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ABSTRACT

An experiment based on 11 probabilistic parameters and experiment

design is conducted for fatigue of materials in an elastic-plastic range

under random vibrations to develop regression models which will predict

the fatigue life. The experiment consisted of a total of 24 tests and

is conducted in 3 designs. The response of each test specimen is digi-

tized, recorded, and is fitted with time series models. The time-series

model parameters are then qsed to compute the spectrum and spectral

moments from which the magnitude levels of probabilistic parameters are

computed and coded. The first-ordpr regression models are developed

for each design by regressing the log of fatigue life on the corre-

sponding coded parameters. The tables of the analysis of variance, and

of the predicted lives together with residuals and 95% confidence inter-

vals are constructed for each model. From the analysis of variance the

F-ratio is computed to check whether the model is acceptable. The first-

order model involving all 11 parameters based on 24 tests is considered

to be the statistically best one. The methodology of this report is

found to be an accurate and reliable approach and is suitable for

industrial applications. This method constrasts with the prevailing

method which is based on linear damage accumulation and cycle counting,

involves a several hundred-percent error as a rule, and is hardly

applicable to industiial problems.
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INTRODUCTION

The principle of linear damage accumulation based on cycle counting

has been consistently found to give unreliable and inaccurate estimates

of fatigue life under random vibrations [1-10]. This group of represen-

tative references has been discussed in [ill.

Recently a new history-dependent, stochastic model of cumulative

damage is being developed by Bogdanoff [12-14] by taking a comprehen-

sive view of the entire failure process to improve the predictive

accuracy. Another approach, entirely different from all above mentioned

approaches, has been developed in [11,15] to predict the fatigue life

of materials under random vibrations in the elastic range. The same

approach is used now for elastic-plastic range. An experiment program

of 24 tests based on L probabilistic parameters and experiment design

is conducted in 3 designs. For each design the regression models are

developed to predict fatigue life under random vibrations. Again, this

approach has been found to give very reliable and accurate estimates.

The purpose of this research is to develop a novel methodology

for random fatigue based on the probabilistic parameters and experiment

design. Therefore, the choice of the specimen materials, types of

loadings (axial, shear or bending), and range of parameters is irrele-

vant and they are arbitrarily chosen.

I. EXPERIMENTS, PARAMETERS, DESIGNS AND MODELS

1. Experiment

The experiment program was conducted with 24 specimens in 3

designs. These specimens were numbered from 25-48 to distinguish

them from specimens numbered from 1-24 used in the elastic case 11]. -Codes
I s lldfor
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The bending specimen of aluminum alloy 6061-T6 and the experimental set-

up described in [11,16,171 were also used for this experiment.

2. Parameters

A typical random response signal in elastic-plastic range which

is characterized by 11 probabilistic parameters is given in Fig. 1.

They are mean, variance, zero upcrossings, Ef level upcrossings, cy

level upcrossings, duration of excursion above zero, duration of excur-

sion above ef level, duration of excursion above cy level, band

width, average amplitude above cf level, and average amplitude above

Ey level. In these parameters Cf represents the strain level corre-

sponding to a material life of 107 cycles in the deterministic fatigue

tests, and ey represents the yield point strain of the material. A

mathematical analysis of these 11 probabilistic parameters is given in

[18]. Hereafter, these probabilistic parameters will be simply

referred to as variables as well.

3. Designs

The first design of the experiment consisted of 10 tests which

formed a full factorial design with 2 center points. The second design,

a central composite design with 4 center points,was formed by adding 8

more tests to the first design. The third design was formed by adding

to the second design random replications of six tests from the second

design.

a. Range The first design was based on the three different

magnitude levels of the 3 variables, namely, mean, variance and zero

upcrossings. Two more levels from each of the 3 variables were added

in the second design so that one was lower and the other one higher
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than the 3 previous levels. In the third design, 6 tests were repli-

cated without introducing new levels of the variables. Thus, the

second and the third designs had 5 levels from each of the above 3

variables. The lowest and the highest of the 5 levels represent the

lower and upper bounds of the range of variables. The upper bounds of

the mean and variance are limited such that the maximum capability of

the shaker table displacement is not exceeded. Whenever the displace-

ment exceeds the maximum capability of the shaker, the overtravel

limit is reached and the shaker is shut off automatically. Otherwise,

the range of the variables can be arbitrarily chosen. The ranges of

mean, variance and zero upcrossings based on 5 levels are 241-2657

micro inches/inch, 2.42x106 - 4.36x06 (micro inches/inch) 2 , and

9.12 - 15.32, respectively.

