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Abstract. Bearing units of lifting machines, products of construction, road, avia-
tion, space and other branches of technology are very important structural ele-
ments, since the failure of even one bearing can cause the failure of the entire
product. The results of experimental verification of the theoretical model of bear-
ing operation under combined loading conditions are presented. The behavior
under load of bearing units in the most general case can be represented by a se-
quence of five design schemes, expressed in the form of five statically indeter-
minate beams. The purpose of the experiments was to test this model under real
loading conditions. The experiments were based on the analysis of the geometric
shape of the curved elastic line, which the shaft of the bearing assembly acquires
under load. The experimental results confirmed the validity of the model and
showed that the previously generally accepted model of a two-support beam is
not implemented. The conclusion is confirmed that in responsible lifting ma-
chines, as well as in responsible products of construction, road, aviation, space
and other branches of technology, it is impractical to calculate bearings accord-
ing to the traditional method, since an erroneous value of bearing durability can
be obtained, overestimated from 28.37 to 26.663.9 times.
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CTaBJICHBI PE3YJIbTAThl SKCIIEPUMEHTAILHOW MPOBEPKH TEOPETHYECKOH MOJEIH pa-
0O0TBI O/IIMITHUKOB B YCIOBUSIX KOMOMHUPOBaHHOTO HarpyeHus. [loBeneHue mox
Harpy3koi MOUIMITHUKOBBIX Y3JIOB B HarOoJiee 00IIeM ciiydae MOXET ObITh Tpe/-
CTaBJICHO NOCJICAOBATCIBHOCTBIO U3 TIATH PACUCTHBIX CXCEM, BBIPAXKCHHBIX B BUJC
IISITU CTATHYECKH HeompeenMbIx Oaok. L{esnpio npoBeneHns SKCIepiMeHTOB SBH-
Jach MPOBEpKa TAHHOH MOJENH B YCIOBHSX PEAIbHOTO HArpy KeHUs. DKCIEepHMEH-
ThI OBUTH MOCTPOCHBI Ha aHAJIN3E TEOMETPUUECKOH (POPMBI U30THYTOM YIpyro Jiu-

HHUHM, KOTOPYIO IPHOOpeTaeT Bajl MOIIMITHUKOBOIO y3I1a 1moj| Harpy3koii. [Toryden-
HBIC PE3yJIbTaThl MOATBEPIMINA CIIPABETMBOCTE MOJICIH U MOKA3aJIM, YTO HCIOJb-
30BaBILIAsICS paHee OOIICPU3HAHHAS MOJIENb JIBYXOIOPHOM Oalku HE peann3yercsl.
IloaTBepxeH BBIBOA O TOM, YTO B OTBETCTBEHHBIX I'Dy30IOABEMHBIX MAaIMHAX,
a TaK)Ke B OTBETCTBEHHBIX U3/ICNUSIX CTPOUTENIHHOM, JOPOXKHOM, aBUAIIMOHHOH, KOC-
MMYECKOH M APYTUX OTpaciell TeXHUKH HEeLeaecoo0pa3HO PacCUMUTHIBATh MOINII-
HUKH T10 TPAJULHOHHOI METOJIMKE, IIOCKOIBKY MOKET OBITH MONYyYEeHO OMINO0YHOE
3HAYEHHE JIOJTOBEYHOCTH MOIIIUITHAKOB, 3aBbIIeHHOE OT 28,37 10 26663.9 pas.
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Introduction

Increased requirements for long-term trouble-free operation are imposed on the bearing units of lifting
machines, as well as to the units of critical products in the construction, road, aviation, space and other branches
of technology, since they must operate in the widest range of external operating conditions — from normal to
critical and maximum permissible. In all cases, the calculation of the strength of the bearing units is reduced to
the calculation of the durability of the standard bearings used in this units. It is very important to have accurate
and reliable information about the forces acting on the bearings, because in any, even the most unfavorable
external conditions, it is these forces that cause the bearings to malfunction and, accordingly, they determine
their durability.

