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Abstract: A representative statistical analysis of the operational information of the reliability of tillage
units, which have operating devices with an oscillating motion, was carried out. The results of the
working condition of thirteen cultivators in operation, with an accumulated operating time of more
than 280 thousand hectares, were considered. A field investigation was carried out in seven regions
in Ukraine, characterizing various edaphoclimatic conditions. The occurrence of sudden failures due
to the fracture of the elastic struttings of cultivator operating devices was established. There were
42 sudden failures among 260 tested struttings. The inversion method was proposed to determine
the elastic elements’ loading parameters being a combination of the theoretical reliability model,
which was adapted to the probability of failure-free operation prediction due to the fact of sudden
failures, and statistical model-specific indicators that were obtained depending on the operating
elastic struttings. The given approach, based on the evaluation of the operating tillage units, made
it possible to determine the impact of the load on the existing designs of the machines and their
elements leading to the sudden failures. It was possible to present such an influence in the form of a
probabilistically justified reserve factor, which had an empirical basis and allowed for the design of
the next generation of technical systems and their elements to correct the theoretically assumed load
value. Constructive and technological changes in the design, based on the approach described in this
article, provide an opportunity to manage the level of reliability for economic and image reasons.

Keywords: inversion method; mechanical reliability; elastic element; extreme load; probability of
failure-free operation; load factor

1. Introduction

Sudden mechanical failures of elements and systems in mobile machines are mainly
due to the fact of repeatedly random extreme loads, which can jump at least once, exceeding
the load capacity and leading to quasistatic destruction or occurrence of unacceptable
residual deformations. The bearing capacity of each element for this type of failure should
also be considered as a random variable and, therefore, the patterns of sudden mechanical
failures are stochastic [1–3]. An essential feature of the model under consideration for
the prediction of a sudden mechanical failure is that its risk is not associated with the
accumulation of damage and does not depend on the history of loads; it does not affect the
bearing capacity.

An analysis of the stress–strain state of a technical system or its element is mandatory
during design. The real optimization of a future design depends on the results and reliability
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of such an analysis, which is conventionally formed in three stages: construction of a spatial
model with an indication of its physical properties; the correctness of the construction of
the finite element mesh; the correct setting of the boundary conditions. If the first two
stages depend on the designer’s qualifications, then the correct setting of the boundary
conditions requires knowledge of the nature and value of the load on the designed object,
which arise during its interaction with other objects and the environment. These questions
can be answered by bench tests of experimental samples. In this case, the nature of the
load can be determined with high probability. In some cases, it is possible to determine the
value of the load, but it will correspond to the operating load, which, as a rule, is the cause
of gradual failures. The responsible manufacturer faces the question of determining the
magnitude and frequency of the occurrence of extreme loads, which is the cause of sudden
failures. A vivid example of extreme loads, which are diverse in meaning and significant in
terms of frequency of occurrence, are machines in the field of soil cultivation. In order to
provide analytical models for predicting reliability due to the fact of sudden failures, as a
tool for optimization during construction, determining the probably justified reserve factor
due to the fact of sudden failures of tillage units was considered.

Ensuring the reliability of machinery elements from sudden mechanical failures under
the traditional deterministic approach to designing calculations was reduced to the use
of safety factors. Their purpose was to take into account and compensate the influence of
various random factors on the mechanical characteristics of the materials and the magnitude
of the operating loads. Thus, the influence of randomness when reliability was being
provided was actually recognized; however, probabilistic models and methods were not
used to account for this influence. The safety factor is specified in the technological
normative documents or standards used in various branches of engineering. Their value
is usually established empirically on the basis of expert analysis and generalization of
previous experiences in the design and operation of products of a similar purpose.

Sudden mechanical failures of mobile equipment usually include various types of
bulk and surface failures that result in disability such as a sudden quasi-static failure or
residual deformation due to the fact of extreme loads. Particular attention should be paid
to sudden mechanical failures, because their occurrences are almost impossible to diagnose
and, accordingly, their moments of failure. This can negatively affect the equipment’s
competitiveness. Therefore, during the design, it is necessary to choose the design and
process conditions so that they provide a sufficient level of reliability, which is guaranteed
during a given operating period.