b. Code The above 3 variables which were controlled in the

experiment were coded. The remaining 8 variables which could not be

controlled in the experiment were computed from the random response of

each test specimen as described in [11]. The variables and the actual

levels, and the coded variables and coded levels are shown in Table 1.

Tables 2 and 3 show the actual levels of variables and coded levels of

coded variables, respectively, of all 11 variables for the 24 tests.

4. Models

The regression models, also referred to as life predicting equa-

tions,were obtained for each of the 3 designs as was donp in (11]. For

the first design only one life predicting equation of 3 variables was

obtained. For each of the second and third designs two life predicting

equations were obtained, one involves only 3 variables and the other

..,+ .. ..... .. .. .....
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one involves all 11 variables. These equations were obtained by

regressing the log of actual life, y, on the corresponding coded vari-

ables involved in the model. The models predicted the log of life, 9.

The predicted fatigue life, T, is computed by taking the antilog of 9.

The table of analysis of variance, and the table of predicted

lives together with residuals and 95% confidence intervals, are con-

structed for each model. From the analysis of variance, the F-ratio

for each model was computed to determine whether the model is accept-

able. The confidence intervals were computed using the standard

deviations of 9 and the t values from the t-table with degrees of

freedom equal to that of residuals. The distribution of residuals was

studied for any pattern or trend present. If the pattern or trend

existed, the model was considered to have missed some significant

variables. The analysis of 3 designs is given below.

II. FULL FACTORIAL DESIGN WITH TWO CENTER POINTS

The first ten tests from 25-34 of the 24 tests formed a full

factorial design with 2 center points. One life predicting equation

of three variables is obtained by regressing log of actual life, y,

on coded levels of mean, variance and zero upcrossings. These three

variables are represented by symbols xl-x 3 . The life predicting

equation of all 11 variables could not be obtained.

1. Three Variables

The life predicting equation is obtained as

9 3.52 + 0.0538xI - 0.341x2 - 0.0514x3  (1)

The analysis of variance of equation (1) is given in Table 4. The F-

ratio of 4.328 with 3 and 6 degrees of freedom is found. The
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corresponding F value from the F-table is 4.76 which is greater

than the F-ratio of the equation. This implies that the regression

is not effective and the model is not acceptable. The residual sum of

squares is 0.4862 in comparison to a total of 2.0269, a 32.6%. The

other 68.4% of the total sum of squares is due to regression.

This model does not qualify the F-test and may not be acceptable.

Nevertheless the predicted lives together with their residuals and 95%

confidence intervals are computed as given in Table 5 in order to see

how the results of an unacceptable model appear. The confidence

intervals are fairly wide because the t value with six degrees of

freedom is high. The actual life of the test number 30 only is slightly

below the lower limit of the predicted interval.

2. All 11 Variables

The life predicting equation based on all 11 variables could not

be obtained because the number of tests in this design is smaller than

the variables involved.

III. CENTRAL COMPOSITE DESIGN WITH FOUR CENTER POINTS

The full factorial design is augmented by 8 more tests to form a

central composite design with 4 center points resulting in a total of

18 tests. Two life predicting equations are obtained for this design.

The first one consists of the same 3 variables, while the second one

consists of all 11 variables.

1. Three Variables

The life predicting equation is obtained as

9 = 3.55 + 0.02421 - 0.327x 2 - 0.0597x3 (2)
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The analysis of variance of equation(2) is given in Table 6. The F-

ratio of 14.80 with 3 of 14 degrees of freedom is obtained. The corre-

sponding F value from the F-table at 95% significance level Is 3.34.

