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Abstract

This work examines the results of research into internal combustion engine malfunction
using the example of a vehicle control group of a specific transport company during the
warranty and post-warranty periods. Studies have established that the most frequently
encountered distribution laws for random variables during vehicle operation are nor-
mal, Weibull, log-normal, and exponential, and research has determined the patterns of
units’ malfunctions and the internal combustion engine parts. The reliable operation of
vehicles is achieved by maintaining a stock of spare parts, the size and range of which play
an important part in the ensuing costs. It is important to forecast the need for spare parts to
improve the efficiency of vehicle operation. A common drawback of forecasting methods,
from the point of view of material resource management is the limited consideration of
important factors such as the spare parts’ delivery time from the moment of ordering, the
time frame for performing the repair work, and the spare parts’ cost. We determined that
65.7% of spare parts are delivered within one day, and 15.7% are delivered within 2 weeks.
Further, it takes up to 3 h for the replacement of 82.45% of the spare parts. To determine the
need for spare parts, it is important to consider the actual operational reliability and the
listed factors to enable optimizing the repair fund of the motor transport enterprise and
increase the efficiency of use of rolling stock.

Keywords: road transport company; tractor unit; failure; spare parts; costs; delivery time;
recovery time; planning

1. Introduction
With the intensive use of rolling stock in a dynamic market situation, maintaining

trucks in working condition is the main task facing the road transport industry. For the
effective operation of a cargo transport enterprise and to maintain the rolling stock in
working condition, there are a range of mandatory maintenance and repair operations, for
which there should be spare parts, the size and specificity of which play a major role in
providing uninterrupted operation and in the cost. This requires forecasting and planning
for the need for spare parts [1–3].

Considering the limited financial resources of an enterprise, it can be difficult to store
parts onsite. One needs to develop criteria for what parts to store, which can save money.
Hence, the method must consider the limited financial resources available to the enterprise
to maintain a spare parts inventory and effectively distribute these resources to scheduled
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maintenance, as well as reserves for unscheduled and unplanned replacements; these
two principles are fundamentally different.

This problem is affected by the increase in automobiles’ operational reliability. In
determining reliability indicators, there are random variables that can shift, particularly
in the field of vehicle operation: traffic flow on the roads, the appearance of failures and
malfunctions, the time and laboriousness of their repair, preventive measures, etc. The
research into this issue suggests that the solution is to adopt mathematical calculations
and obtain practical data. Hence, the methodology for random variables’ distribution
in a vehicle’s operation can combine experimental data description using the laws of
distribution with the construction of mathematical models from these processes.

Studies have established that the most frequently encountered random variables in
the operation of automobiles are normal, Weibull, logarithmically normal, and exponential
distribution laws. The specified models, although considered typical, do not exclude new
possibilities for a more complete description of the wide range of processes characteristic
of automobile operation.

In this study, we focus on a group of truck tractors as part of road trains, with semi-
trailer internal combustion engines, in a large transport enterprise to achieve the following:

- Determine the impact of an enterprise’s limited financial resources on the size of the
spare parts warehouse;

- Determine the criteria for the need to store spare parts;
- Analyze the malfunctions and patterns of occurrence of internal combustion engine failures;
- Determine the time required to repair the identified malfunctions;
- Compile a list of spare parts to be stored at road transport enterprises.

For this, we tested 160 semi-trailer tractors in their warranty and post-warranty period.

2. Literature Review
There are several methods to calculate the stock of spare parts needed at motor trans-

port enterprises, based both on the average availability of parts and on the consideration of
various operational factors, such as the road conditions, the degree of using cars with trail-
ers, the ratio in the fleet structure between new and used cars, the culture of fleet operation,
and the climatic conditions in which the fleet is operated [4–6]. While forming a spare parts
inventory, it is also necessary to consider the planned costs of parts for maintenance and
scheduled replacements, such as brake pads, batteries, tires, etc.