The forces acting on the bearings are the reactions in the supports of the beam, which is used as a design
model in relation to a given bearing unit. The traditional, generally accepted design model for calculating and
designing bearing units is a two-support beam, i.e. a smooth beam mounted on two hinged supports (Figure 1, a).
When this beam deflects under the action of an external radial force F, directed downward, its free ends rise
upward, and the cross-sections located on the supports make a hinge rotation at a certain angle a. In this case,
one radial reaction occurs at a time on each support Ra and Rp.

However, at the N.E. Bauman Moscow State Technical University developed a theoretical model of
the internal interaction under load of the parts of single-row radial ball bearings installed according to the spur
pattern [1]. The model covers the most general conditions of combined loading, including axial F, and continu-
ously increasing radial F, forces. In accordance with this model, the behavior of bearing units is most adequately
described by a sequence of five design models, expressed in the form of five statically indeterminate beams.
We call three of these five models the main ones — seal with an additional hinged support (Figure 1, b), double-
sided seal (Figure 1, c), two double hinged supports (Figure 1, d). And the other two we call intermediate or
transitional models — double hinged support on the left, simple hinged support on the right (Figure 1, €) and
double hinged support on the left, seal on the right (Figure 1, f). The specified theoretical model justifies the de-
velopment of several design models by the fact that, under conditions of combined load, the nature of the inter-
action of bearing parts does not remain constant and changes, therefore, the functions of the supports that
the bearings perform under load are also modified and converted from one type of support to another type. It was
found that the specific type of design model (type of beam) that can be applied to a given bearing unit depends
on the magnitude of the radial force F;. In turn, the composition, magnitude and direction of reactions in sup-
ports depend on the type of design model. And the nature of the reactions depends on the durability of the bear-
ings, therefore the type of the design model is a very important, if not the primary in importance, characteristic in
the calculation and design of bearing units.

Due to the fact that bearing units for general engineering applications operate under statically indeterminate
design models, the loads acting on the bearings (reactions in the bearings) will actually be greater than the tradi-
tional design model of a two-support beam suggests. Therefore, the traditional bearing design method based on
this two-support beam overestimates the durability values. The variance between the calculated and actual re-
source can reach 50 to 100 times [2]. This is a major disadvantage of the traditional bearing design method. Ear-
lier, to explain this discrepancy, a large number of assumptions were made, based on important, but not primary
factors. In accordance with one of them, the discrepancy is associated with the features of the condition of the oil
layer, its contamination and other parameters, therefore it was proposed to introduce additional coefficients into
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the calculation dependencies given in the international standard ISO 281: 2007 “Dynamic load ratings and rating
life” features. The necessity to take these parameters into account under constant and variable loading conditions
is reflected in GOST 18855-2013, as well as in the works of famous scientists [3—4]. Additionally, contact inter-
actions in bearings were studied [5-7] in order to increase their service life and carrying capacity [8-11].

Figure 1. Reactions in the supports and the shape of the elastic line of the beams before (a—f) and after deformation (g—m):
a — statically definable two-support beam; b—f — statically indeterminate beams

The regularities of the formation and accumulation of fatigue microdamages in the surface layer of
the raceways were investigated in the publications [12; 13]. In addition, publication [13] proposes an interesting
but very laborious method for repairing the properties of a layer with accumulated microdefects. This method
can be applied to machines of unique design with very expensive bearings. Its content lies in the fact that by re-
moving the defective layer, further unfavorable development of microdefects can be prevented. For this, it was
proposed to disassemble the bearing, additionally regrind the raceways to a depth that ensures the removal of
the defective layer, and then assemble it with new rolling elements, the diameter of which is increased in com-
parison with the original diameter by the thickness of the metal layer that removed by regrinding.

A wide range of studies are known based on the finite element method (FEM) [14-18]. The topics of these
publications are similar or close to publications [5-11]. Studies [14-18] allowed to summarize a large amount
of information about the operation of bearings in various operating conditions and confirmed the results ob-
tained earlier.
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A separate group of publications are studies devoted to monitoring the operation of bearings directly as
part of an operating unit [19-24]. Monitoring is carried out in the form of continuous or discrete (periodic) diag-
nostics of bearings, which makes it possible to monitor the development of microdamages in raceways, to pre-
dict in a timely manner the impending failure of the bearing and thereby prevent its possible adverse conse-
guences. There are many methods for bearing diagnostics. One of the most promising is the method based on
the analysis of acoustic emission signals arising from the movement of rolling elements along the raceways.

