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Abstract. The article’s objective was to develop a method for analyzing the oper-
ational reliability of means of transport, emphasizing destructive factors affecting
the disruptions in the continuity of supply. The introduction contains a diagram of
the occurrence of adverse events in the transport system. The concept of reliability
analysis of rolling stock based on two conditions (its fitness and unfitness) was
presented. We describe the proposed method in three stages. The first one is related
to activities aimed at extending the fitness condition of the rolling stock. As part of
this stage, destructive factors were classified, depending on the rolling stock life
cycle phase, with degradation parameters identified and characterized. The sec-
ond stage concerns diagnostic activities. An approach to assessing damage based
on the diagnostic indicator, which resulted in the so-called diagnostic matrix’s
suggestion, was developed. The last stage of the presented method includes repair
activities, based on which the concept of applying risk measures, including the
risk measure of rolling stock unavailability, was introduced. The results acquired
based on the presented method are designed to provide data enriching the decision-
making process in transport activities, aimed at reducing the risk of failure to
perform the transport task. The method of analyzing the reliability of means of
transport presented in our work forms part of the author’s work on developing a
comprehensive analysis of the operational reliability of transport systems.

Keywords: Transport engineering - Car stock - Transport systems - Mechanical
engineering

1 Introduction

Road transport plays a dominant role in cargo transport in many different countries. It
is largely implemented by lorries in the form of road sets consisting of a tractor unit
and a semi-trailer. It should be noted that the road rolling stock is one of the elements
of the transport system, the reliability of which is of crucial importance for the correct
functioning of national economies. There exist many different approaches to reliability
concerning transport systems. One of them assumes that the reliability of the system
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equals the probability of performing the transport task. Transport disruptions may occur
in all parts of the transport system, i.e., road infrastructure, rolling stock, technical
facilities, organizational division, etc. However, issues related to infrastructure and road
rolling stock play a crucial role here. In connection in addition to that, the reliability
models were identified, which include:

infrastructure failure models,

rolling stock failure models,

rolling stock reliability models,

models taking into account the time and operating cycles of the rolling stock,
load-endurance models of vehicle structures and infrastructure.

All these models can be either analytical, stochastic, or combined. If the system fails
to operate as intended, there has been a loss of reliability. It can adopt different forms,
including the partial loss of reliability, e.g., due to a failure of a subsystem of a vehicle,
which allows, although with some limitations, to continue the transport, or the total loss
of reliability that renders further transport impossible, e.g., due to destruction of means
of transportation in consequence of an adverse event. Figure 1 presents the diagram of
the occurrence of adverse events in the transport system.

Condition of reliability of the transport system

No negative conse- Loss of system relia-
quences bility
Ability to quickly restore reliabil- No option to quickly restore reliabil-
ity ity
Possible continuation of Loss of the ability to continue
—> transport task the transport task

I—*

Condition of reliability of the transport system

Fig. 1. Diagram of occurrence of adverse events in the transport system.

The presented diagram shows the cyclicality of adverse events occurring during
the operation of the transport system. Most of them are left without consequences.
Nevertheless, some of them lead to a loss of system reliability of a long-term nature.
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In these situations, the inability to continue the transport task may lead to its complete
non-performance and the loss of the transported load. To prevent this, on the one hand,
research is carried out to prevent the occurrence of adverse events and, on the other
hand, to alleviate negative effects, e.g., by quickly restoring the system’s reliability they
occur. In the case of heavy goods vehicles, it is important to research both to increase
their operational reliability and restore this condition as quickly as possible in the event
of its loss, both of which are the present article’s objective.

2 Literature Review

Transport systems in the context of their reliability are a frequent topic of scientific
research. In some cases, the transport system is considered [ 1-5], and on other occasions,
it is divided. This division includes such elements as infrastructure, means of transport,
traffic control systems, organizational, legal, and institutional divisions. The important
issue from the viewpoint of the present publication, at least as far as road infrastructure
reliability is considered, is the occurrence of disturbances discussed, among other things,
in [6-9]. Furthermore, the concept of road infrastructure reliability inevitably links us
with the concepts of the durability of technical structures, such as bridges [10, 11]. Due
to the proposed analysis of the reliability of the transport system narrowed down to
one of its elements, i.e., means of transport, our review of subject literature focused
primarily on issues related to diagnostic and repair activities and the risk of failure to
perform the transport task related to rolling stock’s loss of reliability. The diagnostics
issues as an activity impacting the reliability of technical structures [12, 13] may include
both individual elements and entire systems present in means of transport [14—16].
Particularly noteworthy are the onboard and remote diagnostics mentioned below in the
present article, which were the research subjects [17-20] in the last few years. Carrying
out diagnostics and repair activities forms the starting point for determining the risk of
non-performance of the transport task [21, 22], which was the final part of the author’s
research. Based on the conducted analysis of the subject literature on the methods of
determining risk measures [23-25], we elaborated a concept of measuring the risk of
failure to perform the transport task.