The check of cultivators that perform presowing and general tillage with center hoes
shows that they are mostly attached to the cultivator frame with S-shaped or C-shaped
elastic struttings. Such struttings, deforming, lead to self-oscillating movements of the
operating devices, which compared to rigid fixing has significant advantages, improving the
tillage quality due to the additional dynamism. However, the practice of using cultivators
in a work environment has revealed the negative consequences of operating devices that
increase dynamism. First, the struttings increase in flexibility, which is a necessary condition
for the stationary self-oscillation occurrences, with a sufficiently large amplitude, and this
sometimes leads to the struttings’ sudden destruction due to the fact of accidental soil
compaction or treated area weedage.

Thus, a set of problems in the cultivators’ mechanical reliability in terms of the oscil-
lating motion of the operating devices are relevant. Its successful solution is related to the
rational determination of the load factor of the unit elastic struttings’ strength. The strut-
ting load factor must simultaneously meet conflicting requirements: to provide strutting
durability and to create necessary flexibility, leading to high-quality tillage by means of the
operating device’s oscillating motion.

In [1,2], stochastic models were developed, which allowed for the prediction of the
probability of failure-free operation changes depending on the operating time in the case of
sudden mechanical failures. Reliability prediction is possible if certain characteristics of
the mechanical load of the object under development are known [4]. The design period is
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usually quite limited in time and, therefore, it is almost impossible to obtain in advance
a sufficient amount of experimental data on extreme loads in operation, which would be
statistically accurate. Therefore, the use of dynamic analysis calculation methods of the
stress–strain state or expert generalization methods of the product’s operational experience
remain, which are devices identical in the design of the projected object. Each of these
methods have certain disadvantages. A promising area for improving engineering forecast-
ing and ensuring mechanical reliability is the use of the inversion method and invertible
stochastic models of reliability [2,5,6]. The models presented in [1,2] fully comply with
the requirements that must be met by inverted models of mechanical reliability. Statistical
estimation of the probability of failure-free operation dependence on the operating time
in the case of mechanical failures is usually performed on censored data samples, which
consist of the operating time before failure and the operating time before test termination
in non-failed products [3].

2. Materials and Methods

For the general concept of the inversion method’s application. it is advisable to com-
pensate for the lack of experimental information on the possible operational load of the
designed object, based on mechanical reliability statistics similar to the design and condi-
tions of use of analog products, which have a fairly large operating time in real operation.
The presence of a certain reliability theoretical model suitable and adapted to predict the
probability of failure-free operation, depending on the generalized characteristics of the
external load of the designed object, in principle, allows for solving the inverse inversion
problem with the same model, considering the statistically determined dependence of the
probability of failure-free operation on the operating time to determine the appropriate
characteristics of the external load. The difficulty of inverse problem solving is that such
an inversion does not guarantee an unambiguous determination of the desired load’s
characteristics. This leads, firstly, to the need to determine theoretical model parameters,
using one of the selected criteria for its best approximation to the statistical. Secondly, it
follows that the equivalence of the load’s characteristics found in this way to the actual
operating load is relative. However, the undoubted advantage of the inversion method
is the stimulation of the real statistical data useful life, which can be obtained in large
quantities by monitoring reliability, which does not require large expenses.

There are obtained operating data on sudden failures of cultivators with elastic C-
shaped struttings on which center hoes are fixed (in order to preserve commercial secrecy
and the absence of the manufacturer’s consent to public disclosure of the research results,
the make and model of the units are not indicated). The operating tests by volume were
statistically representative and were carried out in 7 regions of Ukraine, namely, in Kharkiv,
Sumy, Donetsk, Dnipropetrovsk, Poltava, Zaporizhia, and Odessa, covering a variety of
edaphoclimatic conditions: mechanical properties of soil, density, humidity, etc. In all
cases of strutting destruction, there was a sudden break. Observations were carried out
over one year of work, and from the beginning of the operation of all of the cultivators to
the yield and until the sudden failure of a separate rack, the total yield of each cultivator
was recorded. The specified soil and climatic conditions, as well as the compliance of the
equipment adjustments with regulatory indicators, were not recorded, because the goal
was to determine the average yield before a sudden failure, which corresponded to real
operating conditions. The operating time before a sudden failures was recorded in hectares
of tillable area.