In [20], a method based on the analysis of the sparse decomposition of K-means is considered, which in-
cludes an algorithm for searching for a sparse adaptive correspondence and an iterative method based on
the minimum similarity of the atomic structure. This makes it possible to reliably extract and process the useful
signal from a flow of complex arbitrary vibration signals. The method is useful for detecting minor bearing da-
mage in the early stages of its occurrence.

In [21], it was proposed to register the early nucleation of microdefects by the method of pulsed amplifica-
tion of the characteristics of the sparse representation, which makes it possible to improve the signal-to-noise
ratio for a weak acoustic emission signal.

In [22], a method for extracting a useful signal using the structure of symbolic aggregate approximation
(SAX) is proposed for similar purposes. This method takes into account the bearing loading conditions based on
a two-support beam.

For effective recognition of acoustic emission signals indicating the development of microdefects, it is addi-
tionally proposed to use the Thomson multiparameter periodogram [23] or the empirical wavelet transform [24].

The studies listed above provide very important, useful and interesting material for the analysis of the opera-
tion of bearings. They point to a large number of different aspects that affect the design or actual life of the bea-
rings. However, most likely, the reason for the variance between the calculated and actual life lies precisely in
the more severe than previously assumed operating conditions of the bearings and the higher loads acting on them.

The aim of the experiments

Two aims were set during the experiments:

— to check, under real loading conditions, whether radial single-row ball bearings installed according to
the spur pattern fulfill the function of traditional pivot bearings or whether a model based on statically indeter-
minate design models is valid,;

— to decide the gquestion of whether the type of supports, the functions of which are performed by the bea-
rings during loading, is constant, or whether they are modified and converted from one type to another.

Method of experimental study

The method of experimental study was based on the analysis of the geometric shape of a curved elastic
line, which is acquired by the shaft of the bearing assembly under load (Figure 1, g-1). The idea behind the ex-
periments is based on a simple and very reliable fact. The type of support, the function of which the bearing per-
forms at the moment of loading, can be unambiguously established by the direction of movement in the space of
the free end of the shaft, near which this bearing is installed.

So, if, under the action of a radial force directed downward, the end of the shaft (beam) rises up, the bea-
ring closest to this end acts as a hinge support. In Figure 1, h or | is the right end, and in Figure 1, g — both ends
of the shaft. If the free end of the shaft (beam) is stationary in space, the bearing in the design diagram can be
represented by a seal (left end in Figure 1, h, right end in Figure 1, m, or both ends in Figure 1, i). If the end of
the shaft goes down, the nearest bearing can be represented by a double pivot bearing (Figure 1, k—m).

The study was carried out in the following order (Figure 2). Shaft (1) with two exit ends was mounted on
single-row deep groove ball bearings (2 and 3) according to the spur pattern. A continuously increasing radial
load F, was applied in the middle part of the shaft by moving the screw press rod, on which the pusher (4) was
installed. The axial load F, was applied using an adjustable threaded stoper (5), which, when unscrewed, acted
on the stationary press column (6) through the ball (7). The movements of the left and right ends of the shaft
were measured using the left (8) and right (9) indicators.

The object of study was a cylindrical single-stage gearbox (1) (Figure 3), in which its experimental models
with two exit ends were used as a drive shaft (Figure 4, b). Shaft samples were mounted on bearings 305 according
to the spur pattern. The gearbox was fixed on the Table 2 (Figure 3) of the screw press (3) and, with the help of
the threaded stoper (4), the central axial force F5 was applied to the left end of the investigated shaft. Then, by moving
the pusher (5), a radial load Fr was applied in the middle part of the shaft. The value of the radial force was determined
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by the readings of the indicator (6) of the dynamometer (7). The vertical displacements (bending) of the left and right
exit ends of the shaft were controlled by the left (8) and right (9) indicators. Samples of the drive shaft with four
different values of the bending stiffness in the middle part were used in the study (Figure 4, b). Studies using a simi-
lar method, but in a reduced volume, were carried out by us earlier with one fixed value of the shaft stiffness [25].