3 Research Methodology

Maintaining the operational reliability of means of transport plays a crucial role in
maintaining the continuity of supplies. In reality, we observe certain operating cycles,
and we can simulate their course. These cycles typically include several conditions, i.e.:

e fitness condition and connected reliability of the means of transport,

e condition of partial unfitness in which it is possible to perform transport tasks, albeit
after taking certain limitations into account,

e condition of unfitness, preventing the implementation of tasks.

Different tasks are performed, depending on the current cycle of the means of trans-
port. In the first of them - the condition of fitness - measures are taken to extend it. These
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activities include, among others use of the means of transport according to their purpose,
ensuring structural strength and efficiency of systems at the production stage, servicing.

The second condition, partial failure, has the most complex characteristics and is
also the most common practice condition. What can be related to the complexity of
a technical structure in the form of means of transport? Partial unfitness adopts many
different forms, from a mild scenario to an extremely destructive one. Damage to parts
increasing the comfort of the driver, such as the radio, is of marginal importance in
the context of the possibility of performing the transport task, otherwise, when there
is damage, for example, to a refrigeration unit when transporting perishable cargo, the
vehicle can, at least physically, continue to perform the transport, but there is a serious
risk of loss cargo properties, which may lead to failure to perform the transport task.
Therefore this particular condition has a non-uniform structure, requiring us to introduce
a classification for different failures.

The ultimate condition - the condition of total unfitness - adopts two different forms.
The first one concerns the condition in which the means of transport cannot be restored
to fitness, or at least such actions are not economically justified, and the vehicle is
permanently excluded from further operation. The second form assumes the possibility
(and economic justification) for restoring the condition of fitness. For this purpose,
diagnostic activities are carried out.

Figure 2 presents a general outline of the transitions of means of transport between
the conditions of fitness and unfitness, along with an attempt to restore the desired
condition. Based on the presented diagram, we elaborated a method for analyzing the
rolling stock’s operational reliability, consisting of three stages, with particular emphasis
on destructive factors affecting the disruptions in the continuity of supplies and diagnostic
and corrective actions aimed at eliminating the disruptions as mentioned above.

Stage I: Activities Aimed at Extending the Roadworthiness of the Rolling Stock
Analysis and classification of factors that impact the possible transition to the condition
of unfitness:

e factors of a violent nature, e.g., road collisions, causing a sudden transition to the
condition of unfitness in the result of one or more features of the means of transport
transferring beyond acceptable standards,

e factors of a reversible nature, e.g., tire wear, predictable and characterized by the ease
with which they can be counteracted,

e factors of a slow nature, i.e., aging processes, wear processes, etc., in which case,
despite the awareness of their occurrence, it is difficult to determine the moment of
transition to the condition of unfitness.

At this stage, the classification of possible degradation factors was also proposed
within the adopted classification parameters and types of damage. This classification
was based on seven parameters:

1. occurrence of failure, types: rapid, gradual, cascade;
2. connection with other damages, types: dependent, independent;
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Fig. 2. Diagram of transition of the means of transport to the condition of their fitness/unfitness.

repairability, types: full, partial, impossible;

necessity to perform repair, types: immediate, recommended, optional;
detectability, types: high, low;

causes of occurrence, types: natural, artificial;

time-consuming repair, types: high, low.

Nk w

The analysis and classification aimed to provide tools supporting the decision-
making process aimed at extending the fitness of the means of transport.

Stage II: Diagnostic Activities
Diagnostics are used to examine the current condition and identify possible faults.
Defects occurring in means of transport can be very diverse, and therefore there exists a
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wide variety of diagnostic tools. Based on the literature review, we identified the diagnos-
tic methods. These methods can be divided into traditional ones, i.e., functional control,
condition control, fault location, and mathematical methods, i.e., deterministic, stochas-
tic, and simulation models. The comparative analysis of the measured parameters and
their comparison to theoretical values is also a frequently applied method.

Diagnostics also supports the decision-making process related to servicing the oper-
ated rolling stock and allows us to assess whether the rolling stock’s condition was
restored.

Diagnostic systems should be considered according to two categories. Internal, con-
cerning onboard equipment and decision support systems, and external, i.e., stationary
(workshop-installed) and mobile (which can be performed in road conditions) diag-
nostics. An important part of diagnostics is the tests of accident-damaged means of
transport. On their basis, parameters such as the roadworthiness/unfitness of the vehicle,
the damage and the mechanisms of its occurrence, the possibility of repair, etc., are all
determined.