In total, observations of elastic strutting operations were carried out on 13 cultivators.
The operating time of the units was from one to forty thousand hectares of tillable area.
There were 42 sudden failures: struttings breaks. During the observations, the accumulated
operating time of the cultivators amounted to more than 280 thousand hectares. Taking
into account the number of elastic struttings on each cultivator, the test volume should be
considered as the operation of 260 struttings until the first failure or the suspension of tests,
which formed a repeatedly censored operating time sample of the statistical data.
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The methodology for the statistical data analysis of the reliability was a nonparametric
method of analysis [7–11] of a censored sample, grouped by intervals, which is shown in
Table 1. Table 1 presents the results of intermediate calculations according to expressions
1–4 as well as the probabilities of failure-free of the elastic racks of the cultivators, which
corresponded to the calculation in expression 5.

Table 1. Statistical data and the results of the analysis.

№ int Interval Limits, ha nf ns Fc Nci Wi Θi Ni Ri

1 1000 ÷ 4000 13 38 0.19615 260 0.19615 0.5270 239.97 0.9458

2 4000 ÷ 7000 9 17 0.29615 209 0.12440 0.5166 200.22 0.9033

3 7000 ÷ 10,000 9 69 0.59615 183 0.42623 0.5690 143.74 0.8467

4 10,000 ÷ 13,000 2 17 0.66923 105 0.18095 0.5249 96.08 0.8291

5 13,000 ÷ 16,000 3 16 0.74230 86 0.22090 0.5312 77.50 0.7970

6 16,000 ÷ 19,000 2 32 0.87307 52 0.65380 0.6296 46.85 0.7630

7 19,000 ÷ 22,000 0 0 0.87307 52 0 0 33.00 0.7630

8 22,000 ÷ 25,000 1 0 0.87692 51 0.0196 0.5025 32.00 0.7391

9 25,000 ÷ 28,000 2 16 0.94615 33 0.54545 0.5973 22.44 0.6733

10 28,000 ÷ 31,000 0 0 0.94615 33 0 0 14.00 0.6733

11 31,000 ÷ 34,000 1 13 1.000 19 - - - -

Within the limits of each operating time interval, there was a certain number of
struttings that failed (i.e., were destroyed)—nf, or tests which at the time of analysis were
suspended—ns, although destruction did not occur. All operating times before failure and
test suspension (i.e., without failure) formed a single total sample of random operating time.
This single sample of operating time before the failure and the operating time before the
test suspension time, if the failure had not taken place yet, was divided into equal intervals,
starting from the first interval, where there were no failures. An empirical distribution
function, Fc, which was constructed using this general uncensored sample, is shown in
Table 1. The sample was completed, and it shows the dependence on which the function of
the total probability of failure or test suspension in the appropriate interval was estimated.
It should be noted that entry into the operating time interval before the test suspension
was determined for each of the 13 cultivators in which the first strutting failure took place.
The number of operating times before the suspension (ns) in the interval was determined
taking into account the number of simultaneously operating struttings in the unit.

Then, in each interval, consequently, the total number of struttings that were tested
before this interval or the number of operating time censored samples in another interval
was determined:

Nci = N −
i−1

∑
k=1

(n f k + nsk) (1)

where N is the overall total number of operating time samples before failure and before test
termination. In the sample in question, N = 260.

The unit value of the relative frequency, Wi, of the operating times in each interval
was determined:

Wi =
n f k + nsk

Nci
(2)

The proportion of operating times considered in each interval was determined before
the test termination:

Θi =

{
1−
√

1−Wi
Wi

, i f Wi > 0;
0, i f Wi = 0.

(3)
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The number of struttings that were conditionally tested in each sample grouping
interval was calculated using the following formula:

Ni = Nci −Θi · nsi; i = 1, 2, . . . , k. (4)

Statistical estimation of the probability of failure-free operation of the cultivators’ elas-
tic struttings was performed using the multiple [3; 7] method of nonparametric estimation:

Ri =
i

∏
k=1

(
1−

n f k

Nk

)
(5)

The initial data and results of the statistical analysis of the elastic struttings’ reliability
during sudden failures are shown in Table 1. The analysis of the grouped samples ended
with the next-to-last interval. Statistical analysis of the sample data on the cultivators’
sudden failures showed (Figure 1) that the variation function of the probability of failure-
free operation of the elastic struttings relative to the sudden failures had a typical form.
This indicates that the statistical model of reliability corresponded to the theoretical model
of quasistatic failure of successive systems [1,2].
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Figure 1. Change in the probability of the struttings’ failure-free operation depending on the
operating time.

