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Abstract. The article is devoted to the development of a technique for the
assessment of the influence of the structural reliability of transportation
vehicles on their safety. This technique includes: an analysis of the
automotive vehicle as a complex technical system, its structural elements
greatly influencing road safety (RS); calculation of mean-time-between-
failures and time for recovery of subsystems, assemblies and parts,
probability of failure-free operation. As a result of the technique application,
recommendations as to intervals of the replacement of automotive vehicle's
elements depending on the required probability of failure-free operation are
released.

1 Introduction

The necessity for elaboration of the technique for the assessment of the influence of the
structural reliability of transportation vehicles on the road safety is caused by the need to take
urgent measures for the reduction of the number of road accidents due to transportation
vehicles which has steadily increased for the last four years [1]. Reduction of the number of
road accidents for this reason is possible only by enhancing the operational reliability of
transportation vehicles.

Methods for control of the reliability of complex technical systems with technical
operation means developed in aviation [3], automotive transport [4, 5], and other fields [6,7]
are known. A particularly clear approach is shown in works of Lukinskiy V. S. and Zaitsev
E. L. [5], based on the detection of parts limiting the reliability (PLR), which are subject to
priority repair or replacement. Systems of the automotive vehicle, failure of which is the most
common cause of road accidents, are determined [9, 10, 12]. However, the engineering
technique, which can be used by a transportation mechanic, has not been developed yet.

The goal of this article is to develop such technique. The research object is a
transportation vehicle. The research subject is methods of the reliability control with regard
to technical operation means. The article methodology includes the theory of reliability,
technical operation, collection and processing of the operational information.
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In the course of working on the article, works of authors in the field of road safety, theory
of reliability, technical operation of transportation vehicles, and mathematical programming
were used [7, 8, 11].

Russia ranks first among countries of Europe and North America as to fatal road accidents
per 100,000 residents and sixth in terms of 100,000 automotive vehicles giving way only to
Ukraine, Albania, Moldavia, Romania and Belarus [1, 12].

From the crisis year 2008 till the year 2015, the Russian light automotive vehicle fleet
increased 2-fold [2]. The growth of throughput capacity of enterprises providing maintenance
and repair of automotive vehicles amounted to only 30% for this period. As a consequence,
the number of road accidents increased in the country as a whole.

2 Material and methods

The methodology of the article includes the theory of reliability, technical operation,
collection and processing of operational information.

Statistical data were processed using Microsoft Excel and Mathcad.

In writing the article used the work of the authors in the field of OBD, reliability theory,
technical operation of the vehicle, mathematical programming [7, 8, 11, 13-15, 17-23].

3 Theory

The Russian State Motor Vehicle Inspectorate calculated the complete statistics as to road
accidents in the Russian Federation for the year 2015. It showed that the total number of road
accidents almost had not changed (204,068 road accidents).

However, there is a significant leap as to the number of road accidents in the Russian
Federation due to operation of malfunctioning transportation vehicles (OMTV) in 2013 (by
50% as compared to 2012), by 24% more in 2014 and by 15% more in 2015. It is evident
that the increase in the number of road accidents due to OMTYV is caused by the decrease of
the operational reliability of transportation vehicles. A deeper analysis of road accident
reasons allows arguing that the actual number of road accidents caused by malfunctioning is
higher. This opinion is confirmed in interviews with 11,500 drivers involved in road
accidents, 32% of which specified such reason of road accidents as malfunctioning of the
brake system, in particular ABS, or its failure [9].

The study of the distribution of road accidents caused by sudden failures of automotive
vehicle’s systems showed that the brake system had the highest impact — 32-50% [9, 10,
12, 13, 16], external lights and alarm system — 16-23%, tires — 12—15%, steering — 11—
14%.

It is evident that the decrease in the number of road accidents due to malfunctioning is
possible only due to enhancing of the reliability of transportation vehicles. The probability
of automotive vehicle being in operable condition is determined by the interaction of failure
and recovery flows. For example, the probability of failure-free operation during the time
interval AT is as follows [4]:

P(t) =exp[-A(?)-AT] (1)

where, A(¢) is reduced failure rate; ¢ is operation life of a transportation vehicle (instead of
operation life it is possible to use mileage).

