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ABSTRACT

This paper presents a comparative analysis of results of fatigue life calculations with the use of the linear summation hypothesis of
fatigue failures (LHSUZ), confronted with experimental test results. The calculations and fatigue tests were performed for variable

amplitude(VA), two-step and ten-step loading conditions , both in the low-cycle fatigue (LCF) and high-cycle fatigue ( HCF) range,
forthe case of C45 steel as an example. Experimental verification of the hypothesis LHSUZ did not revealed any significant influence

of load level and form of load spectrum on conformity of results of the calculation by using the LHSUZ, to results of fatigue tests on

C45 steel. However, it enabled to assess magnitude of a correction factor which appears in the considered linear hypothesis.
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INTRODUCTION

Calculations of durability of structural elements,
including fatigue life of ship structures [1], [2], [3], require:
to know aload spectrum expressed in the form of sinusoidal
cycles of variable amplitude parameters (Sa or eac) and their
mean values (Sm and emc), cyclic properties of a material
in the form of the fatigue characteristics N(S), N(Sa, Sm) or
2Nf(gac), 2Nf(eac, emc), and to assume a failure summation
hypothesis which constitutes a phenomenological description
of fatigue process in structural materials. The problems are
associated with some factors which affect conformity of
results of fatigue life calculations to those resulting from
experimental tests.

In this paper the issue of the LHSUZ hypothesis is
analyzed under assumption that load spectra and material
fatigue characteristics are constant elements.

The first LHSUZ hypothesis was published by A. Palmgren
in 1924, who described - in a phenomenological way - the
fatigue process of ball bearings. In the 1930s the hypothesis
was described again by a few authors, a. 0. B. F. Langren in
1937, and M. A. Miner who formulated anew the hypothesis
by applying energy approach, in 1945. In the subject-matter
literature the hypothesis is sometimes called Palmgren-Miner
(PM) hypothesis. In its original form it was assumed that in
the case of multi-step loading program, fatigue fracture will
occur if the following condition is satisfied :
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or in the case of a load spectrum given in the form of
amplitude distribution :
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For this hypothesis the authors assumed that only these
load cycles whose amplitude values exceed fatigue limit, take
place in the summation process of fatigue failures:

©)
Sﬂi & Sf (=D

Experimental verification of PM hypothesis showed that in
many cases its conformity to experimental test results is rather
low. In the 1950s and 1960s, many publications dealing with
modification of PM hypothesis, come out. In the modifications
the following condition was assumed firstly:
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and secondly - that also loads below fatigue limit have
asignificant effect on conformity of results of calculations to those
of experimental tests. Therefore, theload cycles of the amplitudes :
. ®)
S, 2k-S;.,
were summed up, where the coeflicient k is comprised in
the range from 0,4 to 0,6.

In 1963, S.V. Serensen published a formula for
calculation of the correction factor a in Eq. (4), depending
on a form of load spectrum characterized by the spectrum
diagram factor { and maximum load value appearing in the
load spectrum : Samax =9,

The factor a can be calculated by using the formula :
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and, the spectrum diagram factor  is described as follows:
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In spite of these modifications, PM hypothesis has been
criticized for the reason of a weak physical background
concerning recognition of phenomena which occur in
structural materials during fatigue process, including the fact
of not taking into account the factor { in non-linearity of run
of failure summation in fatigue process, sequence of cyclic
loads and difficulties in assessing the value of the correction
factor a.

According to G. Wallgren (1949), value of the factor a is
comprised in the range from 0,5 to 3,0. Schiitz and Zenner
(1973) determined a distribution of a — values on the basis of
results of 561 tests conducted on structural elements made
of iron alloys, aluminium and titanium. As results from the
above mention distribution, a - values are contained in the
variability range from 0,1 to 10. J. Szala (1980) obtained similar
results from verification of PM hypothesis on the basis of
areview of 75 publications. In 1957 A.J. Bielanin made research
on influence of load level (S_ /S, jand S /S ) as well as
the form of load spectrum expressed by its diagram factor C.
He conducted fatigue tests on toothed wheels and concluded
from the test results that the greater the factor { and the higher
the stresses kept in their relevant ranges: S_. = (0,4+1,2)
SqpandS  =(1,4+2,0) S, the higher conformity between
results of experiments calculations. As results from the form of
Serensen’s formula (6), the factor is less than 1 (a < 1,0) and is
closer and closer to 1 as the factor { increases (the factora=1,0
for { = 1,0 which corresponds to aload of constant amplitude).
The uncertainty of PM hypothesis has resulted (since 1970) in
intensive searching for more effective hypotheses on fatigue
failure summation, based on new definitions of fatigue failure.