3. Results

The graph in Figure 1 and the data given in Table 1 allow, for example, the determina-
tion that 90% of the gamma—the percentage of the strutting operating time to a sudden
failure was approximately 7 thousand hectares, and 80% of the struttings would work
without failure, which was approximately 16 thousand hectares of the tillable area. Taking
into account that each fracture of a strutting requires not only its replacement, but also
leads to a loss of necessary field working time for the cultivator during the season, it should
be considered that the level of the elastic strutting manufacturer’s competitiveness was not
sufficient, and their quality needs to be improved.

These data obtained from the statistical analysis of the elastic struttings’ reliability
allow for the use of the inversion method of reliability control [1–3]. The implementation
of this method was possible when a representational statistical model of reliability was
constructed, obtained using conditions of the object under study during operation. The
construction of such a model allowed to additionally use the theoretical model of reliability
in the case of sudden failures.

The conception of the inversion method is a combination of the theoretical reliability
model, which was adapted to the probability of failure-free operation prediction due to
the fact of sudden failures with statistical model-specific indicators, which were obtained
depending on the operating elastic struttings. This concept allows for solving the return
inversion problem, considering the statistically determined dependence of the probability
of failure-free operation on the operating time and to determine the appropriate equivalent
characteristics in terms of the strength and intensity of the stochastic loads. While using this
approach, the improvement in the strutting quality will be manageable and predictable.
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Since extreme loads are rare random events [12–17], it is advisable to predict the
reliability indicators depending on the operating time under the assumption that the
stochastic flow of extreme loads is Poisson [18–20].

If the flow of stochastic loads is time constant with a constant intensity:

ωo =
1
/
T0

(6)

where T0 is the average period between stochastic loads. Then, the probability of failure-free
operation is determined by the equation:

R(t) =
1∫

0

e−ωot [1−F1(G)] dG =

1∫
0

e−ωo (t) (1−F) g1(F) dF. (7)

The function of the unit load distribution included in (7), F1(G), depends on the type of
load distribution and the loading capacity as well as on the value of their parameters [1,2].

In a particular case, if the extreme loads and loading capacity are similar chance vari-
ables and distributed according to Weibull’s law with the same parameter of form b, then
from (7), we can obtain an analytical equation to predict the probability of failure depending
on the operating time [1,2]. In this case, the function of the unit load distribution is:

F1(G) = 1− (1− G)Kb

, (8)

and after the insertion of this in (7), we obtain:

R(t) =
1∫
0

e−ωot(1−G)Kb

dG. (9)

A change in a variable, x = (1− G)Kb

, leads this integral to form:

R(t) =
1

Kb

1∫
0

e−ωotxx
1

Kb −1
dx. (10)

After integration and transformation, (10) is expressed using a tabulated gamma
functions [21] in the form:

R(t) =
Γ

(
1 + 1/

Kb

)
− Γ

(
1 + 1/

Kb, ωot
)

(ωot)
1
/

Kb
+ e−ωot, (11)

where Γ(α, ωot) =
∞∫

ωot
e−yyα−1dy is an incomplete gamma function.

The calculations in (11) are complete:

Γ

(
1 + 1

/
Kb

)
(12)

and incomplete:

Γ

(
1 + 1

/
Kb, ωot

)
(13)
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The gamma functions can be performed using a computer application mathematical
package. For approximate calculations of the incomplete gamma function in engineering
calculations, we can refer to [22] and use its Legendre decomposition into a continuous
(chain) fraction.

Γ

(
1 + 1

/
Kb, ωot

)
∼=

e−ωot(ωot)1+1/
Kb

ωot−
1/

Kb

1+ 1

ωo t+
1−1
/

Kb

1+ 2

ωo t+2−1
/

Kb

(14)

Figure 2 shows the curves of the probability of failure-free operation depending on
the dimensionless operating time:

τ = ωot. (15)
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strutting of cultivator Ri, 2—the curve of probability of failure-free operation of elastic struttings
obtained using model (11).

