Acta Mech 227, 3261-3273 (2016) @ CrossMark
DOI 10.1007/s00707-015-1542-9

ORIGINAL PAPER

Marco Antonio Meggiolaro - Jaime Tupiassi Pinho de Castro -
Hao Wu

Generalization of the moment of inertia method to
estimate equivalent amplitudes for simplifying the analysis
of arbitrary non-proportional multiaxial stress or strain
histories

Received: 31 December 2014 / Revised: 22 July 2015 / Published online: 16 January 2016
© Springer-Verlag Wien 2016

Abstract Several models have been proposed in the literature to account for fatigue damage under multiaxial
load histories. Most of them require some measure of an equivalent stress or strain amplitude, in the sense of
causing the same damage as the original history, which may be difficult to obtain for generic non-proportional
multiaxial variable amplitude load histories. To identify individual load cycles, a multiaxial rainflow-like
algorithm must be employed. For each rainflow-counted cycle, the equivalent stress or strain amplitude along its
path is often computed using the so-called convex enclosure methods, which find minimum spheres, ellipsoids,
or rectangular prisms that contain the load path in a deviatoric stress or strain space. However, such procedure
involves information loss, in special if the path shape is very different from the shape of the enclosing convex
surface, resulting in poor estimates of equivalent stress or strain amplitudes. To overcome this problem, the
moment of inertia (MOI) method has been proposed in Meggiolaro and Castro (Int J Fatigue 42:217-226,
2012) to calculate equivalent amplitudes and mean components of two-dimensional stress or strain paths,
generated, e.g., by tension—torsion or biaxial histories. In this work, the MOI method is extended to deal
with generic 6D stress or strain paths, which include all normal and shear components. To accomplish that,
the load history path is first represented in a 5D deviatoric stress or strain space and then assumed to be a
homogeneous wire with unit mass, whose perimeter centroid is used to estimate the location of the path mean
component. Then, the polar moment of inertia (PMOI) of such a hypothetical wire with respect to its mean
component is calculated. The PMOI represents the distribution of the path about a single point, the perimeter
centroid, giving a measure of how much the path stretches away from its mean component, which is used in the
calculation of the equivalent amplitudes. Experimental results for 13 different multiaxial load histories prove
the effectiveness of the proposed method to predict equivalent amplitudes and multiaxial fatigue lives.

1 Introduction

Service loads can act on only one or on several points of a structural component, and they can be generated by a
single or by multiple sources, coherent or not. In general, such loads can cause bending, torsion, normal, and/or
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shear efforts, which when combined can induce multiaxial stress histories at critical points of the component.
Multiaxial fatigue deals with the initiation and/or the propagation of fatigue cracks under such general condi-
tions. Multiaxial fatigue load histories can be proportional or non-proportional. They are proportional when
the principal axes of the stresses and strains induced by them at the critical point, and thus their associated
maximum-shear planes remain fixed during their entire duration. On the other hand, non-proportional (NP)
loads induce principal stress/strain directions that change in time.

Consider for instance a tension—torsion problem where a shaft is loaded by a normal stress o, (f) in
the x direction combined with a shear stress 7,,(¢), where ¢ stands for time. When the shear and nor-
mal stresses are directly proportional, the ratio tyy(f)/0(¢) and the angle between oy and the x axis
01(t) = 0.5 - tan_l[thy (t)/ox(¢)] remain fixed for all ¢, and thus this simple multiaxial load history is
proportional. If 7,y (#) /0y (¢) and so 6 (¢) as well vary with time, then the loading is NP. The relative degree
of non-proportionality is quantified by the non-proportionality factor Fnp, which ranges from zero (for a pro-
portional history) to one (for a fully NP history). If all stress and strain components are periodic and have
the same frequency, they can also be classified as in-phase or out-of-phase. Both the in-phase and 180° out-
of-phase loadings usually have a fixed txy(¢)/0y(¢) ratio and induce proportional histories with Fxp = 0,

unless they do not cross the o, x rxy\/g plane origin, when they are NP because they then have a variable
Tyy (1) /oy (t) ratio. The 90° out-of-phase loading, on the other hand, always results in an NP history, with Fnp
depending on the ratio between the shear and normal amplitudes. Experimental evidence in tension—torsion

histories indicates that the maximum Fnp = 1 value is achieved when the von Mises stress ‘/03 + 312 is

Xy
fixed along the load path, e.g., for sinusoidal 90° out-of-phase loadings with equal amplitudes for o, and
/3.