Publication [4] contains a collection of formulae describing
fatigue failures, based on analysis of variation of: longitudinal
elasticity modulus, propagation velocity of ultra-sound wave,
plastic deformation under cyclic load of constant stress
variability range, stresses under conditions of constant strain
variability range, plastic deformation work, micro-hardness,
mean size of dislocation cell, distance between slip bands,
number of micro-cracks per area unit etc. The publication in
question presents 15 different formulae for calculation of the
fatigue failure parameter D which, as far as PM hypothesis is
concerned, is the ratio of the total number of applied cycles
n and the number of cycles to fatigue failure N:

D = (8)

On the basis of the new definitions of fatigue failure, more
than 30 hypotheses on summation of failures, applicable to
fatigue life calculation, were developed.

In publication [5] they were divided into the following
groups:

- linear summation hypotheses of fatigue failures,

- non- linear summation hypotheses of fatigue
failures,

- hypotheses based on a concept of lines of constant
fatigue failures and line of residual fatigue life.
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The hypotheses were also split, in relation to fatigue failure
parameter, into the groups with regard to stress, strain and
energy approach, respectively.

Application of the above mentioned hypotheses in practice
requires to have a comprehensive specialty knowledge because
their applicability ranges are strictly limited and number of
publications on their experimental verification is rather low. For
these reasons they have not found any wider implementation
so far.

Asresults from comparative analysis of the linear hypothesis
and the hypotheses based on the concepts of constant failure
lines as well as residual fatigue life line, the linear hypothesis
is a particular case of the two remaining hypotheses.

In the 1990s and the first years of this century a few
procedures for fatigue life calculation of machinery structural
elements, ship structures and other objects were developed.

FITNET procedures [6] and those dealing with sea-
going ship fatigue calculations [1], [2] as well as relevant
requirements of ship classification societies, exemplify this
kind of procedures. In the procedures, PM hypothesis with
some modifications has been implemented. This fact has
drawn again interest of scientists and engineers to research
on verification of the hypothesis with the aim of determining
a range of its applicability and to assess an impact of various
factors on its conformity to experimental data.

For the first period (till the 1980s) the verifications have
been conducted in rather not precisely defined conditions
concerning applied loads, as well as structural features of
tested objects.

The above presented observation justifies the made decision
on undertaking the research project aimed at experimental
verification of the linear summation hypothesis of fatigue
failures, to be conducted in a broad range of variable amplitude
loads for C45 steel, as an example. Scope of the research
covered two-step and ten-step load programs at the stress ratio
R =-1,0 (oscillatory load) and magnitude of load amplitudes
both within low-cycle fatigue (LCF) and high-cycle fatigue
(HCF) range, and for widely varying values of spectrum
diagram factor. The test conditions was so selected as to make
it possible to analyse influence of load values (both in LCF
and HCF range) and a form of spectrum (the factor () and to
prevent against influence of any additional factors (e.g. cycle
counting methods for random loads, used for preparation of
load spectra, or methods for determination of local stresses
and deformations in notched elements).

FORMULATION OF THE PROBLEM

On the basis of results of the calculations performed with
the use of Eq. (1) and (2) and results of the experimental tests
carried out under the same conditions, the correction factor
a in Eq. (4) may be calculated by means of the following
formula:
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For the case N__ >N_, ,a> 1,0 should be taken for fatigue
life calculations, for N =N_ - a<1,0,andfor N <N_
- a> 1,0. When the above specified values of the factor a are
assumed, results of the calculations according to Eq. 4 comply

with results of the experimental tests.
STATIC AND CYCLIC PROPERTIES OF C45 STEEL

The static and cyclic properties of C45 steel were determined
from fatigue tests conducted in the framework of the research
project No. NN 503 2221 39, titled ,,A hybrid method for
fatigue life calculation and its verification by using results
of fatigue tests of Al-alloys and steel,, ( the project has been
financed by Polish Ministry of High Education and Science).