The table value of F is smaller than the F-ratio which implies that

the regression is effective and the model is acceptable. The residual

sum of squares is 0.4862 in comparison to a total of 2.0269, a 24.0%.

The other 76.0% of the total sum of squares is due to regression. In

this case the sum of squares due zero upcrossings is higher than the

sum of squares, due to mean.

The predicted lives together with residuals and 95% confidence

interval, are given in Table 7. The confidence intervals are fairly

narrow. The actul1 lives of LesL numbers 30, 33 and 34 are slightly

off from the corresponding predicted interval. The residuals also aru

relatively large in magnitude. The investigation of this model suggests

that more variables which have significant effects on the fatigue life

should be introduced.

2. All 11 Variables

The life predicting equation is obtained as

- 3.39 - 0.0143xI - 0.463x2 - 0.144x3 + 0.020x 4

- 0.314x 5 - 0.727x6 + 0.637x 7 + 0. 112x 8 - 0.0103x 9

+ 0.10lx - 0.0803x (3)

The analysis of variance of equation (3) is given in Table 8. The F-

ratio of 6.036 with 11 and 6 degrees of freedom is obtained for this

model. The corresponding F value from the F-table is 2.92 at 95%

significance level. The F-ratio is greater than the table value o F

.... - - - .. ...
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which means that the regression is effective and that the model is

acceptable. The sum of squares due to residuals is 0.1682 in compari-

sion to a total of 2.0269, a 8.3%. The other 91.7% of the total sum

of squares is due to regression. The sum of squares due to 6 of the

11 variables is considered insignificant. These six variables are

mean, e level upcrossings, duration of excursion above zero and Eiy Y

levels, band width and average amplitude above cf level.

The predicted lives together with residuals and 95% confidence

intervals are given in Table 9. The confidence intervals are relatively

wide because t value with 6 degrees of freedom associated with the

residuals is high. The actual lives of all tests fall within the

predicted confidence intervals. The residuals are small in magnitudes.

IV. CENTRAL COMPOSITE DESIGN WITH FOUR CENTER POINTS AND SIX REPLICATIONS

Six more tests are added to the central composite design by randomly

replicating six of the 18 tests. Adding these six tests resulted in

a total of 24 tests in the design. Two life predicting equations are

obtained for this design also, one i sing 3 variables and another one

using all 11 variables. The equations and their analvst- .jrt .s JoihW,i.

1. Three Variables

The life predicting equation is obtained as

- 3.5e 4 0.0195x - U. 325 - 0.U318X (4)y .t 41 - 3t

The analysis of variance o equa , ..r in Tabie 10. The i-

ratio for the equadion above a- and 20

degrees of freedom whic-h is 1 r. a,,., lia, t tit ... .1. . 1 e

of 3.10 from the F-tabl at 95Z 1 1. dtr.. L . .... ha..

the regression is effecLive and tUt- m., t-I Is ,.-. , r. al

-- . ,.. .
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sum of squares is 0.6192 in comparison to a total sum of squares of 3.1801,

a 20.5%. The other 79.5% of the total is due to regression.

The predicted lives together with residuals and 95% confidence

intervals are given in Table 11. The sum of squares due to zero

upcrossings in this case is lower than that due to mean. The confidence

intervals are comparatively narrow but the actual lives of test nos. 27,

29, 30, 33, 34, 35, 44 and 45 fall out of the corresponding predicted

confidence intervals. The residuals are relatively large which imples

that some variables which may have significant effects on the fatigue

life are missing from the model. The life predicting equation using

more variables is discussed below.

2. All 11 Variables

The life predicting equation is obtained as

= 3.50 - 0.0105x - 0. 0748x + 0.0459x4

- O.lllx5 - 0.317x 6 + 0.290x 7 + 0.0091x8 - 0.0383x9

+ 0.0739x + 0.0231x (5)

0.7910  11

The analysis of variance based on 24 tests of equation (5) is given

in Table 12. The F-ratio for the above equation is computed to be

8.812 with 11 and 12 degrees of freedom which is larger than the corre-

sponding F value of 2.73 from the F-table at 95% significance level.