8

AN
s

S
N N

Figure 2. Model of experimental study

Figure 3. Experimental setup (photo by V.V. Kirillovskiy):
a —general view of the press; b — the gearbox under study
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Results and discussion

The graphs of Figure 4, a reflect the dependency of the bending A of the left and right ends of the experi-
mental shafts on the value of the radial force F.. The lines on the graph are numbered 1, 2, 3 and 4. Each line corre-
sponds to a certain stiffness of the shaft. The graph numbered 1 corresponds to a shaft whose diameter in the mid-
dle section is 15 mm (Figure 4, b). In the group of shafts under study, the stiffness of this shaft was minimal. Line 2
corresponds to a diameter of 20 mm, line 3 to a diameter of 25 mm, and line 4 to a diameter of 30 mm.

For a more visual perception of the shape of the graphs, we have drawn four abscissa axes with their up-
ward displacement relative to each other by one division of the A scale. Similarly, the graphs themselves were
shifted (i.e., they formed four origin of coordinates). Otherwise, all four graphs starting at one point would par-
tially merge and make it impossible to clearly perceive their shape.

We used the part of the field located to the left of the ordinate axis to represent the bending of the left ends of
the shafts, and the right part — for the right ones. The values of the radial force F; were plotted on the abscissa axis
to the left and to the right. These values on both branches of the axis are designated by points 1, 2, ..., 13.
The numbers correspond to the number of indicator divisions 6 (Figure 3). Thus, points with the same numbers on
the left and on the right correspond to the same values of the radial force Fr = Nk, where N is the point number,
k is the proportionality coefficient of the dynamometer 7 (k = 311 N in accordance with the manual of the press).

The bending values, directed upwards, were plotted on the positive branch of the ordinate axis, and those
directed downward, on the negative one. The division value of A scale is 0.02 mm (corresponds to the division
value of the indicator 6, Figure 3).

The experimental results fully confirmed the provisions of the theoretical model. The predicted statically
indeterminate design models were most pronounced at the minimum stiffness of the shaft (this is line number 1 —
the diameter of the shaft in the middle section is 15 mm). Using this graph as an example, we will consider its
features in more detail.

A oY
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Figure 4. The results of experimental studies:
a — the nature of the vertical movements of the shaft ends at different values of the radial force F;
b — sketches of the studied shafts of different stiffness

As the radial force F; increased from point 0 to point 4 (0 < Fr < 1244 N), the left end of the shaft remained
motionless. Therefore, this bearing in the specified range of values of the radial force performed the function of
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a seal. Fixation of the shaft end in space was ensured by reactions that occurred in the bearing. Further, starting
from point 4 and up to point 13 (1244 N < F, < 4043 N), the left end went down. l.e., in this range of F, the reac-
tions in the left bearing increased to such an extent that they overcame the resistance of the left end of the shaft
and elastically bent it down. This means that in the specified range 1244 N < F < 4043 N, the seal function, which
the left bearing previously performed, has been converted into the function of a double pivot bearing.

At the same time, the right end from point 0 to point 8 (0 < F, < 2488 N) went up (the right bearing served
as a pivot bearing), from point 8 to point 11 (2488 N < F, < 3421 N) remained practically motionless (the pivot
bearing was transformed into a seal), and from point 11 to point 13 (3421 N < F < 4043 N) went down (the seal
was transformed into a double hinge support). Thus, from point 1 to point 4, the original design model developed
“to the left of the seal, to the right of the hinge support”, from point 4 to point 8 — the intermediate transitional
model “on the left is a double hinge support, on the right is a conventional hinge support”, from point 8
to point 11 — another intermediate transitional model “left double pivotal support, on the right seal”,
from point 11 to point 13 — the final main model “two double pivotal support”. Consequently, the position of
the theoretical model on the possible implementation of intermediate transient design models was also con-
firmed. The formation of such intermediate calculation models is explained as follows. The transformation of
any current type of support into a subsequent one cannot occur instantly. This transformation requires a certain
finite period of time. In addition, transformations in the left and right supports cannot occur at the same time.
Therefore, it seems quite natural that such a transformation has already been completed in one bearing (for example,
in the left bearing), while in the other it has not yet begun (for example, in the right bearing).

