocity at the moment of impact 
of the grain on receiving conveyor belt. Following input parameters 
were chosen: inclination angels β1, β2, feed conveyor speed v1 and 
horizontal distance H. Each of the factors was analyzed on two levels 
and results are shown on figures 8 and 9.

Fig. 7. Angle of impact of the grain on the belt of receiving conveyor

Table 1. The values of chosen transfer chute parameters

Parameter min (-1) max (+1)

v1 [m/s] 1 3

β1 [deg] −15 15

β2 [deg] −15 15

H [m] 1 4
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The results showed that the predominant effects on the tangential 
velocity of grain at the point of its impact on the receiving conveyor 
belt are inclination of the second conveyor β2 and the feed conveyor 
speed v1.

5. examples of calculations

Based on the obtained in section 3 relationships, series of calcula-
tions were carried out. Speed and impact angle of the grain were de-

termined for a selected range of parameter values β β1 2 1, , ,v H  . other 

model input parameters were constant. Sample results are shown in 
the figures 10–13.
Based on the results of calculations, conclusions on the desired con-
figuration of conveyors to achieve favorable conditions for stream 
loading may be obtained.

Fig. 8. Mean change in tangential velocity vt depending on v1 and β2

Fig. 12. Tangential velocity at the point of contact depending on v1 and β2 for 
a constant value of β1= 0°

Fig. 9. Mean change in tangential velocity vt depending on β1 and H

Fig. 13. Tangential velocity at the point of contact depending on v1 and β2 for 
a constant value of β1= 5°

Fig. 10. Angle of impact of a grain depending on v1 and β2 for a constant value 
of β1= 0°

Fig. 11. Angle of impact of a grain depending on v1 and β2 for a constant 
value of β1= 5°



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013396

sciENcE aNd tEchNology

references

1. antoniak j. Systemy transportu przenośnikami taśmowymi w górnictwie. Wydawnictwo Politechniki śląskiej, Gliwice 2005.
2. Czuba W, kulinowski P. Numeryczne obliczenia oporów załadunku urobku na taśmę przenośnik z wykorzystaniem metody elementów 

dyskretnych. transport Przemysłowy i Maszyny Robocze 2011; 2 (12): 5–10.
3. Cyganiuk ja. Modelowanie przepływów strumieni materiałów ziarnistych na łukowych płytach odbojowych. transport Przemysłowy i 

Maszyny Robocze 2011; 4 (14): 36–40.
4. Conveyor Equipment Manufacturers Association. Belt Conveyors for Bulk Materials. 5th ed. 2002.
5. Gładysiewicz l. Przenośniki taśmowe. teoria i obliczenia. Oficyna Wydawnicza Politechniki Wrocławskiej 2003.
6. Huque ST. Analytical and Numerical Investigations into Belt Conveyor Transfers. Engineering. University of wollongong 2004.
7. Kessler F, Prenner M. DEM – Simulation of Conveyor Transfer Chutes. FME Transactions 2009; 37 (4): 185–192.
8. Maton AE. Transfer Station Design – Developments in the Iron ore Industry. Bulk Solid Handling 2007; 27 (2): 94–100.
9. Swinderman R. Todd PE, Marti AD, Goldbeck LJ, Marshall D, Strebel MG. Foundations The Practical Resource for Cleaner, Safer, More 

Productive Dust & Material Control. Engineering. 4th ed. Neponset, Illinois, U.S.A.: Martin Engineering Company.
10. żur t, Hardygóra M. Przenośniki taśmowe w górnictwie. Wydawnictwo „śląsk” katowice 1979.

wojciech czubA, m.sc. (eng.)
kazimierz furmAnik, ph.d., d.sc. (eng.), Assoc. prof.
Department of mining, Dressing and Transport machines
Faculty of mechanical engineering and robotics
agH university of science and Technology in cracow
al. a. mickiewicza 30, 30-059 cracow, Poland
e-mails: wczuba@agh.edu.pl, fukaz@agh.edu.pl

6. Summary

In order to improve the efficiency of conveyor transport systems, 
components and conveyor assemblies are constantly being improved 
in terms of their adaptation to the growing transport requirements and 
a multi-action tasks are taken to reduce their energy intensity by reduc-
ing the resistance to motion. Transfer stations are one of the key areas 
of conveyor transport systems which adds considerable resistance and 
loss of power and a potential source of failure and increased wear of 

belts. optimization of chute construction is an actual and important 
problem to solve. Parameters obtained from the theoretical analysis 
of the grain motion can be useful in shaping the design elements for 
eliminating or reducing their defects. Knowledge of the trajectory of 
the material stream allows for/the proper shaping and design of trans-
fer station construction. These issues will be the subject of further 
research and construction design work carried out in this area.
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solid lubricAted beArings performAnce degrAdAtion Assessment: 
A fuzzy self-orgAnizing mAp method

ocenA obniżeniA chArAkterystyk łożysk ze smArem stAłym: 
metodA rozmytych sAmoorgAnizujących się mAp

Solid lubricated bearings are common components in space mechanisms, and their reliability and performance degradation as-
sessment are very crucial. In this study, a fuzzy self-organizing map method is used to perform performance degradation assess-
ment. Feature vectors are constructed by indices of vibration as well as friction torque signal. Self-organizing map is then used to 
perform performance degradation assessment and the subjection of each feature vector to normal cluster on output layer is used 
as degradation indicator. Accelerated life test results show that this method can make effective performance degradation assess-
ment and describe degradation degree in the whole life time.

Keywords: solid lubricated bearings, performance degradation, fuzzy self-organizing map.

Łożyska ze smarem stałym to powszechnie stosowane elementy urządzeń, a ich niezawodność i ocena degradacji charakterystyk 
są bardzo istotne. W przedstawionej pracy wykorzystano metodę rozmytych samoorganizujących się map do oceny obniżenia 
charakterystyk. Wektory cech skonstruowano za pomocą wskaźników wibracji, jak również sygnału momentu tarcia. Następnie 
dokonano oceny obniżenia charakterystyk z wykorzystaniem samoorganizującej się mapy, a za wskaźnik degradacji przyjęto przy-
należność każdego wektora cech do normalnej grupy w warstwie wyjściowej. Wyniki badań przyspieszonych pokazują, że przy 
użyciu omawianej metody można dokonywać skutecznej oceny obniżenia charakterystyk a także opisywać stopień degradacji w 
całym okresie eksploatacji.

Słowa kluczowe: łożyska ze smarem stałym, obniżenie charakterystyk, rozmyta mapa samoorganizująca się.

1. introduction

Solid lubricated bearings are widely used in space mechanisms 
and other appliances, due to their characteristics of negligible vapor 
contamination, wide operating temperature and ignorable surface mi-
gration [17, 25]. Their failure might cause severe economic loss, or 
even catastrophic consequences. For this reason, reliability and per-
formance degradation assessment of solid lubricated bearings have 
drawn more and more attention in this research field.

Many studies of failure mechanism and its influencing factors of 
solid lubricated bearings have been carried out. Early in 1980s, sev-
eral researches by simulation methods were reported. These studies 
mainly focused on the tribological performance of solid lubricated 
bearings, including impact factors of wear rate [2, 6], influence of 
geometry and motion forms on dynamic performance [4, 5]. In 1990s 
and later, more experimental as well as simulation studies were car-
ried out, aiming at investigating the process of particle generation 
[23], relationship between fault mechanism and outer stress and some 
other tribological behaviour [7, 17, 22, 29, 30]. These studies made 
further research on fault mechanism of solid lubricated bearings, as 
well as its relationship with environments and working conditions.

However, for the research of solid lubricated bearings, scholars 
merely concentrate on the fault mechanism analysis, while perform-
ance degradation assessment that can better meet the need to improve 
machine uptime and near-zero breakdown productivity has been 
scarcely studied [11]. Usually performance degradation assessment 
consists of two steps. Firstly, features which can reflect operating 
status should be extracted. And secondly, an assessment needs to be 
generated, describing degradation degree of the system. For solid lu-
bricated bearings, several studies on their performance degradation 

assessment have been performed. Using wear rate as a feature reflect-
ing operating status, Meeks and Bohner studied prediction of bearing 
life by creating semi-empirical wear equations [15]. This assessment 
method is built based on data acquired when failure mode is known. 
However, in actual situation, this is not always the case, which makes 
this method not very practical. Later several experimental researches 
were carried out by NASA and ESA, assessing degradation degree of 
solid lubricated bearings by carefully dismantling and observing [1, 
3, 9, 16]. Assessing methods in these studies may not be appropri-
ate for performance degradation assessment of other solid lubricated 
bearings, because dismantling is not easy to perform. Moreover, these 
methods did not consider working condition and environment factors. 
A comprehensive and effective method which can realize real-time 
monitoring of operating status of solid lubricated bearings is emer-
gently needed.

Signal processing has been extensively used for condition moni-
toring [14]. Based on feature vectors extracted from different kinds of 
signals by relevant signal processing methods, various researches on 
performance degradation assessment have been performed [8, 18–21, 
32, 33]. These researches mainly focused on intelligent assessment 
methods, and self-organizing map (SoM) is one of them. Being a to-
pology-preserving mapping from a high-dimensional input to a lower-
dimensional output space, SoM is a prominent tool for data analysis 
and clustering [13]. Application of SoM in performance degradation 
assessment is mainly based on trajectory method, which observes the 
trajectory of the best matched unit (BMU) for the data of life tests 
[21]. This method can provide the time when a test object goes into 
a certain status, but for each input vector of SoM, only the BMU is 
considered, which makes it not accurate enough. Meanwhile, in this 
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method only the time of status transition can be observed, while deg-
radation degree corresponding to each input vector is not illustrated.

In this study, a performance degradation assessment method for 
solid lubricated bearings based on fuzzy analysis of SoM output layer 
is proposed. Based on analysis of the consuming process of lubrica-
tion film in solid lubricated bearings, certain metrics of vibration and 
friction torque signal of solid lubricated bearings are selected to com-
pose feature vectors. Then the fuzzy SoM which can quantitatively 
illustrate the degradation degree is used to describe the degradation 
process. Accelerated life test of solid lubricated bearings is conducted 
to evaluate the effectiveness of this approach under different working 
stresses.

This paper is organized as follows. In Section 2, consuming proc-
ess of lubrication in solid lubricated bearings is analyzed, and feature 
vectors are composed based on processing of vibration and friction 
torque signal. Basis of SoM is then briefly presented and the pro-
posed fuzzy SoM method is introduced. In Section 3, accelerated life 
test of four groups of solid lubricated bearings is conducted and per-
formance degradation assessment is carried out based on the proposed 
fuzzy SoM method. Conclusions are in Section 4.

2. Technical background and methodology

2.1. Consuming of lubricant film and feature extraction

Different from bearings lubricated with oil or grease, solid lubri-
cated bearings have their particular fault mechanisms. The structure 
of a solid lubricated bearing is shown in Figure 1.

when a solid lubricated bearing is working, no outer oil supply 
system is needed. As a result, solid lubricated bearings are also called 
self-lubricating bearings. In most cases, inner and outer races of solid 
lubricated bearings are coated with lubrication film, and retainer is 
made of lubricating material. Rolling elements are usually made of 
steel or ceramics, which are not lubrication material.

In solid lubricated bearings, lubrication film on inner and outer 
races as well as lubrication material of the retainer plays as lubricants. 
when a solid lubricated bearing is put into use, at first lubrication film 
on inner and outer races plays as lubricant and this part of lubricant 
gradually consumes. Meanwhile, lubrication material of retainer is 
transferred onto inner and outer races by the rotating and spinning of 
rolling elements and plays as complementary lubricant.

Due to different working condition, transfer rate of retainer lu-
bricant can be different, and this will cause different effect on the 
performance degradation process of solid lubricated bearings. If the 
transfer rate is fluctuating within an appropriate range, a solid lubri-
cated bearing might work for a relatively long time, and turns into 
failure after both two parts of lubrication film completely consumes. 
If this rate is small, the consumed lubricant of inner and outer races 
cannot be replenished in time, and a solid lubricated bearing might 
turn into failure in a faster speed. In these two cases, the bearing fails 
due to wear caused by lack of lubricant. This failure mode is called 
‘Failure Mode 1’ in the rest of this paper. 

However, if the transfer rate is big, transferred film will accumu-
late on inner and outer races, and in this case the bearing might not 
work smoothly. Excessive transferring of retainer lubrication material 
will make cage pockets become large and collision of balls on cage 
pockets will be stronger and aggravate the instability of retainer [26]. 
Both the accumulation and the instability will accelerate the degrada-
tion process and eventually cause the bearing to failure. This failure 
mode is called ‘Failure Mode 2’ in the rest of this paper.

As mentioned before, signal processing has been widely used in 
condition monitoring, as different kinds of signals contain large quan-
tity of information of system operating status. For bearings, vibration 
signal has been most commonly used [24]. Compared with bearings 
lubricated with oil or grease, vibration signal of solid lubricated bear-
ings should have its specific characteristics owing to the different 
failure mechanism. when a solid lubricated bearing is running, small 
particles and pits are gradually generated due to the wear of lubricants 
on inner and outer races as well as the transferred film. As the bear-
ing is continuously running, each time a rolling element runs over a 
particle or a pit, an impulse is generated. As the number of particles 
and pits is increasing, more impulses are expected to occur. Therefore, 
impulses in vibration signal can be used as indication of performance 
degradation of solid lubricated bearings.

However, impulses caused by the rolling of rolling elements over 
particles and pits are weak, because the size of particles and pits is 
usually very small. Vibration signal measured by vibration sensor ex-
periences a series of modulation process, and due to inherent deficien-
cy of measuring system, much noise will be inevitably introduced into 
the acquired vibration signal [31]. Hence effective signal processing 
method is required to extract these impulses which are almost entirely 
buried in acquired signal from vibration sensor. Taking the similarity 
of the shape between an actual impulse and the well-known Morlet 
wavelet into account, the adaptive Morlet wavelet filter proposed in 
[12] is used here. RMS, Kurtosis and crest factor of each filtered sig-
nal are selected to construct feature vectors, following the method in 
[8].

Friction torque signal can also reflect the operating status of solid 
lubricated bearings [25]. If there is no liquid lubricant, bearing fric-
tion torque can be largely accounted for by Coulomb friction between 
opposing surfaces [27]. So far no quantitative relationship between 
indices of friction torque signal and performance degradation of sol-
id lubricated bearings has been reported. only in [15], C. R. Meeks  
qualitatively pointed out that transferred film could increase friction 
torque. In this study, RMS, crest factor and variation value of each 
friction torque signal, together with RMS, Kurtosis and crest factor of 
each filtered vibration signal are used to construct feature vectors.

with constructed feature vectors, an efficient performance degra-
dation assessment method is needed. In the following sections, back-
ground of SoM is briefly introduced, and the proposed degradation 
assessment method is given in detail.

2.2. Theoretical background of SoM

The SoM is an artificial neural network developed by Kohonen 
in [10]. It is an unsupervised neural network which just has two layers 
and can organize itself according to the nature of the input training 
data. Basic structure of SoM is shown in Figure 2.

The number of nodes on the input layer equals the dimension of 
each input vector. on the output layer, neurons are connected with 
neighboring neurons and usually form a two dimensional regular lat-
tice hexagonally. Each neuron on the output layer is represented by 
n-dimensional weight, and n also equals the dimension of each input 
vector. Before training, weight of each neuron of the output layer is 
stochasticallly determined. In the training process, this weight is con-
tinuously adjusted at a gradually decreasing rate, and neurons on the 
output layer gradually form into clusters.

Fig. 1. Structure a solid lubricated bearing
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After training, each neuron on the output layer has certain value 
of weight, and for each input vector, a distance of it and each neuron 
on the output layer can be calculated. The neuron with the minimum 
distance is called BMU. If data from normal, degradation and typical 
failure state are used to train the SoM, clusters representing different 
states of solid lubricated bearings would appear on the output layer. 
For a run-to-failure test of solid lubricated bearings, BMUs of ex-
tracted feature vectors at different time of the test should form into a 
trajectory, which can be used to describe the performance degradation 
process of solid lubricated bearings [21].

2.3. fuzzy SoM

In the above trajectory method, for each input vector, the position 
of its BMU on the output layer is used to indicate the corresponding 
status. However, there exists two problems in this method. Firstly, 
in certain cases, the distance between the input vector and its BMU 
might be close to that between it and the neuron with the second 
smallest distance to it. Here this neuron is called the second BMU. If 
the BMU and the second BMU of an input vector do not belong to the 
same cluster, it might not be accurate enough to analyze the status of 
tested bearing just by observing the position of its BMU.

Secondly, dividing output layer into clusters by training result is 
a subjective process, and in certain cases, this subjectivity might lead 
to some problems. Figure 3(a) shows the output layer of a trained 
SoM and here the color of a neuron represents the distance between 
its neighboring neurons, as shown in the corresponding diagram on 
the right of the trained SoM in Figure 3(a). Thus neuron with color 
standing for bigger value can be treated as dividing line. A prelimi-
nary clustering result is shown in Figure 3(b), and it can be seen that 
it is not easy to determine whether the two neurons marked with a 
black square belong to cluster B or C here. In this case, the accuracy 
of trajectory method would be affected.

To solve these two problems, a fuzzy analyzing method based on 
SoM is proposed in this study. Assuming that for certain type of solid 
lubricated bearing, there are typical data of normal state, degradation 
state and failure state. An SoM is trained based on typical data, and 

there are clusters formed on output layer. Here l is used to represent 
the number of clusters on output layer and l can be determined using 
Davies-Boulding clustering index [28]. Normally, there will be one 
cluster corresponding to normal state. Specify normal state as the 1st 

state. For a run-to-failure test of the same type of bearing, a group of 
data is obtained, denoted as x1, x2,…, xm, and m is the number of sam-
pling points. Use n to represent the dimension of input vector.

For each input vector, the distance between it and each neuron in 
each cluster is calculated. Use ( )

,
i

j kd  to represent the distance between 

xi, the ith input vector, and wj,k, the jth neuron in the kth cluster. Here 
i=1,2,…,m, k=1,2,…,l, j=1,2,…,sk, and sk represents the number of 
neurons in the kth cluster. And ( )

,
i

j kd  can be expressed by

 ( )
,,

i
i j kj kd x w= −  (1)

where   means Euclidean norm.

Use Di,k to represent the average distance between the ith input 
vector and each neuron in the kth cluster, as shown in

 ( )
, ,

1

1 ks
i

i k j k
k j

D d
s =

= ∑  (2)

As the normal state has been specified as the 1st state, use (3) to 
define the subjection of the ith input vector to normal state.

 ,1

,1

1

1
i

i l

i kk

D
S

D=

=

∑
 (3)

It can be seen from this derivation process that compared with 
conventional SoM method, the proposed fuzzy SoM method take 
the distance between an input vector and all neurons in all clusters 
into consideration. It uses the objection of an input vector to normal 
state as performance degradation indicator and is intuitionistic. For a 
run-to-failure test of solid lubricated bearings, following the curve of 
the subjection of each feature vector to normal state, the performance 
degradation assessment can be carried out. The method proposed in 
this paper is depicted in Figure 4.

3. experimental results and analysis

3.1. experiment rig

Accelerated life test was conducted to validate the effectiveness 
of the proposed method. Experiment rig is shown in Figure 5. Four 
groups of bearings were tested and Figure 5 only shows two of them. 
Each group had three pairs of bearings and was driven by a DC brush-
less motor. Vibration and friction torque signal for each group were 
obtained by corresponding sensors. 

Before the test, each pair of bearings was preloaded axial loads. 
Vibration and friction torque signal were collected at the sample rate 
of 25.6 kHz and 50 Hz, respectively. Data collection was conducted 
every four hours, i.e. six times a day. Each collection lasted for 4 
seconds. The test lasted for 47 days and at the end of the test, three 
of the four groups of bearings were in failure state. Note that this 
test was performed in nitrogen environment. Parameters and operat-

Fig. 2. Structure of SOM

Fig. 3. A trained SOM and its clustering



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013400

sciENcE aNd tEchNology

ing condition of tested bearings are shown in Table 1 and Table 2, 
respectively.

3.2. results and analysis

Group 4 and Group 3 ended up at the 9th and the 31st day of the 
test, respectively. Group 2 ended up at the 45th day of the test. At the 
end of the test, Group 1 was still working. Dismantling results showed 
that there was large quantity of debris on inner and outer races of 
Group 4. For Group 3 and Group 2, a number of cracks and debris 
on inner and outer races as well as balls were observed. Group 1 was 
also dismantled after test and only small amount of debris and cracks 
were observed on inner and outer races. Combining with the observed 
results of the amplitude of vibration and friction torque signal, it can 
be concluded that Group 4 ended up in ‘Failure Mode 2’ and Group 
3 and Group 2 ended up in ‘Failure Mode 1’. For Group 1, certain 
degrees of performance degradation also took place.

Before the accelerated life test, a life test of the same type of solid 
lubricated bearings had been conducted. In this life test, the number 
of specimen is two, and both of them work under normal condition. 
Vibration and friction torque signal were also obtained. At the end of 
this test, one of the two specimen ended up in ‘Failure Mode 1’ and 
the other one ended up in ‘Failure Mode 2’. Data acquired in this life 
test at typical status, i.e. normal, degradation and faiure, are used to 
train an SoM and the trained SoM is then used to conduct the per-
formance degradation assessment of solid lubricated bearings in the 
accelerated life test.

As mentioned above, for every time of signal acquisition, both in 
the previous life test and the accelerated life test, vibration signal is 
propossed by adaptive Morlet wavelet filter. Then RMS, crest factor 
and kurtosis of the filtered vibration signal as well as RMS, crest fac-
tor and vatiation value of friction torque signal are calculated and used 
to construct feature vectors. These obtained vectors act as the input of 
SoM. Input dimension of SoM here is six. Number of neurons on the 
output layer and the ratio of side lengths are automatically determined 
by the SoM toolbox.

In final assessment of performance degradation of the four tested 
groups of bearings, trajectory method and the proposed fuzzy SoM 
method are adopted and results come out from these two methods are 
compared with each other. The SoM toolbox developed by Helsinki 
University of Technology is used. Firstly, SoM is trained by speci-
fied data, which consist of five groups, i.e. normal data, degradation 
and fault data of ‘Failure Mode 1’, and degradation and fault data of 
‘Failure Mode 2’, respectively. These five groups are later labeled as 
‘N’, ‘D1’, ‘F1’, ‘D2’ and ‘F2’ in SoM, respectively.

U-matrix of the trained SoM is shown in Figure 6(a). A prelimi-
nary clustering is made, judging by the color difference, and the result 
is also illustrated in Figure 6(a), and it can be seen that there are three 
clusters, marked with ‘1’, ‘2’ and ‘3’ , respectively. Figure 6(b) shows 
the Davies-Boulding clustering index curve. on this curve three gets 
minimum value, which shows that three is the optimal number of 
clusters. The labeled map is shown in Figure 6(c). It can be seen that 
cluster ‘1’ corresponds to normal state, cluster ‘2’ corresponds to deg-
radation state and cluster ‘3’ corresponds to failure state. Though in 
cluster ‘3’, ‘Failure Mode 1’ and ‘Failure Mode 2’ can be further clas-
sified, here they are treated as the same cluster as we only consider the 
degradation degree, not specified failure mode.

Degradation trajectory of the four groups of tested bearings is 
shown in Figure 7. For Groups 1, 2 and 3, each point stands for the 
status in two days. For Group 4, each point represents the status in one 
day. It can be seen that Group 1 moves from normal state to degrada-
tion state at the 29th day. Group 2 moves from normal state to degra-
dation state at the 25th day, then to failure state at the 43rd day. Group 
3 moves from normal state to degradation state at the 13rd day, then 
to failure state at the 29th day. Group 4 moves from normal state to 
degradation state at the 3rd day, then to failure state at the 9th day. For 
Group 2, 3 and 4, time falling into failure state is broadly in line with 
judgments of test operators. However, degradation degree in degrada-

Fig. 4. The proposed performance degradation assessment method

Table 1.  Parameters of tested bearings

Inner diam-
eter (mm)

outer diam-
eter (mm) width (mm) ball number ball diam-

eter (mm)

7 22 7 7 4.0

Fig. 5. Accelerated life test of solid lubricated bearings

Table 2. Operation condition of tested bearings

group number rotation Veloc-
ity (rpm) axial load (n) Temperature 

(°C)

1 1500 20 20

2 1000 30 20

3 1500 30 20

4 1000 50 20
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tion state, corresponding to Cluster 2 in Figure 6(a) cannot be seen 
with trajectory method.

Then, with the method proposed in Section 2.3, performance deg-
radation assessment of four tested groups is carried out, and the result 
is shown in Figure 8. 0.5 is selected as failure state threshold. Failure 
date of Group 2, 3 and 4 judged by trajectory method and fuzzy SoM 
method, as well as actual test result is compared in Table 3.

It can be seen that failure time of the four tested groups by fuzzy 
SoM method is in full accordance with test results. Moreover, be-
fore failure, degradation degree of the four groups of bearings can be 
clearly seen. In reality, this can give operators more time to conduct 
maintenance or replacement.

4. Conclusion

In this study, a new method for performance degradation assess-
ment of solid lubricated bearings is proposed. After feature extrac-
tion based on vibration as well as friction torque signal, a fuzzy SoM 
is used to make performance degradation assessment. After training 
SoM with typical data, clusters are formed on output layer, and the 
subjection of an input vector to the cluster corresponding to normal 
state is used as performance degradation indicator. Accelerated life 
test results show that this method can give the time of transition to 
failure state as well as describe the degradation degree in the whole 
lifetime. Future studies should focus on the effect of training data 
selection on clustering forming of trained SoM and its accuracy of 
performance degradation assessment.

