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ANALYSIS OF FAILURE FLOWS  

OF MOTOR-VEHICLE COMPONENTS 

Т. Меленчук, Ю. Зайчик, А. Чернявський. Аналіз потоків відмов елементів автотранспортних засобів. У статті розглянуто прогно-
зування показників надійності деталей, агрегатів і систем автотранспортних засобів на етапах проєктування та експлуатації. Показано, що 
розрахункова схема прогнозування має враховувати ієрархічну структуру виробу, спектри навантажень, фізичні моделі пошкодження, 
критерії відмов і граничних станів, а також процедури оцінювання та коригування прогнозу. Через стохастичну природу показників надій-
ності точне визначення середнього ресурсу часто неможливе, особливо за неповної інформації про нові конструкції, матеріали й режими 
роботи. Запропоновано класифікацію загальних і спеціальних методів прогнозування та обґрунтовано доцільність комбінованого підходу, 
який поєднує екстраполяційні, статистичні й структурно-функціональні моделі. Розглянуто орієнтовані графи станів окремого автомобіля 
та парку, що описують експлуатацію, очікування, діагностування, технічне обслуговування і відновлення працездатності. Встановлено, що 
спрацювання доцільно подати як монотонно зростаючий нестаціонарний випадковий процес, нестаціонарний за математичним сподіван-
ням і дисперсією. Для типових апроксимацій спрацювання отримано залежності для щільності розподілу ресурсу. Випадок випадкової 
граничної величини спрацювання досліджено методом статистичного моделювання Монте-Карло, методом лінеаризації та чисельним 
інтегруванням. Розрахунковий приклад показав близькість моментів розподілу ресурсу, визначених трьома способами. Отримані результа-
ти можуть бути використані для вибору конструктивних рішень, стратегії технічного обслуговування і ремонту, уточнення режимів екс-
плуатації та планування потреби в запасних частинах. Запропонована методика також дає змогу узгодити прогнозні оцінки з рішеннями, 
що приймаються в умовах ризику та інформаційної невизначеності, і підвищити обґрунтованість керування технічним станом рухомого 
складу. 

Ключові слова: автотранспортний засіб, відмова елемента, прогнозування, надійність, технічне обслуговування, ресурс, 
спрацювання, статистичне моделювання 

T. Melenchuk, Yu. Zaichyk, A. Cherniavskyi. Analysis of Failure Flows of Motor-Vehicle Components. The article examines the 
forecasting of reliability indicators for motor-vehicle components, assemblies, and systems during design and operation. The calculation-
based forecasting framework is shown to require a hierarchical representation of the product, load spectra, physical damage models, failure 
and limit-state criteria, and procedures for assessing and correcting the forecast. Because reliability indicators are stochastic, an exact 
estimate of mean service life is often impossible, particularly when information on new designs, materials, and operating modes is 
incomplete. General and special forecasting methods are classified, and a combined approach integrating extrapolation, statistical, and 
structural-functional models is substantiated. Directed state graphs are considered for an individual vehicle and a fleet, describing operation, 
standby, diagnosis, maintenance, and restoration. Wear is represented as a monotonically increasing nonstationary random process whose 
mean and variance vary with time. For common wear approximations, relationships are obtained for the probability density of service life. 
The case in which the limiting wear is a random variable is investigated by Monte Carlo simulation, linearization, and numerical integration. 
A numerical example demonstrates close agreement between the moments of the service-life distribution obtained by the three methods. The 
results can support the selection of design alternatives and maintenance and repair strategies, refinement of operating parameters and modes, 
and planning of spare-parts demand. The proposed framework links reliability prediction with decision-making under uncertainty and 
therefore provides a methodological basis for managing vehicle reliability throughout the life cycle. It also improves the consistency of 
decisions made under risk and incomplete information. 