The static properties of C45 steel are the following : R_ =
682 MPa, R =458 MPa, E = 2,15.10° MPa. Its cyclic properties
are described by the following formulae:

- Wohler diagram:
log, =—0,1020log N +2,9611 o,

- fatigue limit for N, = 106 cycles : S, |, = 223,5 MPa

f(-1)

- Manson-Coflin diagram:

1204 -0,1033 0,475

E,=————\2N,) " +0,21792N )~
ac 2,15105 ( f) ( f)V (11)
- fatigue limit for 2N, = 2:10° cycles: ¢ = 1,472-107

- Ramberg-Osgood diagram:
S N 5,06
8ac = ‘ 5 + "
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Fig. 1a. Schematic diagram of two-step load, with indicated relevant
parameters which appear in fatigue life calculations and

experimental tests.
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Fig. 1b. Schematic diagram of ten-step load, with indicated relevant
parameters which appear in fatigue life calculations and

experimental tests.

Fig. 1 shows schematic diagrams of two-step and ten-step
loads where relevant parameters appearing in calculations
and fatigue tests are also indicated. Form of two-step load
spectrum is defined by the ratios: S /S ore /e andn, /n
as well. On their basis, value of the spectrum diagram factor
( is calculated.

The calculations were conducted for S /S_ = 0,75;0,5; 0,25,
and n/n = 0,75; 0,5; 0,25; 0,1. In the case of ten-step load
spectra the same load increase per step, equal to 0,15 (S, +
-S,=0,1S ) and the same amount of cycles per step, n,= 0,1
n,, were assumed for particular steps , which led to the value
{ = 0,55 calculated according to Eq. (7).

For both the cases the following levels of Sal values (at
stress approach): Level I - S =615 MPa, Level IT - 520 MPa,
Level III - 428 MPa, and Level IV - 325 MPa, were assumed.

At strain approach, the following levels of & , values
corresponding to the above given S | levels, were calculated
by using Ramberg-Osgood formula (12): LevelI - ¢ =4,24-107,
Level II - 2,22-10%, Level IIT - 8,93-107, Level IV - 3,06-107.

The load levels were chosen under the assumption that in the
extreme cases, i.e. Levell and S /S =0,750re /e  =0,75,the
loads are entirely contained within LCF range, and for Level
IV — within HCF range. The intermediate cases, i.e. load level
IT and III and lower values of S /S  ore /e , contain only
a part of steps within LCF range, and the remaining part of
steps — within HCF range.

METHOD OF CALCULATION AND METHOD OF
EXPERIMENTAL TESTS

Detail calculation method based on PM hypothesis was
described in the publication [7] where three calculation paths
were assumed :

- 1t path - at stress approach - with the use of Wohler
diagram,

- 2" path - at strain approach- with the use of Manson-
Coffin diagram,
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- 3"path - hybrid calculation path covering strain -
approach calculations of fatigue failures in LCF
range, and stress— approach calculations of fatigue
failure in HCF range.

Formulae , based on PM hypothesis, for calculation of
fatigue failure resulting from one- step load program of the
number of cycles n, are the following:

- for 1 path:
k
ny,
D, =2 ¢ (13)
i=1 1V,
- for 2" path:
k
n,.
_ 0f
Dy=3—" (14)
= N,
- for 3rd path:
L n,, Lony,
Dy=3 "+ 3 1
5
"GN, SN, 19

Fatigue life expressed by a number of load program
repetitions up to fatigue fracture, A, is calculated from the
formula:

1,0

D

and the fatigue life expressed by a number of load cycles

N_, amounts to:
N,=21-n, 17)

A (16)

0

The quantity 1,0 in the numerator of Eq. (16) shows that the
calculations were conducted according to the original form
of PM hypothesis described by Eq. (1). The yield point R was
assumed to be a criterion for LCF and HCF ranges.

Experimental determination of fatigue life of specimens
made of C45 steel was carried out by using the method of
programmed fatigue tests consisting in multifold repetition
(A times) of program’s period, in compliance with Fig. 1 [8],
up to fatigue fracture of specimen.