Fig. 6. Trained SOM with typical data (a) U-matrix and clustering, (b) Dav-
ies-Boulding clustering index curve, (c) Labeled map

Fig. 8. Degradation curve of test bearings (a) Group 1, (b) Group 2, (c) Group 
3, (d) Group 4

Table 3. Results comparison

group number actual Failure 
Date

Failure Date 
by Trajectory 

method

Failure date 
by Fuzzy som 

method

2 45 43 45

3 31 29 31

4 9 9 9

Fig. 7. Degradation trajectory of tested bearings (a) Group 1, (b) Group 2, (c) 
Group 3, (d) Group 4
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fAult tree AnAlysis of trAin reAr-end collision Accident  
considering common cAuse fAilure

AnAlizA drzewA uszkodzeń dlA kolizji tylnej części skłAdu pociągu 
z uwzględnieniem uszkodzeniA 

spowodowAnego wspólną przyczyną
Along with the development of modern design technology and the increasing complication of modern engineering systems, compo-
nent dependency has become a universal phenomenon during the failure analysis of systems. Ignoring the dependency among the 
failure behaviors of system components may lead to a huge error or even yield faulty results. In this paper, three types of models 
and two kinds of modeling methods are introduced for solving the common cause failure issues. The fault tree model of the train 
rear-end collision accident has been proposed based on the explicit modeling method. The probability of occurrence of the train 
rear-end collision accident is calculated using the square root model. The result shows that common cause failure has significant 
influences on the system reliability.

Keywords: common cause failure, train rear-end collision accident, fault tree analysis.

Wraz z rozwojem nowoczesnych technologii projektowania i rosnącej komplikacji nowoczesnych systemów inżynierskich, zależność 
między komponentami stała się zjawiskiem powszechnym w analizie uszkodzeń systemów. Ignorowanie zależności między zachow-
aniami uszkodzeniowymi komponentów systemu może doprowadzić do ogromnego błędu, a nawet dać całkowicie błędne wyniki. 
W niniejszej pracy, przedstawiono trzy typy modeli i dwa rodzaje metod modelowania służących do rozwiązywania typowych prob-
lemów związanych z uszkodzeniami spowodowanymi wspólną przyczyną. Zaproponowano model drzewa uszkodzeń dla kolizji 
tylnej części składu pociągu w oparciu o metodę modelowania bezpośredniego. Prawdopodobieństwo wystąpienia kolizji tylnej 
części składu pociągu obliczono przy użyciu modelu pierwiastka kwadratowego. Wynik pokazuje, że uszkodzenie spowodowane 
wspólną przyczyną ma znaczący wpływ na niezawodność systemu.

Słowa kluczowe: uszkodzenie spowodowane wspólną przyczyną, kolizjatylnej części składu pociągu, analiza drzewa uszkodzeń.

1. introduction
Along with the increasing complexity and redundancy of modern 

engineering systems, the issue of independent failure of components is 
dwindling while the dependent failure is becoming more pronounced. 
In engineering, the dependency is a general characteristic of system 
failures. Implementing the quantitative analysis of fault tree under the 
assumption of independence between basic events as well as ignoring 
the relationships between them generally leads to a huge uncertainty 
or even lead to erroneous results. 

Common cause failures (CCFs) have been an important issue in 
reliability analysis for several decades, especially when dealing with 
complex systems, as CCFs often dominate random hardware fail-
ures. Systems affected by CCFs are systems in which two or more 
events have the potential of occurring due to the same cause. Since 
the 1970s, different approaches have been used to describe the CCFs, 
such as a β-factor model [6], basic parameter (BP) model [19], the 
multiple Greek letter (MGL) model [7], α-factor model [13], and 
square-root model [8]. However, the issues on CCFs are still the focus 
of much research and there does not exist a general consensus as to 
which method is more suitable for dealing with CCFs. Several case 
studies in control system, complex computer system, and transmis-

sion system have been investigated using these models in [4, 9, 10, 
21–23, 26]. For the analysis of rear-end crashes, Das et al. [5] applied 
the genetic programming modeling approach in safety research for 
crash count and severity classification, which provides independence 
for model development without restrictions on the distribution of data. 
Milho et al. [12] proposed and validated a multi-body dynamics based 
procedure for the design of energy absorbing structures and train col-
lision scenarios. In this methodology, the moving components of a 
vehicle are described as sets of rigid bodies, with their relative motion 
constrained by kinematic joints. In recent years, the Federal Railroad 
Administration has been conducting research on passenger rail equip-
ment crash worthiness to develop technical information [14, 18]. The 
passenger rail equipment crash worthiness research is focused on the 
development of structural crash worthiness and interior occupant pro-
tection tactics, whose results have been used in the development of 
railroad procurement specifications [16, 17] and industry standards 
[1, 2]. Tyrell et al. [15] conducted a full-scale train-to-train impact test 
of crash energy management to establish the degree of the enhanced 
performance of alternative design strategies for passenger rail crash-
worthiness. Though most efforts have been put forward on the safety 
of structural crashworthiness and/or passenger rail crashworthiness, 
they cannot accurately be used for safety and reliability assessment 
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of railway vehicle, further research on the fault tree analysis of train 
rear-end collision accident is expected. 

Thus, the purpose of this paper is to incorporate common-cause 
failures into the fault tree analysis of train rear-end collision accident. 
It attempts to offer a basis for safety and reliability assessment of rail-
way vehicle. This paper consists of 5 sections. In the rest sections, the 
existing models for CCF modeling are briefly introduced in Section 
2. Two CCF modeling methods are presented in Section 3. Fault tree 
analysis of train rear-end collision accident considering CCF has been 
put forward in Section 4 and it is followed by a brief conclusion in 
Section 5.

2. existing models for CCf modeling

2.1. Basic parameter model

Supposing a system is comprised of three components: A, B, and 
C. The total failure probability of component A includes the probabil-
ity of independent failure of component A and the failure probability 
of dependent component B or C or both B and C while component A 
fails. Let Al, Bl and Cl denote the independent failure events of com-
ponents A, B and C, respectively. P(Al), P(Bl) and P(Cl) represent the 
failure probability of Al, Bl and Cl . Thus, the total failure probability 
of A, B and C can be calculated respectively as follows.

 ( ) ( ) ( ) ( ) ( )lP A P A P AB P AC P ABC= + + +  (1)

 ( ) ( ) ( ) ( ) ( )lP B P B P AB P BC P ABC= + + +  (2)

 ( ) ( ) ( ) ( ) ( )lP C P C P AC P BC P ABC= + + +  (3)

For the common cause component group composed of A, B and 
C, supposing that the components are statistically identical, the failure 
probability of any components can be expressed as:
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where Qk denotes the simultaneous failure probability of any k com-
ponents. 

Similarly, for a system composed of m components, the total fail-
ure probability of the system can be obtained as:
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where lQ denotes the failure probability of the system which 
composed of m components, Qk represents the simultaneous failure 
probability of any k components.

2.2. the β-factor model

The β-factor Model is one of the most commonly used CCF mod-
els, which was originally proposed by Fleming [6]. It assumes that 
a certain percentage of all failures are CCFs. The strength of com-
mon cause failure in this model is quantified by β factor. The β-factor 

model is initially targeted for two-component parallel system. Two 
categories of failure are taken into account within the CCF model, 
that is, the independent failure of a certain component itself and the 
common cause failure. The total failure probability of a component 
is composed of two parts, the probability of independent failure de-
noted by Q1, and the common cause failure denoted by Q2. Then the 
common cause factor β is the fraction of the total failure probability 
attributable to dependent failures [3]:

 β = =
+

Q
Q

Q
Q Q

2 2

1 2
 (6)

The value β can also be obtained by the conditional probability 
that there is a CCF given that there is a failure, which is expressed 
as:

 β = ( )P CCF Failure  (7)

This model is commonly used for its easy comprehension. The 
parameter value is based on engineering experience and the published 
statistics of CCF, and the range of β-factor is from 0 to 0.25 [3]. 

2.3. The Square-root model

The square-root method is a simple bounding technique used to 
estimate the effect of CCFs on a system [8]. Consider a parallel sys-
tem consisting of two components A and B. AF, BF, AF∩BF are the 
failure events of components A, B and the system, respectively. Then 
the unavailability of the system is defined as 

 ( ) ( ) ( ) ( ),  F F F F F FP A B P A P A B P B≤ ≤   (8)

which also can be expressed as P (AF∩BF)≤min {P (AF), P (BF)}.
If A and B are dependent, we can get

 ( ) ( ) ( ) ( ) ( )F F F F F F FP A B P A B P B P A P B= ≥  (9)

Let a= P(AF)P(BF) and b= min {P(AF), P(BF)}, the square-root 
CCF model is then approximated using the geometric mean of a and 
b as follows

 ( )F FP A B ab=  (10)

Similarly, for a n-component parallel system, the upper and lower 
limit of the unavailability can be obtained by

 ( ) ( ) ( ) ( ){ }1 2
1

,  min , , ,
n

i n
i

a P A b P A P A P A
=

= =∏   (11)

In this paper, the square-root model is used to analyze the impact 
of CCF on the train rear-end collision accident.
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3. Common cause failure modeling method

when dealing with the common cause failure, there are mainly 
two kinds of modeling methods for fault tree analysis with CCF, 
namely, implicit modeling and explicit modeling [25]. A fault tree is 
a well-arranged method of modeling the failure of a top event. The 
failure of a top event depends on other basic components. The de-
pendencies between the components are modeled in a tree structure 
using AND- or oR-gates. The CCF part is not considered during the 
process of system reliability analysis only after it to get the probability 
of occurrence of the top event for the implicit method, while within it 
for the explicit method.

3.1. implicit modeling for CCf

The implicit CCF model of a parallel system with 3 units (A, B 
and C) can be depicted as shown in Fig. 1.  Using T represents the 
event “system failure”, and “T1” is the intermediate event that means 
“System failure without considering the impact of CCF”.

where the failure of each system unit is composed of its internal 
failure of a component (denoted as A1, B1 and C1) and CCF.

3.2. explicit modeling of CCf

Suppose that the failure of each system unit is composed of its in-
ternal failure of a component (denoted as A1, B1 and C1) and the com-
mon cause failure (A2, B2 and C2), T is the event of “system failure”. 
The explicit model of a parallel system with 3 units (A, B and C) can 
be depicted as shown in Fig. 2.

From Fig.2, the system failure is directly caused by individual 
component failures, and the difference of explicit method and implicit 

method is the former considering the CCF in component failure event 
and the latter in whole system.

4. fault tree analysis of train rear-end collision accident 
considering CCf 

4.1. fault tree modeling of train rear-end collision accident

on condition that the single-track has only one railway, and as-
suming that the collision avoidance systems, such as a signal lamp 
control system, distance control system, train state communication 
and control system as well as the dispatching center danger warning 
systems, are put into use [11]. Fault tree analysis is one of the most 
important logic and probabilistic techniques used in system reliability 
assessment [24]. The faults can be events that are associated with com-
ponent hardware failures, human errors, software errors, or any other 
pertinent events. A fault tree depicts the logical interrelationships of 
basic events that lead to the top event of the fault tree. The top event of 
the fault tree is the event for which the failure causes will be resolved 
and the failure probability determined. It defines the failure mode of 
the system that will be analyzed. A fault tree analysis (FTA) should be 
carried out through the following steps [20]: 1) identify the objective 
for the FTA; 2) define the top event, scope, resolution, ground rules of 
the fault tree; 3) construct and evaluate the fault tree; 4) interpret and 
present the results. The fault trees of train rear-end collision accident 
are shown in Fig. 3 – Fig. 5 and the codes and names of basic events 
are showed in Table 1.

4.2. Qualitative analysis

According to Fig. 3 – Fig. 5, the structure function of fault tree for 
the train rear-end collision accident can be obtained as follows:

( ) ( ) ( )
( ) ( )
( ) ( )( )
( )

1 2 3 4 5 6 10 11 12 13 14

15 16 17 18 19 20 21 22 23 24

28 29 30 31 33 34 35 32 25 26 27

7 8 9

             

             

             

X X X X X X X X X X X X

X X X X X X X X X X

X X X X X X X X X X X

X X X

Φ = ⋅ ⋅ + + + ⋅ + + + + ⋅

+ + + + ⋅ + + + + ⋅

+ + + ⋅ + + + + + + ⋅

+ +  
(12)

From Eq. (12), the train rear-end collision event has totally 
1×1×4×5×5×5×(4×3+4)×3=24000 failure modes, and there are 192 

T

CCF T1

C1A1 B1

Fig. 1. Implicit model of CCF

Fig. 2. Explicit modeling of CCF

Fig. 3. The fault tree of train rear-end collision accident
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failure modes even without subdividing the collision avoidance sys-
tem. The level of detail FTA has direct influence on the quantity of 
these failure modes. 

Due to the long event chain of the train rear-end collision acci-
dent, Eq. (12) shows that each failure mode occurs only when there 

Fig. 4. Fault tree of the event “collision avoidance system failure”

Fig. 5. The fault tree of “manual intervention fail”

Table 1. The codes and names of basic events

Code event name Code event name Code event name

T Train rear-end accident X1
Two trains are assigned on the same 

railway interval X19
Distance decision and control of back-

train failure

M1 condition of rear-end existing X2
only one rail on the same direction in 

this interval X20
missing or error of Front-train state 

signal

M2 Driver cannot avoid by braking X3 Dispatch order error X21 Human decision and control failure

M3 Two trains on the same rail X4 Front-train stopped or crawling X22
back-train did not receive the exact 

signal of front-train

M4 back-train faster than Front-Train X5 Driver break the order X23
Train state communicate and control 

error by environment

M5 collision avoidance system failure X6 brake system abnormal X24
back-train state decision and control 

failure

M6 Driver brake fails X7 Driver unnoticed the danger X25 Too late to dispose the danger

M7 collision avoidance system failure X8 Too late to brake on visual distance X26 Improper disposition of danger

M8 manual intervention fails X9 brake system failure X27 Dispatcher off-site

M9 signal lamp failure X10 Data acquisition of location error X28
Danger warning system has been 

closed

M10 Distance control system failure X11 error signal caused by human X29
Danger warning system did not get the 

accuracy data

M11 communicate and control system failure X12 Data acquisition logical error X30
The defect of danger distinguish soft-

ware

M12 Dispatcher is not aware of the danger X13 error signal by environment X31
The irrational of the danger warning 

pattern

M13
Dispatcher on-site but unwitnessed the 

danger X14 signal output error X32 abstracted of dispatcher

M14 Danger warning measures failure X15 mistake get target location X33 Information overload, task complicated

M15
Human monitoring undetected the 

danger X16 control order did not carry out exactly X34 lack of experience

M16
Danger warning system undetected the 

danger X17 Distance computing error X35
unreasonable human-computer in-

terface

M17
unnoticed the warn of the danger warn-

ing system X18 Distance control error by environment

1

M7

M9

M10

M11

X10

X11

X12

X13

X14

X15

X16

X17

X18

X19

X20

X21

X22

X23

X24

2

M8

M12 X25 X26

X27 M13

M14

X28
M16

X29 X30

M17

X31 X32

M15

X33

X34 X32

X35
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are at least eight events occur at the same time. The probability of 
occurrence of a train rear-end collision event will be extremely low 
if all the basic events are independent, but as a result of the common 
cause failure, the probability of accident occurrence will be higher. In 
the following figures, the common cause failures caused by different 
reasons have been labeled by different colors.

4.3. Quantitative analysis

For the train rear-end collision accident, we assume that the fail-
ure probabilities of bottom events are known as listed in Table 2. 

The structure function of intermediate event “dispatcher is not 
aware of the danger” can be expressed as follows:

( ) ( ) ( )( )28 29 30 31 33 34 35 32 27X X X X X X X X X XΦ = + + + ⋅ + + + +    (13)

Presume that the bottom events are independent, the probability of 
the event “dispatcher is not aware of the danger” can be calculated:

 ( )12 0.0398P M =  (14)

 
The occurrence of events “lack of experience” and “abstracted 

of dispatcher” are inter-actionable, thus, the common cause failures 
need to be considered. From Fig. 5 and engineering experience, the 
event “dispatcher off-site” is mutual exclusion with the event “dis-
patcher on-site but unwitnessed the danger”, and the events “danger 
warning system being closed”, “danger warning system undetected 
the danger” and “unnoticed the warn of the danger warning system” 
are mutual exclusion to each other. Therefore, the structure function 
of sub-tree M12 can be formulated as follows:

( ) ( ) ( )( )
( ) ( )( ) ( )

12 28 29 30 31 33 34 35 32 27

28 29 30 31 33 34 35 32 27

P M P X X X X X X X X X

P X X X X X X X X P X

= + + + ⋅ + + + +

= + + + ⋅ + + + +

(15)

Let Xa=X28+X29+X30+X31 and Xb= X33+X35, this yields

( ) ( )
( ) ( ) ( )

28 29 30 31

28 29 30 31

0.001 (1 (1 0.001)(1 0.002)) 0.005 0.009

aP X P X X X X

P X P X X P X

= + + +

= + + +

= + − − − + ≈

    (16)

( ) ( ) ( )( )33 35 1 1 0.001 1 0.001 0.002bP X P X X= + = − − − ≈     (17)

Based on the analysis, Eq. (15) can be further simplified as:

( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

12 34 32 27

34 32

34 32

34 32 34 32 27

  

  

a b a

a b a

a b a b

a a b

P M P X X X X X P X

P X P X P X P X P X

P X P X P X P X P X P X

P X P X X P X P X P X X P X

= + + +

= + + −

− −

+ +  
(18)

According to the square root model introduced in section 2.2, we 
can get the following expression.

( ) ( ) ( ) ( ) ( ){ }
{ }

34 32 34 32 34 32min ,

0.020 0.020 min 0.020,0.020 0.0028

P X X ab P X P X P X P X= =

= × × =
 (19)

 ( )12 0.0402P M =  (20)

Compare with the probability without considering the CCF, the 
relative error for the probability of occurrence of top event consider-
ing CCF is:

 η =
−

× =
0 0 02 0 0398

0 0 02
100. .

.
% . %4

4
1 01  (21)

From Eq. (21), it should be noted that the result without consider-
ing common cause failure lead to a huge deviation. It can be observed 
from the results that CCF has a remarkable effect on the reliability 
analysis of train rear-end collision accidents. 

5. Conclusion

In this paper, common-cause failure modes have been incorporat-
ed into the fault tree analysis of train rear-end collision accident using 
the explicit fault tree modeling method and the square root mode. The 
probability of occurrence of the event “dispatcher is unaware of the 
danger” is P(M12)=0.0402. Under the assumptions that bottom events 
are independent, it is worth noting that the assessment without consid-
ering common cause failure shows a huge deviation. It demonstrated 
that CCF has a significant effect on the probability of occurrence of 
train rear-end collision accident, which offers a basis for safety and 
reliability assessment of railway vehicle. 

Table 2. The probability of bottom events

Code Probabil-
ity Code Probabil-

ity Code Probabil-
ity

X27 0.020 X30 0.002 X33 0.001

X28 0.001 X31 0.005 X34 0.020

X29 0.001 X32 0.020 X35 0.001
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modelling reliAbility of uninterruptible power supply units

modelowAnie niezAwodności zAsilAczy buforowych*
This paper discusses issues related to reliability of uninterruptible power supplies equipped with automatic protection mechanisms 
(short circuit protection – SCP, overload protection – OLP, overvoltage protection – OVP). Relationships for determining prob-
ability of system states: full operational capability, partial capability and failure were derived. The impact of time taken to restore 
the state of full operational capability on probability of different system states was also analysed.

Keywords: reliability, power supply, maintenance.

W artykule przedstawiono zagadnienia związane z niezawodnością zasilaczy buforowych wyposażonych w automatyczne zabez-
pieczenia (przeciwzwarciowe - SCP, przeciążeniowe - OLP, nadnapięciowe - OVP). Wyznaczono zależności pozwalające określić 
prawdopodobieństwa przebywania systemu w stanach: pełnej zdatności, niepełnej zdatności i niezdatności. Dokonano również 
analizy wpływu czasu przywrócenia stanu pełnej zdatności na wartości prawdopodobieństw przebywania zasilacza w wyróżnio-
nych stanach technicznych.

Słowa kluczowe: niezawodność, zasilacz, proces eksploatacji.

1. introduction

Uninterruptible power supplies are exposed to various external 
factors, which over time can cause the system to switch from the state 
of full operational capability into the state of reached operational ca-
pability (failure). In order to increase probability of the state of full 
operational capability, the following protection devices are often 
used: short circuit protection, overload protection, overvoltage pro-
tection. In this paper reliability analysis of uninterruptible power sup-
plies equipped with those devices was presented.

The reliability theory in respect of general considerations has had 
sound footing for many years [5, 9, 19]. Approaches towards reliabil-
ity analysis presented in those publications allow for factoring in sys-
tem structure: serial, parallel and serial-parallel. It is then possible to 
create transition graphs for above-mentioned states of capability. By 
employing an adequate mathematical apparatus (e.g. Chapman–Kol-
mogorov equation) a relationship is obtained for determining prob-
ability of system in given state [11, 12]. This type of methodology 
may be used for reliability analysis of uninterruptible power supply.

For references on operating principle and engineering of power sup-
plies, the following publications are noteworthy [6, 18, 23]. Some of them 
discuss applications in specific areas of rail transport in particular [10].

Reliability analysis of power supply systems in presented in item 
[1]. Emergency power supplies (both static and dynamic type) re-
ceived substantial attention. Using this solution increases the avail-
ability rate of the entire system.

Issues concerning reliability of power supply systems have been 
discussed for many years by different authors. The papers of most 
significance are items [3, 16, 17].

The paper [3] presents issues related to reliability of power supply 
systems. The relationship between reliability and investment outlays 
for its improvement was proven. Models of system reliability factor-
ing in failure rate and repair rate were also presented. Probability 
distributions of reliability parameters were defined. Reliability graph 
was displayed which depicted the state of full and reached operational 
capability and a graph depicting down times of device.

Papers [16, 17] discuss issues related to reliability and quality of 
electric power systems. Examples of different power networks were 
given, reliability calculations were made. Values of certain reliability 
parameters were also given, which could be applied to other electric 
power supply system of that type.

optimization problem of power supply system were described in 
paper [15]. Theoretics of optimisation were discussed. Consequently 
deriving optimisation procedures for analysed systems factoring in 
economic factors was possible. Some of the publications describe 
practical applications of such solutions [4].

Redundant sources of power were elaborated on in publications 
[8, 24, 25]. Their focus was very much on emergency power supplies 
such as: uninterruptible power supplies UPS, generating sets and en-
vironmentally friendly solutions i.e. solar panels and wind powered 
generators. Conducted analysis of above solutions proves unequivo-
cally that they increase reliability parameters. of course, required is 
control equipment switching between on-line electricity supplies and 
electricity grid management systems [20]. 

Item [8] describes reliability of power supply systems on the scale 
of United States of America. Profile of the organisations handling 
those issues was given: North American Electric Reliability Corpora-
tion (NERC). It was concluded, that using wind farms, solar panels 
and power generators increases reliability and power generating ef-
ficiency of the entire power system should terrorist attacks or natural 
disasters strike (e.g. hurricanes, tornadoes).

Despite studies completed on reliability of power supply systems, 
it seems necessary to carry out a functional analysis of power supplies 
and protection devices. That approach was presented under subse-
quent items of this paper.

2. Power supplies

Direct current and alternating current power supplies are widely 
used in many devices, including computer equipment. Power supply 
directly from the power network is the most convenient, both on-line 
and via a transformer. Substantial amount of devices, however, re-
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quires direct current supply, hence direct current power supplies are 
used. They transform alternating current from the grid into stable di-
rect current.

Figure 1. displays basic components of direct current power sup-
plies. In general, they are equipped with the F1 filter (fig. 1a) or - in 
more powerful versions - with additional voltage regulator (fig. 1b). 
The load marked as R0 may have a variable value.

In order to protect the power supply from damage, the following 
protection devices are used:

Short Circuit Protection – SCP, –
over Load Protection – oLP, –
over Voltage Protection – oVP.  –

Short circuit and overload protection devices protect the power 
supply’s inputs and outputs from short-circuit over at the loaded side.

overvoltage protection device protects units power by the power 
supply from overvoltage to maximum output voltage. 

If power supply outputs were independent, neither short-circuit, 
overload nor overvoltage on any of the outputs should negatively af-
fect functionality of other outputs.

once the short-circuit, overload or the cause for overvoltage is 
removed, protection reset (either manually or automatically), the state 
of full operational capability should be restored on that output. 

In general, power supplies interact with the broadly defined en-
vironment [14]. Therefore it is beyond doubt adequate reliability pa-
rameters have to be assured. Thus so important is the impact analysis 
of protection devices used in power supplies on selected reliability 
parameters [1, 7, 21, 22].

3. reliability analysis of power supplies

The relationships occurring in power supply with protection de-
vices (e.g. against short-circuit, overload and overvoltage) fitted to 
each of the two independent outputs have to be illustrated from the re-
liability perspective for purposes of the functional analysis. See figure 
2 [13]. Those relationships do not cover all possible changes in system 
state of the power supply system (e.g. the transition from the state of 
full operational capability SPz to the state of reached operational ca-
pability SN and reverse i.e. from SN to SPz was ignored). Furthermore, 
failures on each output were assumed independent.

Denotations in figures:
 Ro(t) – the likelihood function of device in state of full opera-

tional capability,

 QNz(t) – the likelihood function of device in state of partial opera-
tional capability,

 QNz(t) – the likelihood function of device in state of reached op-
erational capability,

  λNz – transition rate from the state of full operational capability 
into the state of partial operational capability,

  µPz – transition rate from the state of partial operational capability 
into the state of full operational capability,

  λN – transition rate from the state of partial operational capability 
into the state of reached operational capability.
Failure of one output causes transition from the state of full opera-

tional capability SPz to the state of partial operational capability SNz. 
Removal of interference restores the state of full operational capabil-
ity. once the SNz state occurs (output failure), failure of the other, 
previously operational, output causes the power supply to switch into 
the state of reached operational capability SN.

The relationship for determining probability of uninterruptible 
power supply unit in the state of full operational capability Ro (1), 
partial capability QNz (2) and reached capability QN (3) is obtained 
from mathematical analysis (Chapman–Kolmogorov equation).
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Fig. 1. Functional diagram of direct current power supply

Fig. 2. Relationships occurring in uninterruptible power supply with protec-
tive devices
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4. Modelling reliability of power supply units

Computer simulation and computer-aided analysis facilitate to 
relatively quickly determine the influence of change in reliability pa-
rameters of individual components on reliability of the entire system. 
of course, the reliability structure of both the entire system and its 
components has to be known beforehand.

Computer aided-analysis enables to conduct impact analysis of 
the time taken to restore the state of full operational capability tPz on 
probability of the states of full operational capability Ro, partial ca-
pability QNz and reached capability QN. That procedure is illustrated 
with below example.