Materials can be divided into two main classes regarding their multiaxial fatigue damage mechanism,
namely directional- and distributed-damage materials. Directional-damage materials, like most metals, fail by
fatigue due to a single dominant crack in a so-called the critical plane, whose direction must be determined
using damage models that take into account the stress and strain histories projected onto it. For such materials,
it is usual to neglect fatigue damage eventually induced on other planes, assuming that it does not interact
nor affect the crack initiation process on the critical plane and thus that multiaxial fatigue damage can be
calculated based only on the normal and shear stress (and/or strain) histories acting on the critical plane. The
search for the critical plane direction can be performed using the critical-damage approach, see, e.g., [2] for
details.

Distributed-damage materials, on the other hand, fail by multiaxial fatigue due to distributed mechanisms,
which may cause, e.g., multiple cracking in concrete or cavitation in ductile metals under high loads. Fiber-
reinforced composites fail by distributed mechanisms as well, because fiber rupture happens along their multiple
directions, so they usually need to be described by anisotropic damage models. Moreover, even though multiple
cracks in concrete and fiber rupture in composites can happen in several different directions, all of them
can contribute altogether to the accumulated damage in such materials, and in addition to the decrease or
loss of their stiffness. Consequently, there is a significant interaction among damage mechanisms acting on
different planes or directions in distributed-damage materials, as opposed to what happens in directional-
damage materials. Fatigue calculations in distributed-damage materials usually involve some invariant like
the von Mises equivalent stress or strain and the hydrostatic component, which can mix stress and/or strain
contributions in all directions into the calculation of multiaxial damage, without assuming a preferential plane.
Alternatively to invariant-based approaches, models based on continuum damage mechanics principles explore
the material stiffness loss caused, e.g., by multiple cracks or voids to try to predict fatigue damage accumulation
induced by variable uniaxial or multiaxial loads.

Multiaxial fatigue predictions are not trivial problems. On the contrary, they can even become quite chal-
lenging for general NP load histories, particularly when they induce elastoplastic (EP) stresses and strains, due
to at least 5 potential issues involving:

1. Stress—strain relationships: Uniaxial stress—strain curves such as Ramberg—Osgood cannot be directly
applied to multiaxial problems. Approximate models have been proposed to calculate the relations between
the 6 stress and 6 strain components induced by proportional load histories. However, a much more
complex approach involving suitable incremental plasticity algorithms is required for proper modeling
NP histories, and in such cases the stress—strain solution must be obtained from the integration of a set of
differential equations;

2. NP strain hardening: Some materials can strain-harden much more than it would be expected from the
uniaxial cyclic o e curve when subjected non-proportional (NP) multiaxial cyclic loads. This phenomenon,
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called NP hardening, cross-hardening, or additional (NP) strain hardening, depends on the load history,
through the NP factor, and on the material, through the additional hardening coefficient 0 < anp < 1.
NP hardening is usually modeled using the same exponent /. from the uniaxial cyclic Ramberg—Osgood
curve, assuming that it does not vary while the hardening coefficient is gradually increased from H, to
Hnp, and the NP hardening coefficient associated with NP multiaxial loads Hxp = H, - (1 4+ anp - FNp).
Under NP loads, the ratio Ao/ Ae between the stress and strain ranges in such materials gradually increases
at every cycle, a phenomenon called NP hardening or additional hardening. This effect can significantly
decrease the fatigue life of components subjected to strain-controlled load histories;