Keywords: motor vehicle, component failure, forecasting, reliability, maintenance, service life, wear, statistical simulation 
 
1. Introduction 
Forecasting the reliability of motor vehicles is required both when a design is selected and when 

a maintenance system is developed. In a calculation-based approach, a product is represented as the 
hierarchy “part-assembly unit-product”; load spectra are defined; physical models of damage and fail-
ure are formulated; failure criteria and limit states are established; and numerical reliability indicators 
are calculated, verified, and corrected. The resulting information is used to manage reliability through-
out the life cycle rather than merely to estimate a single service-life value. 

Reliability indicators are stochastic. At the component level, natural uncertainty arises because a 
new design, material, manufacturing technology, or operating mode may not yet have been studied 
sufficiently to yield an exact estimate of mean service life. Therefore, forecasting must combine phys-
ical models, retrospective statistical information, diagnostic observations, and decision-making proce-
dures. This need is especially important for vehicle fleets, in which design reliability, operational load-
ing, maintenance intervals, repair strategies, and spare-parts supply interact. 

2. Literature Review and Problem Statement 
Forecasting methods are widely used to estimate residual life [1]. In the general case, an individ-

ual realization of accumulated damage is approximated by an analytical function whose parameters are 
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identified from diagnostic data obtained during the pre-forecast period. The function is then extrapo-
lated over the forecast horizon until the specified limit state is reached [2–4]. 

Several studies address the determination of loading-mode parameters for assemblies and com-

ponents when static strength and fatigue life are evaluated at the design stage [5, 6]. These methods 

usually generalize experimental loading data for analogous machines, but they do not explicitly intro-

duce a time trend. A forecast is therefore obtained by substituting the design parameters of the ma-

chine being developed into the calculation relationships [2, 3, 7]. 

Theoretical and applied developments in the prediction of mechanical-system reliability have 

been reported extensively [2, 8]. The standard forecasting structure includes the product hierarchy, 

load spectra, physical failure models, failure and limit-state criteria, numerical reliability indicators, 

verification of the forecast, and subsequent correction. Application to a particular design remains diffi-

cult because products from different branches of mechanical engineering have specific failure mecha-

nisms, while the classification of the forecasting object, the synthesis of alternative forecasts, and de-

cision-making from prior information are still interpreted inconsistently [2, 7, 9, 10]. 

A forecasting method is understood here as a way of studying an object in order to develop a 

forecast; a forecasting procedure is a combination of one or more methods; and a forecasting system is 

an ordered set of procedures and the means for implementing them [11–13]. Forecasting theory in-

cludes analysis and classification of the object, formalized mathematical methods, intuitive expert 

methods, and continuous forecasting systems in which feedback is used to update the forecast while 

the object is operating. 

In the narrow sense, reliability forecasting determines time-dependent reliability indicators after 

the basic design, materials, manufacturing technology, operating conditions, maintenance and repair 

intervals, and economic data have been specified. Retrospective information on the life of components 

and assemblies is used for extrapolation and for adapting probabilistic-statistical models. In the broad 

sense, the initial data themselves are first forecast, after which the reliability indicators are predicted. 

When new designs or materials are introduced and quantitative information is unavailable, the effort 

required for reliability assessment increases considerably; consequently, a continuously updated fore-

casting system is required [1, 2, 14, 15]. 

3. Aim and Objectives 

The aim of the study is to develop a consistent methodological framework for forecasting the re-

liability indicators and service life of motor vehicles under uncertainty. 

To achieve this aim, the study addresses the following objectives: 

− classify the vehicle reliability indicators as forecasting objects and systematize general, statisti-

cal, and special forecasting methods; 

− formulate state models for an individual vehicle and for a vehicle fleet during operation, 

standby, diagnosis, maintenance, and restoration; 

− represent wear as a nonstationary random process and obtain relationships for the service-life 

distribution for typical wear laws; 

− compare Monte Carlo simulation, linearization, and numerical integration for a random limit-

ing-wear value; 

− relate forecast information to the selection of design, maintenance, repair, and spare-parts strategies. 