Example
The following quantities were defined for the system:

test duration - 1 year (values of this and the following param- –
eters is given in [h]):

     t = [ ]8760 h

reliability of first power supply output track (including the re- –
ceiver):

   RNz t( ) = 0 99,

reliability of second power supply output track (including the  –
receiver):

   RN t( ) = 0 999,

Knowing the value of reliability RNz t( ) , transition rate from the 

state of full operational capability into the state of partial operational 
capability may be estimated. Provided the up time is described by 
exponential distribution, the following relationship can be used:

 
R t eNz

tNz( ) = −λ for t ≥ 0

thus

 
λNz

NzlnR t
t

= −
( )

For t = [ ]8760 h  and RNz t( ) = 0 99,  we obtain:

 λNz
Nzln R t
t

ln 0,99
8760

,147298 1
h

= −
( )

= − = ⋅ 
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Knowing the value of reliability RN t( ) , transition rate from the 

state of partial operational capability into the state of full operational 
capability may be estimated. The following relationships are true for 
exponential distribution:
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For t = [ ]8760 h  and RN t( ) = 0 999, we obtain:
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transition rate from the state of partial operational capability to the 
state of full operational capability μPZ is – for exponential distribu-
tion – time inverse tPZ:

 µPZ
PZt

=
1  

The probability of analysed power supply in the above mentioned 
states of operational capability, assuming the time of restoring the 
state of full operational capability tPZ falls within the interval 

t hPZ ∈ [ ]12 168;  (i.e. after recalculation into days

t dayPZ ∈ [ ]0 5 7, ; ), is given by charts displayed in figures 3, 4 

and 5. Values of time tPZ were assumed based observation of actual 
systems.

Figure 6 presents the relationship between probabilities of power 
supply being in the state of full operational capability Ro as a function 
of time taken to restore the state of full operational capability tPZ on 
the assumption that tPZ  falls within the interval t hPZ ∈ [ ]12 8500;

(i.e. after recalculation into days t dayPZ ∈ [ ]0 5 354 17, ; , ).

In charts presented in fig. 3, 4, 5, 6 and 7, denotations to the left of 
horizontal red lines mark the colour of analysed quantity line. Those 
are default denotations and colours used by computer-aided calcula-
tions software.

Analysis of relationships given in figures 3, 4, 5 and 6 con-
cludes:

Fig. 3. The relationship between probability of power supply in the state of 
full operational capability R0 as a function of time taken to restore full 
operational reliability tPZ

Fig. 4. The relationship between probability of power supply in the state of 
partial operational capability QNZ as a function of time taken to restore 
full operational reliability tPZ
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the probability of power supply in the state of full operational  –
capability R0 as a function of time taken to restore full opera-
tional reliability tPz has maximum value for minimum value of 
tPz time,
the probability of power supply in the state of partial opera- –
tional capability QNz as a function of time taken to restore full 
operational reliability tPz has maximum value for maximum 
value of tPz time,
the probability of power supply in the state of reached opera- –
tional capability QN as a function of time taken to restore full 
operational reliability tPz has maximum value for maximum 
value of tPz time,

all three functions  – R f tPZ0 = ( ) , Q f tNZ PZ= ( ) , Q f tN PZ= ( )  

are non-linear (according to relationships 1, 2 and 3; they re-
semble a straight line as per assumed tPz),

the function  – R f tPZ0 = ( )  is a decreasing function,

functions  – Q f tNZ PZ= ( )  and Q f tN PZ= ( )  are increasing 

functions.
Let us pose a question: how does the probability of either full of 

partial operational capability change relative to time taken to restore 
the state of full operational capability i.e. what is the shape of the 

function Q f tN PZ= ( ) . Respective calculations produced results pre-

sented in table 1 and in fig. 7.

what is clear, is that function Q f tN PZ= ( )  has shape similar to 

function R f tPZ0 = ( ) . However, for the same values of time taken to 

restore the state of full operational capability tPZ, values of the func-

tion QN  are greater than values of function R0 .

Graphs presented in fig. 3, 4, 5 and 7 seem to be straight lines, 
therefore suggest there is a linear relationship between analysed val-
ues of probability as a function of time taken o restore the state of full 
operational capability tPZ. The reason being that the value tPZ was as-

sumed t hPZ ∈ [ ]12 168; . By analysing the fig. 6 chart and assum-

Fig. 5. The relationship between probability of power supply in the state of 
reached operational capability QN as a function of time taken to re-
store full operational reliability tPZ

Fig. 6. The relationship between probability of power supply in the state of full 
operational capability RO as a function of time taken to restore full 
operational reliability t dayPZ ∈ [ ]0 5 354 17, ; ,

Table 1. Value of the function 
 
Q f tN PZ= ( )

t hPZ [ ] Q f tN PZ= ( )

12 0.999999986244571

24 0.999999972527389

36 0.999999958848280

48 0.999999945207325

60 0.999999931604508

72 0.999999918039844

84 0.999999904513311

96 0.999999891024905

108 0.999999877574628

120 0.999999864162479

132 0.999999850788460

144 0.999999837452543

156 0.999999824154743

168 0.999999810895060

Fig. 7. The relationship between probability of power supply in the state of 
full or partial operational capability QN  as a function of time taken to 

restore full operational reliability tPZ (denotation in fig. nQN  refers to 

the value of QN ).
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ing for purposes of the analysis solely the value t hPZ ∈ [ ]12 168; , 

we obtain „roughly” straight lines. Actually they are curves, defined 
by non-linear relationships (formulae (1), (2) and (3)).

5. Conclusions

Reliability analysis of power supplies was presented in this paper. 
It focused especially on the influence of time taken to restore the state 
of full operational capability on probability of the states of full opera-
tional capability R0, partial capability QNz and reached capability QN. 

Analysis of results obtained proves that all four functions R f tPZ0 = ( ) , 

Q f tNZ PZ= ( ) , Q f tN PZ= ( ) , Q f tN PZ= ( )  are non-linear, func-

tions R f tPZ0 = ( )  and Q f tN PZ= ( )  are decreasing functions, 

whereas functions Q f tNZ PZ= ( )  and Q f tN PZ= ( )  are increasing 

functions. Hence reliability of power supplies improves when the time 
taken to restore the state of full operational capability – i.e. repair – is 
shorter. of course, costs involved are higher. Further studies should 
aim to determine the relationship between financial outlays – incurred 
to improve the repair time – and the probability of predefined techni-
cal conditions.
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1. introduction

Rollover of the vehicle is about 2.5% of the total number of ac-
cidents, but they have about 20% of the total number of victims [5]. 
Such overturning of the vehicle occurs when the vehicle is rotated 
by ninety degrees or more relative to its longitudinal axis. Agency 
NHTSA (National Highway Traffic Safety Administration USA) [7] 
has evaluated a number of manoeuvres that may cause wheels lift on 
the road and rollover the vehicle. The results did not indicate in detail 
the manoeuvres that cause the loss of lateral stability of the vehicle. 
It should be noted that the study of large-scale test vehicle especially, 
are dangerous and costly. Attempts were made to determine the condi-
tions of “limit” at which the vehicle is likely to rollover. To assess the 
vehicle stability both indicators are based on the mass and geometrical 
parameters of vehicles with varying degrees of simplicity and road 
tests are performed using standardized procedures vehicles developed 
by ISo and recommended by NHTSA, such as “J-turn”, “fishhook” 
or other similar testing procedures used at various proving grounds, 
testing of vehicles (presented in part 3).

The aim of the experimental research was not only to determine the 
significance of the mass and geometrical parameters on the propensity 
for overturning the vehicle, but also to determine limit values of indica-
tors of the motion condition at which the vehicle may rollover.

In the following chapters is a description of the requirements and 
standardized tests carried out during the test vehicles. Then is a de-

scription of selected tests and their results. The last chapter contains 
the analysis, conclusions and summary of the main points of work.

2. Justification for the use of vehicles at a scale to test 
stability

Susceptibility testing of real vehicles to overturn on its side is ex-
pensive and dangerous. Real vehicle dynamics studies are carried out 
on research proving grounds - separate complexes roads, implement-
ing road tests under controlled and repeatable conditions. In the world 
there are dozens of research training grounds used by carmakers to 
test vehicles in the summer and winter conditions.

The test track should allow for a wide variety of vehicle testing, 
standardized or developed by the tire manufacturers, carmakers or 
their teams. The most common test tracks components include torah 
to high-speed driving, paths to test vehicle dynamics (acceleration and 
braking), tracks the stability and steerability test (plate with a radius 
of ~ 100 m), tracks the motion stability tests, the surface of differ-
ent factor of friction coefficient, with varying elevation angle, tracks 
with different surfaces and with wavy surface. The study requires the 
construction of off-road vehicle tracks a number of parts allowing for 
testing of the capability such as wading, overcoming obstacles, mov-
ing on soft and muddy ground. Due to the ever increasing range of 
vehicle tests carried out test tracks, due to the safety requirements, the 
requirements for the same track and testing costs increase.

ParczewskI k, wnĘk H. using mobile scaled vehicle to investigate the truck lateral stability. eksploatacjai niezawodnosc – maintenance 
and reliability 2013; 15 (4): 414–420.

krzysztof ParczewskI
Henryk wnĘk

using mobile scAled vehicle to investigAte 
the truck lAterAl stAbility

wykorzystAnie mobilnego modelu pojAzdu 
do AnAlizy stAteczności poprzecznej sAmochodu ciężArowego*

This paper presents the results of an attempt to transfer resistance to the side overturning of the vehicle to the mobile 
vehicle in the scale of ~ 1:5 on the real vehicle. Due to the substantial cost of testing and the danger of rollover real ve-
hicle attempt was made to reproduce the behaviour of the vehicle, using the conditions of similarity. The paper presents 
methods of risk detection and control algorithms in stability systems equipped with a safety feature to prevent rollover. 
The analysis was based on the tests carried out at research training ground. Shows the results of tests on a real and a 
mobile smaller scale vehicles, and the values of obtained rollover risk indicators.

Keywords: stability of truck movement, testing of mobile scaled vehicles, vehicle stability, testing, 
rollover risk indicators 

Praca przedstawia próbę przeniesienia wyników badań odporności na przewrócenie pojazdu na bok z mobilnego mo-
delu pojazdu w skali ~1:5 na pojazd rzeczywisty. Z uwagi na znaczny koszt badań i niebezpieczeństwo przewrócenia 
pojazdu rzeczywistego starano się odwzorować zachowanie się pojazdu, wykorzystując warunki podobieństwa. W pracy 
przedstawiono sposoby detekcji zagrożenia oraz algorytmy sterowania układów stabilizacji toru jazdy wyposażonych w 
funkcję zabezpieczającą przed przewróceniem. Analizę przeprowadzono w oparciu o próby poligonowe. Przedstawiono 
wyniki badań pojazdu rzeczywistego i mobilnego modelu w mniejszej skali oraz uzyskane wartości wskaźników zagro-
żenia przewróceniem pojazdu.

Słowa kluczowe: stateczność ruchu samochodu ciężarowego, badania mobilnych modeli pojazdów, 
badania stateczności pojazdów, wskaźniki zagrożenia wywrotem.
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testing of vehicles on tracks research particularly defining 
characteristics movement stability, create rollover risk. The study of 
the stability of vehicles require special mounting arm, which supports 
the vehicle when wheels lift on from the road.

Therefore, searches are alternative methods to achieve similar 
results at lower cost. The use of the test vehicle on a scale of simi-
lar parameters, provides an alternative to the real vehicle test. If the 
scale is maintained similarity to the actual vehicle for example as the 
theory of Π-Buckingham, vehicle testing on a scale may replace cost-
ly and dangerous testing full-size vehicles. In addition, they provide 
the possibility of extending the scope of research and move closer to 
the conditions in which a loss of stability. The results of these tests 
can be used not only to evaluate the stability of a vehicle, but also 
for the analysis of: brake systems, suspension and vehicle protecting 
systems before rollover. Terms of similarity are shown by S. Bren-
nan, S. Lapapong, S. Allyene, V. Gupta, E. Callejas, K. Romaniszyn 
[1, 2, 4, 5, 13] and by the authors [10, 11, 12]. Currently, there are 
20 parameters compared to the size, mass and rigidity to the real and 
scaled vehicles.

Among the advantages of the use of vehicles on a scale motion 
stability experimental testing can distinguish [2, 6, 10, 12, 13, 15]:

the cost of the scale vehicle tests is a much smaller than the full- –
size car, the same applies to supplies and spare parts,
is much easier to make changes to the vehicle on a smaller  –
scale,
vehicle test on a smaller scale require less space (not required  –
research track and can be done on a much smaller space),
the possible overturning of the vehicle entails much lower re- –
pair costs and is much safer to use,
the availability on the market of vehicles made in scale, radio- –
controlled or via cable, there is a wide range of models of dif-
ferent sizes and types that can serve as the basis for the con-
struction of vehicles used in the tests.

3. Parameters of evaluation stability of the vehicle

The ability to maintain the desired trajectory is one of the most 
important aspects of automotive active safety. Every vehicle, along 
with his driver and their surrounding environment constitute a closed 
system of interaction that is unique. The task of assessing the be-
haviour of the vehicle stability is very difficult because of the large 
number of interacting components such as a driver – vehicle – trailer – 
shaping the way. Complete and accurate description of the behaviour 
of trucks with high located centre of mass must include the informa-
tion received on the basis of the different types of research. Because 
this testing only set up a small piece of the entire field of vehicle 
behaviour, the results of this study can be considered to be relevant 
only in that area.

Experimental investigations allow an assessment of the stability 
and steerability of the vehicle in motion with constant and variable 
speed on the track straight and curvilinear, with or without taking into 
account the impact of the driver.

The most commonly used tests for testing the stability and steer-
ability of vehicles includes:

steady-state circular driving behaviour, in accordance with ISo  –
4138, ISo 14792 (trucks),
double lane change manoeuvre, according to ISo 3888, –
single lane change manoeuvre, according to GoST P .2003,  –
B32/03,
step input manoeuvre with the linear angle escalation of the  –
steering wheel, according to ISo 7401, ISo 14793 (trucks),
sinusoidal input manoeuvre in the form of a one period (usually  –
resulting in a single  lane change manoeuvre), according to ISo 
7401, ISo 14793 (trucks),
continuous sinusoidal input manoeuvre, according to ISo 7401,  –
ISo 14793 (trucks),
pulse input manoeuvre, according to ISo 7401, ISo 14793  –
(trucks),
random input manoeuvre, according to ISo 7401, ISo 14793  –
(trucks),
manoeuvres developed by NHTSA: steady growth turning SIS  –
(increasing steadily steer), “J-turn” and “fishhook”.

The tests carried out for the full loaded vehicle. Height of the mass 
centre and weight distribution of the load should be set so as to reflect 
an interesting application.

The test apparatus used in the study should allow to monitor the 
measured values and their transcripts. The basic parameters for meas-
uring the stability of the vehicle include: vehicle longitudinal velocity 
VL, lateral speed VQ, vehicle sideslip angle β, lateral acceleration ay, 
roll angle φ and vehicle body roll rate φ , yaw speed ψ , steering 
wheel angle δH. Installation of test equipment on the vehicle should be 
in accordance with the recommendations of the manufacturer and, if 
possible, provide a direct measurement. In the case of indirect meas-
urement, perform the appropriate correction.

Conducting tests on the real vehicles is associated with a high 
risk of rollover. For this reason simulation studies of mobile scaled 
vehicles under the conditions of similarity lead to increase security 
and reduce the cost of research.

4. rollover risk detection

The susceptibility of the vehicle to overturning on the side is usu-
ally determined by parameters of a vehicle, the quasi-static condi-
tions, with various degrees of simplifying the analysis. Threshold is 
determined by the parameters of the vehicle rollover. The ability to 
rollover is determined by level of lateral acceleration, on the vehicle 
driven along a circular path, (assuming that the vehicle does not oper-
ate outside forces). on this basis it has been developed resulting in 
the definition of the threshold value of the vehicle rollover in steady 
state conditions in the circle path: SSRT (static roll stability threshold) 
– defined as the maximum value of lateral acceleration at which there 
will be no rollover of the vehicle.

Based on this definition resulted in different indicators of stability, of 
which the simplest are the SSF, TTR, RIB, RTSVM, DSI and others. Crite-
ria for assessing risk of rollover of the vehicle is provided in [11, 16].

However, during the real manoeuvres of the vehicle, a relatively 
rare set of motion conditions. Hence, there are some stretches of time 
in which the lateral acceleration threshold is reached, it does not mean 
that there will be a rollover. Since the acceleration of SSTR limited 
top range of stability of the vehicle, it is also limited at the bottom, to 
determine the extent to which it is possible to lose stability.

DRT (dynamic roll stability) – defined as the minimum peak lat-
eral acceleration at which rollover occurs, while performing various 
manoeuvres of the vehicle (which can cause it to overturn). Figure 2 
shows the dependence of the energy required for of the vehicle rollo-
ver as a function of lateral acceleration.

Fig. 1. The vehicle during the motion stability test
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Point 0 in Figure 2 corresponds to driving on a straight road, the 
potential energy increases proportionally to the lateral acceleration 
until it reaches the point 1 – which corresponds to the lift on of one 
wheel on the road. Further increase in lateral acceleration causes the 
increase in potential energy to reach point 2 – equivalent to lift on of 
the other wheels (one side of the vehicle) on the road. At this point is 
reached the lateral acceleration (SSRT) necessary for vehicle rollover. 
obtaining greater lateral acceleration results in a loss of stability of 
the vehicle. Similarly, the rollover occurs, even if the lateral accelera-
tion is smaller, but the potential energy will increase to a point 3 (the 
point at which the vehicle rollover occurs, although there is no lateral 
acceleration).

It is assumed that the state of emergency occurs when it comes 
to interior wheels lift on of the of the vehicle from the road surface 
[2]. Detection of threat vehicle overturning is particularly important in 
the case of vehicle stability control systems is equipped with anti-roll 
function. These systems are usually activated only if necessary, adjust 
the track, the rest of the time do not affect on the vehicle performance. 
During rollover, the vehicle relatively quickly becomes unstable, 
which means that the rollover risk detection algorithm must be very 
sensitive, and stabilization of the system controller must be activated 
as soon as possible. As criteria values are used: the roll angle and roll 
rate (ϕ and φ ), changing on one wheels axle loads (LTR – load trans-
fer ratio), the critical energy rollover (Ecritical) defined as the smallest 
energy required to lift on the wheel from the roadway and lateral ac-
celeration limit value aycritical.

Below are shown a number of methods used to detect threat of the 
vehicle rollover, which can be used in the control algorithms in sta-
bility control systems. when choosing a method to take into account 
not only its effectiveness, but also the availability of the information 
needed to use in the drivers. These algorithms are based on param-
eters such as changing a single load wheel or wheels of one side of 
the vehicle, or the lateral acceleration acting on the center of mass 
and energy of the vehicle rollover. These methods can be divided into 
analyzing the causes and effects, resulting in a danger of the vehicle 
rollover. The method of using such a method causes a lateral accelera-
tion and analyzing its derivative (dash). Analysis methods based on 
the effects of there are, methods based on the determination of the 
angle of the rolling, rollover energy, or analyzing the normal force 
acting on each wheel of the vehicle. It should be noted that to analysis 
can be used sensors of lateral acceleration in existing vehicle stability 
control systems. In the case of methods based on an analysis of wheel 
load deflection can use the parameters of the individual suspensions, 
which already requires the use of additional sensors. Methods based 
on estimating energy require an rollover vehicle parameters such as 
roll stiffness of the suspension, the suspension angular damping, the 

weight of the vehicle and traffic parameters like: the roll angle and 
roll ratio and others.

4.1. Changing the wheel loads

Changing the wheel load is an important indicator used in the 
analysis of the vehicle rollover. Side changing the wheel loads de-
termines the change of normal forces acting on the wheel, caused by 
the lateral acceleration of the center of mass and its lateral shift in y 
direction, due to suspension deflection. Figure 3 shows the impact 
of the phenomenon of shifting the center of mass to the suspension 
deflection.

Rate of change of wheel loads, (LTR) is defined as the ratio of the 
difference between the normal forces of the right and left side of the 
vehicle to their sum.

 ZR ZL

ZR ZL

F FLTR
F F

−
=

+
 (4.1)

In the steady state, where LTR = ± 1 wheels lose contact with the 
ground, which is read as a critical situation and can be used to control 
the anti-roll system of the vehicle. Under the unstable conditions the 
LTR limit should be lower.

4.2. roll angle and roll rate

If the vehicle is equipped with sensors to measure the roll angle 
and roll rate (ϕ and φ ), rollover threat detection can be performed 
with a simple analysis of these parameters. The simplest way to ana-
lyze this term limit roll angle ϕcritical at which the driver, the fulfilment 
of the condition φ φ> critical , starts to work.

As in the previous solution may be used to control the roll rate. In 
this case, the driver can be activated after fulfilling both conditions: 
φ φ> critical  and φ φ⋅ >sign( ) 0 .

Fig. 2. The energy of the vehicle rollover as a function of the lateral accel-
eration [2]

 

Fig. 3. Changing the wheel loads under the action of lateral force (shown in 
the transverse plan view)



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013 417

sciENcE aNd tEchNology

4.3. Methods based on the energy

overthrow threat detection and activation of the anti-roll driver 
can be implemented based on the energy of the vehicle rollover. 
“Emergency” is defined as when the inner wheel is lift on from the 
substrate. This energy consists of the potential energy accumulated 
in the suspension deflection and kinetic energy. Therefore, it is deter-
mined by the relationship:

 E C m g h I m hxx= ⋅ ⋅ − ⋅ ⋅ ⋅ − + ⋅ + ⋅ ⋅
1
2

1 1
2

2 2 2
φ φ φ φ( cos ) ( )      (4.2)

The critical value of the rollover energy Ecritical can be defined 
as the minimum energy required to lift on the wheels of one side of 
the vehicle from the road. To rollover the vehicle, the total torque 
against roll axis, for the centre of mass motion, must be greater than 
the moment caused by the normal wheels force remain in contact with 
the road. Critical situation can be defined by the inequality moments 
acting on the vehicle:

 1
2

F B F h C Kz y GC⋅ < ⋅ + ⋅ + ⋅φ φφ φ  (4.3)

The critical value of the rollover energy Ecritical is determined by 
minimizing against roll angle ϕ and roll rate φ .

4.4. Methods based on the analysis of lateral acceleration

Vehicle roll stability analysis, based on the forces of inertia 
d’alembert (−m ∙ ay) acting on the centre of mass and the causing in-
crease in the overturning moment. on vehicles equipped with stability 
control system lateral acceleration is measured and used it as a pointer 
indicating to the threat of the vehicle overturning, it becomes very 
attractive. Taking into account the impact of the suspension deflec-
tion complicates the analysis, so the number of solutions it has been 
ignored, resulting in low values of lateral acceleration limit. For a 
more detailed analysis allows to determine the value of the derivative 
of lateral acceleration (spurt). An additional complication is the fact 
that the measurement of acceleration has a significant noise and its 
elimination requires additional treatments.

4.5. System control algorithms prevent vehicle roll

Typically were used two control algorithms. one is based directly 
on the limit of the selected index: LTR wheel load changes, the rolling 
angle ϕ, lateral acceleration ay or rollover energy E stored in general 
as Rcritical (labelled as R̂ ). Dynamic switching control strategy (the 
second control algorithm) is based on a derivative of the ratio R. The 
idea is that the controller is operating in full if ˆR R>  and when it 
derivative rises ( ) 0R sign R⋅ >  and its works only partially, when the 
derivative decreases ( ) 0R sign R⋅ ≤ .

The first algorithm was written in the form:

 
max

ˆ0
ˆxT

x

dla R R
F

m a dla R R

 ≤= 
− ⋅ >

 (4.4)

where ay max – maximum attainable braking deceleration.
In the second case, the algorithm was described in the formula:

max

max
max

ˆ0
ˆ ( ) 0

ˆ
ˆ ( ) 0ˆ

xT x

x

dla R R

F m a dla R R R sign R

R R
m a dla R R R sign R

R R


 ≤
= − ⋅ > ∪ ⋅ >
 −− ⋅ ⋅ > ∪ ⋅ < −





  (4.5)

These algorithms can also be used to adjust the vehicle wheel steering 
angle [9].

 
ˆ0

ˆ ˆ( ) ( )R
R

dla R R

k sign R R R dla R R
d

 ≤= 
⋅ ⋅ − >

δ  (4.6)

where kR – correction factor of wheel steering angle.

4.6. The limit values of indicators

Correct operation of the drivers requires an estimate indication 
limits for their activation.

changing a wheel load of the vehicle lTR
The first is a change of the wheel loads LTR. This indicator varies 

in the range from 0 to 1, the value 1 is obtained at the time of lift on 
the wheels from the road. In the most general form of this relationship 
is as follows [9]:

LTR F F
F F

m
m B

h h h
a

critical
ZR ZL

ZR ZL

s
GC RC GC

y=
−
+

=
⋅
⋅

⋅ − + ⋅ ⋅
2 (( ) cos )φ

gg
hGC+ ⋅









sinφ  (4.7)

In the next part shows the values of R obtained from the road tests 
of scaled and the normal size vehicle.

The roll angle
Another indicator is based on vehicle roll angle ϕ. It can be rela-

tively easy to determine in the steady state conditions, with the for-
mula:

 φ
φ

=
⋅ −

− ⋅ −
⋅

mg h h
K mg h h

a
g

GC RC

GC RC

y( )
( )

 (4.8)

In a dynamic dependence on roll angle is much more complicated. 
It is therefore recommended that you use the real roll angle obtained 
from measurements. Typically, the limit value of the roll angle, there 
are 5 ÷ 7 degrees.

Energy rollover
Index based on the analysis of rollover energy is used to determine 

the normalized condition of the vehicle rollover. It has been proposed 
by Johansson and Gäfvert [3], and is defined by the relationship:

 1 1 critical

critical

E EROW
E

−
= −  (4.9)

The critical situation is achieved for ROW1 ≥ 1. the inclusion of 
the controller is done when it reaches the limit value of ROW1 less 
than 1, this value can be determined experimentally. This implies that 
the controller should begin operation after exceeding the limit value 
of indicator 1 1limitROW ROW≤ . Attempt to estimate this parameter is 
shown below.

In the references, most of the materials can be found on the lateral 
acceleration limits. Figure 4 shows the recommendations proposed 
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by the NTRCI (National Transportation Research Center) [8]. Limit 
value of lateral acceleration for a truck with a high center of gravity, 
are dependent on the suspension and tires stiffness, and the car body 
treated as a rigid amount of 0.50 g, and for a car after taking into ac-
count the susceptibility of the suspension and tires −0.35 g.