Similar issues occur in various industries, including tourism, finance, insurance, bi-
ology, and others [7–10]. They often focus on achieving a balance between the pricing
and the quality of work. Efficient inventory management to achieve this balance may
include [11] statistical analysis and forecasting, optimal inventory levels, partnerships with
suppliers, inventory management systems, exploring alternative sources of inventory, and
considering supply terms. There is also research specifically aimed at spare parts man-
agement and delivery. Hermsen et al. [12] investigated efficient spare parts management
to supply components for electric vehicles. Although focused on a different category, its
main contribution advances sustainable electric vehicle battery management practices. This
topic is relevant due to the recent application of a battery drivetrain to heavy-duty vehicles.
Another study, presented in [13], focused on manufacturing spare parts for vehicles by
additive and subtractive technologies, evaluating and describing the conventional and new
manufacturing processes. It concluded that additive and hybrid manufacturing processes
of spare parts for vehicles would be advantageous. Similarly, studies have investigated
progressive technologies in the production of vehicle components [14,15]. The shipment
problem of spare parts for cars in a particular region was described in [16], in which the
authors determined that it is possible to decrease the backlog in spare parts’ shipment
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and to increase the daily total complete shipment. Fragassa [17] examined extensive and
consistent data from automotive production and service to assess the reliability and predict
failures in an engine control device. Based on real-world data from various sources, it
offered a comprehensive roadmap for processing diverse raw data based on predictive
models, to improve the effectiveness of production and the delivery of spare parts between
the original manufacturer, car manufacturer, and users.

Hence, this methodology must consider the limited financial resources available in an
enterprise to maintain a spare parts inventory and effectively allocate these resources to
scheduled maintenance and a reserve of spare parts for unscheduled replacements.

3. Materials and Methods
3.1. Determining the Impact of the Limited Financial Resources of the Enterprise on the Size of the
Spare Parts Warehouse

One of the parameters that determines the efficiency of a road transport enterprise
is the total downtime of rolling stock for repairs during a given operation period. This
downtime time is calculated as the sum of the time for the repair work and the delivery of
the necessary part, if it is not in the warehouse. As the delivery time does not depend on the
enterprise, it is possible to reduce this part of the downtime only if the necessary parts are in
this warehouse. Therefore, the task of shortening this downtime is reduced to determining
the number of parts of i-type that need to be stored in warehouses during T-time.

Let us denote via ci, i = 1, 2, 3, . . ., n the price of one detail of i-type and by mi the
number of details of i-type necessary to store at the warehouse. C represents the amount of
funds the enterprise may spend on these purchases. However, mi may not be chosen at
random, due to limited financial resources. This limitation is described as follows:

∑n
i=1cimi ≤ C. (1)

The downtime will be the smallest if each request for an i-type part (failure of i-type
part) is met by the existing stock mi, i = 1, 2, . . ., n of parts at the warehouse. Although
C may be large enough for the enterprise to afford to keep a large number of parts, there
is still a probability that the next request will not be met. Hence, the task of downtime
minimization should be assigned as the task of the minimization of the probability that the
number of requests will surpass the number mi, i = 1, 2, . . ., n of parts kept at the warehouse.

Let fi be the number of failures of i-type per time T and Ai = { fi ≥ mi}. Assuming
the failures of different parts to be independent, the searched probability will be noted as
P(
⋃n

i=1 Ai) = 1 − ∏n
i=1 P(Āi), where Āi represents the event in contrast to Ai.