RESULTS OF CALCULATIONS AND TESTS
TWO-STEP LOAD

Tab. 1 contains results of the fatigue life calculations and
results of fatigue life tests conducted on specimens of C45 steel
under two-step load conditions.

The specimens were prepared in accordance with PN-EN
10002-1;2004 standard for static tests and PN-84/H-04334
standard for fatigue tests, and then tested by using INSTRON
8501 testing machine in a laboratory having accreditation of
Polish Centre of Accreditation (PCA) ( Certificate No. AB 372).

On the basis of the results of the tests on 120 specimens,
Gassner diagrams were prepared for particular load programs
of different values of S /S and n /n,. 12 diagrams of the
kind were prepared altogether - they are described by the
formulae shown in Tab. 2. Data contained in columns: 6, 10,
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14 and 18 of Tab. 1, were calculated by means of respective
formulae given in Tab. 2.

Values of N % N ¢, N " given in Tab. 1 were calculated by
using Eq. (13) through (17).

On the basis of the data contained in Tab. 1, values of the
factor a were calculated with the use of Eq. (9). Results of
the calculations are collected in Tab. 3, where the following
notations are used, respectively:

a_ - the factor determined for fatigue life calculated

according to 1* path ( stress approach)

a, - the factor determined for fatigue life calculated

according to 2™ path ( strain approach)

a,, - the factor determined for fatigue life calculated

according to 3" path ( hybrid method).

TEN - STEP LOAD

Programmed fatigue tests and fatigue life calculations for
specimens made of C45 steel were conducted in a similar
way as in the case of the above described calculations and
tests for two-step load, and for the same values of S | =S
or sacl = sacmax'

On the basis of the tests on 15 specimens, a Gassner diagram
described by the formula:

logS, ... =—0,0983log N, +3,0124 (18)

was prepared.

amax

amax

Tab. 2. Collection of formulae describing fatigue life
diagrams (acc. Gassner) for specimens of C45 steel under
two- step load.

h SaZ/Sa max
n

0

0,75

logsS, =~=-0,0912logN, +2,9268

0,75

0’5 logsS, =—=-0,0995logN_ +2,9747

0’25 logsS, =~=-01015logN +2,9979

0,1 logsS, . =-0,0906logN, +2,9826
0,50

0’75 logS, =—~=-00977logN, +2,9443

0’5 logsS, =—=-0,1029logN, +2,9837

0,25 | logS.,, =-01013logN, +30133
0.1 | logS,,. =—0.0966logN, +30189
5 @max <
0,25
0,75 | 1085, =-01004logN, +2.9499

0’5 logSumM =-0,0981log N, +2,9684

0’25 logsS, =—=-0,0973logN, +3,0006

0’1 logsS, =—=-0,0876logN, +3,0060

ax




Tab. 1. Results of fatigue life calculations and results of fatigue life tests conducted on specimens of C45 steel under two-step load
No. no1/Mo
of | > 975 0.5 0.25 0.1
item | ' NS NS TN NSNS NG NS NS NS [N NS NS NS [N NS NS
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0,75 64 47 47 33 92 68 68 74 165 126 126 115 317 255 255 138
I 0,5 65 47 47 39 97 71 71 78 194 142 142 164 482 354 352 241
0,25 65 43 47 40 98 71 71 68 195 142 142 150 487 355 355 298
0,75 330 [287 |286 |205 |476 |420 |416 |399 |856 779 757 599 1642 | 1599 | 1492 | 878
I 0,5 336 (291 |291 |217 |504 |437 |437 |400 | 1006 | 873 872 860 2498 | 2178 | 2166 | 1367
0,25 336|291 |291 |213 |505 |437 |437 |374 |1009 | 874 874 839 2523 | 2185 | 2185 |2017
0,75 2223 | 2480 | 2457 | 1739 | 3210 | 3630 | 3532 | 2823 | 5777 | 6771 | 6287 |4081 | 11066 | 14082 | 11810 | 7538
111 0,5 2267 | 2510 | 2510 | 1589 | 3398 | 3765 | 3761 | 2653 | 6780 | 7524 | 7504 | 5880 | 16837 | 18768 | 18622 | 10261
0,25 2268 | 2511 | 2511 | 1482 | 3401 | 3766 | 3766 | 2718 | 6803 | 7531 | 7532 | 6197 | 17007 | 18824 | 18830 | 18549
0,75 3301 | 5737 | 3301 | 3564 | 4766 | 8407 | 4766 | 4494 | 85682 | 15723 | 85682 | 6147 | 16432 | 32899 | 16432 | 15753
5 7 5 0 4 3 4 7 0 1 2 4 2 2
v 0,5 3365 | 5804 | 3365 | 2657 | 5045 | 8702 | 5045 | 3853 | 10067 | 17374 | 10067 | 8905 [ 25001 | 43209 | 25001 | 17746
9 8 9 6 1 1 1 9 6 0 6 5 2 8 2 1
0,25 3367 | 5804 | 3367 | 2297 | 5050 | 8702 | 5050 | 4496 | 10101 | 17374 | 10101 | 1048 | 25253 | 43209 | 25253 | 31566
1 9 1 9 7 1 7 4 4 0 4 07 3 8 3 6