Due to the fact that the vehicle height of center of gravity, rigidity 
of the suspensions and their characteristics and the using of stabiliz-
ers, considerably influences on the lateral acceleration limit value. In 
the analysis of vehicles with other characteristics parameters must be 
made appropriate adjustments. In further analysis includes the impact 
of these factors on the limit rate values.

5. investigation of the scaled and normal size vehicle

5.1. The scaled vehicle

For calibration the dynamics of real vehicle motion is used for 
radio-controlled model car on a scale ~ 1:5. The scaled vehicle is 
equipped with an internal combustion engine of a cylinder capacity 
26 ccm, centrifugal clutch, gearbox, center and main gearbox, and 
rear-wheel drive. In order to maintain the conditions of similarity in 

relation to the real vehicle’s (special truck with a high located center 
of mass), a number of modifications that resulted among other chang-
es: the wheelbase, center of mass, mass moments of inertia, suspen-
sion design front and rear axle and tire parameters. Scaled vehicle is 
equipped with appropriate measurement equipment allows the meas-
urement and recording of relevant parameters of its motion. It was de-
cided to use measuring equipment from Racelogic company – VBoX 
with the IMU module. Record the results of measurements were made 
on the Compact Flash memory card. Figure 5 shows the scaled vehi-
cle with a installed measuring apparatus.

5.2. field tests

For comparisons of selected two trials: driving in a circle with a 
fixed speed and manoeuvre extortion jump of the linear angle esca-
lation of the steering wheel. Tests were carried out on the test track 
TATRA in Koprivnice (Czech Republic) in the case of a vehicle full 
scale [11, 12, 13] and at the airport in Kaniow near Czechowice-
Dziedzice for scaled vehicle.

Figure 6 shows the path of the test drive in a circle and method of 
implementation the test of step input with linear angle escalation of 
the steering wheel.

5.3. Driving in a circle with a fixed speed

The trial was carried out at with velocity ~ 17 km/h and lateral ac-
celeration ~ 4.5 m/s2 (corresponding to real vehicle – speed ~ 40 km/h 
moving on the track with a radius of ~ 21.5 m). Figure 7 shows the 
course of the selected indicator and its derivative.

The graph shows that the dynamic component of the R ratio re-
lated to the derivative of the test under steady state conditions is rather 
small, and the components associated with the indicator has a value 
oscillating around the limit value (depending on equations (4.5) and 
(4.6)). In the case presented above may lead to activation of the vehi-
cle stability control system.

5.4. Step input on the steering wheel

During the tests vehicle moved at a fixed speed on the straight, 
and then, in a designated area perform a rapid turn for a fixed steering 
wheel angle.

During the maneuver the derivative ratio R  is significantly in-
creased in the first part of the maneuver and then decreases. Indicator R 

Fig. 4. Limit values threat of rollover in the steady conditions [14]

Fig. 5. Scaled vehicle with mounted the measuring apparatus

Fig. 6. Carried out tests: driving in a circle at a constant speed in a steady 
state conditions (a) and step input of the steering wheel (b)

a)

b)
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ratio increases, but the increase is delayed in relation to the derivative of 
~ 0.6 ÷ 0.8 sec. This time delay associated with the inertia of the vehicle, 
it is often referred to as a time to lift on the wheel (figure 8).

Analysis of different risk rollover indicators R has clarified differ-
ences between the various indicators and their derivatives for real and 
scaled vehicle. In Figures 9 and 10 shows the values of the indicators 
and their derivatives.

The comparison shows that both the real and the scaled vehicle 
have similar values of R for all parameters compared ϕ, ay, LTR, E and 
ROW1. Differences obtained for the test fixed driving in a circle, are 
respectively, 11, 15, 16 and 19% and for the jumping extortion on the 
steering wheel the differences are smaller, and are approximately 4, 6, 
7 and 28%. Slightly larger differences have derived indicators φ , ya , 
and especially large differences are observed at a ratio of wheel un-
loading one side of the vehicle LTR .

6. Summary and Conclusions

Comparison of the results of simulations of the scaled vehicle with 
the results of real vehicle measurements show good agreement of the 
analyzed parameters. Generally, this allows to conclude that the mo-
bile scaled vehicle can be used to determine the control parameters for 
vehicles equipped with stability control systems with function of anti-
rollover. There is a good agreement for the parameters of the roll angle, 
lateral acceleration and wheel unloading one side of the vehicle. Larger 
differences indicate: rollover energy and Row1 rate. Similar ratios de-
rived values obtained for the roll angle and lateral acceleration. Large 
differences exist in the comparison rate derivative LTR.

Based on the presented simulation tests of scaled and real vehicle 
there are the following conclusions:

good agreement was obtained for parameters characterizing • 
the risk of the vehicle rollover, both tests: driving in a circle 
with a fixed speed and step input of the steering wheel con-
firmed this compliance
scaled vehicle can be used to create software systems for ve-• 
hicle stability control systems equipped with anti-roll function 
to determine the limits of indicators characterizing the risk of 
rollover,
the further testing of the scaled vehicle and work to preserve • 
similarities more compared parameters to the real vehicle, and 
should contribute to reducing differences in the investigated 
indicators.

Work was established during the project realization R & D NCBR 
no. PB 5478/B/T02/2011/40 „Evaluation of the stability of the real 

vehicle on the basis of the scaled vehicle.”
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Key symbols
ax Longitudinal acceleration (along X axis)
ay lateral acceleration (along y axis) 
B wheel track
Cϕ Vehicle roll stiffness coefficient
Ecritical Vehicle rollover energy
FxT Braking force
Fy Force acting respect to the y axis
FyL,R Lateral force acting on left / right wheel 
Fz Force acting respect to the z axis
FzL,R Normal force acting on left / right wheel
g Gravitational acceleration
h Distance between gravity centre and roll axis h h hGC RC= −
hGC Gravity centre height
hRC Roll centre height
IXX Vehicle mass moment of inertia respect to the X axis
Kϕ Vehicle roll damping coefficient
m Mass of the vehicle
ms Vehicle spring mass
δR wheel steering angle
δH Steering wheel angle
 ϕ Vehicle roll angle
φ  Vehicle roll rate respect to the X axis
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productivity And reliAbility improvement 
in turning inconel 718 Alloy – cAse study

poprAwA produktywności i niezAwodności toczeniA 
stopu inconel 718 – studium przypAdku*

The paper presents an investigation of Inconel 718 alloy finishing turning, using a procedure that allows the optimal cutting data 
to be found with a maximization of the metal removal rate as the optimization criterion. The optimization procedure does not allow 
the required values of the chosen surface roughness indicator, cutting force and cutting tool wedge temperature to be exceeded at 
the same time. The optimization procedure includes the preliminary cutting tests for establishing the range of cutting data (feed 
and depth of cut) for the correct chip breaking as well as research concerning micro-hardness measurements which enables the 
cold work zone to be determined and the minimal value of the feed to be defined. The functionality of the algorithm was verified by 
using the improvement in machining productivity and reliability of an aircraft engine element as an example.

Keywords: Inconel, turning, productivity, optimization, parameters, micro-hardness.

Artykuł opisuje badania obróbki wykończeniowej toczeniem stopu Inconel 718, mające na celu optymalizację parametrów skra-
wania z uwzględnieniem maksymalizacji objętościowej wydajności obróbki, jako kryterium optymalizacyjnego. Proponowana 
procedura uwzględnia wymagane w procesie ograniczenia dotyczące wartości parametru chropowatości obrabianej powierzchni, 
siły skrawania oraz maksymalnej temperatury w strefie skrawania. Procedura optymalizacyjna zawiera wstępne testy mające na 
celu ustalenie w lokalnych warunkach obróbki użytecznego zakresu parametrów skrawania (posuwu i głębokości skrawania) dla 
otrzymania korzystnej postaci wiórów. Wykonane pomiary mikrotwardości w strefie skrawania umożliwiły określenie wielkości 
strefy zgniotu warstwy wierzchniej, co z kolei pozwoliło na zdefiniowanie minimalnej wartości posuwu. Procedurę optymaliza-
cyjną zweryfikowano na przykładzie obróbki wybranej powierzchni elementu silnika lotniczego. Osiągnięto znaczną poprawę 
produktywności i niezawodności procesu obróbki.

Słowa kluczowe: Inconel, toczenie, produktywność, optymalizacja, parametry, mikro-twardość.

Nomenclature
AD cutting layer cross section in mm2

ap depth of cut in mm
Dc work piece diameter in mm
f feed rate in mm/rev
Fc Ff  Fp components of cutting force in N
i number of passes
n rotational speed in rev
Qv metal removal rate in cm3/min
Ra surface roughness in µm
t1 cutting time for one pass in min
Tcut temperature in °C
tcut total time of cutting in min
vc cutting speed in m/min
R2 coefficient of determination

1. introduction

Nickel-based alloys (HRSA) due to their good mechanical prop-
erties in high temperatures are commonly used in the aerospace in-
dustry, e.g. for parts in gas turbine engines. The most popular types of 
HRSA include Inconel 718, Inconel 625 and waspaloy. About 45% of 
forgings and 15% of casts are made of Inconel 718 alloy [6, 29].

Although nickel-based alloys have good constructional properties 
they are difficult-to-cut materials. Inconel 718 can be characterized by 

high hardness and high strength in elevated temperature which leads 
to high cutting resistance. This alloy has a tendency to work surface 
hardening. Its low thermal conductivity leads to high temperature de-
veloping in the cutting zone. These rise from around 900 °C at a low 
cutting speed of 30 m/min up to 1300 °C at 300 m/min [18].

Most nickel-based alloys’ chemical composition includes 10–
20% chromium, up to 8% aluminium and titanium combined, from 5 
to 15% cobalt and small quantities of boron, zirconium, magnesium 
and carbon. The other additives include molybdenum, niobium and 
tungsten.

From the end of the seventies nickel alloys were the object of de-
tailed research [4, 10, 12, 13, 15, 21–23, 26, 27, 34]. A lot of attention 
was paid to the quality of the surface and the integrity of the upper lay-
er of elements made of nickel-based alloys [24, 31]. This is important 
for the durability, endurance fatigue, productivity and functionality of 
machined parts [2, 3, 5, 35, 36]. 

The machining process can take place only when the necessary 
force, properly situated in space and time, is applied to the work piece. 
The force acting on the cutting wedge must overcome the resistance 
of the work piece material, its elastic and plastic strains, and frictional 
resistance when a new surface is created [9, 28, 33]. 

An analysis of the bibliography, describing the phenomena taking 
place in the machining process, reveals the fact that when the cutting 
speed increases (with a constant value for the metal removal rate) the 
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cutting force decreases [14]. This enables thin-walled work pieces to 
be machined. 

The influence of the cutting speed on the cutting force and the 
surface roughness is connected with the influence of the deformation 
speed of the cutting layer on the plasticity of the machined material 
and tool wear [11, 16]. The temperature in the cutting zone is closely 
related to the cutting speed and in general increases when the cutting 
speed increases. Heat changes the alloy microstructure and causes 
stress formation [25]. when a low cutting speed is applied, abrasive 
wear on the tool flank face is dominant [8]. A higher cutting speed 
causes adhesion wear and high cutting speed is also connected with 
diffusion wear [20].

There are many papers devoted to the optimization of Inconel 
718 machining. The problems concerning the cutting optimization 
of Inconel 718 alloy, together with the optimization criterion of the 
surface roughness was presented in [1, 16–18, 35]. In [1] the opti-
mization of the hybrid machining process with economical criterion 
was analysed. Another approach to machining data optimization was 
presented in [7], the main criterion being the maximization of tool life 
and the minimization of production cost.

A similar approach concerning the optimization of milling cutting 
data was presented by the authors in [19]. The optimization of cutting 
data by means of RSM (Response Surface Methodology) for ceramic 
tools was considered in [1]. A genetic algorithm coupled with an arti-
ficial neural network (ANN) as an intelligent optimization technique 
for machining parameters optimization of Inconel 718 was described 
in [30]. on the other hand, HSC turning optimization by means of 
Taguchi Grey Relational Analysis was described in [26].

Due to the physical properties of Inconel 718, as well as work piece 
surface hardening as a result of surface deformation and low thermal 
conductivity, there is a lack of specific results for machining process 
optimization with a productivity criterion. Thus, the authors tried to 
determine a procedure to find the optimal cutting data for Inconel 718 
alloy finishing turning with a maximization of the metal removal rate 
(productivity) as the optimization criterion, that at the same time did 
not exceed the required values of the surface roughness indicators, cut-
ting force and tool wedge temperature. The verification of the correct-
ness of the algorithm‘s working is described in section 3.

2. optimization procedure

The problem of a turning improvement with the optimization cri-
terion of the maximum metal removal rate can be formulated in the 
following way, Eqs. (1–7):

ap min ≤ ap ≤ ap max    (1)
fmin ≤ f ≤ fmax    (2)
vc min ≤ vc = f (n, Dc) ≤ vc max   (3)

Qv = f (vc, f, ap) → Qv max   (4)
F  ≤  Flim     (5)
Tcut  ≤  Tcut lim    (6)
Ra  ≤  Ra lim    (7)

where: Qv max – maximum metal removal rate; Ra lim – required value 
of surface roughness; Flim – acceptable value of cutting force compo-
nents (Fc lim, Ff lim, Fp lim), due to the strength of the grip part and the 
direct influence of the work piece surface layer properties; Tcut lim – 
acceptable temperature limit of the tool wedge.

Eqs. (1–3) determine the collection of the allowable values of 
the depth of cut, feed and cutting speed. The ranges for these values 
are based on the tool manufacturer’s recommendations and specific 
investigations in the local machining conditions (e.g. correct chip 
breaking). The general productivity improvement procedure, based 
on experiments, is presented in Fig. 1. At the beginning of the proce-

dure a range of cutting data and process optimization criterion must be 
defined. on the basis of the results, obtained from the successive steps 
of the optimization process, the correct cutting data can be selected. 
The scheme presented in Fig. 1 consists of the following steps:

Definition of optimization criterion ((1) Qv in this approach) and 
optimization limits (F, Tcut , Ra).
Preliminary cutting tests for establishing the cutting data range (2) 
for correct chip breaking.
Establishment of the research method and measurement equip-(3) 
ment. At this stage it is necessary to determine the final cutting 
data range for the tests.
Measurement tests ((4) F, Ra, Tcut ) for selected cutting data.
Research concerning micro-hardness measurements, which (5) 
enables the reach of the cold work zone to be determined.
Determination and analysis of (6) F = f(Qv),  Tcut = f(Qv) and Ra 
= f(Qv) functions.
Analysis of the above functions leads to setting the optimal (7) 
cutting data that fulfils the optimization criterion and limits.

3. verification of the optimization procedure

The optimization process of cutting data selection, according to 
the outline presented in Fig. 1, was performed for the selected surface 
(**) of the aircraft engine element (bush), manufactured using Inconel 
718 alloy, Fig. 2a. The initial cutting data (Case1), selected from the 
tool manufacturer’s recommendations (ap, f and vc) and the calculated 
values are shown in Table 1.

The surface roughness measured from the data was Ra = 0.95 μm 
at Qv = 3,52 mm3/min. These were initial cutting data with reference 

Table 1. Initial cutting data and calculated values AD , t1  and tcut

ap 
mm

f 
mm/rev

vc 
m/min

AD 
mm2

t1
min

tcut 
min i

case1 1.1 0.080 40 0.088 0.374 2.25 6

Fig. 1. Scheme of the productivity improvement procedure during turning  
(Qv max)
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to which the optimal parameters were investigated. Cutting experi-
ments were performed on the research stand built on the base of the 
turning centre, with the cutting force measurement device. Fig. 2b is 
a photograph taken during the external surface machining of the ele-
ment shown in Fig. 2a.

Turning was carried out with a sintered carbide insert, VCMT 
160404-SM with tialN coating, and αn = 7o clearance angle. The cut-
ting insert was mounted in the tool-holder, SVJCR 2020K-16.

The optimization criterion – (maximization of Qv) and constraints, 
Eq. (8) were determined as the first step of the procedure. Ff  feed 
force and Fp radial force were not considered.

 Ra ≤ 1,15 μm and Fc  ≤ 470 N and Tcut ≤ 650 ºC  (8)

An analysis of SM type chipbreaker efficiency in an actual, local 
machining environment was performed and described in details [32, 
37]. The results for vc = 50 m/min are presented in Fig. 3a. The marks 
in this figure mean: “×” – unacceptable chip form, “0” – acceptable 
chip form, “+” – correct chip form. The main dimensions of the rake 
face shape are shown at the top. The conveyed tests revealed the fact 
that the most profitable chip forms came into being within the follow-
ing range: cutting speed vc = 40-60 m/min, feed f = 0.08-0.25 mm/rev 
and depth of cut ap > 1 mm. 

The values obtained for Fc cutting force and Tcut temperature, as 
a function of the feed and cutting speed, are presented in Fig. 3b and 
Fig. 4a, respectively. Examples of thermograms for the highest and 
the lowest temperature in the cutting zone, measured by means of an 
infrared camera, are shown in Fig. 4b and Fig. 4c, respectively. 

when considering Fig. 3b it can be observed that for feed values 
greater than 0.1 mm/rev the cutting force increases more slowly as 
the feed increases. Generally, when the feed rises, the cross section of 
the cutting layer enlarges and the cutting resistance increases. with a 
feed value over 0.1 mm/rev only a slight increase in the cutting force 
occurs. This is due to the fact that a material decohesion process takes 
place below the cold work layer and the cutting resistance decreases. 
This is confirmed by the micro-hardness measurements of the work 
material in the cutting zone, described below. It suggests establish-
ing a higher feed limit (over 0.1 mm/rev) than was initially proposed 
(0.08 mm/rev).

The influence of the cutting speed on the cutting wedge tempera-
ture is shown in Fig. 4. At a greater cutting speed, the temperature of 
the work material in the cutting zone is higher, which decreases the 
strength of the material being cut. 

observing the cutting wedge temperatures for different feed and 
cutting speed values it can be stated that as the feed increases up to 
about 0.18 mm/rev a decrease in temperature occurs. This probably is 
directly linked to the decrease in the thickness of the cold work layer 
in relation to the total thickness of the cutting layer. The cutting wedge 
temperature reaches a minimum value for each cutting speed in the 

Fig. 2. Shape of semi-finished product (a) and photo of its machining (b)

Fig. 3. Classification of chips forms with useful chipbreaker area type SM in 
local testing environment for vc=50 m/min, (a) and influence of feed on 
cutting force (b)

Fig. 4. Temperature of tool wedge: a) Tcut = f (f, vc ), b) infra-red 
photo for vc=60 m/min and f =0.08 mm/rev, c) infra-red photo 
for vc=40 m/min and f =0.15 mm/rev

a)

a)

a) b)

b)

b) c)
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region of f = 0.18 mm/rev. with a greater feed value the cutting wedge 
temperature increases as the feed increases on account of the cutting 
layer cross section increase and simultaneously there is less and less 
influence from the cold work layer on the decohesion process.

To analyse chip morphology and the cold work zone of machined 
material, tests in which there was a sudden halt in the cutting process 
were performed. An example of a micro-section photograph, taken by 
a scanning microscope, is presented in Fig. 5a. The austenitic structure 
of the material, the size of the grain and the location of the infrequent 
titanium carbide particles can be observed (arrows in the picture).

Next, the micro-hardness HV0.1  (Hannemann method) in the cut-
ting zone, along the line situated inside the chip and the work piece 
(line AB in Fig. 5a), was measured. The diagram illustrating the influ-

ence of the cutting speed on the micro-hardness distribution for a feed 
f = 0.1 mm is presented in Fig. 5b.

Nickel based alloys harden during machining, which is caused by 
a significant plastic deformation in the area located straight in front 
of the cutting wedge. The size of this deformation changes as a func-
tion of the distance from the machined surface. It translates into a 
hardness increase from 420 HV0.1 for the core material (near point 
B), to 540;554;580 HV0.1 in the shear zone for vc = 40;50;60 m/min, 
respectively, Fig. 5b. At a distance of approximately 0.1 mm from the 
machined surface, a significant decrease in hardness can be observed 
of 425–429 HV0.1. This means that a feed of at least 0.1 mm or above 
should be recommended, so as to move the cutting edge below a hard-
ened layer of the material. The results of the roughness measurements 

of the machined surface for different metal removal 
rates are presented in Fig. 6.

It can be observed, that at a slower cutting speed 
the roughness parameter Ra reaches acceptable values 
below 0.95 μm but the metal removal rate is low, below 
4 cm3/min. So, it seems to be reasonable to apply a cut-
ting speed over 50 m/min.

Taking into consideration the investigations de-
scribed above, appropriate ranges for the feed (0.1 mm 
≤ f  ≤ 0.25 mm) and cutting speed (50 m/min ≤ vc ≤ 60 
m/min) values were established. The depth of cut was 
set as in Case 1.

Using the measured data and the calculations, the 
diagram in Fig. 7 was created. The diagram enables 
the best values for the cutting data, which fulfil the im-
posed optimization limitations (8), to be selected.

The diagram in Fig. 7 with the Eqs. (9-11) permits 
the maximum metal removal rate for the cutting speed 
vc = 60 m/min to be determined. This value was cho-
sen from a range fulfilling the limit of Tcut temperature 

(diagram in Fig. 4a). 

Ra = 1.20005 – 0.20395Qv + 0.02386Qv
2 (R2 = 0,98162)     (9)

Tcut = 1018.31177 – 80.68902Qv + 3.50898 Qv
2 (R2 = 0,97467)   (10)

Fc = 96.5146 + 58.97511Qv – 0.73246 Qv
2 (R2 = 0,97987)   (11)

The optimized cutting data were chosen for the maximum metal 
removal rate Qv = 6.92 cm3/min and these are presented in Table 2.

4. Conclusion

The results of the experimental tests allowed the best values for 
the cutting data in the conditions determined for the bush external 
surface machining, made of Inconel 718, to be established due to the 
maximization of the metal removal rate at the set limit values of  Fc, 
Tcut and Ra. As a result of the optimization procedure an almost 97% 
productivity increase was achieved at, with a simultaneous small-scale 

Fig. 6. Dependence of  roughness parameter of machined surface 
Ra from  metal removal rate for different cutting speeds

Fig. 7. Dependence of  Fc, Tcut and Ra  from metal removal rate for 
vc = 60 m/min

Fig. 5. Chip creation zone with titanium carbide particles indicated by arrows (a) and  micro-
hardness distribution  along AB line for the feed f  = 0.1 mm and cutting speed vc = 
40;50;60 m/min (b)

a) b)

Table 2. Previously applied (Case1) and optimized cutting data for vc = 60 m/min

ap 
mm

f
mm/
rev

vc 
m/

min

Ra
µm

Qv
cm3/
min

Tcut
0c

Fc
n

Initial cut-
ting data 
(case1)

1.1 0.080 40 0.95 3.52 580 392

optimized 
cutting 

data
1.1 0.105 60 0.93 6.92 628 469
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increase of surface roughness, up to the parameter value Ra = 1,1 μm 
(admissible value Ralim = 1,15 μm) and an increase in the cutting force 
value by about 20% to the admissible limit. The machining process is 
more reliable taking into account the good chip formation and break-
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time resource problem in logistics systems dependAbility modelling

problem rezerwowAniA czAsowego w modelowAniu niezAwodności 
systemów logistycznych*

Article presents an overview of some recent developments in the area of mathematical modelling of technical systems’ maintenance 
decisions with the use of delay-time concept. Thus, the literature overview from 1984-2012 in the analysed research area is given. 
The problem of time relations occurred in logistic systems performance processes is investigated. Later, the example of DT model 
implementation in the area of logistic system of sixteen forklifts performance analysis is investigated.

Keywords: delay-time concept, dependability, logistic system.

W artykule przedstawiono zagadnienia związane z matematycznym modelowaniem utrzymania systemów technicznych w stanie 
zdatności z wykorzystaniem koncepcji opóźnień czasowych (DT). Przedstawiono przegląd literatury z badanego obszaru obejmu-
jący okres 1984-2012. Następnie został omówiony problem relacji czasowych w systemach logistycznych. W ostatnim punkcie, 
został przedstawiony przykład zastosowania modelu DT do oceny niezawodności szesnastu wózków widłowych funkcjonujących 
w wybranym systemie.

Słowa Kluczowe: koncepcja opóźnień czasowych, niezawodność, system logistyczny.

1. introduction

In any logistic system operating under an increasingly complex 
and diverse system environment, there is a need to take into account 
the possible unreliability of logistic system elements, which may lead 
to decrease of the system availability level. In the maintenance and 
reliability theory literature, there are many studies dealing with the 
problem of designing reliable and available logistic support systems 
for repairable items performance [61]. However, most of the devel-
oped models focus only on spare parts availability (see e.g. [12, 21]) 
or repair facilities availability (see e.g. [1, 7, 26, 47, 56, 57]), and the 
problem of possible interactions, which may occur between opera-
tional system and its logistic support system is usually not analysed. 
At the same time, dependability analyses being carried out with the 
use of known models are incomplete due to the lack of assessment of 
interactions between both the systems being in cooperation influence 
on the overall functional reliability.

The article focuses on the problem of logistic support system reli-
ability modelling with the use of Delay Time Analysis (DTA). Con-
sequently, a literature overview, as well as the issues of time relations 
occurred in logistics systems are presented. In the second part of the 
article, the focus is on analysis of the case company, which performs 
maintenance and service operations of forklifts. Moreover, there is 
used the basic model of system inspections with the use of DTA to 
evaluate the reliability of operating facilities.

2. Problem of time relations in technical systems per-
formance modelling

In the case of complex systems, where the problem of relations 
between two consecutive subsystems modelling occurs and influence 
the overall system availability, many works indicate on operational 
processes time delays issues.

The problem of time delays occurrence characterises many physi-
cal and technical systems and is investigated e.g. in biology, mechan-

ics or economics [29]. In the 70s Twentieth century, time delay con-
cept Delay Operator was used in modelling or forecasting processes 
performance [9]. Later, there were papers which are aimed at time 
delay concept implementation in other research areas, e.g. in logistics 
processes performance modelling, or technical systems maintenance 
modelling. Review of basic research issues related to the operational 
systems’ time relations modelling is presented in [59].

