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Summary:

This paper describes one model of the method of accelerated multi-factorial testing of roller bearing
reliability, that represents the result of many years of work and research of the author in the field of
technical system effectiveness, and that treats, from the theoretical point of view, a completely new
method of multi-factorial reliability testing, which the broader scientific and expert circles are not yet
familiar with. The method of accelerated multi-factorial testing of roller bearing reliability, treated by this
work, contains significant advantages with respect to all other methods of reliability testing, which have
been used so far in the engineering reliability testing practice in the world..
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1. Introduction . .
— New statistical method based on regression

The basic attributes of the method of accelerated analysis.
multi-factorial testing of reliability of a mechanical
system elements, described in this work, are as
described in the text below:

— Enormous decrease of the number of
experiments, and thereby of the costs of

reliability testing in multi-factorial space.
—  The function of the diagnostical parameter

change in time is attained within the desired
scope of the parameter;

— Interpretation of testing results is enabled in
the form of Weibull distribution law in the

whole defined multi-factorial space.
— New plans for reliability testing in multi-

factorial area (space). 2. Influential factors
The address of the author: Testing of roller bearing reliability in this example
Zivan Arseni¢ is done in the seven-factor space, where the
#=7 zarsenic@mas.bg.ac.rs influential factors are given in the Table 1.
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Table 1. Influential factors

Unit of Bottom | Top Variation
Factors Factor Type Abbreviation Merz:sgre Level | Level Interval
Xd Xg W:( Xg = Xd)/z
Mean value of radial
X1 loadnormal M kN 2 4 1
distribution
Standard deviation
X2 of radial loadnormal or kN 0.5 2 0.75
distribution
Mean value of axial
X3 loadnormal Ma kN 0 2 1
distribution
Standard deviation
Xa of axial loadnormal Ga kN 0.5 2 0.75
distribution
Xs Viscosity k 0.1 4 1.95
Xe Contamination Ne 0 1 0.5
Diagnostic
X7 D mm?2 3 6 1.5
parameter

3. Testing plan

The plan-testing matrix is formed in the following
way:

The reliability testing plan matrix in a seven-factor
area is arrived at, by taking the seven-factor
process as the initial basis, whose complete
orthogonal plan 27 contains 128 different points.
The 2738 = 24 replica, with the number of 16
experiments, is formed by choosing of the next

generator, i.e. the corresponding contrast
(Koldzi¢, 1999), (Stani¢, 1990):.
Xs = XXz J = XiXexs
X6 = X3Xa J = Xs3XaXe
X7 = XiXa J = XwXaxz
38 |
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J = X1X2X5 = X3X4aX6 = X1X4X7 = X2XaX5X7 = X1X3X6X7

The testing plan and the results are given in the
Table 2, where xi, X2, X3, X4, X5, Xs, X7, are the
coded values of the factors X1, Xz, X3, Xa, Xs,
Xs, X7, so that 1 in the Table 2 represents the
maximum factor value (the top level in the
Table 1), with =1 representing the minimum value
(bottom level in the Table 1). The experiments are
conducted, obviously, only at maximum and
minimum values of influential factors. The
experimental results are given in millions of (r)
revolutions of roller bearings to failure.

Published: January 2013



Arseni¢ Z.  Multifactorial testing of bearing reliability
MEST Journal Vol.1 No.1 pp. 37 — 45