3. Damage calculation: Traditional SN and ¢N curves, measured under proportional loading, cannot be
directly employed in NP histories, because the variation of the principal directions may change the crack
initiation plane and, therefore, the associated fatigue lives;

4. Cycle counting: The traditional rainflow counting techniques cannot be applied to variable amplitude NP
loadings, because the peaks and valleys of each stress or strain component in general do not coincide
with the peaks and valleys of the other components, becoming impossible to decide a priori which points
should be considered as load reversions; and

5. Stress and strain concentration factors: K, and K, are equal under uniaxial linear elastic (LE) loads in
plane stress (pl-o), but usually K, # K, under multiaxial loads, even if LE and pl-o. Moreover, even
uniaxial nominal loads can induce multiaxial NP histories at notch tips in the EP case, due to triaxial
stresses around them and to the difference between the elastic and plastic Poisson ratios (the elastic
Poisson ratios for metals, typically within 1/4 < vg = v < 1/3, are significantly smaller than their
plastic Poisson ratio vy = 0.5, since plastic strains conserve volume while they cause no cavitation.)

This work addresses some practical problems related to issues 1 and 2, since the proper identification of
equivalent stress or strain ranges and peaks within a generic NP load history is a necessary step for apply-
ing most multiaxial fatigue damage models. Indeed, they are the main driving force for crack initiation, a
process that depends on the stress range and usually is affected by the peak or mean components as well
[1]. Moreover, these equivalent ranges must take into account the shape of the load history in a stress or
strain diagram (like the o, x ‘L’xy\/g plane for tension—torsion loads), since it can much affect fatigue damage
under multiaxial loads. Indeed, it is well known that a circular out-of-phase tension—torsion load path may
have a much more damaging effect than a proportional straight tension—torsion path with the same extreme
values [2]. However, generic multiaxial loading conditions, which in each load event may involve variations
of 6 stress or strain components, are not that easy to deal with in practical applications. The objective of
this work is to propose a model that can be efficiently applied to estimate equivalent amplitude and mean
stress or strain components in such cases and that can be relatively easy implemented in suitable computer
codes.

To do so, first the 6D applied stress or strain history must be represented in a much more efficient transformed
5D deviatoric stress space Esg (for stress histories) or strain space Es, (for strain histories). These 5D deviatoric
spaces represent the stress and strain states using the 5D vectors s and €', defined as

S =[s158535455]7 and & =[e) ere3eqes]”

0y +0; 0y —0;
S| =0y — yi Lo, = ’T«/g, 53 = 'L’xy\/g, S4 = TeV/3, 55 = ‘L’yzx/g (1)
el =&y — 8“‘)282, e = 6“‘;82 V3, e3 = y%«/g, eq = VEZ V3, es = %«/3

Such deviatoric spaces are advantageous over the original 6D stress or strain spaces needed to describe
generic multiaxial loads because their Euclidean stress and strain norms |s’| and |¢’|/(1 + ) are equal to the
von Mises equivalent stresses and strains opgises and enMises, where v is a so-called effective elastoplastic Poisson
ratio that considers the contribution of the elastic and plastic stress or strain components, which are associated
to ratios ve] and to 0.5, respectively.

Several convex enclosure methods have been proposed to calculate equivalent stress or strain ranges
and mean loads using deviatoric sub-spaces similar to the ones defined in Eq. (1) [3—12]. However, their
shortcomings become evident when they are applied to more complex non-convex multiaxial load history
paths, as explained in detail in [1]. To overcome most of those shortcomings and thus better estimate these
equivalent ranges and means for general multiaxial NP histories, the MOI method has been proposed in [1],
originally in its 2D formulation.