4. Materials and Methods for Forecasting Vehicle Reliability 

The forecasting object is the set of reliability indicators for vehicle parts and assemblies. By na-

ture, these indicators belong to scientific and technical forecasts, which include forecasts of new 

equipment, new materials, and technical characteristics. Because a vehicle assembly combines several 

components and interacting failure mechanisms, its reliability indicators should be treated as complex, 

system-level forecasting objects. 

According to the degree of determinacy, reliability estimates are stochastic. At the lowest struc-

tural level, the incompleteness of knowledge about the component may prevent an exact estimate of 

mean service life. The development of a reliability indicator is also difficult to classify uniquely: wear 

realizations can be represented by aperiodic functions, fatigue loading is a nonstationary random pro-

cess, and normative overhaul life can change discretely between production periods. These properties 

justify the distinction between narrow and broad reliability forecasting [1, 2, 15]. 

Formalized forecasting methods are divided into simple, statistical, and combined methods. Sim-

ple methods are based on time-series extrapolation, including least-squares approximation and expo-
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nential smoothing. Statistical methods include correlation and regression analysis, the group method of 

data handling, and factor analysis. A combined method synthesizes forecast alternatives obtained by 

mathematical and heuristic approaches. Unlike a general point or interval forecast, a reliability forecast 

must provide the probability distribution of service life, because an interval estimate alone is insuffi-

cient for deriving other reliability indicators [2, 16, 17]. 

At early design stages, experiments cannot usually remove the natural uncertainty. The practical solu-

tion is therefore to develop several forecast variants and combine them. The special methods used for this 

purpose can be divided into three groups. The first group predicts component reliability by statistical mod-

els based on phenomenological relationships and hypotheses. The second generalizes extrapolation and 

statistical methods to reflect operational failures, for example through correlation equations for the durabil-

ity of chassis components. The third uses structural-functional models for assemblies, units, and the system 

as a whole; these models describe the mutual influence of components on destructive processes and limit 

states. Their use increases the scale and complexity of the forecasting object but is currently the most effec-

tive way to improve forecast accuracy and validity [2, 18, 19−22]. 

Forecast reliability indicators are used to choose design alternatives, maintenance and repair 

strategies, operating parameters, and spare-parts production plans. The corresponding management 

problem is a decision problem under certainty, risk, or uncertainty. Reliability management based on 

forecast information is typically performed under uncertainty because the relevant natural factors are 

unknown or are known only approximately at the time of the decision [23, 24, 25]. 

Operational reliability of a vehicle fleet is maintained through a systems approach to the technical ser-

vice of a transport enterprise. Fleet age structure is particularly important. Experience with medium-duty 

vehicles indicates that reducing service life from 11…12 to 7…8 years may reduce expenditure on spare 

parts for maintenance and repair by 20…30%. However, certification tests do not fully account for the in-

fluence of preventive maintenance and current repair adopted by a particular transport enterprise. 

Vehicle operation is treated as a stage of the life cycle during which the reliability properties es-

tablished in design and production are realized. Reaching a specified mileage does not necessarily 

terminate the life cycle; instead, the vehicle moves from one technical state to another. After inspec-

tion, maintenance, or restoration of assemblies and units, it returns to service. The relevant stages are 

operation, standby or storage, technical diagnosis, maintenance, restoration, and current repair [26, 

27]. 

The maintenance-management model assumes that, over the calculation interval, the fleet com-

position remains unchanged; each vehicle functions independently; the operating process is a sequence 

of duty, standby, diagnosis, maintenance, restoration, and current repair; transitions between stages are 

instantaneous compared with the operating period; and the principal operating parameters-duty time, 

cumulative mileage, mileage between services, and time spent in maintenance and current repair-are 

known. 