Smax : Level I — 615 MPa, Level 11— 520 MPa, Level 111 — 428 MPa, Level IV — 325 MPa. g, : Level I — 4,24'10'2, Level I1-2,22- 10'2,
Level II1 — 8,93:107, Level IV — 3,06:107.

N *- fatigue life calculated acc. 1* path, Eq. (13); N *- fatigue life calculated acc. 2 path, Eq. (14); N " - fatigue life calculated
acc. hybrid method, Eq. (15); N ** - fatigue life determined by means of programmed fatigue tests.

Tab. 3. Results of calculations of values of the correction factor a for C45 steel specimens under two-step load

No C45 steel a = New/Nopi
8. no1/ng = 0,75 ngi/ng = 0,5 ngi/ng = 0,25 ngi/ng = 0,1

of

| Sa

ite C as a ag d as a ay s ag a ay S ag a. ay

m

1 |2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0,75 10,9375 |0,52 0,7 0,7 0,875 10,8 1,09 1,09 |0,8125 [0,7 0,91 0,91 0,775 (0,44 |0,54 0,54

I 0,5 |0,875 ]0,6 0,83 0,83 10,75 0,8 1,1 1,1 0,625 10,85 1,15 1,15 10,55 0,5 0,68 0,68
0,25 10,8125 [0,62 0,93 0,85 10,625 (0,69 (0,96 [0,96 10,4375 (0,77 1,06 1,06 0,325 0,61 0,84 0,84
0,75 10,9375 10,62 0,71 0,72 10,875 10,84 10,95 10,96 10,8125 [0,7 0,77 0,79 10,775 (0,53 |0,55 0,59

o5 10,875 0,65 0,75 0,75 10,75 10,79 10,92 0,92 0,625 0,85 0,99 0,99 10,55 0,55 0,63 0,63
0,25 10,8125 [0,63 0,73 0,73 10,625 (0,74 10,86 |0,86 10,4375 |0,83 0,96 0,96 10,325 |0,8 0,92 10,92
0,75 10,9375 |0,78 0,7 0,71 0,875 10,88 (0,78 0,8 0,8125 10,7 0,6 0,65 0,775 (0,68 0,54 0,54

mr o5 10,875 10,7 0,63 0,63 10,75 0,78 0,7 0,7 0,625 10,87 0,78 0,78 10,55 0,61 0,55 0,55
0,25 10,8125 [0,65 0,59 0,59 10,625 10,8 0,72 |0,72 |0,4375 |0,91 0,82 0,82 10,325 (1,09 0,99 0,99
0,75 10,9375 | 1,08 0,62 1,08 0,875 0,94 0,53 (0,94 ]0,8125 |0,72 0,39 0,72 10,775 10,96 0,49 0,96

v 0,5 10,875 0,79 0,46 0,79 10,75 10,76 |0,44 |0,76 ]0,625 0,88 0,51 0,88 10,55 |0,71 0,41 0,71
0,25 10,8125 |0,68 0,4 0,68 10,625 (0,89 (0,52 [0,89 ]0,4375 [1,04 0,6 1,04 0,325 [1,25 0,73 1,25

Simax : Level I—615 MPa, Level 11— 520 MPa, Level III — 428 MPa, Level IV — 325 MPa. g, : Level I - 4,24'10'2, Level 11— 2,22'10'2, Level IIT —

8,93:107, Level IV —3,06'10°.
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Tab 4 shows results of the calculations and tests for
fatigue life of specimens under ten - step load. Values of
the correction factor a for different methods of fatigue life
calculations are given in columns: 7, 8 and 9 of this table;
their notation is the same as that used in Tab. 3.