The comparison of two F values indicates that the regression is

effective and the model is acceptable. The residual sum of squares

is 0.3498 in comparison to a total sum of squares of 13.1801, a 11.0%.

The other 89% of the total is due to regression, which is significantly

high. The six of the 11 variables are considered to be insignificant

because they contribute a very low sum of squares to regression. These
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6 variables are ef level upcrossings, duration of excursion above

zero level, duration of excursion above e level, band width, and

average amplitudes above ef and Ey levels.

The predicted lives together with residuals and 95% confidence

intervals are given in Table 13. The confidence intervals are fairly

narrow. Actual lives of all the 24 tests fall within the predictud

confidence intervals. The residuals appear to be relatively small and

their plot is given in Fig. 2. The plot shows that the residuals arc

concentrated more on the positive side with fairly small magnitudes.

V. DISCUSSIONS AND CONCLUSIONS

On the basis of the analysis of all models of equations from (1)

to (6) it is observed that there are 5 variables which have significant

effects on the fatigue life. These 5 significant variables are wean,

variance, zero upcrossings, c level upcrossings, and the duration ofy

excursion above Cf level. The remaining 6 variables are considerud

to be less significant.

Among the 5 significant variables the variance has the most signi:4i-

cant effect. This is obvious because the variance is a measure of

square of the amplitude of the strain signal. Consequently a large

variance of the signal means large amplitude of the strain. The magni-

tudes of effects of the remaining four significant variables are low

as compared to that of the variance but are not negligible. Variance,

C level upcrossings, and duration of excursion above cf level show

significant effects in all 3 analyses of 10, 18 and 24 tests. The effect

of zero upcrossings is found to be pronounced in the analysis of 10 tesLs

and the effect of mean, in the analysis of 24 tests. Nevertheless
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significant variables.

A comparison of all the first order models investigated in thiL

report with respect to their percent deviations of the ?redicted liv,!S

from the actual ones, and residual sum of squares as percent of the

total is given in Table 14. This table shows that the wodels of all

11 variables for both 18 and 24 tests give a lower percent deviations

and a lower percent residual sum of squares in comparison to the modJ

of 3 variables for the same design. Based on 24 tests, the model of

equation (5) of all 11 variables is considered the best first order

model to predict fatigue life under random vibrations in the elastic-

plastic range. The percent deviations of the best model range from

-26.0% to 23.2% with an average deviations of 13.4% on the negative

side and 8.4% on the positive side. These deviations are negligible

as compared to several hundred percent deviations obtained in linear

damage accumulation theory.

The lives predicted by the best first order model are expected

to be the mean lives of the material for the given levels of variable(s.

The 95% confidence intervals give the range which is expected to

include the actual fatigue life for 95% of the tests. The actual lii,-

of almost all the tests is greater than the lower level of confideneu

interval so this level can be considered a conservative estimate of

fatigue life.

A few first order and second order models of significant variablcs

will be given in [19].
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VI. SUMMARY

(1) An experiment of 24 tests based on 11 variables and experi-

ment design has been performed to predict fatigue life under random

vibrations.

(2) The experiment was conducted in 3 designs. For the first

design one first order life predicting equation of 3 variables has ben

developed. For each of the other two designs two first order life

predicting equations of 3 and all 11 variables, respectively, have

been developed.

lives together with residuals and 95% confidence intervals are con-

structed for each equation.

(4) From the analysis of variance the F-ratio is computed to

check whether the regression is effective and the model is acceptable.

(5) Five out of 11 variables have been found to have significant

effects on the fatigue life. These 5 variables are mean, variance,

zero upcrossings, c level upcrossings and duration of excursion
y

above ef level.

(6) The first order life predicting equation of all 11 variables

and 24 tests was found to be the statistically best one.

(7) The percent deviations of the predicted lives obtained by

the best equation are within a range from -26.0% to 23.2% with an

average of 13.4% on the negative side and 8.4% on the positive side.

These results are in contrast with those of linear damage accumulation

principle.