It can be seen from the graphs that the stiffness of the shaft has a significant effect on the type of the de-
sigh model. With an increase in stiffness (lines 2, 3, 4), the transition from the original model (“seal with an ad-
ditional hinge support”) to the later current design models shifts to the area of increased values of the radial
force, i.e., the transition occurs with a delay in comparison with low stiffness. With a diameter in the middle sec-
tion of the shaft of 20 mm (line 2), the transition to the left of the seal to the double hinged support occurred ap-
proximately at point 5 (Fr = 1555 N), at & 25 mm (line 3) — at point 6 (Fr = 1866 N), for & 30 mm (line 4) —
at point 7 (Fr = 2177 N). And on the right, the transition from the hinged support to the seal occurred: at & 20 mm —
at point 9 (Fr = 2799 N); at & 25 mm — at point 10 (F, = 3110 N); at & 30 mm — at point 11 (Fr = 3421 N).

Discussion of the results

1. During the experiments, indicators 8 and 9 (Figure 2), installed at the ends of the shafts, measured
the total displacements As, which consisted of several elementary displacements: Az = A1 + A, + As, where A1 is
the elastic deflection of the shaft end under the action of an external load, the size and direction of A; depend
on the type of support, which at the moment of loading is performed by the bearing closest to this exit end of
the shaft, as well as on the bending stiffness of the shaft; A, is the subsidence of the shaft, as a rigid body,
as a result of contact deformation of bearing parts; Asz is the subsidence of the gearbox body as a result of elastic
deformation of the bearing seats (holes in the body) under load. It is of great interest what is the proportion
of A1, deflections of the shaft ends, in the obtained values of As.

2. The following can be said about A, and As. The value of A, cannot exceed the limits for the dimensions
of the raceways, as well as the limits for the shape and location of these surfaces. In turn, the value of Az cannot
exceed the values of limits for dimensions and values of limits for the shape and location of the surfaces of
the bearing seats in the body. The specified limits are established by GOST 520-2011 and GOST 3325-85.
If, as a result of contact deformation of the bearing seats or bearing rings, the parameters specified in GOST are
exceeded, the bearing assembly will be deemed unsuitable for operation. Standard limits of bearings 305 used
in the experiment, as well as limits of bearing seats, are in the range of 0.005 to 0.01 mm.

By installing additional indicators at various points of the gearbox body, and, first of all, in the area of
the lugs, we made sure that the value of Az did not exceed in the experiments the values of hundredths of a mm.

Further, if we estimate, for example, the values of Ax(8) for the right end of the shaft at point 8 (Figu-
re 4, a), in which Ax(8) = 0.14 mm, we can say that Ax(8) is 14 to 28 times more than possible values of A
and As. This shows that A; (bending) is the main contributor to the value of Ax(8).

In addition, when the shaft end bends, its position becomes inclined. We installed two indicators at the left
and right output ends — at the beginning and at the end of the corresponding exit section to check whether
the end of the shaft sags in parallel, like a rigid body, as a result of contact deformations, or if its position as
a result of bending becomes inclined and its angle of inclination increases with an increase in the external radial
force. The readings of the indicator at the end of the exit section always (except for the seal condition) were lar-
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ger and increased to a greater extent than at its beginning, which indicated precisely the angular displacements of
the ends. When the shaft subsided as a rigid body, the readings of the indicators at the beginning and at the end
of the sections would change identically.

Thus, it can be argued that the readings of the indicators presented in the graphs in Figure 4, a, contain
mainly the values of Ay, i.e., the values of the bending of the ends of the shafts.