Let {M1, M2, …, Mn} be a finite information array consisting of diagnostic messages Mₖ (k=1, 2, …, n) 

for each vehicle. Let T and Tₖ denote the time required to inspect and process the entire array M and an 

individual message Mₖ, respectively. Then Tₖ=λₖv, where v is the processing time for M₁ and λₖ indi-

cates how many times the processing time increases because of the diagnostic queue. Assume that 

λₖ=1(P−1)k/n and P>1. The total processing time is then given by equation (1): 

 
( 1)( 1)

 
2

P n
T v n

− + 
= + 

 
. (1) 

The number n of vehicles whose technical condition can be checked during time T follows from 

equation (2): 
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A technological action applied to a vehicle consists of a control part and an execution part. The labour 
input tₙ of a maintenance operation is therefore determined by equation (3), where tₖ and tₙ denote the la-
bour inputs of the control and execution parts, respectively, and k is the repeatability coefficient: 

 tn=tk+ktn. (3) 

The traditional approach has three principal limitations: only a relatively small information array 
can be processed; decisions depend strongly on the professional experience of the operator; and erro-



ISSN 2076-2429 (print) Праці Одеського політехнічного університету, 2026. Вип. 1(73) 

Proceedings of Odessa Polytechnic University, Issue 1(73), 2026 ISSN 2223-3814 (online) 
 

 

  
МЕХАНІЧНА ІНЖЕНЕРІЯ ТА МАШИНОБУДУВАННЯ / MECHANICAL ENGINEERING AND MACHINE BUILDING 

51 

neous decisions may result from the human factor or from errors in metrological certification and in-
strument calibration. 

5. Results of Reliability and Service-Life Modelling 

5.1. State model of an individual vehicle and a fleet 

A transport enterprise is represented as a finite set of non-autonomous, specialized vehicles. Let 

C(L) and Cₖ(L) denote the state of the set and the state of its kth element at cumulative mileage L. The 

state alphabet contains the three principal states ⟨S⟩, ⟨R⟩, and ⟨E⟩ − operation, restoration, and standby-

and the five transition modes (SR), (SE), (RS), (RE), and (ES). Angle brackets identify principal states, 

whereas parentheses identify transition modes. 

As shown in Fig. 1, after operation ⟨S⟩ a vehicle Aₖ may follow one of two paths. Along the first 

path it passes through (SR) to restoration ⟨R⟩ and returns to operation either directly through (RS) or 

through (RE), standby ⟨E⟩, and (ES). Along the second path it passes through (SE) to standby ⟨E⟩ and 

returns through (ES). 

The variety of paths is a consequence of the non-autonomous character of fleet operation, which 

creates interdependence between the technical-state trajectories of individual vehicles. Let G(L) char-

acterize the state of the fleet at cumulative mileage L. The possible symbols are ⟨S⟩, ⟨R⟩, ⟨E⟩, (RE), 

(SR), (RS), (SR, SE), (RS, E), (R, RE), and (R, E, RE) [30, 32, 32]. 

The symbols have the following meanings: 

− ⟨S⟩: all vehicles are in operation; 

− ⟨R⟩: all vehicles are undergoing restoration; 

− ⟨E⟩: all vehicles are in standby; 

− (RE): at least one vehicle is being restored and the others are waiting; 

− (SR): all vehicles have completed operation and require restoration; 

− (RS): all vehicles have completed restoration and are ready for operation; 

− (SR, SE): one part of the fleet requires restoration, while another part has stopped operating and 

is prepared for standby; 

− (RS, E): one part is ready to return to operation and another part remains in standby; 

− (R, RE): one part is being restored, while another has completed restoration and is prepared for 

standby; 

− (R, E, RE): one part is being restored, one part is waiting, and one part has completed restora-

tion and is prepared for standby. 

The directed graph in Fig. 2 defines the order in which the principal fleet states and transition 

modes follow one another. A simple closed cycle is ⟨S⟩→(SR)→⟨R⟩→(RS)→⟨S⟩. More complex tra-

jectories include mixed restoration and standby states, for example ⟨S⟩→(SR)→⟨R⟩→(R, RE)→⟨R, 

E⟩→(R, E, RE)→⟨R, E⟩→(RS, E)→⟨S⟩. 
 