A =Y[T,()+T,]h" 2)

where, T} (¢) is time between failures; T is recovery time after failure.
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Values, which are reciprocal of 7.(¢#) and T:, represent the rate of failures A(t)
(maintenance requests) and recoveries u(t):

Aty =1/T, (1), u(t)y=1/T, . 3)

Constructive relations between elements of any complex technical object can be
presented in the form of a tree structure consisting of systems (engine, frame, transmission,
etc.), which are assembled from units comprising complex parts (wheel assembly),
consisting, in their turn, of simpler parts:

* Systems of a vehicle — 1.

* Each /-th system contains the number of units J;.

* Each J;-th unit contains the number of complex parts K.

* Complex parts consist of simpler ones in the quantity Ljx.

* Gradation continues till the last non-assembled part.

* Since practically all elements of an automotive vehicle are connected in series, the
probability of failure-free operation Py of a vehicle itself, its systems P, units Py and parts
Pk can be described with the use of single-type equations:

! I Ky Ly
r=I1r. n=I17 P =11R, - 2 =1~
i=1 ir=l kyp=1 lggi=1 (4)

Beginning of vehicle operation is the common reference point for the resource of all
elements of a complex system. Due to the fact that system elements have different values of
life characteristics, failures of elements will take place in random time intervals which
become the initial reference point for the resource of elements. At the beginning of operation,
a vehicle consists of only new (factory) elements, failure probability of which is significantly
lower than in units replaced during repair. With the aging of a vehicle, the replacement of
various elements takes place.

The total rate of the steady flow of failures of the system 4o will be composed of rates of
failure flows with regard to elements 4;.

Since elements in the system are, as a rule, engaged in series, then failure of an element
leads to failure of the entire system. Thus, by analogy with equation (4), the rate of failures
of a vehicle, its systems, units and parts can be described as follows:

I J; K Ly,
Ay =Zﬂv‘> A= Z’Ij,a Ay = Z /Ik_,,’ Ay = Z /11,(‘,,
i=1 Jr=l kyp=1 lggi=1 (5)

Failures of elements of a complex recoverable system can be considered as not related.
Therefore, time between failures will be a random value, resulted from the process without
an after effect and distributed exponentially [7].

The rate of failures of automotive vehicle's elements depends on time of its operation
(mileage). We use only the queueing theory for the description of the probability of vehicle
states on the basis of the information about the rate of failures A;(¢) and recoveries p;(#) which
are independent from the n-th number of units.

A vehicle consists of a large number of elements, malfunction of which is eliminated by
repair in the course of operation. Alternately, at random time intervals, a vehicle can change
its operable condition (So) to the condition of failure of the first element (S;) or second
element, etc. till §,,. Downtime due to repair, especially due unscheduled repair, is also a
random value depending on the nature of element damage, availability of spare parts, etc. If
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we take failures and recoveries to be the simplest, then a vehicle can be considered as a
queueing system (QS) shown in Figure 1.
For the steady condition, the QS graph can be described by Kolmogorov equations [4, 7]:

—RA + F iy =0;
-RA, +Fu, =0;
_R)ﬂlﬂ +Fnﬂn = 0;
F+F+F+.+F =0.
where, Py, F'1, F are probabilities of system being in operable condition (no failures), with

failure of the first element, with failure of the n-th element, respectively; A1, » and u:. ., are
the corresponding rates of failures and recoveries.

Fig. 1. Graph of states of a vehicle as a complex recoverable system.

Solving the system of the equations, it is possible to express probabilities of all states:

(1) YOIN
F(t)=P ()L P(t)=|1 Zi)
(1) O(I),u(t) (1) { +> }

6
2 00) ©

i

where, F'; is the probability of vehicle being in the state of failure of the i-th element. If we
consider only sudden failures leading to changes from the operable condition to the non-
operable one, the second equation will correspond to the factor of availability.

Figure 2 shows results of calculating probabilities of states of transportations vehicles'
systems (using the example of VAZ light automotive vehicles) according to equations (1)—
(6), carried out on the basis of our studies.

Tires N 0,13534
Electrical equipment | S e 0,66248
Brake system | p,00785
Steering I 0,67032
Car suspension N 0,41686
Transmission | S s e 0,77527
B Oy, PSS g T
compartment D1l
Engine S 0,39324
0,00 0,20 0,40 0,60 0,80 1,00
Probability
Fig. 2. Probability of failure-free operation of transportation vehicles in the course of one year.