In the MOI method, the stress or strain path in the 5D deviatoric spaces is assumed to be analogous to a
homogeneous wire with unit mass, whose center of mass (centroid) is used to estimate the location of the mean
component of the load path. Then, the polar moment of inertia (PMOI) of such hypothetical wire with respect
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Fig. 1 Stress path of a 2D tension—torsion load history in the deviatoric s; x s3 diagram (/eff) and its corresponding strain path
in the ey X e3 diagram (right), both assumed as homogeneous wires with unit mass

to its centroid is calculated, which gives a measure of how much the load path stretches away from its mean
component. The path-equivalent range of the true stress or strain path is finally calculated as a function of this
PMOI, which is a physically sound approximation, since paths with larger amplitudes would be associated
with wider wires with increased PMOI. The original 2D version of the MOI method is detailed next, and then
it is extended to deal with generic 6D multiaxial loading conditions in the following sections.

2 The MOI method for 2D multiaxial load histories

Before generalizing the MOI method to deal with generic 6D multiaxial loading histories, lets formulate it
to calculate the equivalent range and mean components of simpler elastoplastic tension—torsion 2D histories
with stress paths that can be defined by the normal and shear components o, and 7,y. Since in such cases

Oy =0, = Ty; = Ty; = 0, while yy; = yy, =0and ey, = &, = —V - &, it follows that
s1 =0y, s2=0, S3Efxy~/§, 54=0, s5=0, ()
&y +¢& &y — &
elzsx—%zsx~(l+\_)), e = yz V3 =0, e3z%\/§, es = es = 0. (3)

Since only s1, 53, €1, and e3 are different from zero, the stress or strain paths of such tension—torsion
histories can be represented in 2D deviatoric stress or strain diagrams s; X §3 = oy X rxy«/g ore; X e3 =
[ex - (1+D) x yxy\/g/Z], as shown in Fig. 1.

The MOI method assumes that such 2D load paths, which are represented by a series of points (sy, 53)
or (eq, e3) that describe the deviatoric stress or strain variations along it, are analogous to a homogeneous
wire with unit mass. The mean component of the path is assumed to be located at the center of gravity of
this hypothetical homogeneous wire shaped as the load history path. This center of gravity is located at the
perimeter centroid (s1,,, S3m,) Or (€1, €3,,) of the stress or strain paths, calculated from its contour integrals

S = <1/ps>-/s1 AT s = (1/ps>-/s3 (G, py =/|d5’|, 4
e = <1/pe>~/e1-|dz’|, e =<1/pe>-/e3-|dz/|, pe=/|dé’|, s)

where |ds’| and |dé’| are the lengths of infinitesimal segments of the stress and strain paths, while p; and p,
are the respective path perimeters, see Fig. 1.

Note that the perimeter centroid is in general different from the area centroid, which would be the center
of gravity of a uniform density sheet bounded by the shape of the closed load path. The reason to choose the
perimeter centroid instead of the area centroid to locate the mean component of the load paths can be readily
seen in the simple example illustrated in Fig. 2.

In this example, note that the right portion of the stress or strain history has almost zero area, and hence it
allows the area centroid AC to be located approximately at the origin of the diagram, which is not a physically
reasonable analogy for the mean load associated with such an asymmetrical load path. The perimeter centroid
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€j or §;j
path...{.

AC

Fig.2 Stress or strain path represented in the deviatoric sub-space s; x5 ore; x e of the Es; and Es. spaces (with1 <i < j <5),
whose positive mean component is much better estimated from the perimeter centroid (PC) than from the area centroid (AC)

PC, on the other hand, gives a much more reasonable estimate of the mean component of such stress or strain
path.