 

c1 

Q0 

1111 

10 

  

Fig. 1. Directed graph of the technical states of an 

individual vehicle [28, 29] 

Fig. 2. Directed graph of the technical states of a 

vehicle fleet [29, 33] 

When the maintenance area operates normally and fulfils its production programme, a vehicle that 
reaches the mileage limit for scheduled maintenance moves from operation through a stopping transition to 
restoration ⟨R⟩ or to the mixed state ⟨R, E⟩. In one case the complete maintenance programme is performed; 
in the other, the scope of work is determined by diagnosis. While one group is restored, the other vehicles 
remain in standby. After restoration, vehicles pass through (RS) or (RS, E) and return to operation. 
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5.2. Nonstationary wear process and service-life distribution 

Vehicle wear is treated as a monotonically increasing nonstationary random process. Nonstation-

arity may appear in the mathematical expectation M(t), the variance D(t), and the frequency content [2, 

34]. Over a local interval, a wear realization can be approximated by an aperiodic function. If the cor-

relation function contains pronounced periodic components, the process can be assigned to the class of 

strongly mixing processes. 

Weakly mixing nonstationary processes are divided into two groups. In the first group, the pro-

cess is nonstationary only in its mean and is sometimes called a semi-random or elementary process. 

Its realization is represented by equation (4), where S0 is the random initial wear and φ(t) is a deter-

ministic monotonically increasing function of time: 

 S(t)=S0+φ(t). (4) 

In the second group, the process is nonstationary in both the mean and the variance. Typical represen-

tations are given by equations (5) and (6), where the random quantities are generally independent: 

 S(t)=S0φ(t); (5) 

 S(t)=S0+S1φ(t). (6) 

A special case of equation (6) is the fan-type function in equation (7), where A is a fixed quantity: 

 S(t)=А+
1
S φ(t). (7) 

When A=0, the linear damage-accumulation hypothesis can be reduced to equation (8), where k is 

random and a is deterministic or random: 
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When equations (4)–(7) are used, the deterministic functions must satisfy φ(0)=0 and φ1(0)=1. If 

S0 in equation (4) follows a Weibull, Rayleigh, gamma, lognormal, or exponential distribution without 

a location parameter, then the distribution function F(S, t) at any t>0 has the same distribution family 

but with a time-dependent location parameter. For equations (5) – (7), a location parameter may simi-

larly be introduced by a deterministic function. 

If F(S, t) belongs to the same distribution family for different t and its parameters are monotonic 

functions of time, the service-life density f(t) is calculated from equation (9). Here θ(S, t) denotes the 

highest mixed derivative with respect to S and t that appears in F(S, t), and the limiting value is the 

one-sided boundary of S(t): 

 ( )
( , )

( ) , ,  
( , )

n

d S t dt
f t f S t s C

d S t dS


= =


. (9)  

For wear realizations described by equations (4), (5), and (7), equation (10), which is the trans-

formation formula for a function of one random argument, can be used instead of equation (9): 

 ( ) [ ( )]
d

f t f t
dt


=  . (10) 

Consider equation (4) in the power-law form given by equation (11): 

 S(t)=S0+atb. (11) 

Let the initial wear S0 follow the Weibull distribution in equation (12), whose parameters are 

those shown in the expression: 
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Substituting the limiting wear Cn into equation (11) and applying equation (12) yields the service-

life density in equation (13). The expression includes the exponential distribution as the special case 

m=1, the Rayleigh distribution as m=2, and a linear realization as b=1: 
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For the exponential wear law in equation (14), the coefficients k and A are deterministic. The 

process is nonstationary in both mean and variance. Its mathematical expectation and variance are ob-

tained by multiplying the corresponding characteristics of S0 by the exponential time factor: 
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If S₀ is normally distributed, its density is written as equation (15). Substitution of the inverse re-

lation obtained from equation (14) into equation (10) gives equation (16). For A=1/b and k=0, this ex-

pression corresponds to the wear realization S=S0exp(bt): 
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For a wear process described by equation (6), each realization depends on two random quantities 