First, let us consider the problem of the minimizing the downtime for a single car.
Since the cars operate independently, condition (1) for a single car can be written as

n

∑
i=1

cimi ≤
C
N

, (2)

where N is the number of cars.
Then, the problem of minimizing the downtime for one car can be formulated as an

integer problem for a conditional extremum:{
P(
⋃n

i=1 Ai) = 1 − ∏n
i=1 P(Āi) → min;

∑n
i=1 cimi ≤ C

N .
(3)

To define the probabilities P(Āi) that are in Equation (3), the flow of failures of i-type
parts per time T is a Poisson hour with the intensity of the price i = 1, 2, . . ., n. Then,
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P(Āi) = e−λiT

mi

∑
s=1

(λiT)s

s!
. (4)

From here, we obtain that

P(
n⋃

i=1

Ai) = 1 − exp(T∑n
i=1λi)∏n

i=1∑mi
s=1

(λiT)s

s!
. (5)

Therefore, task (2) may take the following form:
1 − exp

(
T

n

∑
i=1

λi

) n

∏
i=1

mi

∑
s=1

(λiT)s

s!
→ min;

n

∑
i=1

cimi ≤
C
N

.

(6)

This task may be solved, for example, via an exhaustive method. Let it m∗
i , i = 1, 2, . . .,

n, be the definitions determining the number of parts of type i. Then, it is necessary to keep
the stock in the amount of Nm∗

i , i = 1, 2, . . ., n, parts of type i.
Since, at the previous accounting period T, some parts could be left at the warehouse

as non-requested in the amount of ai, i = 1, 2, . . ., n, the task should be considered as the
task of “additional purchase” of the necessary amount mi, i = 1, 2, . . ., n, of i-type parts.
Then, it is necessary to consider the events Ai = { fi ≥ ai + mi}; therefore, task (6) may be
reformulated as follows:{

1 − exp(T∑n
i=1 λi)∏n

i=1 ∑ai+mi
s=1

(λiT)s

s! → min;
∑n

i=1 cimi ≤ C
N .

(7)

As the analysis of the component’s delivery time to the enterprise from the moment
of ordering shows, some types of parts should not be kept in stock since the time of their
delivery either does not affect the time of repair work at all, or this effect is so insufficient
that it can be neglected. Therefore, one should set aside some part C* of funds C for
purchasing these types of parts; thus, the limitation ∑n

i=1 cimi ≤ C
N in problem (7) should

be written as

∑n
i=1cimi ≤

C − C∗

N
. (8)

The determination of the values λi, i = 1, 2, . . ., n, and C*, including (7), relates to the
statistical analysis of data specific to this rolling stock.

Thus, relations (1)–(8) show that to maintain the appropriate composition of spare
parts and effectively distribute resources for scheduled maintenance, as well as a reserve
of spare parts for unscheduled replacements, the limited financial resources available to
the enterprise must be considered. The condition for this is the operational knowledge
of the patterns of failures, the deadlines for completing work, the delivery time of spare
parts, their cost, and the replacement time. As shown in previous research [18], based
on the conducted studies of failures and the detailed malfunctions of units and systems
of the vehicles, the average operating time to failure or occurrence of malfunctioning,
the probability of failure-free operation, and the time spent on repairs, it was possible to
determine these for two types of semi-trailer tractors. Efficient work and reliable support of
semi-trailer trucks in operational conditions are provided by the availability of spare parts.
The size and assortment of these parts play an important role in the cost of the transport
process. The creation of a criterion, based on quality work parameters, to determine the
appropriateness of preserving a particular part can save resources for the enterprise. One
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of the essential characteristics of transport enterprise work quality is the coefficient of
technical readiness, which is determined by the i-th type of parts, as the ratio of the time in
normal work to this work plus the forced downtime (for repair purposes) [18].

3.2. Statistical Analysis of Performance Failures in Automotive Internal Combustion Engines

Characteristic indicators to ensure the operational reliability of vehicles are random
variables that drift even under stable conditions, especially in the field of vehicle oper-
ation: traffic flow on the roads, occurrence of failures and malfunctions, time and labor
for their repair, the frequency of preventive actions, etc. [19–22]. Studying these facts and
patterns enables their optimal use in practice.

The research into these facts and regularities allows us to determine the mathemat-
ical calculations, not accounting for the random character of the process of rolling stock
technical operation.