.... .
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Table 1 Actual Levels, Coded Levels and Coded Variables

Coded

Actual Level Coded Level Vad-
No. Variables Vari-

Low Center High Low Center High ables

1 Mean 400.00 800.00 1600.00 -1 0 +1 X]

2 Variance 27.40x105 32.80x10 5  38.5x10 5  -1 0 +1 x2

3 Zero
Uperossings 10.50 11.91 13.50 -1 0 +1 x 3

4 cf Level

Upcrossings 10.50 11.91 13.50 -1 0 +1 x4

5 e Level
y
Upcrossings 0.25 0.6124 1.50 -1 0 +1 x5

6 Duration of
Excursion
Above Zero
Level 0.600 0.693 0.800 -1 0 +1 x6

7 Duration of
Excursion
Above ef
Level 0.300 0.387 0.50 -1 0 +1 x7

8 Duration of
Excursion
Above e
Level Y 0.003 0.0085 0.01 -1 0 +1 x8

9 Band Widths 0.96 0.97 0.98 -1 0 +1 x9

10 Average
Amplitude
Above cf
Level 3000.0 3646.0 4000.0 -1 0 +1 X10

11 Average
Amplitude
Above C

Level Y 5500.0 5979.1 6500.0 -1 0 +1 X

~~0~~*~ -m iniA



17 1
CD0-40C C 0 IT rm (0 00 0 cr cn--10 r- o0 0O0 0
001-0 0 0 CJ r -4 0 00 02C00 r- OD00r.

,-4 00O L A 00rc' 400 046~S~ O 800St
en 0-D IT ~ 0.C14 .D -4

0% n% T0 l 0 L co r, %.0

%De G 0 '0n .rG .0 en0 0 r 0 on %0 m '0O.0 r-0

'.0coo c;cjr. .00 or- c; A r c ; r-00
o- r-.e4 0 t co 00o % C 00 0 -4 -41- %0% 1 0 C.co en -

M4 0-C0 o e r O N00% NM 0 -~CN*M 00 e 14 r*fn0

%0 00~ cl a%00 '0 Ln0 0 I I ne n T mI T oIDc

000 00 r t o T4-0 LrOO o~ ooCoo n nCN0 Lne - % 0%
%00a -00 00 1 * o I' 40-r f*00 (-c0 0 r, 0.? QOoOO0Ol

0 % %0%0 O 00.M 0 000 000Y%0 0% 7 a Naa %M0aa00

0000 0 00L0 n0 000 00e -10000 00 0 0 0 0

co 0 0 -4 0 sCJ0f* 0000 0 0 0 St 0 0 0 V-40' 4I0'-

4 0000 0000 0000 000000 000000
C;0

I.'n

ILn %0*00 (% -C4L 00 40f '000% 0 0 CSr4 o 0 0 oo0'.o-r- a-4

C4eq1- r- 0004 00r 0 LPr000r 0L L 0 m 0'r%0.tO ~0 0 1

0 4 %0 Lf 0 % 0 0 0 0 0'04C 4 '0 0~O

-i4 0000 0000 0000 000000O .- 0-0000 0
-4 w -

*.0 v-4

to0-I L 0r 0u-~' 000 000 C7%%D 14n 0%N %D0 -- 04C'I0
>A u-,.I- u-I 0 0-I -4-0l- ,-. - 0 -%:r 0 0 e

449

u-4 0 14 C4 0 0 0 40 0 -4m'e 0%C4' co 0 -4 00 4a3

4. P-1P-1P-4-4 4 - -u- O C -0u-44 .l "-4 -4 u- -4 u-4-40C'4C ~-4 4 t

0 0"0 -. n0 u-D-4-C-4 -4~~0* c 0'0% Dc Lf %4.4r 0-4 m 144 0u('I 00 -

0 L 4 -'u~J 0u4000% 4 * - -4-- 0 en.I'4 0rI -P4 04-Cu1 J M U4

-4 P-4 -Iru .4.%4.n o 000 Ch O%0 .u:r 1%. 00 r -4 0 uCuM n -O 0 1

.9 %* men t 0 A 40% N 4Cu,'T 0C C14 -* 0 0 C-4r , m 44

z LA u-0 ru- .OCN '- 00%QCh 0%M i o 00 M I r% " N&P 0 % (N*- MN0 MuH

co r-4 -4 0 rL 0 M r- Ln C4 LM LI 0% r-f-4"4in 0 -4 I -4 Ch Ln m m
0) 0 0-4 0%0 .4 00*A0 000 0 h'l 0 Itu0,*m 0 00*0h0