In 1976. Christer (based on [18]) proposed the delay-time concept 
(DTC), which is used to this day in the theory of renewal processes 
in order to optimize the technical system downtime connected with 
not detected in time failures occurrence (time between inspections 
optimization problem). In the delay time concept, a fault which has 
developed in the system becoming visible at time u from new, if an 
inspection is carried out at that time. If the fault is not attended to, the 
faulty component fails after some further interval h which is called 
delay time of fault (Fig. 1).

There has been increasing effort to encourage the use of the delay-
time concept in maintenance modelling of real-life systems. Many 
works have been carried out on the modelling of this concept to pro-
duction plants (e.g. [2, 19, 36]). Moreover, well known models base 
on time-based preventive maintenance (e.g. [43, 53, 63]) or condition-
based maintenance (e.g. [20, 40, 41, 55]). other application areas re-
gard to e.g. maintenance in civil engineering (e.g. [16]), or transport 
issues (e.g. [24, 37]).

The problem of imperfect inspections performance in technical 
systems is analysed e.g. in [3, 13, 15, 22, 34, 35, 44, 46, 52].

Fig. 1. Time delay conception [18]
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The main questions being investigated in such works are [15]:
How often vehicles should be maintained preventively or re-• 
paired/replaced?
is a reliability structure of a system safe?• 
How often production plant should be maintained periodi-• 
cally?
what is an economical and technical effectiveness of a per-• 
formed maintenance?

Literature review of existing DT models can be found e.g. in [3, 
4, 13, 14, 15, 17, 20, 35, 39, 44, 52] or in [31, 32, 33, 39], where the 
focus is on the possibilities of DT models implementation for multi-
unit systems. In [30], there is presented the literature overview of 
single-unit systems with time delay maintenance processes modelling 
issues.

A literature review, in which delay-time models are investigated 
along with other PM models are given in [23, 27, 28, 38, 42, 48, 50]. 

one of the first publications which strictly investigated recent 
development in the delay-time modelling is given by Christer & Red-
mond [17]. Later, in [4] authors discuss the development of delay-time 
analysis as a means of modelling engineering aspects of maintenance 
problems. Christer in [15] reviews the recent cumulative knowledge 
and experience of delay time modelling from 80s and 90s Twentieth 
century. Author presents the basic delay-time model and discusses the 
main development directions including e.g. perfect/non-perfect in-
spection case, steady state and non-steady state conditions, or type of 
model’s parameters estimation process.

Following these considerations, in the Fig. 2, there is presented 
the main classification of existing delay time models. In the presented 
scheme, there are defined three main groups of delay-time models 
according to the maintenance strategy used.  First group is devoted 
to time-based inspection models. There, plenty of studies regard to 
block-replacement inspection policy, where inspection takes place 

every T time units. The second group of models which deserve to be 
mentioned is condition- based maintenance models. There one can 

find models especially developed for production plant maintenance.  
The last group of models introduce the delay time concept in reliabil-
ity cantered maintenance. However, there is only few works regard to 
this maintenance area.

Moreover, when analysing the time relations modelling problems, 
there is also a necessity to investigate the issues of logistics delays 
occurrence during defence systems operational processes perform-
ance [45]. The main problem in this area is connected with defini-
tion how logistics processes performance delays affect unreliability 
(total downtime) of a military system (e.g. maintenance delay time 

connected with spare parts delivery delays), and as a result, the main 
system dependability characteristics [60].

The presented defence approach may also be used in time analyses 
of production and technical systems performance, connected with [60]:

delays occurred during operational processes performance (be-• 
tween consecutive operations),
random lead times,• 
spare parts availability. • 

The convenient example, which serves to illustrate the complexity 
of such problems is given in [60], where the system of systems with 
time resource model is developed. The model takes into account the 
possibility of logistic support system functional unreliability and al-
lows for assessing the impact of logistic system failures on the overall 
system of systems dependability and economic characteristics.

2.1. Basic model of inspection based on the DTa implemen-
tation

one of the main inspection policy models, which are based on 
the DTA approach implementation, is given in [18]. The investigated 
simplest possible case of an inspection policy is characterized by the 
following assumptions:

there is a constant time a) T between successive inspections which 
require d time units,
inspection costs b) I units,
inspections are perfect in that any defect present within the c) 
plant will be identified,
inspections are independent of each other,d) 
faults are independent and arise within the technical system at a e) 
constant rate k for any inspection period, 
defects identified at an inspection will be repaired within the f) 
inspection period,
breakdowns impose a small amount of downtime, g) db, compared 
to the inspection interval T and d,
the delay time of a fault is independent of the arrival time and h) 
has known pdf fh(h) and cdf Fh(h).

For such assumptions there is possible to estimate the probability 
of a fault arising as a breakdown Pb(T) [18]:

 P T
T

T h f h dhb h

T
( ) ( )= −( )∫

1

0
 (1)

The expected downtime per unit time to be incurred operating an 
inspection policy of period T is given by Ed(T), where[18]:

 E T kTd P T d
T dd

b b( ) ( )
=

+
+

 (2)

Moreover, with average breakdown and inspection repair costs cb 
and ci respectively, the expected cost per unit time of maintaining the 
plant on an inspection system of period T is C(T), where [18]:

 C T
T d

kT c P T c P Tb b i b( ) ( ) ( )=
+( )

+ −( )  +{ }1 1 1  (3)

Let’s consider the second case, when the inspections are non-per-
fect. Thus, there is introduced a probability β that a specific defect will 
be identified at nth inspection, and a corresponding probability (1- β) 
that it will not. For such an assumption the modified form of Pb(T) is 
given by [18]:

Fig. 2. Classification scheme of delay-time models [39]
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There exist many variations of the presented model, being inves-
tigated in known literature from reliability theory. Moreover, one can 
find few works in which the described model is used to real-life sys-
tems’ reliability analysis performance. For example see [39].

3. Time relations in logistic systems performance

At the present time, in the era of competition, there is a problem 
of  fully integration of the logistics systems in cooperation. Moreover, 
there is a necessity to eliminate any time delays which may influence 
the added value of a product [8]. Treating the supply chain disruptions 
as unexpected events occurrence, we can describe them as having un-
certainty in supply chain operations. Uncertainty in the supply chain 
can be seen from different aspects, such as [51]:

time (in the sense of duration of activity/process, starting/end-• 
ing moment of activity realization, frequency of activity/de-
mand occurrence),
quantity (of supply, demand or physical transfer of goods),• 
location/place (where activity starts/ends),• 
quality ( of service/products),• 
cost (fluctuation, occurrence).• 

However, not every disruption occurrence leads to logistic system 
failure appearance. The critical factor which determines the logistic 
system failures is time. In a situation, when disruption (connected 
with e.g. improper delivery quality/quantity, improper location) oc-
curs, there is a necessity to find out if we have enough time to correct 
the problem. when the spare time let us to remove the disruption – lo-
gistic system is not defined as failed. In other words, time redundant 
system has the ability to tolerate interruptions in their basic function 
for a specific period of time without having the negative impact on the 
system task performance. 

Typically, the time redundant systems have a defined time re-
source that is larger than the time needed to perform the system total 
task [58]. Time redundancy is to take additional time to complete the 
task (in relation to the time necessary for its execution), which can be 
used to restore the state of the system or improve its technical char-
acteristics [49, 58].  This means that the system with time resource 
tolerate faults with a short (usually specified) duration. 

In the known literature, there is many works which investigate 
the problem of time redundancy (see e.g. [10, 11, 49, 58]). Moreover, 
taking into account the following issues [49, 58]:

type of failure tolerance,• 
type of time resource usage,• 
type of time resource replenishment,• 

one can define the main types of time resource, which are described 
e.g. in [62]. 

The proper type of time resource choice depends on the type of 
modelled system, type of operational task, efficiency definition, and 
system’s reliability structure. The main models classification of sys-
tems with time resource is given in [62].

4. implementation of basic model of inspection based 
on DTa – case study

The basic DTA model implementation is analysed based on the 
information about operational and maintenance processes of forklifts, 
which are operated by considered case company [25]. The company 
specializes in servicing and carrying out a comprehensive overhaul of 
motor, diesel, gas, and electric lift trucks. It also prepares the neces-
sary documentation for office of Technical Inspection and supervises 
the maintenance processes of trucks subjected to technical inspection. 

It also provides services for both, individual and businesses custom-
ers. These services encompass a full range of internal transport facili-
ties providing and spare parts and tires supplying.

The necessary data, used in reliability analysis regard to eight 
years of trucks performance time period, since 2000 till 2008. The 
performance data include operational processes realization, repair 
and preventive maintenance times, types of replaced elements, and 
types of occurred failures. The shortest mileage of analysed forklifts 
is 2 800 working hours and the longest mileage is equal to 13 300 
working hours.

4.1. Maintenance tasks being performed during analysed 
time period

In the first step of performed reliability and maintenance analy-
sis, author gathered the data about maintenance tasks (replacing of 
elements, spare parts, repairs), being performed during analysed time 
period. The gathered information is classified into seven working 
groups: track frame and body, installation and electrical equipment, 
hydraulic circuit, lifting circuit, transmission, steering system, and 
brake system. In the table 1, there are presented the main maintenance 
tasks performed in lifting circuit during analysed time period.

The trucks inspection actions are performed according to the 
given operators manuals. During the inspection performance, there 
should be checked out if all circuits and transmission perform satis-
factory, especially:  

security systems,• 
forks and carriage,• 
steering system, • 
transmission,• 
lighting system,• 
signalling system,• 
properness of performed maintenance actions,• 
frame (in every 12 months).• 

Preventive maintenance actions are performed according to the 
trucks mileage indications. Moreover, inspections are performed after 
every 1000 working hours (e.g. mast, forks and axle maintenance), 
after every 2000 working hours (e.g. lifting system maintenance), or 
after every 3000 working hours (e.g. hydraulic system maintenance).

4.2. Main reliability characteristics of analysed system’s 
elements

Electrical forklift is a repairable object, thus, it is repaired after 
its failure occurrence1. Reliability analysis of forklifts has been per-

1 According to the definition given in dictionary of operation by PNTTE, http://www.
eksploatacja.waw.pl/indexphp.php?s=4000

Fig. 3. The probability density fu  nction R1(t) of time to first failures for cho-
sen trucks 
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formed based on the data from service manual where the information 
about trucks actual mileage, types and times of performed mainte-
nance actions can be found. Thus, the obtained data of sixteen fork-
lifts operational processes performance let author estimate the main 
reliability characteristics, e.g. probability distribution function of 
times to first failure of the chosen trucks. Moreover, there has been 
also the possibility to define the cumulative distribution function F(t), 
or probability distribution function f(t).The data analysis has been car-
ried out with the use of weibull ++ v. 6 software (distributed by Relia-
Soft Co. USA), what gives the possibility to estimate e.g. probability 
functions of time to failure or repair time. The defined functions are a 
normal probability functions. The chosen reliability characteristics of 
analysed forklifts are given in Fig. 3–4.

4.3. Possibility of basic model of inspection implementation 

The implementation of basic model of inspection based on DTA 
implementation and investigated in Section 2.1 needs estimation of 
the main model parameters:

inspections time • d is equal to 2 hours,
downtime • db connected with breakdowns removing equals 
5.18 h (estimated as a mean repair time of all sixteen trucks in 
a given time period),
total operational time of all trucks in a given time period is • 
131700 working hours,
the constant rate • k of fault occurrence is estimated at the level 
k = 0.006363 per hour (838 failures during analysed time pe-
riod),
MTBF equals 157 working hours, with standard deviation be-• 
ing equal to 381 working hours.

Taking into account the defined model parameters, the formula 
given in (2), when using formula (1), may be defined as:
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Substituting obtained values of model parameters into Equation 
(5) gives the following: 
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In the analysed model, there is also a necessity for delay time h dis-
tribution definition. This distribution function is independent on the sys-
tem’s elements failures occurrence and is defined by  fh(h) and Fh(h).

These distribution functions of delay time parameter h can be es-
timated using two methods, namely subjective and objective ones.  In 
the known literature few models have been developed for these two 
approaches, for more information see e.g. [5, 6, 54]. The use of objec-
tive models requires a large amount of data in comparison with sur-

Table 1. Types and number of maintenance tasks being performed to provide lifting service [25]

Maintenance task Maintenance actions’ 
object

number of performed 
maintenance actions

Maintenance task Maintenance actions’ 
object

number of performed 
maintenance actions

replacement mast rollers 22 repair tilt cylinder 21

mast support bearing 18 broken lifting chain 17

lifting chain 18 mast rollers 14

forks lock 14 lifting cylinder (sealing) 13

lifting chain safety 
device 14

truck mast (welding, 
grinding) 10

forks 12 lifting chain regulation 8

mast roller 8
regulation of lifting and 

tilting functions 8

tilt cylinder’s pins 4
lifting chain’s rollers 

cover 4

tensioning screw 3

mast fixing screw 2

tilt cylinder 2

lifting cylinder 1

Fig. 4. The probability function f(t) of time between failures
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vey questionnaires which should reflect the operations of the analysed 
system over a considerable period of time.

when dealing with the analysed forklift system, there is no possi-
bility to identify time moments u occurrence. Thus, there is no reliable 
information about the most appropriate distribution function for h pa-
rameter. As a result, there is a necessity to study different pdf func-
tions of delay-time. In the article, author focuses on the exponential 
case, for which the distribution for the delay time is given by:

 ( ) kh
hf h ke−=  (7)

Substituting formula (7) into Equation (6) to obtain an expression 
for the downtime will give:
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Taking into account the average failure rate k (in analysed case k 
= 0.006363) in the equation (8), there was possible to obtain results 
shown in Figure 5. 

According to the Fig. 5, clearly can be seen that the function of the 
expected downtime stabilizes around the estimated value of MTBF. 
At the same time, the question arises which model parameters and 
how they affect the research results. Thus, there should be carried 
out the model sensitivity analysis. Moreover, it should be analysed 
the influence of various probability distribution functions of random 
variable h on the function Ed(T). These issues will be also the subject 
of author’s further research.

5. Summary

The use of inspection models based on DTA implementation and 
proper preventive maintenance system can be used to minimize the 
technical system downtime connected with undetected defects or dam-
age occurrence. The article focuses on the application of one of the first 
inspection models based on DTA to analyse the system of forklifts per-
formance. However, unfortunately the used model requires considera-
tion of a number of simplifying assumptions that cannot always be met 
in practice. Firstly, the inspection actions are not always perfect, which 
means that not all occurred defects are identified during the inspection 
process performance. The second assumption, which is usually not ful-
filled in practice regards to constant failure rate k.

Last and the most important problem is connected with the time 
delay h parameter estimation process. Usually, there is no relevant 
data that allow, with the use of mathematical functions, to estimate 
this random variable. This means, that there is no possibility to unam-
biguously determine the period T between system inspection actions 
performance. At the same time, it is expected that the combination of 
modeling based on DTA implementation and preventive maintenance 
tasks investigation may guarantee the expected number of undetected 
faults at the level of 5 – 10% (depending on the chosen probability 
distribution). 

In order to determine whether the analysed inspection model 
which bases on DTA implementation is suitable for analysed system 
of sixteen forklifts dependability characteristics estimation, the input 
data should be complemented. The additional data gathering process 
should allow to define the time delay parameter and its probabilistic 
characteristics in more precise way.

Fig. 5. Function Ed(T) when using exponential distribution for delay time h
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criteriA of mAintenAnce for Assessing the suitAbility of Aluminum 
Alloys for the production of interchAngeAble pArts injection mold

eksploAtAcyjne kryteriA oceny przydAtności stopów Aluminium 
do produkcji wymiennych części form wtryskowych*

With increasing production of plastics crop up also the need to improve their processing abilities. New methods and materials in 
the construction of forms are examined. Low weight and easy machinability predestines aluminium alloys for use as a material 
for the production of injection moulds for manufacturing of small series production. The paper deals with the verification of the 
suitability for selected aluminium alloys for the production of mould inserts based on problem, which occurred at real injection 
mould used for small series production. Massive wear of material at contact of ejector pin made from 1.1203 and insert made 
of Al-alloy caused deformations at final moulding. At next experiments were four types of Al alloys used. At following materials 
hardness and wear of materials was evaluated. To simulate the adhesive wear of friction pairs 1.1203 - Al alloy with and without 
greasing was adhesive wear test machine AMSLER used with simulation of surface contact. Wear intensity was evaluated by the 
coefficient of friction.

Keywords: injection mould, aluminum alloy, friction pairs, adhesive wear, friction coefficient.

Z powodu zwiększenia produkcji różnorodnych elementów z tworzyw polimerowych zauważana jest konieczność poprawiania 
procesów przetwórczych, w tym konstrukcji maszyn i narzędzi do ich przetwórstwa. Dlatego badane są nowe metody i materiały 
w budowie form używanych w procesie wtryskiwania. Niska waga i dobra obrabialność stopów aluminium sprawiają, że mate-
riały te są chętnie stosowane w produkcji form wtryskowych do produkcji małoseryjnej. Artykuł dotyczy weryfikacji przydatności 
wybranych stopów aluminium do produkcji wymiennych części form wtryskowych pod kątem zapewnienia jak najdłuższej prawi-
dłowej eksploatacji narzędzi. Zagadnienie przedstawione w artykule dotyczy rzeczywistych problemów, które wystąpiły w formach 
wtryskowych stosowanych do produkcji krótkich serii. Występujące znaczne zużycie materiału na styku wypychacza wykonanego 
ze stali 1.1203 i części formy wykonanej ze stopów aluminium, oraz deformacje stopu aluminium wpływają na jakość przedmio-
tów produkowanych z tworzyw polimerowych. W kolejnych eksperymentach przetestowano cztery rodzaje stopów Al. Wyznaczono 
twardość materiałów i zużycie ścierne. Aby symulować współpracę węzłów tarcia 1.1203 – Al przeprowadzono testy z i bez użycia 
środka smarnego za pomocą urządzenia AMSLER.

Słowa kluczowe: wtryskiwanie, stopy aluminium, pary cierne, zużycie adhezyjne, współczynnik tarcia.

1. introduction

The growing demand for tools for plastics processing intense the 
development of new types of plastics, as well as the rapid develop-
ment of manufacturing, in particular, their application in various sec-
tors of industrial activity. of particular importance is that the produc-
tion of elements of polymeric and the associated need for producing a 
growing number of tools for shape them is a significant factor in the 
various sectors of industrial activity.

The design of tools for forming the metal and plastics is one of the 
most challenging and difficult areas of engineering. Among most con-
structional and technologically sophisticated tools are included tools 
for deep drawing of sheets, tools for aluminium pressure forming and 
tools for plastic injection moulding – injection moulds [4, 7].

Moulds are complicated technical devices that must withstand 
high pressure, must provide high mouldings pressure while maintain-
ing the precision cooperate of the various parts of the mould. Correct-
ly constructed mould must ensure high repeatability of dimensional 
manufactured of elements, including mutually perpendicular planes 
forming, while allowing easy removal products or mouldings, from the 

mould. Injection moulds work automatically. Design forms and meth-
ods of production are therefore a large field of knowledge and creation 
of new forms of injection involves significant financial costs.

Due to the high hydraulic pressure prevailing in the hydraulic 
system responsible for the correct operation of the mould, which 
translates into a much higher pressure in the mould cavity at injection 
mould, very important is quality of workmanship of the mould. Vari-
ous maintenance conditions of the mould, under high load may cause 
deformation of the mould, when they are improperly designed [3, 5]. 
In order to ensure long-term and reliable maintenance of the mould, it 
is important to correct the submission of a few technical aspects such 
as mould design, selection of materials for its production intended for 
particular types of polymer materials and the optimization of process-
ing conditions [2, 11, 15].

Moulds consist of functional and auxiliary parts. Each of these 
parts is manufactured with high precision, which is reflected in their 
cost. The material used in the manufacture of injection moulds must 
meet the required operating conditions, including temperature, pres-
sure and abrasion resistance. The temperature of thermoplastic mate-
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rial witch flowing into the mould die during the injection moulding 
process is very diverse. Depending on the type of material generally 
ranges between 120 and 300°C. The increased temperature and high 
pressure on the mold material, make it necessary to determine the 
abrasion resistance of the mold functional unit. This is particularly 
important in the processing of polymeric composites having a rein-
forcement material of high abrasive, e.g. quartz, graphite or other hard 
materials [12, 6, 10].

2. non-ferrous materials used in the manufacturing of 
injection molds

For the production of moulds and its parts is the most commonly 
used tool steel, structural carbon steel and alloy steel. Nowadays are 
more and more non-ferrous materials used in the production of injec-
tion moulds [8]. The main reason for growing interest on the use of 
these materials is the pressure from the market to improve product 
quality and shorten production times [5, 12].

Non-ferrous metals, especially copper alloys and aluminium al-
loys are capable by its high conductivity to meet requirements for 
the production of these forms [13].  Non-ferrous materials also found 
their use in pre-production stages such as materials for moulds for 
small series production. These prototype forms become the subject of 
tests that will provide the necessary information for planning of their 
manufacturing and maintenance [6, 9, 12].

3. The problem and aim of the research

Figure 1 shows the portion of functional the injection mould, the 
insert forming the a casting cavity. Presented insert before the final 
surface treatment. The shaped insert is produced, as a part, to quickly 
modify casting cavity of injection mould. Replacement of only one 
part of the mold allows for a quick regulating the production of vari-
ous elements in small series. you can easily verify the technology 
of production and change the parameters for injection molding. The 
choice of material for the production shown in Figure 1a shaped in-
serts based on the following assumptions: easy mechanical processing 
of the material and to determine future production batches of a small 
series of no more than 1,000. Based on these principles to produce 
inserts for injection mould selected material EN Aw-1100.

Injection mold, with produced insert constructionally suited to the 
location of the die of plasticizing unit injection was mounted in the 
injection moulding tool arrangement at injection moulding machine 
Demag 25–80. For whole mould only one ejector pin was needed, 
located at the centre of the mould opposite to inlet. Ejector pin is re-
sponsible for the removal of the moulding from the mould cavity after 
the end of the injection cycle. Such prepared form has been tested 
consisting in the operation of the injection mould inserts by perform-
ing the injection moulding process.

After production of the first batch of 100 cycles was considerable 
surface wear (inequalities and distortions) in place of contact of cavity 
and ejector from steel 1.1203. By analysis of the problem it was found 
that the material for the production of the cavity shape is insufficient 
for the resistance to the injection pressure, and by the contact with 
ejector material was breakaway. These micro-cracks consequently 
caused small deformations. These microcracks as a consequence, the 
continued operation of the mold, resulted in a small distortion of the 
material consisting of the formation of defects in the material due to 
wear and plastic deformation in some cases (Fig. 1b).

The aim of experiment was to the identify suitable material for the 
production of shaped inserts for injection moulds for small series pro-
duction and comparison with previously used materials EN Aw-1100. 
The suitable material would show better properties, including, inter alia, 
less wear direct influence on the stability of the mould insert parts.

Process of experiments: determination of the chemical composi-
tion of selected materials, comparison of material hardness and com-
parison of adhesive wear of friction pairs 1.1203 alloy with and with-
out greasing.

Based on these findings, we will be able to identify material that 
will be quickly and easily machinable, but also suitable for the pro-
duction of shaped cavities for experimental injection moulds for small 
series of plastic mouldings. The study will also estimate whether the 
material can be quickly and relatively easy to process on metal work-
ing machines.

4. experimental part

4.1. The material and experimental methodology

The aim of experiments was to verify the suitability of selected 
aluminium alloys for the production of shaped inserts for injection 
forms. operation in production does not exceed 1,000 pieces moulded 
of polymeric materials.  Based on the experiments, the process of ad-
hesive wear of form parts will be analyze, which effect is closest to 
wear in these devices and in operating conditions and their suitability 
for use in maintenance during production process.

Four types of aluminium alloys were used for experiments (chem-
ical composition of this materials are in table 1):

Alloy Al 324.0 – this type of alloy is used in the production of • 
aluminium parts for automotive engines – marked A.
Alloy Al 324.1 – composition is similar to alloy A. It differ by • 
amount of alloying addition of Mn, which was reduced in the 
process of burn-casting up to 0.4%, and higher contents of zn 
up to 12% – marked B. 
Alloy EN AB 43500 is alloy with good weld ability. Used for • 
complex, medium-loaded casts like engine parts, compressor 
parts and so on – marked C.
alloy EN aW-1100 is the composition jest kompozycją with • 

the highest content of aluminum over other 
materials. Aluminium content is 98.5%, which 
makes this material soft – marked D.
To determine the suitability of these materials, 
which satisfy the conditions of maintenance,  
for use in the manufacturing of parts for ex-
perimental moulds were done following ex-
periments:

Vickers hardness measurement,• 
adhesive wear test without lubrication,• 
adhesive wear test using lubrication.• 

Studies to determine adhesive wear of the 
material was carried out on samples of said 
friction material in the pairs of a disc-shaped 
counterbody. Friction roll has a 36 mm diam-
eter and thickness of 10 mm (hardened steel Fig.1. Insert for injection molding with highlighted damaged surface

a) b)
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1.1203). The samples was made at the shape of flat splice plate, meas-
uring 20x15x9 mm and made from tested Al alloys

Tribological properties of friction pairs tested were evaluated by 
measuring the shear friction coefficient, which was calculated from 
the friction torque [14]. The values of friction torque were recorded. 
Slip friction was evaluated according to time. The principle of the test 
is shown on Figure 2.

Based on the graphical representation, the friction torque was 
evaluated by the contact force and the disk radius and shear coeffi-
cient of friction at the base of the relationship [1]:

  MT = r FT  (1)

  μ = FT / FN  (2)

where: MT – friction torque [Nm], r – radius of the disk [m], FT – fric-
tion force [N], FN – contact force [N], μ – coefficient of friction shear.

Mounting of friction roll and mating was regulated to pressure in 
the contact area by compressing the spring by force of 50 kN. Steel 
roll made of steel was rotating at speed 200 min-1. Deduction interval 
of friction torque was chosen according to the total time adequately 
to complete testing of samples depending on the timing of mating sei-
zure of samples. For test of adhesive wear test machine AMSLER was 
used with surface contact, which allows testing of friction pairs

Friction tests were carried out with and without grease and as lu-
bricant motor oil Madit M2T was used. oil was applied in a thin layer 
with a brush on the surfaces of the sample. The whole surface of the 
sample was covered with a thin layer of oil.

4.2. Discussion of measured results

4.2.1. evaluation of hardness of tested materials

Hardness   of the tested samples was measured according to Vickers 
measuring method – HV 10 and the results are shown in Figure 3.