Stage III: Repair Activities

Repair activities are directly related to diagnostics. Their implementation is possible only
after the identification of damaged parts. As was the case in stage II, repair activities
can be divided into those performed in road conditions (mobile) and those performed in
workshop conditions (stationary). In the case of cargo transport, especially in the context
of perishable cargo, ad hoc repairs play an important role, enabling the continuation
of transport, taking into account the limitations resulting from less repair possibilities
under road conditions. Nevertheless, there are economic reasons for this, because the
disruption of the continuity of transport is often associated with failure to meet delivery
terms, which results in contractual penalties. The recent development of services in the
just-in-time system further strengthens the requirement to create a network of mobile
diagnostic and repair centers.

The methodology of analysis of operational reliability of means of transport and
its restoration methods presented in our work forms one of the elements of the author’s
work on the creation of a comprehensive assessment of operational reliability of transport
systems.

4 Results

The results will be discussed in stages proposed in the methodology. Stage I: What is
important is that not every defect leads to permanent damage to the vehicle. Therefore,
cyclical reliability assessments should be carried out by analyzing changes occurring
in the used vehicle. In addition, it is recommended to prepare forecasts of the impact
of individual factors, depending on environmental conditions. The impact assessment
of individual factors on the fitness of the rolling stock was classified according to the
phases of the life cycle of the means of transport and presented in Table 1.

Stage II: Damage assessment can be performed using a comparative analysis of
functional parameters f(x). According to the theory, each of the parameters can take
values within the defined min-max range. Moreover, the so-called diagnostic indicator
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Table 1. Assessment of the impact on the fitness in particular phases of the rolling stock life
cycle.

Stage | The phase of the rolling stock life cycle | Assessment factors

1 Novelty phase - post-production Manufacturing defects

I The main phase Natural wear of a predictable nature

I Aging period Unpredictable aging and wear processes

I-1II Following restoration to fitness Repair activities and their impact on the
means of transport

X\, which determines whether the parameter has exceeded the permissible values, may
adopt the value O or 1. In the case of fault diagnosis, it is assumed that the diagnostic
indicator X = 1, when:

S @ in > ) A ) g < f (X) 6]

In the case of no failure, when the diagnostic indicator A = 0, the following
relationship is satisfied:

f(x)min <f(x) /\f(x)max >f(x) (2)

The application of the above method enables the creation of a matrix of diagnostic
results, as presented in Table 2.

Table 2. Diagnostic matrix.

No. |Diagnostic | Damages

indicator & | ) fr oo (fi .
1. M 0 1 0 0
2. A2 1 1
3.
4. A 1 0 1 0
5.
6. Am 0 1 0 0

Stage III: We developed risk measures to obtain indicators enabling the assessment
of the risk of failure to perform the transport task. These measures were divided into
several issues. One of them is the calculation of the risk measure of the rolling stock
unavailability RMRgsy, calculated as the ratio of the average rolling stock availability
time to the sum total of this time and the duration of diagnostic and repair activities, i.e.:

T(2)

MRy =1 — ——7F7—,
[T(z) + Tpn]

3)
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where: T'(z)- the average service life of the rolling stock, Tpy- average time of
diagnostic and repair activities.

The comprehensive analysis of the risk of failure to perform the transport task will
be further enriched with the risk measure of an undesirable event, as developed by the
author.

5 Conclusions

Developing an effective strategy to extend the roadworthiness of road rolling stock
requires in-depth knowledge of the phases of the life cycle of vehicles and the factors
contributing to the formation of degradation processes in technical systems.

The conducted research on car diagnostics allowed us for their division into sta-
tionary and mobile diagnostic activities. The latter is particularly important in terms of
maintaining continuity of supplies. One of the most common reasons necessitating diag-
nostic operations is the occurrence of damage, e.g., due to a collision. It is connected with
the intensive exploitation of these vehicles. The proposed diagnostic indicator enables
the assessment of the tested object’s suitability based on a comparative analysis of its
functional parameters. In the event of a condition of unfitness, it is necessary to carry
out corrective actions. Whenever possible, it is recommended to perform the repair in
road conditions, but if this proves impossible, there is a need to send a replacement unit,
which contributes to delays and, consequently, to failure to perform the transport task.
Considering the issues mentioned earlier, a measure of the risk of failure to perform the
transport task was elaborated, based on the average time the means of transport remain
in a fit condition and the average duration of diagnostic and repair activities.

Based on the method for assessing the reliability of means of transport presented in
the paper, we can conclude that it is justified to develop a comprehensive methodology
for evaluating the reliability of transport systems with a holistic approach, applying
system analysis.
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