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ABSTRACT

geveral biaxial fatigue theories are evaluated and the concept of fatigue
equivalent uniaxial stress is applied. The approach is illustrated in a
practical welded beam example, using previously published fatigue data. These
fatigue data were obtained from test beams with different web reinforcement
details.

The derivation of the fatigue equivalent uniaxial stress cycle based on the
modified maximum range of shear theory provides a conservative design tool
that has been demonstrated to satisfactorily correlate fatigue data from dif-
ferent regions of a welded beam. It is recommended for use in nominal stress
design approaches as a practical means of making short-range extrapolations
from existing data.
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INTRODUCTION

A number of theories and design guidelines have evolved over the 4ears for the
treatment of fatigue resulting from multiaxial loading [1-5], yet the great
bulk of data is still for uniaxial loading. These guidelines range from
simple nominal stress methods to more elaborate cyclic local strain methods
with associated nonlinear stress analyses [6,7]. The practical designer, how—
ever is still largely dependent on uniaxial nominal stress concepts and the
related body of stress data (0-N curves and Modified Goodman Diagrams) for
many typical fabricated structural details. The current design guidelines [8]
for the fatigue analysis of freight car structures in North American inter-
change railroad service describe such an approach.

In the fatigue design evaluation of conventional welded steel structural com-—
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ponents, the designer tries to make use of fatigue '"properties' which are de-
rived from tests of structural weldments, subjected primarily to bending or
axial loads. However, in most applications the loading is multiaxial. Fur-
thermore, even with single loading on a component, the state of nominal stress
can be biaxial in the fatigue critical locations.

To handle this problem rationally and to use the conventional fatigue data
base, the concept of fatigue equivalent uniaxial stress is used and several
biaxial fatigue theories are evaluated. The approach is illustrated in a
practical welded beam example, using previously published fatigue data [9,10]
which were obtained from test beams vwith different web reinforcement details.
The existing fatigue data are extrapolated from one region of a beam to anoth-
er, where the state of nominal stress is different, although the local stress
concentration and weld details are similar. Furthermore, the study is re-
stricted to in-phase loading, since stress biaxiality arises in this case from
a single load source. It is hoped that this modest data correlation exercise
will provide the designer with a demonstrated guideline for solving the more

general problem of structures subjected to externally applied combined loading.

FATIGUE EQUIVALENT UNIAXIAL STRESS

A designer often uses a Modified Goodman Diagram to determine the fatigue
limit for a specific design detail and stress ratio R (=0pip/Opay) under a
uniaxial stress state. This fatigue limit denotes the maximum stress, Opgy,
which may be applied to the detail for an infinite number of times at that
stress ratio, without producing a fatigue failure. The application of maximum
stresses of any larger magnitude, if applied often enough, would eventually
result in a fatigue failure of the part:

Omax = b + m Opi, (1)

where b is the fatigue limit at R = ( and m is the slope of the Goodman line.

On expressing Eq. (1) in terms of alternating stress, Oa[=(Opayx—Opiny)/2] and
mean stress, Op[=(Omax+Omin)/2], one gets:
b/(14m) = 0a + [(1-m)/(1+m)]0om = Teq (2)

where Oeq is the amplitude of the fatigue equivalent uniaxial stress for
completely reversed loading.

The fatigue strength of a component subjected to combined stresses is investi-
gated by expressing several fatigue failure criteria in terms of Oeq and m.
Fatigue failure criteria for combined stresses are based on physical concepts
of failure, similar to those used for static combined stresses, i.e., fatigue
failure under combined stresses is envisioned when a limiting normal stress,
shear stress or energy is reached which corresponds to the values at failure
under uniaxial fluctuating stress. In this study the following fatigue fail-
ure criteria are investigated:

1. Maximum Principal Stress [11]: The principal stresses vary so that their
maximum values are 0, and O,, respectively. The maximum principal stress theory
considers only the variation of the largest principal stress. Thus, for the
biaxial stress state, in which the largest principal stress varies from O to
o1, Eq. (2) becomes:

Oeq = 01/2 + [(1-m)/(14m)](01/2) py

2. Modified Maximum Range of Shear Stress [1]: This theory assumes that the
allowable amplitude of shear stress, T,, on the plane of maximum shear stress
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is equal to the fatigue equivalent amplitude of shear stress Teq, (on a