The survey included new trucks as part of road trains with semi-trailers during the
warranty and post-warranty periods of operation. The aim of the work was to study the
patterns of failures and malfunctions and to determine the time spent on repairing the
identified faults.

In the first year of operation, vehicle malfunctioning is approximated by the beta
distribution (Figure 1) with statistical characteristics for the engine with a failure probability
of Pi = 0.066 (exponential law of distribution): mathematical expectation M—1.4 thousand
km; σ mean square deviation—0.8 thousand km (Figure 2) [22]. The specific weight of
failures due to wear was about 20%.

Symmetrical laws of the distribution of maintenance to prevent failure, as a rule,
indicate the perfection of the design, and an increase in maintenance can be achieved by
improving the modes and technology of maintenance and repair. This information can be
used in operation to determine the scope of repair actions needed for the corresponding
failures. Asymmetrical laws of distribution in some cases indicate deficiencies in the design
or technology of their assembly or an unqualified person driving the vehicle. The study
of these laws made it possible to gain a deeper understanding of the failures’ natures and
effects, to develop a strategy for their prevention and to model and predict violations of the
vehicles’ technical condition.

The analysis of vehicles’ downtime during warranty repairs showed that the average
duration of one repair is 13.7 h. After 60 thousand km miles, stabilization stops, and at
a mileage of more than 100 thousand km, the average idle time is 20.2 h.

Research regarding the reliability of 160 tractor vehicles with a mileage of up to
900,000 km established the following: the average number of failures per vehicle was 33.11,
the average mileage before the first failure was 171.881 km, and the average mileage before
failure was 23.582 km [23].

Based on the collected statistical data, the elimination of defects and malfunctions was
analyzed, the patterns of performance violations were obtained, and the main statistical
characteristics were identified. Every tenth malfunction requires repair work. The main
malfunctions occurred in electrical and electronic equipment, chassis, braking system,
engine (10.15%), transmission, and steering (Figure 3, Tables 1 and 2). The characteristics of
the malfunctions of some engine elements are presented in Figure 4, and examples of engine
malfunctions are shown in Figure 5. Violations of the performance of units and components
during the post-warranty period of operation are generally subject to a normal law.

Analyzing the malfunctions of engine mechanisms and systems, it was established
that the unit is a reliable vehicle system meeting the requirements of economy and environ-
mental friendliness, but malfunctions appear.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 1. Bar charts and theoretical curves of the distribution of the impaired performance of vehi-
cles: (a) aggregates; (b) suspension; (c) steering; (d) electrical equipment; (e) fuel tank; (f) weakening
fastening connections [22].
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Figure 2. Characteristics of vehicle malfunctioning: (a) distribution of mechanism and system
malfunctions; (b) recovery time distribution.
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Figure 3. Distribution of mechanism and system malfunctions and failures of vehicles in the post-
warranty operation period.

 
(a) (b) 

  
(c) (d) 

Figure 4. Characteristics of impaired performance: (a) general distribution; (b) intercooler; (c) gaskets;
(d) the spray nozzle.

Table 1. Distribution of performance impairment according to engine elements.

Unit Elements Failures, % Performance Until
the First Failure, km

Average Performance
Until the First Failure, km

Fan with drive 0.7 367,000 486,750

RPM sensor 1.1 550,000 540,500

ICE in assembly 0.2 198,000 198,000

Intercooler 18.6 233,000 334,310

Piston rings 0.9 402,000 476,400
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https://doi.org/10.3390/engproc2025121031


Eng. Proc. 2026, 121, 31 8 of 13

Table 1. Cont.