4.2.2. evaluation of adhesive wear of friction pair metal – al alloy

Friction pair: 1.1203 – Al 324.0 (sample A)
Crowding of material was observed during the test of adhesive 

wear without greasing - plastic displacement in the direction of the 
friction roll. Traces of the adhesive wear were also visible at the sur-
face. They expressed themselves as transferred parts of material from 
the samples to surface of friction roll. Material transferred to the roll 
but also cause abrasive wear marks, showed as scratches. Sample A.1 
seized after 17 seconds without greasing. Slip of sample with fixture 
occurred after seizure of sample.

During the test of adhesive wear with lubrication the duration to 
seizure several times extended. The results   of friction torque, friction 
coefficient and the time intervals of data input are shown in Table 2. 
Figure 4 shows the progress of friction torque in dependence on time 
for samples with and without lubrication till seizing of samples. The 
sample and also friction roll have traces of abrasive wear, accrued 
as a result of interaction of ripped particles from the sample and ad-
hering to roll. Duration of experiment until seizing was 58 minutes. 
Friction roll and the sample was exposed to high temperature gener-
ated by friction and it accelerated the process of ripping the particles 
from sample and its adhering to roll. These connections during the 
test caused abrasive wear of friction roll as well as its counterpart in 
the friction pair.

Friction pair: 1.1203  – Al 324.1 (sample B)
when measuring the friction torque without greasing the traces of 

abrasive wear were observed on sample caused by the rapture of the 
material from sample and sticking to the roll. In terms of tribology, 
we can say that this is a tearing mechanism. Interval till seizing of 
samples was 83 seconds. Slip of sample with fixture occurred after 
seizure of sample.

By measuring the friction torque using greasing the duration to 
seizure several times extended. on the sample surface are visible 
scratches incurred as a result of plastic displacement and scaly marks 
caused by delamination. Adhesive wear was also accompanied by 
abrasive wear. Abrasion was caused by material sticked to roll through 

Table 1. Chemical composition of tested materials

Tested material
Contents of elements in materials in [%]

al Cu Mg Si fe Mn ni Zn Pb Sn Ti Cr

a  –  al 324.0 89.2 0.740 0.295 7.76 0.444 0.668 0.010 1.260 0.038 0.011 0.018 0.010

B  –  al 324.1 77.0 0.466 0.449 8.27 0.415 0.420 0.015 1.273 0.023 0.010 0.019 0.007

C  –  en aB 43500 88.6 0.029 0.442 10.32 0.287 0.138 0.010 0.065 0.012 0.007 0.004 0.007

D  –  en aW-1100  98.5 0.121 0.034 0.88 0.219 0.008 0.010 0.172 0.029 0.009 0.006 0.008

Fig. 2. Test principle of adhesive wear test

Fig. 3. Comparison of hardness of Al alloys
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micro joints between roll and material samples. By creation of micro 
joints ripping of material from sample was observed. 

The results   of friction torque, friction coefficient and the time in-
tervals of data input are shown in Table 3. Figure 5 shows the progress 
of friction torque in dependence on time for samples with and without 
lubrication till seizing of samples.

Friction pair: 1.1203  – EN AB 43500 (sample C) 
Interval till seizing of samples without lubrication was 20 seconds. 

After seizing of sample adhesive wear occurred a consistent delami-
nation of surface of sample. on friction roll particles transferred from 
sample were found.

During the test of adhesive wear with lubrication the duration to 
seizure several times extended. on sample was visible delamination 
and sideways displacement of material - plastic crowd-out effect. Ma-
terial was not sticking to the friction roll. The test material was torn 

off in the form of small swarf. Swarf immediately after breakaway 
falls off and further wasn’t being sticked to friction roll.

The results   of friction torque, friction coefficient and the time in-
tervals of data input are shown in Table 4. Figure 6 shows the progress 
of friction torque in dependence on time for samples with and without 
lubrication till seizing of samples.

Friction pair: 1.1203  – EN AW-1100 (material D)
Interval till seizing of samples without lubrication was 6 seconds. 

Due to the low hardness of the material plastic displacement occurred 
almost immediately after starting the device and seizing of sample 
went through strong Van der waals forces.

By measuring the friction torque using greasing the duration to 
seizure several times extended. Clearly visible delamination of sur-
face with flaking particles of lamellar shape was observed on surface. 
The material was crowding out the sides and after loss of plastic abil-

Table 2. The measured values of friction pair steel – material A with lubricant

material

values of friction torque m [n.m] and friction coefficient µ on time [sec]

1000 [sec] 4000 [sec] 4650 [sec] 4750 [sec] 5130 [sec]

m µ m µ m µ m µ m µ

a.1 12 0.13 23 0.25 33 0.37 53 0.59 73 0.81

a.2 15 0.17 20 0.22 40 0.44 61 0.68 79 0.89

a.3 11 0.12 18 0.20 18 0.20 50 0.56 70 0.78

Fig. 4. Curve of friction torque vs. time- sample A.1 a) without lubrication , b) with lubrication 

Fig. 5. Curve of friction torque vs. time – samples B.1 a) without lubrication , b) with lubrication

a) b)

a) b)

Table 3. The measured values of friction pair steel – material B with lubricant

material

values of friction torque m [n.m] and friction coefficient µ on time [sec]

50 [sec] 100 [sec] 250 [sec] 350 [sec] 446 [sec]

m µ m µ m µ m µ m µ

b.1 25 0.28 30 0.33 43 0.48 47 0.52 69 0.76

b.2 20 0.22 32 0.35 39 0.43 50 0.56 67 0.74

b.3 27 0.30 29 0.32 34 0,38 52 0.58 63 0.70
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a) b)

Table 4. The measured values of friction pair steel –material C with lubricant

material

values of friction torque m [n.m] and friction coefficient µ on time [sec]

500 [sec] 2000 [sec] 3500 [sec] 4250 [sec] 4790 [sec]

m µ m µ m µ m µ m µ

c.1 18 0.20 17 0.19 23 0.26 28 0.31 72 0.80

c.2 15 0.17 20 0.2 32 0.36 38 0.42 65 0.72

c.3 12 0.13 15 0.17 26 0.29 25 0.28 60 0.67

Fig. 6. Curve of friction torque vs. time- samples C.1 a) without lubrication, b) with lubrication

Fig. 7. Curve of friction torque vs. time – sample D.1 a) without lubrication , b) with lubrication

Fig. 8. Tested materials after wearing test

a) b)

Table 5. The measured values of friction pair steel – material D with lubricant

material

values of friction torque m [n.m] and friction coefficient µ on time [sec]

30 [sec] 55 [sec] 80 [sec] 130 [sec] 180 [sec]

m µ m µ m µ m µ m µ

D.1 27 0.30 30 0.33 32 0.35 35 0.39 64 0.71

D.2 25 0.28 32 0.35 35 0.39 38 0.42 67 0.74

D.3 20 0.22 29 0.32 29 0.32 37 0.41 62 0.69

Material A Material B
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ity the disrupt of surface integrity began. There was no visible wear 
on the surface of roll. 

The results   of friction torque, friction coefficient and the time in-
tervals of data input are shown in Table 5. Figure 7 shows the progress 
of friction torque in dependence on time for samples with and without 
lubrication till seizing of samples. 

5. Conclusion

The experiments showed that at design of parts for injection 
moulds from on-ferrous materials (aluminium) are necessary to con-
sider the properties of the alloy.

Based on the performed tests, we came to the following conclu-
sions:

Pure aluminium had not sufficient properties for a given ap-• 
plication, as shown by tests on material EN Aw-1100 (material 
D), which contained up to 98% aluminium. The time until the 
sample seized and the type of wear and tear, which occurred 
during the tests, indicate that the high-purity alloys are not 
suitable for the production of structural parts of the mould by 
mutual their movement relative to each other during the main-
tenance of the form.
Al 324.1 alloy (material B) behaved at friction test better than • 
material EN Aw-1100, but the times to seizure and friction co-

efficient values   show that even this alloy is not suitable for 
use in the manufacturing of moulds. Material contained large 
amounts of zinc, what caused great hardness of alloy in com-
parison with other studied alloys –up to 567 HV
Alloys Al 324.0 and Al 324.0 (material A, C) after tests ap-• 
peared to be most favorable for the production of parts for 
forms in terms of maintenance conditions. The optimal com-
position of the alloy guarantees sufficient operation time. 
The model test results showed that for the production of shaped • 
parts of the mould is the most suitable tested alloy material B 
(stop Al 324.1). At the end of experiment, the material reached 
the highest coefficient of friction, the material seized after 
the longest time of maintenance. In practice, mould parts are 
not stressed to such an extreme way as samples at model test. 
Greasing is often permanently secured.

The aim of the experiment was to verify and confirm the practi-
cal choice of the most suitable non-ferrous materials from the sup-
plied range of materials for the production of shaped parts of injection 
moulds. These materials can be used in the production of moulded 
parts of injection moulds for plastics and will ensure the most no-
failure operation in small series production.

Material C Material D
Fig. 8. Tested materials after wearing test

Fig. 9. The progress of the friction coefficient in dependence on the time
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mAintAinAbility AllocAtion method bAsed on time chArActeristics 
forcompleX equipment

metodA AlokAcji obsługiwAlności złożonych urządzeń opArtA nA 
chArAkterystykAch czAsowych

Maintainability allocation is an important step in product quality design. Traditional allocation methods are limited such that the 
allocated mean time to repair for each unit design apartment cannot be totally controlled by the corresponding design apartment. 
This paper proposesa new time characteristics-based maintainability allocation method to solve the aforementioned problem. The 
relationship between design content and repair time is considered in this method, and repair time is divided into common and in-
dividual repair time. Common repair time, which isdetermined by the overall system design,is deducted from the total repair time.
Individual repair time is allocated to the specific unit through proper traditional allocation method. A case study is performed,and 
results demonstrate that the new method is more suitable and effective than original methods in terms ofmaintainability allocation.

Keywords: maintainability, maintenance, allocation method, MTTR.

Alokacja obsługiwalności jest ważnym krokiem w projektowaniu jakości produktów. Tradycyjne metody alokacji są ograniczone w 
takim sensie, że alokowany średni czas do naprawy dla każdego działu projektowania jednostki produktu nie może być całkowicie 
kontrolowany przez odpowiedni dział projektowania. W niniejszej pracy zaproponowano rozwiązanie tego problemu wykorzystu-
jące nową metodę alokacji obsługiwalności opartą na charakterystykach czasowych.  W proponowanej metodzie bierze się pod 
uwagę związek między zawartością projektu a czasem naprawy, czas naprawy zaś dzieli się na wspólny i indywidualny.  Wspólny 
czas naprawy, który zależy od ogólnej konstrukcji systemu, odejmuje się od całkowitego czasu naprawy.  Indywidualny czas na-
prawy alokuje się do konkretnej jednostki za pomocą odpowiedniej tradycyjnej metody alokacji. W pracy przeprowadzono studium 
przypadku, którego wyniki pokazują, że nowa metoda jest bardziej odpowiednia i skuteczna jeśli chodzi o alokację obsługiwalno-
ści niż metodystosowane pierwotnie.

Słowa kluczowe: obsługiwalność, eksploatacja, metoda alokacji, średni czas do naprawy MTTR.

1. introduction

Maintainability, defined as “the ability of an item under given 
conditions of use to be retained in or restored to a state in which it can 
perform a required function when maintenance is performed under 
given conditions and using stated procedures and resources,” is an 
important product characteristic [15]. Complex equipment with very 
complicated structures and a largenumber of entities can be prompt-
ly restored from a failure state through maintenance activities [19]. 
Mean time to repair (MTTR) is an important metric of system main-
tainability [11, 16].

Maintainability allocation is the process whereinthe target or in-
dicator of maintainability for a system is allocated to the target or 
indicator for subsystems or components; this processis an important 
task in the product design stage [3, 14].The objectives of maintain-
ability allocation are

identify the target or indicator of maintainability for subsystems a) 
or components to guarantee the maintainability requirements of 
the system or product;
clarify the maintainability target of the product to the supply b) 
side so that management becomeseasy and reasonable.

Maintainability allocation is an essential and very cost-effective 
taskin product design because all designs begin with clear targets or 
indicators; maintainability as an intrinsic characteristic of products 

is determined in the design stage [9]. A rational allocation scheme 
allows equipment to be maintainedwith less time, at the lowest cost, 
with minimum impact on the environment, and with minimum ex-
penditure of resources [4, 5].

A number of methods, such as equivalent allocation method, fail-
ure rate-based allocation method, trade-off of failure rate and design 
feature-based allocation method, and similar product maintainability 
data-based allocation method, are available for maintainability alloca-
tion [17]. Coulibaly proposed an approach for product maintainability 
prediction based on behavioral performance assessment [6]. Gero et 
al. presented a generic product model based on function,behavior, and 
structure concept to build a global and multi-view model throughprod-
uct data and other process information [13]. Barabadiet al.conducted 
a research on maintainability analysis and considered severalenviron-
mental and operational conditions to compute repair time data and 
describe maintainability with a statistics-based indicator [1]. Song 
et al. proposed an allocation method based on the analytic hierarchy 
process to overcome the limitation of common methods when the de-
sign character is feckly; the researchersapplied the method toan un-
derwater vehicle [20]. zhao et al. proposed a fuzzy maintainability 
allocation method and utilizedinterval analysis, fuzzy comprehensive 
evaluation, and the analytic hierarchy process to quantitatively ana-
lyzeseveralconsidered influence factors in the process of maintaina-
bility allocation fornumerical control machine tools [21]. Celestine et 
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al. proposed a new and computationally efficient heuristic algorithm 
for reliability and maintainability allocation in complex hierarchical 
systems [7]. Several researchers also utilized virtual reality systems 
and collaborative design environments to verify product functionali-
ties and analyze maintainability after aproduct is designed [12, 22, 
24]. However, when the aforementioned methods are employedin ac-
tual practice, design factors such asthe maintenance access channel 
are not considered by the specific unit design department; the MTTR 
index allocated to each unit cannot be totally controlled by the cor-
responding design department, which is contrary to the purpose of 
allocation [8]. 

The purpose of this paper is to overcome the limitation of tra-
ditional allocation methods and improve the accuracy and effective-
ness of the allocated MTTR index. A maintainability allocation model 
based on time characteristics is built to improve the applicability and 
operability of the allocation process in complex equipment and over-
come the limitations of traditional methods.

This paper is organized as follows. Section 2 presents the com-
monly utilizedmaintainability allocation methods. The proposed 
maintainability allocation method based on time characteristics is de-
scribed in Section 3. The results of the conducted case study, which 
show the efficiency and effectiveness of the proposed method, are dis-
cussed in Section 4. Section 5 provides the conclusions of this paper.

2. Commonly Utilized Maintainability allocation Me-
thods

Assuming that a system is composed of n units, the MTTR of the 
units and the MTTR of the system during the life cycle must fulfill 
the equation [2]

 M
M

CT
i CT

i

i
n

i
n

i= =

=

∑
∑

1

1

λ

λ
 (1)

where n is the total number of units, λi is the failure rate of unit i, and
MCTi  is the MTTR of unit i.when, i=1,2,…,n MCT  is the MTTR of 

the system.
The MTTR allocated to each unit must satisfy Equation (1). How-

ever, many solutions can satisfy the equation; thus, the appropriate 
solution must be determined based on the criteria of maintainability 
allocation.

2.1. failure rate-based allocation method

The principle of this allocation method is that “the repair time al-
located to the unit with high failure rateis short and vice versa.” The 
premise of this method is that the allocated or predicted values of the 
reliability metrics already exist.The MTTRdistributed to each unit is 
calculated as

 M
M

nCT
CT i i

i
i
= ∑ λ

λ  (2)

where MCTi
is the MTTR distributed to unit i, MCT  is the MTTR of 

the system, λi is the failure rate of unit i, and n is the total number of 
unit types.

Not all units in an upgraded system need to be redesigned because 
some of the units of the original system are adopted. Assuming that an 
upgraded system is composed of n subsystems among which L sub-

systems are employed from the original system, the maintainability 
allocation result of the new system follows the equation

 M
M M

n LCT
CT i

n
i i

L
i CT

j
j

i=
−

−
= =∑ ∑1 1λ λ

λ( )
,  j=L+1,…,n (3)

where MCTj is the MTTR for newly designed subsystem j, MCT  is 

the MTTR of the upgraded system, MCTi
 is the MTTR of original 

subsystem i, and λi and λj are the failure rates of subsystems i and j, 
respectively.

The maintainability indicators { MCTi
} allocated based on the 

failure rates are reasonable but may not be feasible. For example, one 
or a few indicators could be extremely small that they may be techni-
cally impossible to achieve. Indicators must be adjusted if they are 
technically difficult to realize or require high costs (including eco-
nomic, time, and manpower cost). Based on the preliminary structure 
scheme, the various maintainability qualitative characteristics (e.g., 
complexity, accessibility, scalability, ease of replacement, testability) 
that influence repair time must be considered, and a trade-off must be 
made to determine the allocation results [10, 18, 23].

2.2. Trade-off of failure rate and design feature-based alloca-
tion method

Relevant factors such as complexity, accessibility, and testability 
are transformedinto weight coefficients when the allocation method 
based on the trade-off of failure rate and the design features is utilized. 
The MTTR allocated to each unit is calculated as

 M MCT i CTi
= β  (4)

where MCTi
 is the MTTR distributed to unit i, MCT  is the MTTR of 

the system, and β λ
λi

i

i

k
k

=  is the weight coefficient of the repair time 

for the unit. λ
λ

= =∑i
n

i

n
1  is the average failure rate of each unit, 

k
k

n
i
n

i= =∑ 1  is the average of each unit weight coefficient, and 

k ki ijj
m= ∑  is the weight coefficient of factor j inunit i.

For an upgraded system, the maintainability allocation result of 
the newly designed subsystem follows the equation
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,  j=L+1,…,n. (5)

The designed maintainability characteristics should be clear when 
this method is utilized. The weight coefficients in this method are the 
indexes of the influence of factors on the maintainability indicators 
of each unit.
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3. Time characteristics-based maintainability allocation 
model forcomplex equipment

3.1. Classification of repair time

Repair time is classified in this study given the fact that the differ-
ent elements of repair time are controlled by different design depart-
ments in reality. Repair time is classified in two categories: common 
repair time and individual repair time.

Common repair time1) 
The repair time determined by the overall system design or the 

upper design department, such as preparation time and approaching 
time determined by the overall layout, is defined as the common re-
pair time in this level for product units in a certain level of the equip-
ment. This type of time is determined by the overall design or upper 
level department and is not directly affected and controlled by product 
design in this level.

Individual repair time2) 
The repair time determined by product design, such as assembly, 

changing, and adjustment time, is defined as the individual repair time 
in this level for product units in a certain level of the equipment. This 
type of time is determined by the department that designs the unit.

Considering that the formation mechanism of the different types 
of maintenance time is different, the types of maintenance time are 
influenced and controlled by different product design departments. 
The allocation method differs according to the categories of repair 
time as shownin Fig. 1.

3.2. Time of maintenance activities

Common repair time is related to the structure and layout of the sys-
tem, maintenance access design, and product unit design features. The 
system theory, layout, function hierarchy, and main replaceable units 
should be mastered to identify common repair time. The identification 
of common repair time relies on information and data derived from 
equipment design, including the historical data of similar equipment, 
existing failure rate data of developing equipment, and data on the order 
ofmaintenance activities and factors influencing repair time.

Through the analysis of system maintenance activities, system re-
pair time can be divided into the following: preparation, localization 
and diagnosis, approaching, correction, reassembly, adjustment, and 
checkout time.

Common repair time generally includes preparation, approaching, 
and reassembly time. However, accessing and reassembly time be-
long to individual repair time in some cases. Thecorresponding repair 
process when failure is isolated to a single replaceable unit (RU)is 

shown in Fig. 2. The accessing channel to the fault belongs to the sin-
gle RU, and accessing and reassembly time are the individual repair 
time of RU.

The single RU must be replaced to determine the fault when fail-
ure is isolated to an RU group of two or more RUs. The worst case is 
that the entire RU group is replaced; the accessing channel is shared 
by all RUs, and accessing and reassembly time are determined by 
the upper level design and belong to common repair time. The repair 
process in this case is shown in Fig.3.

Common repair time can be determined through experience or 
composition of the time of basic maintenance activities. Individual 
repair time is calculated with a mathematical allocation model.

3.3. Theory of the method

The method of allocating repair time according to the different 
characteristics of the time of each maintenance activity is utilized 
based on the classification scheme of maintenance time. Common 
repair time is deducted from MTTR, and individual repair time is al-
located further down to the level of subsystems and/or components 
through a suitable traditional allocation method. Each product de-
sign department obtains a maintenance time indicator that can be 
completely controlled. The use of this method can guarantee that the 
maintainability indicators of each product level are clear and the dis-
tribution process is reasonable, accurate, and feasible.

3.4. allocation model

The repair time of an equipment system is classified, and the in-
fluencing factors are considered. Given that product information and 
the classification of repair time are different for the high-level and 
low-level product units, different allocation models are built for dif-
ferent product levels.

3.4.1. allocation model for high-level products

For high-level products, we assume that the system consists of n 
subsystems (subsystem 1, subsystem 2,…, subsystem n) and that the 
corresponding failure rates are λ1, λ2, …, λn. The repair time of the 
high-level products is analyzed.The framework of allocating repair 
time for high-level products is shown in Fig. 4.

According to the definition of common repair time and the above-
mentioned classification method, common repair time includes prepa-
ration time TP, approaching time TA, and reassembly time TR. Indi-
vidual repair time is calculated by eliminating common repair time 
from the system MTTR.

Common repair time1) 
The composition of preparation time is relatively simple; it is gen-

erally determined by a number of relatively fixed basic operational 
components, controlled by the overall sector of the equipment, and 
mainly influenced by the basic operations types. The method of con-
firming preparation time is similar products ratio method.

Fig. 1. Influence of the different types of time

Fig. 2. Process of repairing a single RU

Fig. 3. Process of repairing an RU group
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If the MTTR of the designing product is MCT  and that of the 

similar product is ′MCT  and the preparation time for the similar prod-

ucts is , the preparation time forthe designing product is

 T M
M

TP
CT

CT
P=

′
' .  (6)

Approaching time refers to the time spent opening the flap, mov-
ing through the maintenance access channel, removing the obstacles 
in the channel, and externalblocking of the replaceable unit by main-
tenance staff. The main factors that generally affect approaching time 
include access channel size, failure rate of the product units and com-
ponents in the maintenance access channel area, flap type and opening 
time, fastener type, and others. Thus, common repair time is divided 
into three parts: time spent opening the flap of the access channel 
(TA1), time spent moving and accessing the cabin that requires repair 
(TA2), and time spent opening the fasteners and removing the obstacles 
near the replacement unit (TA3). Approaching time TA is

 TA = TA1+ TA2+ TA3. (7)

Approaching time is not equal to zero when the system shares 
the maintenance access channel;however, when each RU has its own 
maintenance access channel, approaching time belonging to common 
repair time is zero.

Reassembly involves the assembly of removed units in the chan-
nel and is regarded as the opposite of approaching process. Similar to 
approaching time, reassembly time is controlled by the overall sector 
or the upper level design department and is affected by the same fac-
tors that affectapproaching time. Thus, TR is

 TR = TA (8)

Common repair time Tcmn is calculated as

 Tcmn = TP+TA+TR (9)

Individual repair time2) 
After determining common repair time and eliminating common 

repair time from the system MTTR, individual repair time Tidv is ob-
tained.

 T M Tidv CT cmn= −  (10)

Failure rate-based allocation method is utilized to allocate indi-
vidual repair time to the lower level of the equipment.

 M TCT
i

idvi
=
λ
λ

 (11)

where MCTi
 is the repair time allocated to subsystem i, λi is the fail-

ure rate of subsystem i, and λ
λ

= =∑i
n

i

n
1  is the average failure rate of 

all subsystems.
For the upgraded product, assuming that the system consists of 

n subsystems and that subsystems 1~L(L < n) are existing products, 
the maintainability indicators of the newly designed subsystems are 
allocated as 

 M
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n L
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L
i CT
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−
= =∑ ∑1 1λ λ

λ( )
, j = L+1,…,n (12)

3.4.2. allocation model for low-level products

The maintenance process for the low-level product unit mainly 
includes isolation, disassembly, and replacement, which are all deter-
mined by the design features of each unit. Thus, the time spent on the 
abovementioned activities belongs to individual repair time. The total 
individual repair time for all low-level units is

 T M TRUidv CT RUcmni
= −  (13)

where TRUidv is the individual repair time allocated tothesingle RU,  
MCTi is the time indicator allocated to subsystem i from system level 

using the high-level product allocation model, and TRUcmn is the com-
mon repair time in this level.

The equipment replacement scheme should be considered in the 
late development stage to improve the precision of allocation. when 
failure is isolated to a single RU, the RU can be replaced individually 
to correct the fault. If failure is isolated to an RU group and the RUs 
in the group are irrelevant, the RU group can be regarded as a single 
RU. The group in which the RUs are replaced alternately is denoted 
as RUGE. The group in which the RUs are all replaced is denoted as 
RUGA. Maintainability allocation then involves the allocation of the 
system MTTR to RU1,…,RUj,RUGE1…,RUGEk,RUGA1,…,RUGAl ac-
cording to the failure and design features of each RU or RU group. The 
framework of allocation of low-level repair time is shown in Fig. 5.
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Fig. 4. Allocation model for high-level products
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Fig. 5. Allocation model for low-level products
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The average number of alternate replacements denoted as Si 
needs to be calculated for the alternately replaced RU group RUGE1. 
If the average of Si is required to remedy the fault, the time spent 
replacing the RU group is Si times the time for a single RU. In some 
cases, approaching and reassembly time also turn into Si time. If the 
replaced RU group consists of r RUs, the corresponding time turns 
into r time.

The average number of replacements in the alternately replaced 
RU group consisting of m single RUs is

 S m
i =

+





1
2

 (14)

where [x] is a maximum integer not larger than x.
Trade-off of failure rate and design feature-based allocation meth-

od is utilizedin low-level product allocation. Six kinds of maintainabil-
ity design features, namely, fault detection and isolation, maintenance 
channel, fasteners, internal assembly, replacement, and scalability, are 
considered. These features may be different for different products ow-
ing to specific circumstances.