An analysis of structural reliability of the brake system of a transportation vehicle, as
exerting the greatest influence on road safety, is give below. The described technique allows
assessing the actual reliability of a transportation vehicle and contribution of its individual
elements in it. In order to control the reliability by methods of technical service, it is required
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to determine replacement intervals for elements by the required reliability level according to
recommendations [7]. Let us consider this technique using the example of a break hose (BH),
which, following our studies, causes sudden failures of the brake system most frequently. On
the basis of the data on maintenance of VAZ automotive vehicles [7, 13], the information
about brake hose time-between-failures is obtained (see Figure 3). T

Other elements
ABS 1
Rear brake pads |

0,848
0,893
0,806

Front brake pads s —— 0,646
Rear brake disks (drums) 0,864

Front brake disks s ———— 0,727

Brake hose 1 s s——— 0,67

Wheel brake cylinder 1 0,830

0,885
0,366
0,927

Brake pipe
Brake master cylinder
Vacuum servo

0,000 0,200 0,400 0,600 0,800 1,000
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Fig. 3. Probability of failure-free operation of elements of the transportation vehicle's brake system in
the course of a year.

The technique realized in Mathcad environment [11] contains the following blocks: data
analysis, construction of a histogram and graphs of density and a function of the distribution

probability (Figure 4) as to brake hoses time-between-failures and assessment of the failure-
free operation probability.

3. Construction of a graph of the failure-free operation probability

L:=10, 11..70 - Mileage interval, thous. km

Average mileage to failure, thous. km  Lc:=m Lc =36.08
Standard deviation, thous. km o =12.7528

F(L) := pnorm (L, Lc, o) - probability of failure

P(L):=1-F(L) - probability of failure-free operation
l__"\ T
0.95 \ ..
N .
0.8 \ o
PL) 0.6 r
F(L]

N

Figure 2. Graphs of normal distribution of brake hose mileage
to failure: P(L) — probability of failure-free operation; F(L) —
probability of failure

4. Assessment of the probability of failure-free operation

qnorm(0.05, Lc, 0) =15.1035 - mileage at the failure probability of 0.05
(probability of failure-free operation of 0.95)

+
P(20) = 0.8963 - probability of failure-free operation at 20 thous. km mileage

P(36) = 0.5025 - probability of failure-free operation at 36 thous. km mileage

Fig. 4. Block of the assessment of the failure-free operation probability and construction of graphs of

density and a function of the mileage distribution probability as to brake hose time-between-failures in
Mathcad environment
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4 Results

The developed technique allows determining intervals of the replacement of automotive
vehicle's elements depending on the required probability of failure-free operation P(L). For
example, for P(L) = 0.95, the replacement interval for hoses will be 15 thous. km (see Figure
4). Upon the replacement of hoses with the mileage interval of 20 thous.km, the probability
of P(L) at the end of the interval will approach 0.89. In practice, according to our data, the
average mileage for the replacement of brake hoses is equal to 36 thous. km, which
corresponds to P(L) = 0.5.

5 Discussion

The need to develop a method for assessing the impact of vehicle reliability on road safety is
caused by the need to take urgent measures to reduce the number of accidents due to the poor
technical condition of the vehicle. The study of the distribution of the number of accidents
due to sudden failures of car systems showed the greatest impact of the brake system.

On the basis of research shows that a significant reduction in the number of accidents due
to technical failure is possible only by improving the reliability of the vehicle.

To control the reliability of the vehicle by the methods of technical service, it is necessary
to determine the frequency of element replacement by the required level of trouble-free
operation, determined using the theory of mass service and structural reliability of machines.

Although the use of the proposed method is demonstrated by the example of only one car
manufacturer, the established regularities are also valid for cars of other manufacturers.

The method can be recommended to the service departments of technical service, serving
transport companies and private car owners, as well as enterprises for the production of
vehicles for the development of action plans for the replacement of machine elements.

In future studies, it is expected to expand the applicability of the method by developing
recommendations for the selection of spare parts suppliers according to the criterion of the
greatest reliability.

6 Conclusion

In recent five years, a significant leap as to the number of road accidents in the Russian
Federation due to operation of malfunctioning transportation vehicles was observed.

The study of the distribution of road accidents caused by sudden failures of automotive
vehicle's systems showed that the brake system, external lights and alarm system, tires and
steering had the highest impact.

The technique of the structural reliability analysis, described in the article, allows
assessing the contribution of each element to the total reliability of an automotive vehicle
and, thus, the potential risk of road accidents.

In order to increase the reliability of an automotive vehicle, the technique for calculation of
the replacement interval for elements of an automotive vehicle, depending on the required
probability of failure-free operation, is proposed.
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