%0 -0* tfi0 IT4 C" %0 0 00 r..- r c ~00 o r= %.'0 en 0 r- OD
P-4 P.4 u -4 C14 J - 4

-4

40 414
I oL D1 0 a 4C n-*V % 0 %0t4C4 ( T0I 0



18

0%C uA0 0 oo0r- e 0 0 0 %0 -4 f-Q0 0%~000%00
-4 0 0% en0 00000 -. 700a0 0 -4o c..au0 .. 4000mo 0
.-4 0 0-4tO 0 0 0 r -000 0 0 .4c-.T 0 %00%0000

K 0.r4 0 0 0 0 C4 00000 0%0.-4-.000 %D I 00Oe40

m a% Lf 00C -4 Lr' !-NNO a -00% (4" D 1 0% N
o N0 o -4 -.0 Ant4n 'r0 en 00 V n %Q en e C0 4n - "q.

P-4 0 r-T r- ulitNe q enL 1~-0 0% 0 -4 0 0%0 0 C% LA00 r4t
x %C -4 %D - r-4'.000 c -4 %D un w &A te -4'J'0&n-C

0.-4en0e 0 D4 r I0 00 00 0 1-4 4 00 koi .- 000

r. % -A C" 0%00 % Le) eq-4 .1 crm 4 -4 Lf) V4c r- :rcVn
07' 1 0ON00 -4 -.0 0 .t4 .- 4 Lf0 00I 1-T7co00It 00 )- mc

x K i-r-u' % 1AC4 0% t--r 00 C14' % M I 0 ur-.0 un%D Go CD-4 %Q
0-4.- .46N0 8 ; 000 00u4 8 40 6 ; 4;C4.

0 0% 00 0000 -* 0 00 0 -4 -4 0 f%0 r-4 0 00 -70
0 cn0 0 0000 P-4 000 0 r4 1 ri n0 "00o0%00

ao 0 -0 0 0000 Lm 0 00 0 T Ch 04 (IN0 " 0 00 r-0

0 -0 0 Coco- rI 00 0 00%;0NcGor40 Ln0 0 0O0% O

C4r'..'0 r r- Le)AC4 L CV) CN -40 .t% , C4 0 0.- C4 00 a

W e e e ( "" l " *-t %0r- Or- 00 ItITD0 M puo- m 00
4 -l K - %. V-4t r4 ' r- '1 0r 4 P- T-4 -en 0NG O0 k 04ON

(n .- ItI,-4 40.-fITrlCI 0 00 0 e -40n0 00 C4 000
to III r4 I4 4 1; 1; C; 4;1 488 48r

co r.. rrIT#0% s '0Go0 00 00 0000 r-n fi0c000e'( 0 %D000.Tr-
41 -4 4%Dt~i % L%% 0 '4 "0m C14 .I0% f(n en%C)0% 00 0 "Lfn " .,-4

r- 4.U4 NO r r- 00 u. a,40Gow-4 0 m e J L74'N m0 T I ITC'14" C tsDCV n
.0 0 m r-I4 0N C4 n00 .- 0 4.-4 (N t'-7ST0 -4 0 0 aA00 ten c

I"4 C; ~ gg i i

OL'400 0 0 orn r4 0 00 0 r- 0% m t 0 ON m0C)0 0
1 P- n -0 0 )0 > rs00 0 11 -00 I -0 0 o
w 0 It 0' O 0 000 P-.- 000 0 0% en "1 0 0% n0 0(00

04 %V e,400 0000 -4O00 000-. 0 m 0C)0 0 0

r- -IT -tOr- -- T 0% csn C4 -1000%0 r4 0 0 0 C-11 c 00 N r-0c "
41 oe 0 LM 12"s.-4 .t M0 CN M 0 ( 0%r--- r- %0r- 0 cn 'A P4 en0