Note, however, that (s1,,, $3,,) and (ey,,, €3,,) are the mean components of deviatoric stress or strain paths,
so to compute the actual mean stresses and strains it is necessary to include the contribution of the mean
hydrostatic stress oy, and strain &p,, components, obtained after averaging the hydrostatic o5, and ¢, along
the original history through

onm = (1/ps) ~/Gh -1ds"] and  epm = (1/pe) -/8h -|dé’]. (6)

Since the tension—torsion history has hydrostatic components o, = o0,/3 = s1/3 (S0 Ohm = Sim/3)
and ¢, = (ex +&y+¢€;)/3 = &y - (1 —2v)/3 (0 epm = &xm - (1 —2v)/3), and deviatoric components
sy = 854 = 55 = 0 and ep = ¢4 = e5 = 0, it can be shown that

Oxm = Ohm + Stm * 2/3 = S1im Exm = Ehm + €1m + 2/3 = elm/(l_ +v)
Oym = Ozm = Ohm — s1m/3 =0 and Eym = Ezm = Enm — eim/3=—V" &xm @)
Txym = SSm/\/g, Tegm = Tyzm =0 Yxym = €3m - 2/\/3, Yzm = Vyzm = 0

As stated above, the MOI method calculates the equivalent range of a stress or strain path from the mass
moment of inertia (MOI) of a corresponding homogeneous wire with unit mass. But instead of using the Axial
MOI (AMOI) of the wire, which is calculated about a given axis, the Polar MOI (PMOI) is adopted instead,
since it represents the distribution of the load path about a single point, its perimeter centroid. The PMOI of
the stress or strain path about the perimeter centroid is then obtained from the contour integral of the square
of the distance r,, between each point in the path and the path centroid (see Fig. 1), resulting in

1 _ 1 ,
Iy=—- [ [s1 = stm)? + (53— s3a)] 1d5"| or — - [ [(e1 — erm)? + (e3 — e3m)?] -1dE'|.  (8)
Ps

Pe

2

2
m m

The path-equivalent ranges are assumed proportional to the radius of gyration of the path, which is equal
to the square root of the unit mass wire PMOI. This hypothesis is physically sound, since load history path
segments that are further away from its mean component contribute more to the path-equivalent range, in the
same way that the analogous wire segments further away from the path perimeter centroid contribute more to
the PMOI of its imaginary homogeneous wire. The path-equivalent stress and strain ranges become then

AoMises OF AéMises - (1 +V) = /12 - Ip‘ 9)

Note that the +/12 factor has been introduced in this equation to guarantee that a proportional loading
path, represented by two straight segments with length L and unit mass m = 1 (see Fig. 3), will result in the
expected range AoMises OF AéMises - (1 + V) equal to L,

I, =m-L*/12 = Aomises OF Abpises - (1 +7) =/12-1-L2/12 =L, (10)

since the MOI of a straight wire with respect to its centroid is m - L? /12, and m = 1 (because the wire that
represents the load path is assumed to have a unit mass).
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Fig. 3 Proportional, circular, and rectangular stress paths showing a full loading cycle
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For a circular load path with diameter L (see Fig. 3), I, is obtained from the PMOI of a unit mass ring,

Iy =m-(L/2)* = Aomises OF Asmises - (14+9) = /12 (1- L2/4) = LV/3. (11)

Note that this result differs from the estimates of most convex enclosure methods [3—12], which would
predict L./2 for the path-equivalent von Mises range in this case. But the higher L./3 range predicted by the
MOI method is physically more reasonable. Indeed, a square path with diagonal L (which is its longest chord)
also has a path-equivalent von Mises range L./2 according to most convex enclosure methods. However, it
is reasonable to assume that a circular path circumscribing such square, which would describe a 57 % larger
area in the load diagram, should result in a somewhat larger path-equivalent stress or strain range, e.g., 22.5 %
larger as predicted by the MOI method.

In fact, experiments with both circular and square multiaxial load paths with same longest chord L result
in significantly different fatigue lives, a difference that most convex enclosure methods are not able to predict.
Hence, the L./3 MOI prediction for the von Mises range of circular load paths can be claimed to be better
than the L./2 estimate obtained from convex enclosure methods.