S har ) minus an influence factor,

slane for which the average normal stress is zero
i . times the average value of the normal stress, Opa, on the plane:

%)

Tg = Teq - k Ona

1 e ate n which he h T lane is erpendicu-
1 tat 1 ic t maximum shea P
the biaxial stress s N P P ; )

For
inr to the plate surface and the loading varies from zero

can be written as:

Teq = (01-02)/4 + k (01+02) /4 (3
£q. (5) can be rewritten in the same form as Eq. (2) by multiplying Eq. (5)
v two and using k = (1-m)/ (1+m) .
= 2Teq = (01-02)/2 + [(1-m)/(1+m)] (01+02)/2 (6)

This method uses the alternating
pressed as:

0éq
. Maximum Octahedral Shear Stress [12]:
octahedral shear stress, and for biaxial stresses can be ex
1 7
o 1(o?, - 2 32 4 o(o 40 _.)/2V2 (7
084 = 3 (01 = 9a1%2%%2 PLOG ¥
where 044 = alternating component of the principal nomina} ftress, Opi = Cress
mean cogponent of the principal nominal stress, 0 = coefficient of mean str

i i i iaxi ess for
influence, oga = amplitude of the fatigue equivalent uniaxial str

completely reversed loading.

by denoting p in terms of mas p = V2 (1-m)/(14m) and using Qai = 01{2 and
= 0i/2 for the zero to peak loading, Eq. (7) can be rewritten as:

0ég = O.S(Oi—o o +c§)lﬁ + [(1-m)/(14m) ] (ol+02)/2 (8)

172
iti =1 i d (8) refers
It can be observed that the condition for m=1 in Eqs. (3), (6)F2: a(nlmber e

ituation where the effect of mean stress is ignored. ;
;2e226wzigments this is a good approximation as recommended by Fisher giB].
Generally, however, m will be a function of the number of cycles tolfal ;Ei;s)
The dependence on mean stress at low to moderate stress levels éorb ong .
is, nevertheless, slight as demonstrated by the success of the Gerber pa
bola [12] in fitting fatigue data in the region of low mean stress.

Omi

TEST DATA

The data used in the analysis were obtained from tests éondu?ted at t?e U?i;
versity of Illinois and reported earlier [9,10]. The dlmenslo?s of E e mi.ca_
steel fabricated beam specimens, location of stiffners, and poln?s of apg i
tion for loads are given in Fig. 1. The weld details are shown in Fig. .n_
Type B refers to continuous 3/16 in. welds, whereas Type C r?fer§ to n;ncowa
tinuous or intermittent 3/16 in. welds. The loads were applied in such a y
as to subject the flanges of the specimen to cycles of flexural stress.

f the test results and the values of the principal

B e el Ay crack, based on data

stresses computed at the point of initiation of the
from Munse [14].

ANALYSIS OF DATA

The fatigue equivalent uniaxial stresses were calculated using ths t?rf? e
fatigue failure criteria mentioned previously. These values’of_t E ahlier
equivalent uniaxial stresses for m = 1 have been ?1otFed agalzst g E nu$he
of cycles for failure recorded during the tests, in Figs. g, an .
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least squares best fit straight line is drawn through the individual data
sets. 1In deriving this "best fit", the data point corresponding to failure in
tﬁe compression web was ignored. As may be observed from a comparison of
Figs. 3, 4 and 5, the maximum range of shear theory appears to do the best job
of bringing the fatigue results of both B and C beam types into coincidencéﬂb

Another method of checking the ability of various theories to correlate
fatigue data from different biaxial stress states is to derive the fatigue
prop?rties based on one set of data and then predict the cycles to failure
for individual tests from the other set. For this purpose the data for the
Type C beams, for which there are nore tests, were used to obtain the fatiruu
properties, b and k used in conventional stress-life equation ¢

N = Ne (ce/o)t/® )
whefe Ne is the endurance limit, usually taken as 2,000,000 cycles, Og is the
fatigue limit or stress which produces failure in Ng cycles, k is ;heeabso— v
lute value of the slope of the log 0 - log N diagram. ’

The fatigue limit may be expressed in terms of the limit for O to tension
cycling, b, the stress ratio, R, and the slope of the Modified Goodman Dia-
gram as:

Ce = b/(1-mR) (10)

F?om Type C data on the 0-N diagrams of Figs. 3, 4 and 5, the fatigue proper-
ties k and 0e or b (fatigue strength at 2,000,000 cycles) were obtained from
a l?ast squares linear regression znalysis and tabulated below for the three
fatigue theories.