Table 2 The testing plan and results

" Experimental results Y
g Plan matrix Xs
= *y=10-Unr, y=Xyl4
©
X1 X2 X3 X4 X5 X6 X7 Y1 Y2 Y3 Ya y -
1 1 1 1 1 1 1 1 0.7 1.4 2.1 2.3 1.625
2 1 1 1 -1 1 -1 -1 0.05 1 1.4 2.2 1.1125
3 1 1 -1 1 1 -1 1 0.9 1.4 2.2 2.8 1.825
4 1 1 -1 -1 1 1 -1 0.9 1.3 2 2.8 1.975
5 1 -1 1 1 -1 1 1 1.2 2 2.3 3 2.125
6 1 -1 1 -1 -1 -1 -1 1.3 2 2.6 3.2 2.275
7 1 -1 -1 1 -1 -1 1 1.3 2.1 2.7 3.1 2.325
8 1 -1 -1 -1 -1 1 -1 5.4 6 6.8 7.4 6.4
9 -1 1 1 1 -1 1 -1 1.5 2.2 2.5 34 2.4
10 -1 1 1 -1 -1 -1 1 2 25 3 3.9 2.85
11 -1 1 -1 1 -1 -1 -1 2.1 3 3.8 4.3 3.3
12 -1 1 -1 -1 -1 1 1 6.4 7 7.6 8.3 7.325
13 -1 -1 1 1 1 1 -1 3 35 4.3 4.9 3.9
14 -1 -1 1 -1 1 -1 1 4 4.6 55 5.8 4,975
15 -1 -1 -1 1 1 -1 -1 1 1.3 2 2.8 1.77
16 -1 -1 -1 -1 1 1 1 7 8 8.4 9 8.1
* r — number of revolution till failure
4. Testing results processing
Xo X1 X2 X3 X4 X5 X6 X7 X2X4 X2X3 XiXe X2Xe X4aXs5 X3X5 Xs5X6
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 -1 1 -1 1 A 1 -1 01 A 1 -1
1 1 1 -1 1 1 -1 1 1 -1 1 A 1 -1 41
1 1 1 -1 1 1 1 -1 -1 1 1 -1 41 1
1 1 -1 1 1 -1 1 1 -1 -1 1 -1 -1 -1 -1
1 1 -1 1 -1 -1 -1 A 1 -1 1 1 1 -1 1
Xg = 1 1 -1 1 1 -1 1 1 -1 1 -1 1 -1 1 1
1 1 -1 1 -1 1 -1 1 1 1 -1 1 1 -1
@6x15% ¢ 47 1 1 1 1 1 -1 1 1 -1 1 -1 -1 -1
1 -1 1 1 -1 -1 1 1 -1 1 1 -1 1 -1 1
1 -1 1 -1 1 o Y 1 -1 1 -1 1 1 1
1 -1 1 -1 1 -1 1 1 -1 -1 1 1 1 1 -1
1 -1 1 1 1 1 1 -1 -1 1 A 1 1 1
1 -1 1 1 -1 1 -1 1 1 -1 1 1 -1 1 -1
1 -1 -1 -1 1 1 -1 1 A 1 1 1 1 -1
1 -1 -1 -1 -1 1 1 1 1 1 -1 01 -1 -1 1
Published: January 2013 | 39




Arseni¢ Z.  Multifactorial testing of bearing reliability
MEST Journal Vol.1 No.1 pp. 37 - 45

1.625 1.56
1.113 1.05 byl I I
1.825 1.89 059 b,
1.975 2.04 073 b
2.125 2.06 0,98 b,
2.275 2.21 023 b
2.325 2.39 ' °
aa |l 616 , | 084 be
_ ' Y=Xs-B=| . B=16"X.Y = | 0.50 b7
Y = 2.40 2.46 s 047 b
2.85 2.91 ' 24
-0.07 bas
33 3.24 027 b
7.325 7.26 ' 10
-0.31 b2s
3.9 3.96 0.10 b
4.975 5.04 ' s
0.48 bss
1.77 1.71 010 b
8.1 8.04 ' %
e1=y1-y m = E E
€2 =Y2-Y |é| Ei=em
es=Vy3-y B Eo=e2m
e —
— . 1 Es=esm
€4 =Ya4 - = —
X ,Y m _ Es=esm
e=y—-y ej
y g e1 €2 es €4 m E: E. Es E,
1.564 | 0.061 | -0.86 -0.16 054 0.74 1 -0.86 -0.16  0.54 0.74
1.051 [ 0.061 | -1.00 -0.05 035 1.15 1 -1.00 -005 0.35 1.15
1.886 [-0.061| -0.99 -0.49 031 0091 -1 099 049 -031 -091
2.036 [-0.061| -1.14 -0.74 -0.04 0.76 -1 1.14 074 004 -0.76
2.064 | 0.061 | -0.86 -0.06 0.24 0.94 1 -0.86 -0.06  0.24 0.94
2.214 [ 0.061 | -0.91 -021 0.39 0.99 1 091 -021  0.39 0.99
2.386 [-0.061| -1.09 -0.29 0.31 0.71 -1 1.09 029 -031 -0.71
6.461 [-0.061| -1.06 -0.46 0.34 094 | -1 1.06 046 -034  -0.94
2.461 [-0.061] -0.96 -0.26 0.04 094 | -1 096 026 -004 -0.94
2.911 [-0.061] -0.91 -0.41 0.09 0.99 -1 091 041 -009  -0.99
3.239 [0.061 | -1.14 -0.24 056 1.06 1 -1.14 024 056 1.06
7.264 [ 0.061 | -0.86 -0.26 0.34 1.04 1 -0.86 -0.26  0.34 1.04
3.961 [-0.061] -0.96 -0.46 034 094 | -1 096 046 -034 -0.94
5.036 [-0.061| -1.04 -0.44 0.46 0.76 -1 1.04 044 -046  -0.76
1.709 [ 0.061 | -0.71 -0.41 029 1.09 1 071  -041  0.29 1.09
8.039 [ 0.061 | -1.04 -0.04 0.36 0.96 1 -1.04 -004 0.36 0.96
40 | Published: January 2013
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& V=lnin(11-F{r]
3..