Tab. 4. Collected results of calculations and tests for fatigue life of
specimens of C45 steel under ten - step load , and values of the
correction factor a in PM hypothesis

i;:: fams | NC NS NSNS g EN ay
1 2 3 4 5 6 7 8 9
615 |424107 [ 323 245 244 188 0,58 0,78 0,77
520 222107 | 1675 1542 1515 1036 | 0,61 0,67 0,68
428 89310° [ 11288 [ 13566 | 12129 [7506 | 0,66 0,55 0,62
35 [3,0610° | 167612 | 325742 | 167612 | 123509 | 0,74 0,38 0,74

ANALYSIS OF RESULTS OF CALCULATIONS
AND TESTS

As results from the data in Tab. 3, values of the correction
factor a are remarkably dispersed depending on a method used
for fatigue life calculations (acc. 1%, 2" and 3" path) and on
load conditions. In the subject-matter literature, may be found
only a few data concerning dependence of a-factor values on
the spectrum diagram factor { (variable load intensity) and
load values contained in the spectrum. Eq. (6) formulated by
Serensen may serve as an example of such attempt.

The further part of this analysis presents an attempt to
investigate dependence of values of the factorsa,a and a, on
load levels (I, II, IIl and IV) and values of the spectrum diagram
factor (, and also to experimentally verify the formula (6).

INFLUENCE OF LOAD LEVEL AND VALUE OF THE
SPECTRUM DIAGRAM FACTOR c

Exemplary data for the factor as , given in Tab. 3, are
presented in the coordinate frame ({, a), in Fig. 2.

~Level 1 °
- Level IT

- Level I
- Level IV

01 02 03 04 05 06 07 08 09 10

Fig 2. Diagrams of a - factor values calculated according to the formula (6)
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As results from these data, values of the factor a are contained
within the following ranges:
- from 0,44 to 1,15 for Level I (S, = 615 MPa;
3 =4,24-102),

acmax

- from 0,53 to 0,99 for Level II (S, = 520 MPa;
e =2,22107),

- from 0,54 to 1,09 for Level III (S, = 428 MPa;
e =893107),

- from 0,4 to 1,25 for Level IV (S__ = 325 MPa;
€ =3,06-107).

acmax

The a-factor values show no tendency to varying in function
of the spectrum diagram factor (.

Fig. 3 presents distributions of occurrence probability of
a-factor values for particular load levels, depicted in normal
distribution coordinate grid, whereas parameters of the
distributions are given in Tab. 5.
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Pic. 3. Distributions of occurrence probability of values of the factors: a,a_anda;,
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T
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and the joint distribution of (as+ a+ aH): a) —for load level I, b) - for load level II, ¢) - for
loadlevel I1I, d) - for load level IV.

As results from the data in Tab. 5 and the diagrams in Fig.
3 and 4, mean value of the factor a decreases along with stress
values increasing , in the range from 0,9283 to 0,658, value of the
factor ae increases along with strain values increasing, in the
range from 0,53 to 0,8992. Variability of the factor a , is the lowest
and only a little dependent on load level, and comprised in the
range from 0,7067 to 0,9286. It shows that the hybrid calculation
method is useful in the case when the loading belongs both to
LCF and HCF ranges.

As results from the data given in Tab. 5 and the diagrams in
Fig. 3and 4, the lower limit for values of the factors as,agand a,, is
equal to 0,5, that proves assumptions made for fatigue calculation
procedures ( e.g. FITNET procedures [6]) to be correct.