Unit Elements Failures, % Performance Until
the First Failure, km

Average Performance
Until the First Failure, km

Cylinder–piston group 0.7 377,000 515,500

Valve cover 0.2 703,000 703,000

Engine flywheel 0.7 404,000 509,250

Pipe and collar of the intercooler 4.5 278,000 554,750

Thermostat 2.8 498,000 647,133

Fuel pump 0.4 415,000 445,000

Turbocharger and compactors 5.9 234,000 450,063

Nozzles 1.5 391,000 601,625

Gaskets 13.0 190,000 474,386

Radiator 0.4 539,000 662,000

   
(a) (b) (c) 

   
(d) 

Figure 5. Examples of engine element malfunctions: (a) cylinder head gasket; (b) intercooler;
(c) nozzle; (d) turbo compressors.

Table 2. Statistical data characteristics.

Variable Distribution Time Probability Density

Intercooler Log-Normal f (x) = 1
x·5949.55

√
2π

e−
(lnx−ln3343103)2

2·5949.552

Gaskets Uniform f (x) =
{ 1

359000 , x ∈ [190000; 760000],
0, x /∈ [190000; 760000]

3.3. Spare Parts Catalog Formation at Automobile Transport Enterprises

The process of managing a motor vehicle enterprise includes the continuous adoption
of management decisions and their practical application. The steady development of the
enterprise largely depends on the effectiveness of the decisions made in modern economic
conditions. Maintaining trucks in working order to ensure the intensive use of rolling stock
is one of the main tasks facing a motor transport enterprise. The reliable operation of cars
is ensured by a reserve of spare parts, the size and type of which play an important role in
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the cost of transportation. To achieve this operation, it is important to anticipate the need
for spare parts to improve the efficiency of car operation. Fluctuations in demand for spare
parts are formed under the influence of economic, technical, seasonal, and climatic factors,
the manifestation and strength of which must be predicted [8,11,24,25].

Justification of the size of the optimal stock of material resources, by determining
the reliability, risks, and sustainability of the material resources management system is an
efficient solution to the problem of optimizing financial resources and implementing oper-
ational management with increased quality, thus ensuring the adequacy of management
decisions. A general drawback of methods to solve this problem is the limited accounting
of important factors in saving financial resources—the time of spare parts delivery from the
moment of ordering, the time of the repair work, and the cost of spare parts. Considering
the actual operational reliability and adjusted consideration of the listed factors will enable
optimization of the repair fund of the motor vehicle enterprise and increase the efficiency
of rolling stock use.

To improve the efficiency of determining the required number and type of spare parts,
the structure of time losses for troubleshooting, the delivery time of the required spare
parts, and their classification by duration and cost were analyzed. The research found
that the cost of providing rolling stock with spare parts can reach 30% of the total costs of
an enterprise. The largest share of expenses (24.8%) was accounted for by the group that
included malfunctions of the cabin heating and cab lifting systems, the total cost of which
was 34% (Figure 6).

 

Figure 6. Expenses on spare parts for tractor trucks by components.

An analysis of the delivery time of spare parts showed that 65.7% of parts are delivered
within one day (Figure 7). The replacement time for most parts, as shown by the study, is
60.9% within one hour, and another third of all replacements are completed within one to
three hours (Figure 8). About 44% of parts are delivered within one day, and about 39% of
parts are delivered within two weeks (Figure 9). For the 14% of parts that can be replaced
within one hour, delivery of such parts can occur within the same time frame. Here, 72% of
such parts are delivered within a day (Figure 10).

 

Figure 7. Distribution of spare parts by delivery time.
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Figure 8. Distribution of spare parts by replacement time.

 

Figure 9. Delivery of parts with a replacement time of more than one hour.

Figure 10. Delivery of parts with a replacement time within one hour.

4. Results and Discussion
According to the calculations of the researched control group of cars, conclusions

were drawn (Table 3) for which spare parts to store in the warehouse of a motor transport
enterprise, using the example of internal combustion engine parts.
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Table 3. Results of determining the appropriateness of storing car internal combustion engine parts.