Repair time differs because different maintenance schemes are 
employed. Repair time when the failure is isolated to an RU group dif-
fers from repair time when failure is isolated to a single RU. Isolating 
failure to an RU group causes all RUs to be replaced because of the 
failure of one RU. Thus, this scheme is more complex than the scheme 
that involves the isolation of failure to a single RU. Coefficient αi is 
introduced to the model to correct the weight coefficient and to make 
the allocation reasonable and accurate.

If the failure is isolated to a single RU, the correct coefficient is

 αi = 1.

If the failure is isolated to an RU group consisting of n RUs and 
the RUs are replaced alternately, the correct coefficient is

 αi iS m
= =

+





1
2

.  (15)

If the failure is isolated to an RU group consisting of r RUs and all 
the RUs are replaced, the correct coefficient is

 αi = r.

The repair time allocated to each RU is calculated as

M
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where k ki i i
' =α  and k ki ijj

m= =∑ 1 , m is the number of weight coef-

ficients, kij is the weight coefficient of factor j in unit i.
For the upgraded product mentioned above, the maintainability 

indicators of the newly designed subsystems are allocated as
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4. Case study

4.1. analysis of system structure

The main functions of the z-system of a certain aircraft 
are flight control, display management, and task data loading and 
recording. the system includes three subsystems: flight control, 
display management consisting of 10 LRUs, and mission computer 
subsystems (Fig.7). The system MTTR target, which is 30 min, and 
the failure rate and design features of the three subsystems and 10 
LRUs are provided.The goal is to determine the allocated maintain-
ability index of each LRU in the display management subsystem.

Maintainability is fully considered in the design of the zsystem. 
The design features include the following:

the installation position of each subsystem is concentrated in 1. 
the equipment cabin, and the maintenance access channel is 
sufficient for observation and manual operation;
obstacles are removed when a maintenance personnel ap-2. 
proaches each subsystem;
LRU is interchangeable, and no adjustment and calibration is 3. 
required; thus, adjustment and checkout time are negligible;
In the diagnosis of failure, some failures can be isolated to a 4. 
single LRU, some can be isolated to an alternately replaced 
LRU group, and others can be isolated to anentirely replaced 
LRU group.

The failure rate of each subsystem is shownin Table 1. Informa-
tion on the LRUs is shown in Table 2.

4.2. repair time allocation model

The system is divided into three levels, namely, system, subsys-
tem, and LRU. The high-level product allocation model is utilized 
when the system level indicator is allocated to the subsystem level. 
The low-level product allocation model is utilized when the subsys-
tem level indicator is allocated to the LRU level.

4.2.1. allocation from system level to subsystem level

The high-level product allocation model is employed in this allo-
cation process. Preparation, approaching, and reassembly time are de-
termined by the overall system for the three subsystems. Preparation 
time TP, approaching time TA, and reassembly time TR are therefore 
common repair time in the subsystem level. Based on experience, we 
obtain
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Fig. 6. Structure of the Z-system

Table 1. Failure rates of subsystems (/year)

subsystem Failure rate

Flight control λFC=0.0036

Display management λDM=0.0049

mission computer λMC=0.0029
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 TP  = 5 min, TA  = 6 min, TR  = 6 min.

Thus, the common repair time of this level is

 Tcmn  = TP  + TA + TR  = 17 min. 
The individual repair time that must be allocated to each subsys-

tem is

 Tidv = MTTR − Tcmn = 13 min

According to failure rate-based allocation method and 
Equation (2), the MTTR of the display management subsystem is

 
MCT

FC DM MC

DM
DM

=
+ +

=
λ λ λ

λ3
10 0816

*
. min.

4.2.2. allocation from subsystem level to LrU level

The main maintenance activities For RU1, RU2,…, RU5,RUGE1, 
and RUGE2 are isolation, replacement, and reassembly. These activi-
tiesare relevant to the diagnosis process and installation of each RU or 
RU group. The common repair time for the activities is zero. The use 
oftrade-off of failure rate and design feature-based allocation method 
allows the determination of the time index for each RU or RU group.

For LRU1,LRU2,…,LRU5, the failure is isolated to a single RU; 
thus, αi = 1.

For LRU6,LRU7,LRU8, the failure is isolated to an alternately re-
placed RU group RUGE1; thus, αi = 2.

For LRU9 and LRU10, the failure is isolated to an alternately re-
placed RU group RUGE2; thus, αi = 2.

According to Equation (16), the maintenance time allocated to 
each RU/RU group is

 M ct1 = 7.0175 min  M ct2 = 7.0175 min
 M ct3 = 7.2302 min  M ct4 = 10.8454 min
 M ct5 = 3.5612 min  M ctGE1 = 32.9101 min
 M ctGE2 = 11.0462 min

Considering the structure characteristics of RUGE1, the time spent 
removing the obstacles near the three line replaceable units belongs 
to the common repair time of the three RUs.The approaching and re-
assembly time for both is 4 min, which is determined based on experi-
ence. The common repair time of three LRUs is

 TRUcmn = 8 min

and

 TRUidv = M ctGE1 − TRUcmn = 24.9101 min.

when TRUidv is allocated to LRU6, LRU7 and LRU8 through trade-off 
of failure rate and design feature-based allocation method, we obtain

    M ct6 = 42.3 min

 M ct7 = 60 min

 M ct8 = 13 min

Similarly, we obtain the maintenance index of LRU9 and LRU10.

 TRUcmn = 4 min

   M ct9 = 8.8916 min

   M ct10 = 5.6583 min

The results of the proposed allocation method and traditional al-
location method are shown in Table 3 and Fig. 7.

The following conclusions are derived from the comparison of 
the results of the new allocation method and traditional trade-off of 
failure rate and design feature-based allocation method.

only a minimal amount of time is allocated to each LRU when-a) 
the new method is utilized because common repair time is ob-
tained from the indicator that will be allocated. Allocating a 
low MTTR to each LRU is appropriate because a low MTTR 
can influence the design process and improve the performance 
of equipment. 

Table 2. Information on LRUs

ru/ru 
group

ki of 
ru/ru 
group

αi of 
ru/ru 
group

ki′ of 
ru/ru 
group

Failure 
rate of 
ru/ru 
group*

lru name lru 
code

obstacles in the channel to access 
lru

Installa-
tion of 

lru

Failure 
rate of 
lru*

ki of 
lru**

ru1 8 1 8 0.00034 management control 
computer 1 lru1 no mechanical disassembly is required swing 

nut 0.00034 8

ru2 8 1 8 0.00034 management control 
computer 2 lru2 no mechanical disassembly is required swing 

nut 0.00034 8

ru3 8 1 8 0.00033 multi-function display lru3 no mechanical disassembly is required bolt 0.00033 8

ru4 12 1 12 0.00033 central multi-function 
display lru4 no mechanical disassembly is required bolt 0.00033 12

ru5 8 1 8 0.00067 Head-up display lru5 no mechanical disassembly is required bolt 0.00067 8

ruge1 16 2 32 0.00029

avionicsactivation panel lru6 extensive disassembly is required screws 5.044e-05 14

up front control pane lru7 extensive disassembly is required Insertion 4.322e-05 17

comprehensive control 
panel lru8 extensive disassembly is required screws 0.0002 17

ruge2 10 2 20 0.00054

Downlow-voltage power 
supplier lru9 extensive disassembly is required Insertion 0.00021 10

Flat low-power supplier lru10 extensive disassembly is required Insertion 0.00033 10

*The unit of failure rate is year-1.

** of each LRU can be obtained with PRC military standard GJB/Z57.
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Theoretical total repair time is almost similar to actual repair b) 
time when the new method is employed, indicating that the new 
method is more accurate than traditional allocation methods.

5. Conclusions

Commonly utilized maintainability allocation methods are limited 
because design factors such asthe maintenance access channel are not 
considered by the specific unit design department. The MTTR index 
allocated to each unit cannot be completely controlled by the corre-
sponding design department, which is contrary to the purpose of allo-
cation. A time characteristics-based maintainability allocation method 
is proposed in this study to address this problem. By considering the 
structure of the system and the determinants of repair time, repair time 
is classified into two categories: common repair time and individual 
repair time. High-level and low-level product unit allocation models 
are built based on the classification of repair time. The main differ-
ence between the new method and traditional methods is that common 
repair time is obtained and only individual repair time is allocated to 
low-level units. The case study shows that the new method is more 
accurate and much less complicated than the original methods, which 
is beneficial for equipment performance.

Table 3. Results of the proposed method (min)

subsystem 
level Tcmn

ru/ru 
group Trucmn

lru 
code

allocated 
time forlru

Theoretical total 
time

Traditional 
method result

actual mainte-
nance time

17

ru1 0 lru1 7.0175 24.0175 13.9005 27

ru2 0 lru2 7.0175 24.0175 13.9005 27

ru3 0 lru3 7.2302 24.2302 14.3218 29

ru4 0 lru4 10.8454 27.8454 21.4826 29

ru5 0 lru5 3.5612 20.5612 7.0540 21

ruge1 8

lru6 42.3 67.3 163.97 70

lru7 60 85 232.37 82

lru8 13 38 50.2157 36

ruge2 4
lru9 8.8916 29.8916 28.132 32

lru10 5.6583 26.6583 17.902 25

Fig. 7. Comparison of the results of the proposed and traditional method
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reseArch on energy-sAving optimizAtion design of bridge crAne

bAdAniA dotyczące optymAlizAcji energooszczędności 
konstrukcji suwnicy pomostowej

Bridge crane is one of the most widely used cranes in our country, which is indispensable equipment for material conveying in 
the modern production. The security of bridge crane is always focused on when being used. The important indicators of crane 
performances include strength, stiffness, and crane weight, which mainly depend on the structure design of the bridge crane. So 
it is of importance to research on energy-saving optimization design by means of finite element analysis, ADMAS and Matlab. 
In this paper, the framework of energy-saving optimization is proposed. Secondly, taking 50 t – 31.5 m bridge crane as research 
object, its structure is described and the FE model of the bridge cranes is developed for the finite element analysis. Thirdly, shape 
optimal mathematical model of the crane is proposed for shape optimization as well as size optimal mathematical model for size 
optimization and topology optimal mathematical model for topology optimization. Besides, further comprehensive energy-saving 
optimizations are carried out as well as cross-section optimization. Finally, system-level energy-saving optimization design of 
bridge crane is further carried out with energy-saving transmission design results feedback to energy-saving optimization design 
of metal structure. The optimization results show that structural optimization design can reduce total mass of crane greatly by 
using the finite element analysis and optimization technology premised on the design requirements of cranes such as stiffness, 
strength and so on, thus energy-saving design can be achieved.

Keywords: Energy-saving design, Lightweight design, Shape optimization, Size optimization, Topology optimiza-
tion, Bridge crane, HyperWorks.

Suwnica pomostowa jest jednym z najczęściej używanych typów suwnic w Chinach i stanowi niezbędne wyposażenie do transportu 
materiałów w nowoczesnej produkcji. Kluczową kwestią dotyczącą obsługi suwnicy pomostowej jest zawsze bezpieczeństwo. Waż-
nymi wskaźnikami wydajności suwnicy są m.in. wytrzymałość, sztywność oraz ciężar suwnicy, które zależą głównie od konstrukcji 
suwnicy. Konieczne są zatem badania nad optymalizacją energooszczędności konstrukcji  za pomocą analizy elementów skończo-
nych, ADMAS oraz Matlab. W niniejszej pracy zaproponowano koncepcję optymalizacji energooszczędności. Po drugie, opisano 
budowę suwnicy pomostowej (50 t – 31.5 m) oraz opracowano model MES suwnicy do analizy metodą elementów skończonych. 
Po trzecie, przyjmując minimalną pojemność jako  funkcję celu, wysokość i szerokość suwnicy jako zmienne projektowe, a naprę-
żenie, energię odkształcenia, modalnych jako ograniczenia, ustalono optymalny model matematyczny kształtu żurawia dla celów 
optymalizacyjnego projektowania kształtu. Po czwarte, przyjmując minimalny udział objętościowy jako funkcję celu, a grubości 
płyt jako zmienne projektowe, ustalono optymalny model matematyczny rozmiarów do celów optymalizacyjnego projektowania 
rozmiarów. Po piąte, przyjmując minimalny udział objętościowy jako funkcję celu, a gęstości materiału każdego z elementów jako 
zmienne projektowe, ustalono optymalny model matematyczny topologii do celów optymalizacyjnego projektowania topologii. 
Wreszcie, wykonano multidyscyplinarny energooszczędny projekt optymalizacyjny systemu suwnicy pomostowej, a wyniki energo-
oszczędnego projektowania układu napędu zostały wykorzystane jako informacja zwrotna przy energooszczędnym projektowaniu 
optymalizacyjnym konstrukcji metalowej. Wyniki optymalizacji pokazują, że optymalizacyjne projektowanie konstrukcji z wyko-
rzystaniem analizy MES  oraz technologii optymalizacji opartej na wymogach projektowych dla suwnic, takich jak sztywność, 
wytrzymałość itd., może znacznie obniżyć całkowitą masę dźwigu, a co za tym idzie zwiększyć jego energooszczędność.

Słowa kluczowe: Energooszczędna konstrukcja, lekka konstrukcja, multidyscyplinarna optymalizacja, suwnica 
pomostowa, HyperWorks.

1. introduction

Empirical design is often used for the structure design of bridge 
crane, which determines the design parameters of bridge crane and 
furthermore improve the performance. The traditional design method 
can’t work out accurate performance data resulting in the safe coef-
ficient of crane over the design requirements greatly, which leads to 
the waste of materials and energy consumption, etc [9].

At present, simplified structure to reduce the weight and light-
weight design based heuristic algorithm are usually adopted to achieve 
energy saving, most of which focus on single structural design im-
provement. with the rapid development of finite element analysis 
(FEA) technique [8, 10], the traditional design method is gradually 
replaced by finite element analysis and design. There is quite a lot 
of finite element analysis software, such as: ANSyS, ABAQUS, and 
Hyperworks, etc [5, 11]. However, purely from structural design to 
reduce the weight of the crane has been very limited, and blindly to 
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reduce the weight would be a security risk. on the other hand, crane is 
a complex system composed of many subsystems, among which there 
exist weak or strong coupling relationship. Thus, Crane energy-saving 
design is a multi-disciplinary coupling engineering problem involv-
ing structural design, mechanical transmission and electrical control, 
which is not a simple superposition and permutations of various dis-
ciplines design. Therefore it is of urgent need from multidisciplinary 
point of view of structure, mechanical transmission and electrical con-
trol to study the system-level energy-saving design of crane.

The present work was carried out in order to obtain simulation 
data of the bridge crane. In the next section, the framework of energy-
saving optimization design is proposed. In Section 3, FE model of 
double girder crane is developed using commercial program Hyper-
works and the loading and the results of finite element analysis are 
given and discussed. Shape, size and topology optimization are fur-
ther carried out as well as comprehensive optimization and the results 
of structural optimization are analyzed. In Section 4, oyerall energy-
saving optimization design of bridge crane is further carried out with 
energy-saving transmission design results feedback to energy-saving 
optimization design of metal structure. Finally, research conclusions 
are summarized.

2. energy-saving optimization design framework

The presented research on crane energy-saving design technol-
ogy includes three parts respectively: energy-saving design of metal 
structures, energy-saving transmission design and energy-saving elec-
trical system design. Energy-saving design of metal structure involves 
structural lightweight design and arch curve design of beam, energy-
saving transmission system design involves dynamic loading, trans-
mission efficiency and components lightweight and energy-saving 
electric system design involves power loss.

In addition, optimal design of lifting findings dynamic loading and 
components lightweight are feedback to structure lightweight design 
for further design optimization. Also, arch curve can reduce climbing 
energy consumption, thereby reducing motor power losses. The arch 
curve optimization results need feedback for electrical energy-saving. 
The optimization design can be illustrated as shown in Fig.1.

3. energy-saving optimization design of metal struc-
ture of bridge crane

3.1. Development of fe model of double girder crane

Take a bridge crane used in a practical project as the research 
object, which is a 50t-31.5m double girder crane whose material pa-
rameter and usage are as follows:

material: ordinary carbon steel Q345; • 
Length of the crane( ): 31.5m;• 
maximum lifting height: 12m;• 
hoisting speed: 7.8 m/min;• 
moving speed of the car: 38.5 m/min;• 
moving speed of the cart: 87.3 m/min.• 

And according to the GBT 3811-2008 “Crane design standard”,the 
working-level of car is M5, and the working-level of cart is M6 [1].

3.2. geometric modeling of double girder crane

According to the engineering drawing, geometric model of the 
bridge crane is established by PRo/E, whose structure components 
include the up and down plates of end girders, the side plates of end 

Energy-saving design of bridge crane

energy-saving design of 
metal structures

energy-saving 
transmission design

energy-saving electrical 
system design

a) overall framework of energy-saving design

b) energy-saving design of metal structure

c) energy-saving design of transmission design

d) energy-saving design of electrical system design

Fig. 1c-d. Energy-saving optimization design framework

Fig. 1a-b. Energy-saving optimization design framework
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girders, up and down plates of main girders, the side plates of main 
girders, multiple belly boards, feet frame and various connection 
boards. The simplified geometric model is shown as Fig. 2.

3.3. Model Processing

Import the geometric model of bridge crane into HyperMesh, and 
clear it. owing to that each plate is thin, partition the plates with shell 
elements for finite element simulation analysis. The shell elements 
should be created on the middle surface of the geometry. A group of 
middle surfaces should be constructed by using “Midsurface” panel. 
The imported model contains some connectivity error or some other 
defects, so the operations as follows should be carried out after im-
porting file model:

Delete the unsheared surfaces.1) 
Fill the gaps (repair the missed surfaces).2) 
Set the tolerance values of geometric clean- ing.3) 
Combine the red free edges with “Equivalence”.4) 
Delete the repeated surfaces.5) 

3.4. Mesh partitioning of double girder crane

welds connections between each board are taken place of the rigid 
connections and mesh elements are created on extraction midsurface 
[2]. The calculation capacity and calculation efficiency must be con-
sidered when mesh partitioning. Finer the elements meshed are, more 
accordant the partitioned model is with 
the actual condition, while computing 
time and memory usage will be increased 
largely. After taking all the above factors 
into account synthetically, set the element 
size as 50mm×50mm for finite element 
analysis. The Spot-welds are used to sim-
ulate the connections between the end and 
main girders [7].

Due to that the bridge crane structure 
is symmetrical, take half of the model 
as research object in order to reduce the 
computing time and memory usage. The 
FE model of bridge cranes is shown in 
Fig. 3.

3.5. Loading and static analysis

Both end girders and main girders are processed as simply sup-
ported beams [12, 13, 14]. Loading is illustrated as in Fig.4.

Constraint loadings of the crane are described as follows: 
The movement in x, y, z directions and the rotation in z direction 

of position 1 are restrained;
The movement in y, z direction and the rotation in z direction of 

position 4 are restrained;
The movement in z direction and the rotation in x, y direction of 

position 2, 3 are restrained because of the symmetry.
The loadings on both of the main girders are as follows: 

Rated hoisting loading :  = 50 t• 
The car mass is 15.765 t• 
Self-vibration load factor  = 1.1• 
Lifting dymmic load factor  = 1.14• 
Horizontal inertial force of Crane as volume force: accelera-• 
tion is 0.32m/s2. 
Cart gravity as volume force• 

L0, L1, L2, L3, L4 denote the loadings on different positions of 
one main girder respectively called five work conditions, and the 
magnitude of the loadings (L0, L1, L2, L3, L4) is 322.2485 KN. Five 
work conditions are calculated in finite analysis as Table 1.

According to requirements of the crane design in GBT 3811-2008 
“Crane Design” combined with actual usage, requirements for the 
stiffness of the crane girder are as follows:

 f s≤
1

800  

where, f is the deflection displacement, S is the span of the crane [4].
And requirements for the stress of the crane girder are as fol-

lows: 
Material: Q345;• 
yield stress  ;• 
Allowable stress defined by engineering design.• 

After Loading on different locations of the main girder, the results 
of finite element analysis are shown in Fig. 5 and Fig. 6.

Analyzing and comparing different conditions of loads to obtain 
the conclusions that when loading on the middle of the main girder, 
the maximum displacement of 40.3 mm appears on the middle of the 
main girder, and the maximum stress of 91.6 MPa occurs on the mid-
dle of the main girders. According to the results of FEA, the total mass 
of the initial model is 18.9 t.

Fig. 3. Finite element model

Fig. 4. Loadings illustration

Table 1. Five work conditions description

work
condi-
tions

cart 
gravity 
(m/s2)

cart 
mass  

(t)

self-vi-
bration
factor

Horizontal 
inertial 
force of 

crane (m/
s2)

rotated 
loading 

(t)

lifting 
move

load factor

load position

1 9.8 15.765 1.1 0.32 50 1.14 middle of the beam

2 9.8 15.765 1.1 0.32 50 1.14 left end of the beam

3 9.8 15.765 1.1 0.32 50 1.14 right end of the beam

4 9.8 15.765 1.1 0.32 50 1.14 left 1/4 of the beam

5 9.8 15.765 1.1 0.32 50 1.14 right 1/4 of the beam



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.15, No. 4, 2013452

sciENcE aNd tEchNology

3.6. Structural optimization of double girder crane

3.6.1. Shape optimization

The shape optimal mathematical model is proposed as follows 
which takes the minimum volume as objective function, the height 
and width of the crane as design variables, and the scopes of stress, 
strain energy, modal as constraints:

Min   ′ = ′ ′ ′V X V Height Width( ) ( , )  

Design variables:  − ≤ ′ ≤
− ≤ ′ ≤

5 20
5 20

Height
width

S.T.   

C u f J j

Ku f
MPa

F

j j
T

j= ≤ × =

=
≤
≥

1
2

1 1 10 1 5

150
3

7. , ,

σ

where, ′V X( )  denotes the volume fraction; C j  denotes the total strain 

energy of the crane under the jth load; K denotes the stiffness matrix of 
the system; f denotes the load; u denotes the node displacement vector 
under the load f ; σ denotes the stress; F denotes the natural frequency. 
objective function ′V X( ) , constraint function C j  and σ can be ob-

tained from structural response of the finite element analysis.
Use optistruct solver to optimize the girder by selecting morph 

optimization tool, the optimization results of the main girder are 
shown as follows:

Volume = 2.2E+09 mm3, Mass = 17.36 t
Height′ = 1.03, width′ =1.74

After shape optimization:
Height = 1724 mm − 1.03×50 mm = 1672.5 mm
Width = 600 mm − 1.74×50mm =513mm

Height/width = 1672.5/513=3.26
By analyzing the results of finite element analysis, the structure 

performance (including strength, stiffness and modal) after topology 
optimization meet the requirements of crane design specifications 
greatly, which are shown in Fig.7 and Fig. 8.

Analyzing and comparing different conditions of loads to obtain 
the conclusions that when loading on the middle of the main girder, 
the maximum displacement of 45.7 mm appears on the middle of the 
main girder, and the maximum stress of 98.6 MPa occurs on the mid-
dle of the main girders. The total mass of the model after shape opti-
mization is 17.4t, which has reduced by 7.9%.

Compare the maximum displacement and maximum stress before 
and after topology optimization, the result is given as in Table 2.

The above analysis results show that structure performance of 
the various plates, some materials of which have been reasonably re-
moved, meets the design requirements as well. Meanwhile, the total 
mass of structure is 17.4 t, which has reduced by 1.5 t. 

3.6.2. Size optimization

Furth optimizing of the structure after shape optimization was 
carried out in our research. Taking the minimum volume as the objec-
tive function, the thicknesses of the plates as the design variables, the 
scopes of the stress, strain energy and modal as constraints, the size 
optimal mathematical model is proposed as follows:

Fig. 5. Displacement cloud 

Fig. 6. Stress cloud

Fig.7. Displacement cloud-Shape optimization 

Fig. 8. Stress cloud-Shape optimization

Table 2. Comparison of the stress and displacement

load step
before afer

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 104 45.7

l1/l2 80.2 87.2

l3/l4 74.5 74.4
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where   denote the thicknesses of plates,     denotes the total vol-
ume of the crane, the rest of variable parameters denotes as the above. 
Use the optistruct solver to optimize girders by size optimization tool. 
The optimization results of the thicknesses of the plates are shown in 
the Table 3.

By analyzing the results of size optimization, the structure per-
formance (including strength, stiffness and modal) after topology 
optimization meet the requirements of crane design specifications 
greatly. The results of finite element analysis after size optimization 
are shown in Fig. 9 and Fig. 10.

The maximum displacement of 46.4 mm appears on the middle 
of the main girder, and the maximum stress of 135 MPa occurs on the 
end of the main girders. The total mass of the model after size optimi-
zation is 17.6 t, which has reduced by 6.9%.

The comparison of initial model and final model is shown in the 
Table 4.

From the above analysis results, it can be found easily that the 
structure performance after shape and size optimization meets the 
requirements of crane design specifications greatly. Moreover, after 
size optimization, the total mass of the main girder changes into 17.6 t 
which has been reduced by 1.3 t.

3.6.3. Topology optimization

Furth optimizing of the structure after shape and size optimization 
was carried out. The topology optimal mathematical model is pro-
posed as follows which takes the minimum volume fraction as objec-
tive function, the material density of each element as design variables, 
and the scopes of stress, strain energy, modal as constraints:

Min X x x xn= 1 2, , ,

S.T. 

C u f J j

Ku f
MPa

F

j j
T

j= ≤ × =

=
≤
≥

1
2

1 1 10 1 5

150
3

7. , ,

σ

where, X x x xn= 1 2, , ,  denotes the material density of each ele-

ment; and the rest of variable parameters denotes as the above.
Use optistruct solver to optimize the girder by selecting Topology 
optimization tool, the optimization results of the main girder are 
shown in Fig. 11.

By analyzing the results of topology optimization, the structure per-
formance (including strength, stiffness and modal) after topology 
optimization meet the requirements of crane design specifications 
greatly. The results of finite element analysis after topology optimiza-
tion are shown in Fig. 12 and Fig. 13.
Analyzing and comparing different conditions of loads to obtain the 
conclusions that when loading on the middle of the main girder, the 
maximum displacement of 39.8 mm appears on the middle of the main 
girder, and the maximum stress of 116 MPa occurs on the end of the 
main girders. The total mass of the model after topology optimization 
is 17.0 t, which has reduced by 10.05%.