Tab. 5. Parameters of probability distribution of a-factor values for
particular load levels

Standard
Factor a; Mean value - Skewness Kurtosis
deviation
a 0,6583 0,1262 -0,1509 -1,1112
a; 0,8992 0,1815 -0,4812 -0,5981
Level |
ay 0,9267 0,2399 0,7908 1,5169
a=asta tay 0,8167 0,1997 0,0143 -0,9513
a 0,7108 0,1090 -0,2816 -1,3840
a; 0,8117 0,1362 -0,4382 -0,9255
Level Il
ay 0,8183 0,1299 -0,3338 -1,2250
a=atastay 0,7798 0,1343 -0,1429 -1,065
a 0,7875 0,1289 0,8982 0,9138
a; 0,7017 0,1249 0,7902 0,6932
Level llI
ay 0,7067 0,1233 0,7514 0,7305
a=atastay 0,7348 0,1283 0,7424 0,4617
a 0,9283 0,2615 2,1647 5,7703
a; 0,5300 0,1556 2,3016 6,3149
Level IV
ay 0,9283 0,2615 2,1647 5,7703
a=a,ta tay 0,7959 0,2987 1,2584 2,5523
Results of the tests under 10-step load conditions
a=astastay 0,6483 0,1077 -1,1501 1,8387
0,999
0,99
0,98
0,95
0,9
0,8
0,7 /
{
0,5
0,4 ﬁ *
0,3 lad
02 /4
0,1
0,05
L]
0,02
0,01 a
0,4 0,6 0,8 1,0

Fig. 4. Probability distribution of values of the factor a = a_+a_+a  for
ten-step load conditions

EXPERIMENTAL VERIFICATION OF SERENSEN
FORMULA

The Serensen’s formula (6) takes into account influence of the
spectrum diagram factor { and load level on magnitude of the factor
ain the modified PM hypothesis. As results from the form of the
formula, value of the factor a increases along with the spectrum
diagram factor {and load level increasing . These relations have not
found any confirmation in the test results analyzed in this work.
The conclusion isillustrated in Fig .2 where results of the tests and
calculation of the factor a were used as an example.
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As results from Fig. 2, for low values of the factor { ( which
most often occur in service loads of structural elements) the
calculation results for the factor a greatly differ from these
experimental, likewise in the case of high values of the factor
{, where the calculation results of the factor a bring values
much greater than experimental ones.

Another disadvantage of the discussed formula (6) is that
negative values of the factor a (a < 0) may arise in the case when
value of the factor ¢ <k-X=- | which takes place at low values
of S (usually occurring’in HCF range ).

A CONCEPT OF DESCRIPTION OF MAGNITUDE OF

THE CORRECTION FACTOR A

The below proposed concept of description of magnitude of
the correction factor a in PM linear summation hypothesis of
fatigue failures, consists in determining such variability ranges
for the factor a, which would make it possible to delineate
a domain for safe calculation results.

The empirical formula (19) which describes a lower limiting
line for the set of experimental data, was developed on the basis
of the test results given in Tab. 3. Values of the factor a, which
lay below the limiting line, provide, as a result of calculations,
a fatigue life which is lower than that experimentally obtained,
therefore this result lies in the safe calculation domain.

The form of the above mentioned formula is as follows:

a,=A-S,.. ¢ +a, (19)

where the constants: A and d are experimentally determined,
whereas value of a  represents a lower limit for the results
predicted on the basis of experimental data or literature
sources.

Such data, for the case of tests and calculations
according to stress approach, described in this paper, are the
following: A =1,3;d =-4,3and a, = 0,5.

Fig. 5 shows a graphical illustration of the formula (19)
for the data taken from the calculations and tests of the
factor as. Similar analysis may be performed for values of the
factors ae and aH. Tab. 6 contains comparison of results of the
calculations for the factor as according to the formulae (6) and
(19). As results from the comparison, values of the factor as
significantly differ both in relation to Samax and the factor (.

as
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1. \ 'y ° 2
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Safe calculation domain
0.2 N B E—
ccal cex C
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Fig. 5. Limiting lines for experimentally determined values of the factora_
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Tab. 6. Collected calculation results of the factor a, according to Eq.