Part Delivery Time, Hours Price *, USD Failure Probability Storage Appropriateness

Engine liners 24 271.04 0.0000319 Do not store

RPM sensor 24 68.06 0.0000382 Do not store

Thermostat 1 9.22 0.0000536 Do not store

Layout 1 41.13 0.0000732 Do not store

Radiator 336 415.27 0.0000546 Store

Nozzles 336 548.62 0.0000587 Store

Intercooler connection and clamp 24 88.03 0.0000604 Store

Piston rings 24 67.79 0.0000695 Store

Turbocharger and seals 336 613.10 0.0000773 Store

Pressure sensor 24 64.01 0.0000859 Store

Intercooler 336 535.87 0.0001044 Store

*—the cost is accepted for the duration of the surveys.

To determine the need for spare parts, a program was developed to account for the
consumption of spare parts on vehicles and in the warehouse of an automobile enterprise.
The program contains information on the parts installed on a given vehicle during the
repairs performed, the mileage at which the replacement was performed, as well as the
time spent waiting for delivery and performing the repair work. The program can be used
to view information on spare parts. It contains data on the name, catalog number of the
spare part, its cost and delivery time, as well as stores data on the probability of failure and
the need for storage in a warehouse. For the calculation, data on the planning horizon, the
technical readiness coefficient of the vehicle fleet, and the amount of funds available for the
purchase of spare parts were entered (1)–(8).

Based on the results of the calculations for the control group of vehicles studied,
using some internal combustion engine parts as an example, the conclusions are shown in
Table 3 on the advisability of storing spare parts (considering the delivery time, price, and
probability of failure) in the warehouse of a motor transport enterprise.

As a result of the implementation of the proposed method for forming the ware-house
catalog, the downtime of vehicles waiting for the delivery of the required spare part decreased.

5. Conclusions
The suggested methodology enables us to calculate the required number of spare parts

for a future period in conditions of limited financial resources based on the determined
intensity of the failure flow. This methodology enables reserving funds for the prompt
replenishment of the spare parts’ stock, taking into consideration the delivery time. The
joint use of the methodology and the program will enable planning the timely ordering of
the necessary component parts.

The suggested criteria, based on the coefficient of the technical readiness of the vehicle
fleet, the probability of failure, the time of the repair work, and the time of parts delivery
to the enterprise from the moment of ordering, enables us to determine the feasibility of
storing the part, which can be used to determine the optimal range and quantity of the
contents of a spare part warehouse of a motor transport enterprise.

It is possible to expand the capabilities of the program by adding other parts, such
as brake pads, tires, and batteries, as well as other parts and materials for preventive
maintenance, the average life of which can be determined.
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A mechanism for managing spare parts using a forecast of spare parts’ storage for the
performance of scheduled maintenance and unscheduled repair work is substantiated; it
can improve the efficiency of a large motor transport enterprise. The proposed method, in
comparison with existing ones, allows for calculating the required number of spare parts
for a prospective period in conditions of limited financial resources based on the technical
and economic components of the activities of a motor transport enterprise. Considering
the actual intensity of the failure flow, the delivery times of spare parts, and their cost, this
method allows reserving funds for the prompt replenishment of the stock of spare parts
and allows planning the timely order of the necessary components.

The use of criteria based on the technical readiness coefficient of the vehicle fleet, the
probability of failures, the time of repair work, and the time of delivery of parts to the
enterprise from the moment of ordering allows us to determine the feasibility of storing the
part and can be used to determine the optimal range and volume of spare parts stored in
a warehouse of a motor transport enterprise.

The patterns of failure probability have distribution laws known in technical systems
(normal, Weibull, exponential) and others (beta distribution, uniform). The time to repair
a car depends on two components—the time of the repair work and the waiting time for
the delivery of spare parts. This made it possible to isolate the waiting time and estimate
the magnitude of its impact on the technical readiness coefficient.

The methodology for determining the number and type of spare parts that should be
stored in a warehouse of an automobile enterprise has shown efficiency, which is expressed
in reducing the downtime of cars in repair, increasing the technical readiness coefficient of
the vehicle fleet and obtaining additional profit.
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