0 1 .- I0,-4 - 0 g-- 0 %D P0% v- 4000 % Dt 00.c00%D

V , 0%0%00 n e %D .- V-CON 000 " u q e.nm.0 V-4 p- 0' .. 4Lplt0- 0

u K 0 Q%0( c % C000 c0%ullC4 en n -4 0"40 0 en0% "0% L

$4 %C C4 0 00004 0000ONmDne 00-40'I 0 0000ncoG U00

41 N4 "'J(mJ:t.4 0%00.f r-4 P, .1*0 0 " V4 "" -4LM co C - c en m
.0 K 0%00%0 0% m 00m 0 0 -4 0rP-0 0 -00 0 1-4 0 r- %0

0 T P.-4 M ' -ON com 9 '0000 M M4000 C40 CDaON %0 0 r%41
C4 -'400 C4 -T.r- 0 N n0% m.f o-4 'Le) 00 %0 0 En C4U%

- C4% $0 w r-40a 0 000 r, -4 0N4 0 % OO0 0,-40

47%0Cy 0 M0 C CO % 000 u0.-4 0 0 0r4.-OOO

V4
IA LM %D ''r- OD (7 0 .4 N en -t Lfni0 r- Go0% 0 -4 N M C-tn %0 r- c

LU 40 C4 N 4 N4 M fn CV)en enm c ne ~C~..317 .- t--.



19

Table 4. Analysis of Variance of 10 Tests
First Order Model of 3 Variableu
Life predicting equation:

= 3.52 + 0.0538X1 - 0.341x2 - 0.0514x3

Source Sum of Degrees of Mean F-Rtio
Squares Freedom Square

Due to Mean 0.0100 1 0.0100
Due to Variance 0.8439 1 0.8439
Due to Zero Upcrossings 0.0264 1 0.0264

Due to Regression 0.8857 3 0.2952
Residuals 0.4094 6 0.0682 4.328
Total 1.2951 9

F-ratio is smaller than the table value of 4.76 with 3 and 6
degrees of freedom at 95% significance level. So regression is not
effective and the model is rejected.

I ,
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Table 6. Analysis of Variance of 18 Tests
First Order Model of 3 Variables
Life predicting equation:

- 3.55 + 0.0242x - 0.327x 2 - 0.0597x3

Source Sum of Degrees of Mean F-RatioSquares Freedom Square

Due to Mean 0.0108 1 0.0108
Due to Variance 1.4728 1 1.4728
Due to Zero Upcrossings 0.0572 1 0.0572

Due to Regression 1.5407 3 0.5136
Residuals 0.4862 14 0.0347 14.80
Total 2.0269 17

F-ratio is greater than the F value of 3.34 from the table with
3 and 14 degrees of freedom at 95% significance level. So regression
is effective and the model is accepted.
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Table 8. Analysis of Variance of 18 Tests
First Order Model of 11 Variables

Life predicting equation:

= 3.39 - 0.0143x1 - 0.463x 2 - 0.144x3 - O.0200x4

- 0.314x5 - 0.727x6 + 0.637x 7 + 0.112x8 + 0.0103x9

+ 0.l01Xo - 0.0803x 11

Sum of Degrees of Mean FRto!Squares Freedom Squares

Due to Mean 0.0108 1 0.0108
Due to Variance 1.4728 1 1.4728
Due to Zero Uperossings 0.0572 1 0.0572
Due to Level Upcrossings

of Cf Level 0.0009 1 0.0009fq
of e Level 0.0794 1 0.0794

Due to Duration of Excur-
sion Above Zero Level 0.0349 1 0.0349

Due to Duration of Excur-
sion Above Sf Level 0.1650 1 0.1650

Above e Level 0.0015 1 0.0015
y

Due to Band Width 0.0002 1 0.0002
Due to Average Amplitude
Above e Level 0.0097 1 0.0097

Above e Level 0.0262 1 0.0262

Due to Regression 1.8587 11 0.1690
Residuals 0.1682 6 0.0280 6.036

Total 2.0269 17

F-ratio is greater than the table value of 2.92 with 11 and 6 degrees
of freedom at 95Z significance level. So regression is effective,
and the model is accepted.
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Table 10. Analysis of Variance of 24 Tests
First Order Model of 3 Variables