(6) and (19)

No. | S, ¢ Acc.
03 | 04 | 05| 07 | 09 | Ea

1. | 615 | 018 | 0,29 | 0,41 | 0,64 | 0,88 | (6)
2. 0,88 | 0,61 | 0,54 | 0,51 | 0,50 | (19)
3. | 520 | 0,15 | 0,27 | 0,40 | 0,64 | 0,88 | (6)
4. 0,95 | 0,63 | 0,55 | 0,51 | 0,50 | (19)
5. | 428 | 0,02 | 024|037 ] 062|087 ]| (6
6. 1,04 | 0,66 | 0,56 | 0,51 | 0,50 | (19)
7. | 325 | 0,03 | 017 | 0,31 [ 0,59 | 0,86 | (6)
8. 1,2 | 071 | 058 | 0,52 ] 0,50 | (19

CONCLUSIONS

1. No unambiguous recommendations concerning
modification of LHSUZ hypothesis may be found in literature
sources, including procedures for fatigue calculation of ship
structures.

2. As results from experimental verification of the linear
summation hypothesis of fatigue failures, the original form
of the hypothesis (acc. Palmgren and Miner) provides, as
a result of calculations, much higher fatigue life than that
experimentally determined; such result lies in unsafe fatigue
life domain.

3. Effectiveness of fatigue calculations may be improved by
implementing the correction factor a in the linear summation
hypothesis of fatigue failures. Lack of any method for assessing
its magnitude makes its application difficult. The data searched
from literature sources in which values of the factor a have
been analyzed, are ambiguous, and in the extreme cases they
show values from 0,1 to 10.

4. Asresults from the analysis presented in Subsection 4.2,
the Serensen’s formula (6), in case of C45 steel, does not comply
with the experimental data over the whole variability range
of the spectrum diagram factor {, and in the extreme case of
low ( - values, value of the factor a lies below zero, which is
completely pointless.

5. The concept of delineation of alower limiting line for the
magnitude of the factor a (described in Subsection 4.3) makes it
possible to conduct calculations in the safe fatigue life domain
by choosing an appropriate value of the correction factor a.

6. Analysis of distributions of a - factor values indicates
that the value a = 0,5 which is assumed in the calculation
procedures [6], corresponds to alow probability (P < 0,05) of
the exceeding, in calculations, of experimentally determined
fatigue life.

7. On the basis of the analysis of the distributions of
a - factor values achieved according to stress approach (a),
strain approach (a ) and hybrid one (a,), respectively, it may be
concluded that results of the fatigue life calculations according
to the hybrid method are the nearest to experimental test
results. Moreover, the calculation results of the factor a, show
the smallest spread and are most close to 1,0 within the whole
variability ranges of loads and the spectrum diagram factor (.
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NOMENCLATURE OF MAJOR NOTATIONS

D,. - fatigue failure corresponding to fatigue fracture,

D, - fatigue failure resulting from n load cycles,

a - correction factor in the LHSUZ - general notation,

a, - correction factor in the LHSUZ - at stress approach,

a, - correction factor in the LHSUZ - at strain approach,

a, - correction factor in the LHSUZ -at hybrid approach,

k - number of load steps in a load program,

1 - number of load steps in a load program of LCF range,

N - number of load cycles up to fatigue damage under sinusoidal load — general notation (fatigue life),
N, - fatigue life expressed by number of load cycles, determined in programmed load conditions,
N, - number of load cycles up to fatigue fracture read from Manson-Coffin fatigue diagram for the total straine_,
N, - number of load cycles up to fatigue fracture read from Wohler diagram for the stress amplitude Sai,
N, - basic number of load cycles corresponding to fatigue limit,

n, - number of load cycles within the load program period,

n, - number of cycles in 1% step of load program within its period,

n, - number of cycles in ith step of load program within its period,

R=S_ /S - stress ratio,

R, - yield stress, MPa,

R - tensile stress , MPa,

S - stress — general notation, MPa,

S - maximum stress in sinusoidal load cycle, MPa,

S.. - minimum stress in sinusoidal load cycle, MPa,

S,=0,5(,,-S,..) - stress amplitude in sinusoidal load cycle, MPa,

S =05, +S_.) - mean stress in sinusoidal load cycle, MPa,

€. - total strain,

€ . - mean strain,

¢ - spectrum diagram factor,

A - number of program period repetitions up to fatigue fracture,

LCF - low-cycle fatigue,

HCF - high-cycle fatigue,

S - fatigue limit determined under oscillatory sinusoidal load conditions (R =-1),

A d,a - constants in Eq. (19).
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