Figure 1 The testing results

Published: January 2013 | 41



Arseni¢ Z.  Multifactorial testing of bearing reliability
MEST Journal Vol.1 No.1 pp. 37 - 45

*The remainder E is lined in one column by the rising sequence, and in Y =In(1-n/N)!
another one by the declining one.

X=YVs+E X'=ys-E Y =Inin(1-n/N)! N=64
n * * ¥s X X" 1-n/N (1-n/N)* Y Y X)2 (X)? XY X-Y
1 -114 115 206 092 091 098 1.02 0.02 415 085 0.83 -3.82 -3.78
2 -1.04 114 206 102 092 097 1.03 0.03 -3.45 104 085 -352 -3.19
3 -1.00 1.09 206 1.06 097 095 1.05 0.05 -3.04 112 094 -322 -2.94
4 -099 109 206 107 097 0.94 1.07 0.06 274 115 095 -2.94 -2.67
5 -094 1.06 206 112 1.00 092 1.08 0.08 251 126 1.00 -281 -251
6 -094 1.06 206 112 1.00 091 1.10 0.10 232 126 1.00 -260 -2.32
7 -094 1.04 206 112 1.02 0.89 1.12 0.12 216 126 1.05 -242 -2.21
8 -091 104 206 115 1.02 0.88 1.14 0.13 201 131 105 -231 -2.06
9 -091 099 206 115 1.07 0.86 1.16 0.15 -1.89 131 115 -2.16 -2.03
10 -0.86 099 206 120 1.07 084 1.19 0.17 -1.77 143 115 212 -1.90
11 -0.86 096 206 120 110 0.83 1.21 0.19 -167 143 121 -200 -1.83
12 -0.8 096 206 120 110 0.81 1.23 0.21 -1.57 143 121 -188 -1.73
13 -076 096 206 130 110 0.80 1.25 0.23 -148 168 121 -1.92 -1.63
14 -076 094 206 130 112 0.78 1.28 0.25 -140 168 126 -1.81 -1.57
15 -0.71 091 206 135 115 077 1.31 0.27 -132 181 132 -178 -1.52
16 -0.71 074 206 135 132 075 1.33 0.29 -125 183 175 -1.68 -1.65
17 -046 074 206 160 132 0.73 1.36 0.31 -1.18 255 175 -1.88 -1.56
18 -041 056 206 1.65 150 0.72 1.39 0.33 -1.11 273 225 -1.83 -1.66
19 -0.34 054 206 172 152 070 1.42 0.35 -1.04 296 232 -1.80 -1.59
20 -034 049 206 172 157 0.69 1.45 0.37 098 296 248 -169 -1.54
21 -031 046 206 175 160 0.67 1.49 0.40 092 305 256 -161 -1.47
22 031 046 206 175 160 066 1.52 0.42 0.8 3.05 256 -1.51 -1.38
23 026 044 206 1.80 162 064 1.56 0.45 -0.81 323 264 -145 -131
24 -024 041 206 182 165 0.63 1.60 0.47 076 332 272 -138 -1.24
25 -021 039 206 185 1.67 061 1.64 0.50 070 341 280 -130 -1.18
26 -0.16 036 206 190 170 0.59 1.68 0.52 -0.65 360 289 -124 -111
27 -009 035 206 197 171 058 1.73 0.55 060 389 293 -119 -1.03
28 -0.06 034 206 200 172 056 1.78 0.58 055 399 297 -110 -0.95
29 -0.05 029 206 201 177 055 1.83 0.60 050 4.04 313 -101 -0.89
30 -0.04 029 206 202 177 053 1.88 0.63 046 409 315 -093 -0.81