Conclusion

The carried out experimental studies have confirmed the main provisions of the theoretical model, which
are as follows:

a) the traditional design model of a two-support beam is not implemented, when loaded with a combined
load of ball radial single-row bearings installed in a spindle;

b) under conditions of combined loading with a continuously increasing radial force Fy, a sequential trans-
formation of the three main statically indeterminate design models is realized, starting from the “seal with
an additional hinged support” model, through a possible “double-sided seal” model to the final model “two dou-
ble hinged supports”;

c) the functions of the supports, which the bearings perform during the loading process, are not constant
and can be modified. So, in the left bearing, the original seal is converted into a double pivot bearing,
and in the right bearing — the original pivot bearing is converted into a seal first, and only then into a double
pivot bearing;

d) the time intervals during which the transformation of the current types of supports into subsequent ones
occurs on the left and right, differ significantly from each other. Therefore, a situation is possible when,
for example, on the left, the transformation of the embedment into a double pivot bearing has already been com-
pleted, and on the right, the pivot bearing or the embedding still continues to exist. Then, as experiments have
confirmed, in addition to the main models, intermediate transitional design models can also develop — “double
hinged support on the left, hinged support on the right” and “double hinged support on the left, seal
on the right”. Thus, the behavior under load of the considered bearing units in the most general form can be de-
scribed by a model that includes five design models — three main and two intermediate transition models.

Seals are short-term forms of supports and, in the future, if the bending stiffness of the shaft permits,
they are converted into double hinged supports. This transformation takes place first at the left support. So,

End*

with the bending stiffness of the shaft in the middle section El = =521,9 MNxmm? u and stiffness of

end section El = 4026,7 MNxmm? transition of the seal from the left to the double hinged support occurred in
the experiments at the value of the radial force Fr = 1244 N, and on the right — at F, = 2488 N.

The most complete sequence of design models is realized with a low bending stiffness of the shaft. This is
the case for relatively thin and long shafts as well as thin-walled hollow shafts. With an increased stiffness of
the shaft, the transition from the current design model to the next one occurs with an increased external radial
load F.. In the case of high bending stiffness, a variant is possible when the initial design model will also be fi-
nal. Short shafts with relatively large cross-sectional diameters have high bending stiffness.

Tasks for further study

1. The traditional method of calculating bearings for durability is based on the use of a design model of
a two-support beam. This is expressed, first of all, in the fact that this method involves the action of one radial
reaction on each bearing. In reality, for example, in the seal and double pivot bearing, several forces act on
the bearing. In the future, it will be necessary either to develop a new method for calculating bearings, or to mo-
dify the existing one in order to adapt it to real statically indeterminate design models.

2. It is also likely that changes will be required in many of the traditionally established ideas about the ope-
ration, design, manufacture, testing and operation of bearing units, since these ideas are also based to one degree
or another on a two-support beam.

3. It may be necessary to clarify the currently accepted, including internationally, concepts of static and
dynamic radial load ratings of bearings, as well as change the values of these parameters given in the catalogs of
bearing manufacturers.

This is explained as follows. The definition of the concept of static radial load capacity is established by
the standards ISO 76:2006 and GOST 18854-2013, and the concept of dynamic radial load capacity is estab-
lished by 1SO 281:2007 and GOST 18855-2013. In accordance with these standards, the specified parameters
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mean one static or one dynamic radial force of the maximum value, which, when acting on a bearing under
standard loading conditions, can lead to the degree of damage specified by the standards.

Considering that not one, but several radial forces act on the bearing in the seal and the double pivot bea-
ring, it is impossible, based on the current standards, to determine what force or what combination of forces is
to be considered static or dynamic radial load capacity. In such a situation, the analytical expressions given in
the standards for determining the durability of bearings lose their relevance. And also the calculated values of
the static or dynamic radial load capacities, which are currently indicated by the bearing manufacturers in their
catalogs, become unacceptable. Accordingly, analytical expressions and catalogs need to be revised and refined.

To do this, it will be necessary to establish the patterns of damage accumulation and collapse of the sur-
face layer of the raceways and rolling elements as a result of their cyclic contact interaction in the process of mu-
tual rolling, moreover, it is in the conditions of statically indeterminate models.

4. The loads acting directly on the bearing (reactions in the bearings) significantly depend on the condi-
tions in which statically indeterminate design model the bearing operates, since the composition and values of
the reactions in each of the models differ significantly from each other. Apparently, it will be advisable to indi-
cate in the revised catalogs of bearings not one value of the static and one value of the dynamic radial load ca-
pacity, but five revised values — one for each specific design model.

5. It will be necessary to adjust the bearing test procedure in such a way as to carry out them separately for
each statically indeterminate model and so that during any tests the conditions of their carrying out are guaran-
teed not to go beyond the required model.
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