Table 4. Comparing the stress and displacement

load step
Initial model Final model

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 135 46.4

l1/l2 80.2 132

l3/l4 74.5 126

Table 3. Comparison the thicknesses before and after optimization

main optimal size before (mm) after (mm)

upper plates 24 20.9

upper plates 1 18 10.3

upper plates 2 24 21.1

small ribbed plates 8 10

big ribbed plates 8 5.1

Junction plate 40 27.7

Fig. 9. Displacement cloud- Size optimization

Fig. 10. Stress cloud- Size optimization

Fig. 11. Density graph-Topology optimization 
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Compare the maximum displacement and maximum stress before 
and after topology optimization, the result is given as in Table5.

The above analysis results show that structure performance of 
the various plates, some materials of which have been reasonably re-
moved, meets the design requirements as well. Meanwhile, the total 
mass of structure is 17.0 t, which has reduced by 1.9 t. 

3.7. Comprehensive “shape+size” optimization

The comprehensive optimization means to carry out size optimiza-
tion for the crane model obtained after shape optimization. That is 
to remodelling according to shape optimization result and make size 
optimization. The optimization variables, constraint function and ob-
jective function are the same as mathematical optimization model of 
size optimization. The optimization results are shown as follows:
Volume = 2.04E+09 mm3   Mass = 16.1 t

The optimization results of the thicknesses of the plates are shown in 
the Table 6.

By analyzing the results of size optimization, the structure per-
formance (including strength, stiffness and modal) after topology 
optimization meet the requirements of crane design specifications 
greatly. The results of finite element analysis after size optimization 
are shown in Fig. 14 and Fig. 15.

The comparison of initial model and final model is shown in the 
Table 7.

From the above analysis results, it can be found easily that the 
structure performance after shape and size optimization meets the 
requirements of crane design specifications greatly. Moreover, after 
size optimization, the total mass of the main girder changes into 16.1 t 
which has been reduced by 14.8%.

3.8. Comprehensive “shape+size+topology” optimization

The comprehensive optimization means to carry out topology op-
timization for the crane model obtained after “shape+size” optimiza-
tion. That is to remodelling according to“shape+size” optimization 
result and make topology optimization. The optimization variables, 
constraint function and objective function are the same as mathemati-
cal optimization model of topology optimization. The optimization 
results are shown as follows:

Mass=15.8t.
The optimization results of the main girder are shown in Fig.16.

Table 5. Comparison of the stress and displacement

load step
before afer

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 88.9 39.8

l1/l2 80.2 109

l3/l4 74.5 116

Table 7. Comparing the stress and displacement

load step
Initial model Final model

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 125 46.2

l1/l2 80.2 128

l3/l4 74.5 133

Table 6. Comparison the thicknesses before and after optimization

main optimal size before (mm) after (mm)

upper plates 24 21.5

upper plates 1 18 8.7

upper plates 2 6 6

small ribbed plates 6 6

big ribbed plates 8 5.2

Junction plate 8 3

Fig. 12. Displacement cloud – Topology optimization

Fig. 14. Displacement cloud – “shape+size” optimization

Fig. 15. Stress cloud – “shape+size” optimization

Fig. 13. Stress cloud – Topology optimization
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By analyzing the results of topology optimization, the structure 
performance (including strength, stiffness and modal) after optimi-
zation meet the requirements of crane design specifications greatly. 
The results of finite element analysis after topology optimization are 
shown in Fig. 17 and Fig. 18:

Compare the maximum displacement and maximum stress before 
and after topology optimization, the result is given as in Table 8.

The above analysis results show that structure performance of 
the various plates, some materials of which have been reasonably re-
moved, meets the design requirements as well. Meanwhile, the total 
mass of structure is 15.5 t, which has reduced by 18%. 

3.9. Cross-section optimization

The optimization means to carry out size optimization for plate 
thickness of each plate of main girder, so as to realize Cross-section 
optimization design of main girder.

Use the optistruct solver to optimize girders by size optimiza-
tion tool, the optimization results of the main girder are shown as 
follows: 

Volume= 1.97E+09 mm3,  Mass = 15.5t
The optimization variable values are shown in the Table 10.

By analyzing the results of finite element analysis, the structure 
performance (including strength, stiffness and modal) after topology 

Table 8. Comparison of the stress and displacement

load step
before afer

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 132 46

l1/l2 80.2 132

l3/l4 74.5 128

Table 9. Design variables and their range

no Design variable Initial value 
(mm)

lower 
range 

value (mm)

Higher 
range 

value (mm)

1 up1 (up plates) 24 1 50

2 up2 (up plates) 24 1 50

3 up3 (up plates) 24 1 50

4 Down1 (under plates 2) 24 1 50

5 Down2 (under plates 2) 24 1 50

6 Down3 (under plates 2) 24 1 50

7 Down18 (under plates 1) 18 1 30

8 ribbed plates1 8 1 10

9 ribbed plates2 8 1 10

10 ribbed slab 8 1 10

11 left1 (sternum) 6 4 15

12 left2 (sternum) 6 15

13 left3 (sternum) 6 4 15

14 right1 (sternum) 6 4 15

15 right2 (sternum) 6 4 15

16 right3 (sternum) 6 4 15

Table 10. Comparison the thicknesses before and after optimization

no Design variable before (mm) after (mm)

1 up1 (up plates) 24 1

2 up2 (up plates) 24 1

3 up3 (up plates) 24 1

4 Down1 (under plates 2) 24 1

5 Down2 (under plates 2) 24 1

6 Down3 (under plates 2) 24 1

7 Down18 (under plates 1) 18 1

8 ribbed plates1 8 1

9 ribbed plates2 8 1

10 ribbed slab 8 1

11 left1 (sternum) 6 4

12 left2 (sternum) 6

13 left3 (sternum) 6 4

14 right1 (sternum) 6 4

15 right2 (sternum) 6 4

16 right3 (sternum) 6 4

Fig. 16. Density graph – “shape+size+topology” optimization 

Fig. 17. Displacement cloud – “shape+size+topology” optimization

Fig. 18. Stress cloud – “shape+size+topology” optimization
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optimization meet the requirements of crane design specifications 
greatly, which are shown in Fig. 19 and Fig. 20.

Analyzing and comparing different conditions of loads to obtain 
the conclusions that when loading on the middle of the main girder, 
the maximum displacement of 46.6 mm appears on the middle of the 
main girder, and the maximum stress of 123 MPa occurs on the mid-
dle of the main girders. The total mass of the model after shape opti-
mization is 15.5 t, which has reduced by 18%.

Compare the maximum displacement and maximum stress before 
and after topology optimization, the result is given as in Table 11.

The above analysis results show that structure performance of 
the various plates, some materials of which have been reasonably re-
moved, meets the design requirements as well. Meanwhile, the total 
mass of structure is 15.5 t, which has reduced by 3.4 t.

3.10. overall stability analysis of main girder

According to the requirements of “the crane design manual” for 
box section structure, “when aspect ratio (height/width) denoted by h/

b≤3 or 3﹤h/b≤6 & l
b s
≤ 95 235

σ
, the lateral buckling stability of the 

flexural components don’t need verify.”
In our research, the results are as follows:
Before optimization: h=1724 mm, b=600 mm, h/b=2.87, so 

h/ b≤3, 

After optimization: h=1742 mm, b=540 mm, h/b=3.19, and 

l=31500 mm, l/b=58.3, σs =253 MPa. So 3﹤h/b≤6 & 
l
b s
≤ 95 235

σ
 .

Therefore, lateral buckling stability conforms to the design re-
quirements.

4. System-level energy-saving optimization design of 
bridge crane

Energy-saving transmission design is researched by our research 
group in dynamic simulation and speed regulation of hoisting mecha-
nism as well as optimization and innovation of transmission mecha-
nism scheme reported in literature [13, 14]. Thus, self-vibration load 
factor in Section 3.4 is reduced from 1.14 to 1.11 under VVVF and 
the car mass in Section 3.4 is reduced from15.765 t to 14.4 t. System-
level multidisciplinary energy-saving optimization design of bridge 
crane can be further carried out with energy-saving transmission de-
sign results feedback to energy-saving optimization design of metal 
structure. By repeating the above modelling and analysis in Section 3, 
the system-level multidisciplinary energy-saving optimization results 
are shown in Table 12.

5. Conclusions

The framework of energy-saving optimization design of bridge 
crane is proposed. And the structure optimization design of bridge 
crane by using finite element analysis technology is discussed in this 
paper in detail. This research seeks to get more reasonable, lightweight 
and energy-saving structure on the basis of insuring the performances 
of crane, and to provide the design reference for bridge crane. The 
main results of this research can be concluded as follows:

The results of finite element analysis show that the concen-1. 
trated stress occurs on the middle of main girders under full 
load.
For the cranes which meet the design requirements, shape op-2. 
timization is researched. The total mass of the structure after 
shape optimization changes into 17.4 t /17.1 t (optimization 
design of metal structure/system-level energy-saving optimi-
zation) and it is reduced by 1.5 t /1.8 t compared with the ini-
tial model.
Size optimization is researched after shape optimization. The 3. 
total mass of the structure after size optimization changes into 
17.6 t/17.3 t and it is reduced by1.3 t/1.6. 
Topology optimization based on density methodology is used 4. 
after shape and size optimization. The total mass of the struc-
ture after topology optimization changes into 17.0 t/16.9 t and 
it is reduced by 1.9 t/2.0 t compared with the initial model.
The total mass of the structure after “shape+size” optimiza-5. 
tion changes into 16.1 t/15.6 t and it is reduced by 2.8 t/3.3 t 
compared with the initial model.

Fig. 19. Displacement cloud – Cross-section optimization

Fig. 20. Stress cloud – Cross-section optimization

Table 11. Comparison of the stress and displacement

load step
before afer

stress (mPa) Displace-
ment (mm) stress (mPa) Displace-

ment (mm)

l0 91.6 40.3 123 46.6

l1/l2 80.2 108

l3/l4 74.5 110

Table 12. System-level energy-saving optimization results

optimization method mass after  
optimizaton (t)

Percentage  
decrease

18.9

shape optimization 17.1 9.52%

size optimization 17.3 8.46%

Topology optimization 16.9 10.58%

“shape+size” optimization 15.6 17.46%

“shape+size+topology” 
optimization 15.5 17.99%

cross-section optimization 14.9 21.16%
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The total mass of the structure after “shape+size+topology” 6. 
optimization changes into 15.5 t/15.5 t and it is reduced by 
3.4 t/3.4 t compared with the initial model.
The total mass of the structure after cross-section optimization 7. 
changes into 15.5 t/14.9 t and it is reduced by 3.4 t/4.0 t com-
pared with the initial model.

Finite element structure optimization technique not only can as-
sure stiffness, strength and other performances requirements of the 
crane, but also can greatly reduce the use of materials by lightweight 
design.
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the primAry energy fActor for the urbAn heAting system 
with the heAt source working in AssociAtion

współczynnik nAkłAdu nieodnAwiAlnej energii pierwotnej 
dlA miejskiego systemu ciepłowniczego ze źródłem ciepłA 

prAcującym w skojArzeniu*
The paper explores the methodology for determining primary energy factor based on EU directives and domestic regulations The 
estimation of the above mentioned coefficient for a selected urban heating system was performed on the basis of real measure-
ments obtained during the operation of a system and conveyed by the producers as well as heating distributor. The analysis was 
conducted for the several variants and extended over four years, that is from 2008 to 2011. The results achieved in the operating 
conditions were compared to the values obligatory to apply in calculations. 

Keywords: primary energy, primary energy factor, final energy, cogeneraction, heating system, heat source.

W artykule przedstawiono metodykę określania współczynnika nakładu nieodnawialnej energii pierwotnej w oparciu o dyrektywy 
UE oraz przepisy krajowe. Na podstawie rzeczywistych pomiarów uzyskanych podczas eksploatacji układu i przekazanych przez 
producentów i dystrybutora ciepła, przeprowadzono obliczenia w/w współczynnika dla wybranego miejskiego systemu ciepłowni-
czego. Analizę wykonano dla kilku wariantów i objęto nią okres czterech lat tj. od 2008 r. do 2011 r. Wyniki otrzymane w warun-
kach eksploatacyjnych zostały porównane z wartościami obowiązującymi do stosowania w obliczeniach.

Słowa kluczowe: energia pierwotna, współczynnik nakładu nieodnawialnej energii pierwotnej, energia końcowa, 
kogeneracja, system ciepłowniczy, źródło ciepła.

1. Preface

The energy policy of many countries aims at reducing the energy 
consumption, and thereby, the Co2 emission into the atmosphere. The 
generation of energy in cogeneration systems and the proper heating 
distribution to the final consumer play Dlatego vital part in such a 
case. Cogeneration is a technological process in which heat and elec-
tric energy are simultaneously generated, as opposed to the separate 
generation of electric energy in a typical condensation power plant 
and heat in a classic heating station. For this reason, currently, for cen-
tralised heating systems, primary energy factor is defined in order to 
generate and deliver the energy carrier or energy to the building (wi). 
The share of electric energy to heat buildings is reduced due to its 
high values wi [1, 2, 3, 5, 6, 9, 10, 12, 13, 15, 17, 18]. The coefficient 
wi is used to determine the annual computational index of the demand 
for nonrenewable primary energy to heat, ventilate, cool and prepare 
warm water (marked as EP). According to the domestic regulations, 
EP is one of the decisive parameters in meeting the requirements in 
terms of energy economy and maintaining its consumption at the ra-
tionally low for a building. The coefficient wi determines the final 
result of calculations of energy characteristics of a building which is 
featured in the energy certificate. EP is expressed in kwh during the 
year per unit of room area of adjustable temperature [kwh/m2year]. 
Its small values indicate low demand of a building for primary energy. 
The Ep value  is defined on the basis of the demand of a buliding for 
usable and final energy. The quantity of usable energy is calculated at 
computational parameters as well as the so called standard edge con-
ditions of external and internal environment. However, if final energy 
is calculated, the total efficiency of installation systems in which the 
building is equipped is taken into account. According to the EU and 
domestic directives, the computation of final energy into nonrenew-

able primary energy is performed by the expenditure coefficient of  
nonrenewable primary energy. In view of the above mentioned fact, 
the value of such a coefficient for heating system (wH) has a decisive 
impact on EP index of a building, similarly to the expenditure coef-
ficients of nonrenewable primary energy resulting from the use of en-
ergy carriers, such as coal, heating oil, natural gas, renewable energy 
or electric energy.

In accordance with the domestic regulations, the value of coef-
ficient wi should be assumed from [14] or calculated on the basis of 
information on a heating system. In this paper, the method of cal-
culations and the obtained values of coefficient wi  as wH  (only for 
heating) for selected urban heating system are presented. The analysis 
was conducted for several variants on the basis of the real outcomes 
of measurements over the years 2008-2011 which were obtained in 
operating conditions from the producers and a heating distributor. The 
achieved final results were compared to the values contained in the 
current domestic regulations.

2. The Description of Urban Heating System (UHS)

Heat required by heating demands for the selected urban heat-
ing system is produced by the two sources (designated ‘big’ as A and 
‘small’ as B) which produce electric energy as well as heat in cogen-
eraction, and in the case of the rise in the demand of heat, additionally, 
in the conventional way. The urban heating system is the main recipi-
ent of heat obtained from the above mentioned sources. It is only the 
small amount of heat that is sold directly by producents beyond this 
system. The diagrams of energy production in A source are presented 
in a fig.1, whereas in B source in a fig. 2. The distribution of heat 
is through low-parameter as well as high-parameter heat distribution 
network, individual network, and group network to four categories of 
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recipients. The area of supply is divided into three spheres, such as 
supply only through A source, or only through B source, and through 
the third sphere, common for the both sources. In 2011 the participa-
tion of source A in the total sale of heat to the heat system was 68,1%, 
whereas source B 31,9% [4, 11, 19].The data typical of source A is 
presented in table 1, data concerning source B is shown in table 2, 
whereas data referring to heat consumption from both sources over 
the years 2008–2011 is in table 3.

Table 1. The data typical of source A [4, 19]

Type of fuel Parameter 2011 r. 2010 r. 2009 r. 2008 r.

coal

Quantity [mg] 21 181 47 391 20 904 20 845

calorific value [kJ/kg] 21 531 21 077 21 273 21 330

energy in fuel [gJ] 456 048 998 860 444 691 444 624

natural gas

Quantity [tys. m3] 272 166 248 451 227 427 230 216

calorific value [kJ/m3] 36 132 36 116 36 099 36 217

energy in fuel [gJ] 9 833 902 8 973 056 8 209 887 8 337 733

Fuel oil (only for 
individual needs 
of a source)

Quantity [mg] 152 219 17 32

calorific value [kJ/kg] 40 190 40 190 40 190 40 190

energy in fuel [gJ] 6 109 8 802 683 1 286

Total amount of energy in fuel [gJ] 10 296 059 9 980 718 8 655 261 8 783 643

share of energy 
from fuel

coal  [%] 4,43 10,01 5,14 5,06

natural gas [%] 95,51% 89,90 94,85 94,92

Fuel oil [%] 0,06 0,09 0,01 0,01

electric energy production

sale of energy [gJ] 4 435 866 4 051 645 3 728 981 3 816 270

Individual needs [gJ] 44 557 56 210 23 382 37 246

Total amount of energy [gJ] 4 480 423 4 107 856 3 752 363 3 853 516

share of sale [%] 99,0 98,6 99,4 99,0

share of individual needs [%] 1,0 1,4 0,6 1,0

Fig. 1. The diagram of energy generation in source A.

Fig. 2. The diagram of energy generation in source B.

Fig. 3. A diagram illustrating the method of balancing energy in the exist-
ing system: A – heat and electric energy source; B – electro-energetic 
network; C – the production of electric energy and heat in association; 
D – the production of heat; E- heating consumers; 1 – energy supplied 
in fuel; 2 – electric energy (sold and the individual needs of source); 
3 – heat supplied to the consumer [7]
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Table 2. The data typical of source B [4, 19]

Type of fuel Parameter 2011 r. 2010 r. 2009 r. 2008 r.

coal

amount [mg] 115 030 124 914 121 185 124 543

calorific value [kJ/kg] 20 351 20 796 21 364 20 935

energy in fuel [gJ] 2 340 967 2 597 718 2 588 991 2 607 300

natural gas
(only for individual 
needs of a source)

amount [tys. m3] 20,6 16,9 17,8 34,3

calorific value [kJ/m3] 36 742 36 585 36 423 36 093

energy in fuel [gJ] 756 617 647 1 237

Total amount of energy in fuel [gJ] 2 341 723 2 598 335 2 589 638 2 608 538

The participation 
of energy from 

fuel

coal [%] 99,97 99,98 99,97 99,95

natural gas [%] 0,03 0,02 0,03 0,05

The production of electric energy 

sale of energy [gJ] 250 234 269 447 257 824 264 885

Individual needs [gJ] 49 962 52 098 51 556 58 237

The amount of energy in total[gJ] 300 196 321 545 309 380 323 122

share of sale [%] 83,4 83,8 83,3 82,0

Individual needs share [%] 16,6 16,2 16,7 18,0

3. The Methodology for Determining Coefficient wH

on the basis of [7, 8] as well as domestic assumptions in line 
with [14], presented in table 4, information obtained from the produ-
cents and distributor of heat, the dependence (1) is used in order to 
determine wH for the urban heating system, assuming the production 
of electric and heat energy in association, according to the diagram 
shown in fig.3.
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where:
wH  – the expenditure coeffcient of nonrenewable primary energy 

for the selected Urban heating system,

wi  – primary energy factor for i-th fuel assumed in accordance 
with the domestic principles presented in [14],

wel – expenditure coefficient of nonrenewable primary energy 
for electric energy,

QP,i – energy supplied in i-th fuel,
EEC,j  – electric energy produced in j-tym energy source, 

used in a source and added to the domestic electro-energetic 
system,

Q OD,k – heat supplied by urban heating system to the k-th 
recipient.

4. The results of Calculations

Calculations wH were conducted by three methods and de-
noted as variants w1, w2 and w3 working on the following 
assumptions for every computational method: 
w1  – according to the principles contained  in the domestic 

regulations [14] when wel = 3,0
w2 – it is assumed that source A is a condensed power station 

and is characterised by eigenvalue  wel A source, whereas for 
source B it is assumed wel = 3,0 (on account of the lack 
of full information), average index w*

el is determined as 
weighted mean in relation to electric energy produced in 
particular sources. 

w3A – according to the principles contained in UE directives, that 
is assuming wel = 2,5 [7], 

w3B – according to the principles contained in UE directives, that 
is assuming wel = 2,8 [8]

The values of primary energy, defined according to the current do-
mestic regulations, and heat (with the assumptions as for variant w1) 
are presented in Fig. 4; whereas the relations between primary en-
ergy contained in natural gas and the final  electric energy for heating 
source A, whose characteristics determines the value wH, are shown in 
Fig. 5. The values of expenditure coefficient of electric energy on the 
assumptions as for variant w2 are presented in Fig. 6. The results of 
computations wH for particular variants are provided in Table 5. 

Table 3. Heat collection from sources A and B [4, 19]

recipient 2011 r. 2010 r. 2009 r. 2008 r.

urban Heating system (uHs) [gJ] 3 980 836 4 402 986 4 064 271 4 038 320

source a[gJ] *) 172 196 191 189

source b [gJ] *) 55 936 84 113 74 858 67 160

The amount of heat in total [gJ] 4 036 944 4 487 295 4 139 320 4 105 669

The participation of uHs [%] 98,610 98,121 98,187 98,360

The participation of source a [%] *) 0,004 0,004 0,005 0,005

The participation of source b [%] *) 1,386 1,874 1,808 1,636

*)recipients of heat outside UHS
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In order to provide a full characteristic of heating system 
for both heat sources, the share of the production of electric 
energy, in relation to total energy generated in a given heat 
source according to dependence (2), is assumed. (computa-
tional results are shown in table 6).

 el
el

el co

Q
Q Q

f =
+

 (2)

5.   Summary

Values wH for particular computational vari-
ants, provided in tables 5, differ substantially due 
to the fact that value wel is assumed to compu-
tations according to the dependence (1). After 
the analysis on the data obtained on the basis of 
the measurements of operating system and the 
achieved results, the best solution while calcu-
lating wH  for a heating system is to assume the 
expenditure coefficient of nonrenewable primary 
energy for the energy generation, typical of a giv-
en system (wel source  or w*

el). Such a coefficient is 
dependent upon the structure of heat and electric 

Table 4. Primary energy factor in line with [14]

no Final energy carrier
expenditure 
coefficient

wi

1

Fuel / 
energy source

Heating oil 1,1

2 natural gas 1,1

3 liquid gas 1,1

4 Hard coal 1,1

5 brown coal 1,1

6 biomass 0,2

7 Thermal solar energy collector 0,0

8
Heat from cogeneration 1)

Hard coal,,natural gas 3) 0,8

9 renewable energy  
(biogas, biomass) 0,15

10

local heating systems

Heat from coal heating station 1,3

11 Heat from gas/oil heating station 1,2

12 Heat from biomass 
Heating station 0,2

13
electric energy

mixed production 2) 3,0

14 PV systems 4) 0,7

1) associated production of electric energy and heat,
2) concerns supplying from systemic electro-energetic network,
3) in case of lack of information on calorific parameters of network heat from heat and power station 

(cogeneration), it is assumed that wH = 1,2,
4) photovoltaic cells (the production of electric energy from solar energy)

comment: thermal solar collector – wH = 0,0

Table 5. Expenditure coefficients of the consumption of nonrenewable pri-
mary energy (wH) for particular variants [4, 19]

The coefficient of the 
consumption of non-

renewable primary 
energy

2011 2010 2009 2008

variant w1 -0,1091* 0,1223 0,0445 0,0004

variant w2 0,5457 0,6716 0,5793 0,5823

variant w3A 0,4830 0,6158 0,5351 0,5090

variant w3b 0,1278 0,3197 0,2407 0,2038

*) in line with [2], in the case of negative values wH,, a value amounting to 0 must 
be assumed

Table 6. The share of production of electric energy to total energy generated in a source [4, 19]

2011 2010 2009 2008

The production of heat in a source a - Qcoa [gJ] 3 103 499 3 369 995 2 964 692 2 932 408

The production of heat in a source b - Qcob [gJ] 1 455 690 1 671 277 1 700 692 1 679 791

The production of electric energy in a source
 a - Qela [gJ] 4 480 423 4 107 856 3 752 363 3 853 516

The production of electric energy in a source
b - Qelb[gJ] 300 196 321 545 309 380 323 122

Index φela 0,591 0,549 0,559 0,568

Index φelb 0,166 0,155 0,148 0,156

Fig. 4. The amount of primary energy contained in fuel, electric 
primary energy and the sale of heat on the assumptions as 
for variant W1

Fig. 5. The amount of primary energy contained in fuel and final 
electric energy assuming variant W2

Fig. 6. The value of coefficient Wel source A and  W*el assuming variant W2
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energy generation in a source as well as upon the conditions prevailing 
in a system during its operation. Thus it is justified to determine the 
actual value of coefficient for the electric energy, in contrast to assum-
ing the value wel = 3 (according to domestic regulations) in no respect 
of specificity of heating source operation. Thus in such a case,  wH 
assumes a negative value.  As calculations show, the analysed urban 
heating system supplied by associated sources, value w*

el altered insig-
nificantly from 2,43 to 2,45 during the four-year research. Making use 
of the real value of coefficient w*

el , one obtains a coefficient wH for 
the system in 2011 at the level of 0,5457, which means that it is consid-
erably lower than values in tables for the conventional energy carriers 
as well as value wH = 0,8 contained in [14] for heat from cogeneration 
at natural gas and coal combustion.

According to the widely accessible information, it appears that 
in different cities in the country in heating systems, supplied by the 

power and heat stations producing energy from cogeneration, primary 
energy factor is within 0,47 ÷ 0,80.Therefore, assuming wel = 3 which 
is recommended in the domestic regulations, is unjustified. 
The value wel should be lowered after collecting data from the sourc-
es producing energy in cogeneration in the whole country. Assum-
ing the values wel = 2,8 or wel = 2,5, at the same structure of energy 
production, wH is always positive and close to the values obtained in 
the sample computations in UE directives.

In 2011, heat energy, supplied by the analysed heating system, 
was at about 85% from the energy produced in cogeneration, which 
consequently, allowed for obtaining a very low wH coefficient. For 
this reason, in accordance with ecological requirements as well as 
demands on nonrenewable primary energy, such a heating system is 
rated as the most appropriate source of building supply, located in the 
area of heat energy supply.
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