Life predicting equation:

= 3.56 + 0.0195x - 0.325x2 - 0.0518x3

Source Sum of Degrees of Mean F-Ratio
Squares Freedom Squares

Due to Mean 0.1223 1 0.1223
Due to Variance 2.3905 1 2.3905
Due to Zero Upcrossings 0.0482 1 0.0482

Due to Regression 2.5609 3 0.8536

Residuals 0.6192 20 0.0310 27.54
Total 3.1801 23

I
F-ratio is greater than the table value of 3.10 with 3 and 20 degrees

of freedom at 95% significance level. So regression is effective, and
the model is accepted.
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Table 12. Analysis of Variance of 24 Tests
First Order Model of 11 Variables
Life predicting equation:

y = 3.50 - 0.0105xI - 0.398x2 - 0.0748x 3 + 0.0459x4

- O.111x5 - 0.317x 6 + 0.290x 7 + 0.0091x8 - 0.0383x9

+ 0.0739xi0 + 0.023xl1

Source Sum of Degrees of Mean F-Ratio
Squares Freedom Squares

Due to Mean 0.1223 1 0.1223
Due to Variance 2.3905 1 2.3905
Due to Zero Upcrossings 0.0482 1 0.0482
Due to Level Upcrossings

of Cf Level 0.0006 1 0.0006

of c Level 0.0838 1 0.0838y
Due to Duration of Excur-
sion Above Zero Level 0.0180 1 0.0180

Due to Duration of Excur-
sion Above ef Level 0.1010 1 0.1010

Above e Level 0.0006 1 0.0006Y
Due to Band Width 0.0238 1 0.0238
Due to Average Amplitude
Above ef Level 0.0362 1 0.0362

Above e Level 0.0054 1 0.0054y

Due to Regression 2.8302 11 0.2573
Residuals 0.3498 12 0.0292 8.812
Total 3.1801 23

F-ratio is greater than the table value of 2.73 with 11 and 12 degrees
of freedom at 95X significance level. So regression is effective, and
the model is accepted.

...................................... ..................
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Table 14. Comparison of Percent Deviations of Predicted Lives
and Residual Sum of Squares for Five Models

Test Actual Percent Deviations of Predicted Lives
No. Life T Eq(1) Eq(2) Eq(3) Eq(4) Eq(5)

25 49.58 -3.7 -3.1 -10.2 -2.9 -9.0
26 50.75 14.9 11.9 -11.6 9.9 -0.7
27 18.41 -26.4 -25.7 -2.0 -28.9 -9.6
28 52.50 6.3 8.1 7.1 7.2 5.5

29 22.33 -15.4 -17.2 -15.9 -18.0 -10.6
30 30.67 -52.3 -60.1 -7.7 -61.7 -22.2
31 24.00 2.7 -5.2 -5.7 -6.7 -5.8
32 30.00 10.4 8.5 13.7 8.4 6.0

33 40.92 2.1 19.0 6.9 17.4 3.6
34 44.42 21.5 18.5 16.2 -22.3 23.2
35 38.17 9.2 -2.0 8.5 5.3
36 36.92 7.3 2.1 5.9 2.4

37 33.08 -2.1 0.9 -4.0 -7.9
38 23.33 13.3 8.2 12.5 4.4
39 30.83 -5.9 -3.7 -8.3 -12.7
40 32.17 -11.5 -11.4 -12.1 -26.0
41 40.42 -1.1 -7.5 -0.8 -17.9
42 71.33 10.5 14.6 9.7 10.2

43 19.75 -27.3 -2.4
44 29.92 15.4 19.8
45 48.17 -4.8 3.1
46 44.50 15.3 14.2
47 21.00 9.5 2.2
48 64.92 5.6 8.8

Average Deviations
Negative side 24.5 14.7 7.8 16.5 13.4
Positive side 9.7 11.8 8.7 10.4 8.4

Residuals

Percent residual
sum of squares
of the total 32.6 24.0 8.3 20.5 11.0
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