31 -0.04 026 2.06 202 180 0.2 1.94 0.66 041 409 323 -083 -0.74
32 004 024 206 210 182 050 2.00 0.69 037 439 333 -077 -0.67
33 024 0.04 206 230 202 048 2.06 0.72 032 527 409 -0.74 -0.65
34 026 -0.04 206 232 210 047 213 0.76 028 539 440 -064 -0.58
35 029 -0.04 2.06 235 210 0.45 2.21 0.79 023 551 440 -0.55 -0.49
36 029 -0.05 2.06 235 211 044 2.29 0.83 -0.19 553 446 -045 -0.40
37 034 -0.06 206 240 212 042 2.37 0.86 -0.15 574 451 -035 -0.31
38 035 -0.09 206 241 215 041 2.46 0.90 -0.10 580 4.62 -025 -0.22
39 036 -016 206 242 222 0.39 2.56 0.94 006 586 494 -015 -0.14
40 039 -021 206 245 227 038 2.67 0.98 -0.02 598 517 -0.05 -0.04
41 041 -024 206 247 230 036 2.78 1.02 002 611 528 006 0.05
42 044 -026 206 250 232 034 2.91 1.07 007 623 540 016 0.15
43 046 -031 206 252 237 033 3.05 1.11 011 636 563 027 026
44 046 -031 206 252 237 031 3.20 1.16 015 636 563 038 036
45 049 -034 206 255 240 0.30 3.37 1.21 019 648 575 049 047
46 054 -034 206 260 240 0.28 3.56 1.27 024 674 575 0.62 0.57
47 056 -0.41 206 262 247 027 3.76 1.33 028 6.87 609 074 0.70
48 074 -0.46 206 2.80 252 025 4.00 1.39 033 7.82 637 091 082
49 074 -071 206 280 277 023 4.27 1.45 037 7.82 767 104 1.03
50 091 -0.71 206 297 277 0.22 4.57 1.52 042 883 769 124 116
51 094 -0.76 206 3.00 282 0.20 4.92 1.59 047 898 797 140 1.32
52 096 -0.76 206 3.02 282 0.9 5.33 1.67 052 913 797 156 1.45
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n *E *E ¥s X X 1N (I-nNT Y Y X2 (X)2 XY XY
53 096 -0.86 2.06 3.02 292 0.17 5.82 1.76 0.57 9.13 8.55 1.71 1.65
54 096 -0.86 2.06 3.02 292 0.16 6.40 1.86 0.62 9.13 8.55 1.87 1.81
55 099 -0.86 2.06 3.05 292 0.14 7.11 1.96 0.67 9.28 8.55 2.05 1.97
56 099 -091 206 3.05 297 0.13 8.00 2.08 0.73 9.28 8.84 2.23 2.18
57 1.04 -091 2.06 3.10 297 0.11 9.14 2.21 0.79 9.59 8.84 2.46 2.36
58 1.04 -0.94 2.06 3.10 3.00 0.09 10.67 2.37 0.86 9.59 8.99 2.67 2.58
59 1.06 -0.94 2.06 3.12 3.00 0.08 12.80 2.55 0.94 9.74 8.99 2.92 2.81
60 1.06 -0.94 2,06 3.12 3.00 0.06 16.00 2.77 1.02 9.74 8.99 3.18 3.06
61 1.09 -0.99 2.06 3.15 3.05 0.05 21.33 3.06 1.12 9.90 9.29 3.52 3.41
62 1.09 -1.00 2.06 3.15 3.06 0.03 32.00 3.47 1.24 9.93 9.37 3.92 3.80
63 1.14 -1.04 2.06 3.20 3.10 0.02 64.00 4.16 1.43 10.22 9.60 4.56 4.42
64 1.15 -1.14 2.06 3.21 3.20 0.00 #DIV/0! #DIV/0! 2 10.30 10.23 6.42 6.40
> 136.9 126.8 -32.8 325.8 284.2 -17.3 -12.7