S0 and S1. If they are independent, the calculation can be performed in three stages. First, whenever the 

composition of the distributions has an analytical form − for example, for normal, gamma, or Erlang 

variables − the density f(S, t) is obtained directly and equation (9) is applied. Second, when the com-

position has no analytical form, the distribution family is identified from its moments. Third, the un-

known parameters are estimated by the method of moments. 

For the sum of two independent random quantities, the first four moments are given by equation 

(17). The first moment m(S) is the expectation, D(S) is the second central moment, and μ3(S) and μ4(S) 

are the third and fourth central moments: 
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The dimensionless parameters β1 and β2 are calculated from equation (18), after which the distri-

bution family is selected from the corresponding moment diagram [35]: 
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As an example, let each wear realization be approximated by the power law in equation (19), 

where c>0 is deterministic: 

 S(t)=S0+S1t
с. (19) 

Assume that S0 and S1 are normally distributed with expectations m₀ and m₁ and variances D0 and 

D1. The distribution moments are m(Sₜ)=m0+m1t
c, D(Sₜ)=D0+1t2c, and μ₄(Sₜ)=3(D0+D1t2c)2. Hence β1=0 

and β2=3, so f(S, t) is normal. Applying equation (9) gives the service-life density in equation (20): 
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When the time dependence of the distribution parameters is known directly, equation (9) can be 

applied without first specifying individual wear realizations. For engine components [2, 36], let the 

mean be m(t)=a1t+a2t2+a3t3 and the standard deviation be σ(t)=b0+b1t. Assuming a normal distribution 

gives equation (21): 
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A second calculation approach uses linearization to estimate the mean service life Т  and its 

standard deviation σT. For the common linear wear law in equation (22), where S1 is the random wear 

rate and S=Cn, the first-order estimates are given by equation (23): 

 S(t)=S1t, (22) 

 1

2

1

( )
; .

( ) ( )

n n

c T

C C S
T

m S m S


=  =  (23) 

More accurate relationships can be written in the form of equation (24), where v=σ(S1)/m(S1) is 

the coefficient of variation: 
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The preceding expressions provide the service-life density for the most frequently used experi-

mental wear laws. Their direct use is limited when the limiting wear Cn is treated as a fixed value. Of 

greater practical interest is the case in which Cn is random and follows a specified density f(Cn). A 

universal solution is statistical simulation by the Monte Carlo method, in which the initial wear S0, the 

wear rate S1, and the limiting wear Cn are generated according to their respective distributions. 

The moments of f(t) can also be determined by linearization or by the integral expressions for the 

mean value and variance in equations (25) and (26), where f(t/Cₙ) is calculated from equation (9) or 

(10) [37, 38, 39]: 
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Consider a component whose wear realizations obey equation (20) with c=1.2. At t=0, let f(S, 0) 

be normal with mean 80 μm and standard deviation 20 μm. Let the wear rate S1 be normal with mean 

1.1 μm per 10³ km and standard deviation 0.3 μm per 103 km. The limiting wear follows the two-

parameter exponential law in equation (27), with λ=20 μm⁻1 and location parameter Sₙ=300 μm: 

 
 

( )  [   (   )]
n n n

f C exp C S=  − − ; (27) 

in statistical simulation, each service-life realization is calculated as 1/

 0 1
[  / ]( )

i i i

c

i n
t C S S= − . The simu-

lated values are then processed to determine f(t) and its parameters. Linearization yields corresponding 

expressions for the mean and variance, whereas equations (25) and (26) are evaluated by numerical 

integration. 