The curves in Figure 2 were constructed using the general Equation (8):

F1(G) = 1− (1− G)Kb
,

which corresponds to the Weibull distribution for the load and loading capacity Thus,
b = 12.15 (i.e., the variation coefficient of the load and loading capacity V = 0.1). It should
be understood that in the above studies, the values of the coefficients of variation were
taken with assumptions, but for a more reliable value for them, a number of studies should
be conducted on the statistical assessment of the load at different speeds of tillage, taking
into account the dispersion of resistance on different types of soils with different moisture
levels, etc., as well as performing a quality control of rack manufacturing at the factory.
Coefficients of the load variation and bearing capacity should be perceived as criteria
that correct the theoretical model and bring it closer to the statistical one. The average
probabilistically justified reserve ratios are given as K in Figure 2, which also correspond to
the given values of the coefficients of variation of 0.1.

The empirical dependence of the probability of failure-free operation of the elastic
strutting of cultivator Ri (Figure 1) is displayed in graph 2 in the corresponding coordinates
(Figure 2, curve 1). This allows for the determination of the approximate unit value of the
load parameter, ωH = 0.0161, which corresponded to the average period between stochastic
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loads, TH = 625 Ha. The corresponding average unit value of the approximate load factor
was KH = 1.22. This allows for the use of Equation (11) to determine the approximate
theoretical dependence of the probability of failure-free operation, R(t).

To determine the adequate unit values of the load parameters, we minimize function
(14) by the fastest descent method [23].

φ
(
ω0, K

)
=

√√√√ 10

∑
i=1

(R(ti)− Ri)
2 ⇒ min (16)

The unit values of ω0 = 0.00097, which corresponded to T0 = 1031 Ha and K = 1.24,
obtained under the conditions of minimization, allow for obtaining an adequate theoretical
model of the probability of failure-free operation of elastic struttings using model (11)
(Figure 2, curve 2) during their operation on different types of chernozems, according to
the geographical location of the experimental farms.

4. Discussion

Such results provide an opportunity to estimate the real value of the random extreme
loads that can lead to sudden failure. They should be compared with the relevant criteria,
such as the margin factor and the maximum loads, which were laid down during the
design. To simplify the understanding of the results using the given inversion method,
we provide the following theoretical example. Let us assume that when designing the
above elastic racks, the manufacturer set the theoretical maximum load, which in relation
to the permissible load, provided a reserve factor for sudden failures of 1.5, which formed
the design and physical and technical parameters of the rack. However, in practice, it
turned out that in the soil and climatic conditions of Ukraine, the maximum loads slightly
exceeded the theoretically established loads during the design and, therefore, did not meet
the design parameters and provided a reserve factor for sudden failures only at the level
of 1.24. Thus, when designing the next generation of racks (a more optimized one), at
the stage of setting the boundary conditions in the analysis of the stress–strain state, the
experience of operating the previous generation of racks (or analogues) should be taken
into account.

5. Conclusions

Each subsequent generation of technical systems strives to be more optimized, more
perfect. Modern modeling methods enable the reliable design and reduction of costs at the
stage of prototype testing. However, there are still many random factors that cannot be
predicted, but some can be predicted with sufficient probability. The article offers simple
analytical models as a household tool for a modern designer. With the results of the research
presented in this article, a manufacturer will receive a clear and understandable evaluation
criterion in the form of stock coefficients, which they can regulate.

Implementation of the inversion method in combination with the constructed models
of forecasting the probability of failure-free operation depending on the operating time and
load factor (Figure 2) provides manufacturers with an obvious opportunity to effectively
manage reliability by changing the average load factors, K, which will stabilize the failure
rate of the elements by increasing the load factors and reducing the impact of the operating
time on the probability of failure-free operation.

In particular, having determined the average value of the approximate stock factor
for sudden failures of the elastic rack of a cultivator at the level of 1.24, the manufacturer
can make a decision regarding the feasibility of its adjustment, determining the risks of a
drop in demand due to the increase in prices in the event of an increase in the resources
used due to the fact of structural and technological improvements or profits due to the sale
of spare parts, etc. Such conclusions should be drawn using the results of technological,
accounting, and marketing analyses.
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