5. Testing result intrepretation

On the basis of the obtained data it follows that:

y = bot+bixi+ baxo+ baxs + baxsa + bsxs + bexe +

+ b7x7 + b2axoXat b2sxoxs + bisXiXet b2sXoXs +
+ DasXaxs + D3sx3Xs + bseXsXs .

Y =3.39- 0.93x1- 0.59x, - 0.73x3 - 0.98x4 - 0.23%s

+ 0.84xs + 0.5%7 + 0.47X2X4 - 0.07X2X3 -0.27X1X6 -
0.31x2Xe + 0.1X4Xs + 0.48X3Xs - 0.1Xs5Xs (1)

On the basis of Table 4 and the method of least
squares, and after furder processing of the
results, as describe in literature (Koldzi¢, 1999),
using transformation equitation (2) (Koldzic,
1999), (Stani¢, 1990),

X — X Xq+ X
X =—9% O:g—d (2)
w 2
it is obtained:
a=1.6

Ing=9.48 — 0.66M; — 1.30: — 1.1M, — 2.44 0, +
0.39 k + 4.57: + 0.33D —0.84 067 0a—0.10: Ma—
0.54 M, 17.-0.83067 17c—0.070a k + 0.24 Ma k —
0.1k 7. (3)

The data from Table 4 are entered into the
probability chart in Figure 1 and the line, which
corresponds to these data.

The obtained reliability indicators relate to the
whole defined multi-factorial space, from
minimum to maximum values of influential
factors, on the basis of wich can, therefore,
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reliability in each point of the experimental space
be calculated on the basis of the expression:

_ o (i p”

where - R(r) reliability depends on the r number
of revolutions.

For example, if it has been determined that a
roller bearing will operate in the operating
conditions where

My =24; Or=1; Ma=1.1; Oa=1;

k=35; 1=0.8 (4)
and for the limit value of diagnostic parameter
D = 6, so that for the given operational conditions
the values of o =1.6 and B =963 are obtained,

reliability for some numbers of revolution is as
given in Table 5.

Reliability Number of revolutions
R(r) [%] r

90 (0.90) 2280x108

95 (0.95) 1505x10°©

99 (10.99) 540 x 108

On the basis of the (1) functional dependence, the
functional dependence of diagnostical parameter
on thenumber of revolutions can be arrived at.
Namely, for any known operation conditions the
(1) expression looks like this:

g=Inp =A+0.5x7
and (Draper & Smith, 1966), (Koldzi¢, 1999):
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y=Inr=A+05x7+¢ (5)

where A represent constant value, while ¢ is a
random quantity for the observed population.

After entering of transformation equation (2) into
the (5) expressions, the results are obtained in the
form of:

D=C+3lInr (6)

This is obviously the case of a logarithmic random
function, since C is a random quantity for one
population and for one level of the diagnostical
parameter. This random function can be
approximately replaced, within the scope of the
diagnostical parameter from Dmin= 3 t0 Dimax= 6 by
a linear random function.

The obtained data regarding the diagnostical
parameter enable forming of the most promising
and most economical models of technical
systems maintenance - the models of preventive
maintenance according to condition. The
experimental results interpreted in this way, from
the point of view of diagnostic parameter enable
predicting of operating time to failure (of the
number of revolutions till failure in this example),
on the basis of only one check-up of the state.
Namely, on the basis of the results of the
mentioned check-up of the state, the C quantity in
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