The calculations showed that the simulated f(t) follows a three-parameter Weibull distribution 

with shape m=1.55, scale T0=403, and threshold Tc=50×103 km. The corresponding mean is 93.4×103 

km and the standard deviation is 30.2×103 km. Linearization gives a mean of 94.5×103 km and a 

standard deviation of 26.2×103 km. Numerical integration gives a mean of 99×103 km and a standard 

deviation of 27.1×103 km. The moments obtained by the three approaches are therefore close, which 

confirms that each can be used for practical assessment within the assumptions of the model. 

5.3. Interpretation of vehicle-component failure flows 

Reliability tests provide data from which mathematical models of vehicle failure patterns can be 

obtained. Because reliability indicators are random quantities, their models must describe the probabil-

ity distributions of service life and failure occurrence as wear accumulates. Two complementary ap-

proaches are used. 

The first approach studies the physicochemical properties and parameters of components, the 

physical and mechanical processes occurring in them, and the physical nature and mechanisms of fail-

ure. The current states of the components and the system are described by equations reflecting the 

governing physical laws. The second approach studies statistical probabilities of failure in a population 

of similar vehicles. Failures are treated as abstract random events, and the many physical states are 

reduced to operable and failed states, which are described by reliability functions. Because the first 
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approach is not always sufficiently developed for a specific component, the statistical approach is of-

ten used in practice. 

The load or stress acting on a vehicle component may have a peak character. If failure occurs 

when a random load S exceeds a threshold S₀, the failure time is also random and may be independent 

of prior operating time and technical condition. Examples include fracture of final-drive gear teeth 

under an exceptional off-road load and tyre puncture by a sharp object. In such instantaneous-damage 

schemes, time to failure is exponentially distributed. 

Preventive maintenance has limited influence when time to failure follows an exponential distri-

bution because the immediate cause is an external event rather than accumulated wear. Reliability can 

then be improved mainly by redesigning the vehicle or component or by reducing the applied loads. 

The exponential model is therefore commonly used for sudden failures when ageing and wear are neg-

ligible. 

A different scheme applies when failure results from gradual damage accumulation, ageing, or 

wear. For selected operating parameters, admissible limits are specified in advance, and crossing a 

limit is classified as failure. The time or mileage required to reach the limit is the failure-free operating 

life. Fracture of a main leaf spring after gradual fatigue-damage accumulation is an example. Under 

gradual ageing and wear, time to failure is usually described by normal or lognormal distributions and, 

in some cases, by a gamma distribution. 

A discontinuous change of state caused by accumulated damage is referred to as relaxation. In 

this case, gradual damage accumulation may be an indirect rather than the immediate cause of failure. 

A sudden deterioration of operating conditions − overload, strong vibration, or extreme temperature − 

can trigger failure of a component that has already accumulated fatigue damage. Unlike a pure cumu-

lative-damage scheme, no single admissible limit need be defined; damage accumulation primarily 

increases the probability of failure. 

The relaxation model combines the discontinuous state change characteristic of sudden failure 

with the progressive increase in failure probability characteristic of accumulated damage. In more 

complex cases, failure results from several relaxation events. A defining feature is that the vehicle pa-

rameter influencing failure probability changes randomly rather than deterministically. 

6. Conclusions 

1. Vehicle service life can be modelled through a monotonically increasing nonstationary random 

wear process. Nonstationarity appears in the expectation, variance, and, where relevant, the frequency 

characteristics. This representation makes it possible to derive service-life distributions for several 

commonly used wear laws. 

2. Reliability forecasts support the selection of design alternatives and maintenance and repair 

strategies, refinement of operating parameters and modes, and planning of spare-parts demand. Fore-

cast information should therefore be integrated into reliability management during both design and 

operation. 

3. When the limiting wear Cₙ is random and follows a specified distribution f(Cₙ), the service-life 

distribution can be determined by Monte Carlo simulation, linearization, or numerical integration. In 

the numerical example, all three methods produced close values of the mean and standard deviation, 

which confirms their practical applicability under the stated assumptions. 
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