Theory ge k
Maximum Principal Stress 18.60 0.19
Modified Max. Range Shear Stress 28.20 0.22
Maximum Octahedral Shear Stress 24.86 0.22

A comparison of the corresponding predictions for the three theories versus
the observed cycles to failure for the type B beam specimens is provided in
Table 2. The mean and standard deviation of the difference of predicted minus
observed cycles to failure were calculated and included in this table. Again
the maximum shear range theory appears more satisfactory in that the mean di%—
f?rence in prediction and observation is smaller. Overall, the maximum prin-
iiszi :ﬁ;ss:bgzigzg.ls the least conservative; that is, it predicts longer

GENERALIZATION

In order to gain a better understanding of the mean stress effect and perform-
anc? of the fatigue criteria in general for beam type structures, the fatigue
equivalent uniaxial stresses from Egs. (3), (6) and (8) are expréssed in terms
of nominal bending and shear stresses at the web failure location.

Since o1 = (0/2) (1+/1+n?) (11)
and g, = (0/2) (1-v1+n?) 12)
where 0 = nominal bending stress at the failure location and n = 2t/0, T =

nominal shear stress at failure location On substit
. uting Egs. (11 d
into Eqs. (3), (6) and (8), one gets g Egs. (11) and (12)

2(0l/0) = (1+/1+n*)/(1+n) (13)

T

& = 1.0,
wuient uniaxial stress for any location in the beam when the nominal bending

el
e maximum principal stress theory becomes increasingly unconservative as

4he amount of shear in the biaxial state increases.
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2(0gq/o) = T2 + (1-m)/(1+m) (14)
2(cg4/0) = 140.75n2 + (1-m)/(1+m) (15)

44usu¢ equations have been plotted in Fig. 6 to show the relationships between

+lized fatigue equivalent uniaxial stress and normalized shear stress for
Fig. 6 is convenient for design purposes to obtain the fatigue equi-

<hear stress are known at that location. It may be seen in Fig. 6 that

DISCUSSION

~ in the original presentation of these fatigue data Munse [10] noted that all

t1¢ test beams had about the same total flexural resistance. However, he
.huerved that the web failures initiated at locations where the flexural
.tress was considerably below the maximum. He also observed that the cracks
seemed to propagate in a direction perpendicular to the maximum principal
tensile stress and, therefore, concluded that the maximum principal tensile
.tress or normal stress at the failure location would correlate the data
t.etter than the maximum flexural stress at the failure section.

while it is true as Munse stated that “"one should take into account the effect
+f shear upon the principal tensile stress in the web of the member' [10], it
{+ believed that the modified range of shear or octahedral shear theory is
wore suitable for conservative prediction of fatigue initiation than the
wiximum principal stress theory.

CONCLUSION

The derivation of the fatigue equivalent uniaxial stress cycle based on the
modified maximum range of shear theory provides a conservative design tool
that has been demonstrated to satisfactorily correlate fatigue data from dif-
ferent regions of a weld fabricated beam. It is recommended for use in nomin-
al stress design approaches, not as a fundamental new theory, but as a practi-
cal means of making short range extrapolations from existing data for fatigue
crack initiation in representative weldment details.

This approach takes into account the important nominal biaxial stress range
differences that may exist from one fatigue-critical location to another.
However, its implementation still depends on crack initiation data from con-
ventional tests with similar weldment details and materials wherein the local
stress concentrations are basically equivalent. It is not offered as an al-
ternate or replacement method for the more advanced crack initiation predict-
ijon techniques. The advanced techniques are dependent on calculated or
measured local strains and are used to extrapolate fundamental fatigue proper—
ties to new structural configurations.

The success of a biaxial fatigue theory based on the maximum range of shear
stress in correlating fatigue crack initiation data should not be surprising
in view of much fundamental research relating the plastic slip mechanisms of
fatigue crack initiation to the critical range of reversed shear. However,
analysis of the stages of fatigue involving crack propagation would require
additional fracture mechanics consideration that is beyond the scope of this

paper.
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