To further exemplify the MOI method, lets now calculate the path-equivalent von Mises range for a
rectangular path with sides 2a and 2b centered at the origin, as shown in Fig. 3, setting i = 1 and j = 3
to represent a tension—torsion problem. Imagining such path as a homogeneous wire with unit mass, then its
perimeter in the deviatoric stress space s1 X s3 is p; = 4a + 4b. Each of the two horizontal path segments is
modeled as a rod with mass m, = 2a/ p,, while each vertical segment is a rod with m; = 2b/ p;, so that the
sum of the masses of all four rods is 2 - m, + 2 -mp = 2 - (2a + 2b)/ ps = 1, the unit mass condition required
by the MOI method. The longest chord of the path is the diagonal of the rectangular path, L = 2- (a> +b%)!/2.
From the loading path symmetry, the perimeter centroid (sy,,, s3,,) is located at the origin, and therefore, the
PMOI I, is the sum of the PMOI contributions of the four rods with respect to the origin. From the parallel
axis theorem [13], it follows that

_ (Qa+2b)°  (2a+2b)?

Iy =2 (maa®/3 +mgb®) +2 - (mpb*/3 + mpa®) = 7 5 (12)
D ———— —_— .
horizontal rods vertical rods *

and therefore

AoMises = \/12 S(2a+2b)2/12=2-(a +b), (13)

which is exactly the value predicted by the Maximum Prismatic Hull method [8], resulting in a ratio

AMol = Aomises/L = (a + b) /v a*> + b2, (14)

Note that the MOI estimates for the path-equivalent range are independent of the choice of the coordinate
system, since the path PMOI about its centroid depends only on its shape. So, the Aowises Of any rectangular
path with sides 2a and 2b estimated by the MOI method is always 2 - (a 4 b), even if it is rotated or its centroid
is not located at the origin of the diagram. The possibility of using the traditional properties of mass moments
of inertia to get hints about the behavior of multiaxial load histories is certainly an additional advantage of the
MOI method.

Moreover, from a practical point of view the MOI estimates for the von Mises range are quite simple to
calculate, especially for polygonal load histories. The moments of curved paths are also easy to calculate from
fine polygonal discretizations. In addition, the MOI method can make use of classical mass MOI tables or even
CAD programs that can be applied to arbitrarily shaped homogeneous wires to calculate 1,.
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Fig. 4 Polygonal stress and strain paths in the 51 X s3 and e; x e3 diagrams

To estimate von Mises ranges for polygonal multiaxial load paths by the MOI method, it is enough to
combine the PMOI of a straight wire segment with the parallel axis theorem. For instance, for a polygonal
stress path in the s; X s3 diagram, composed by straight segments with length |A§lf | centered at (S1mi, S3mi),
as shown in Fig. 4, the perimeter centroid (s1,,, $3,») and its PMOI I, for a full loading cycle are obtained in
a discrete formulation from the summations

Ps = Z lAS:z/" stm = (1/ps) - Zslm[ : |A§;|, s3m = (1/ps) - Zs3mi : |A§l/|’
L L 1
Ip = (1/ps) - ZUAS]P/12 4 (s1mi = s10)” + (s3mi = 53m)°1 - 1AS]. (15)
1

2
Tmi

Analogously, for a polygonal multiaxial strain path with side lengths | Aé! | centered at the point (e 1, €3i),
as shown in Fig. 4, the perimeter centroid (ey,, €3,,) and its PMOI [, for a full loading cycle become

pe =2 1861, eim = (1/pe) - 2 emi - |AE[l,  e3m = (1/pe) - 2 e3mi - |1AE]],
l 1 1
Iy = (1/pe) - SUAEP /12 + (eimi = e1m)” + (e3mi — e3m)’1 - |A]]. (16)
1

.2
T'mi

The path-equivalent von Mises stress and strain ranges can be then calculated from Eq. (9), and the mean
hydrostatic stress oy, and strain &y, are estimated from the mean hydrostatic components oy,,; and strain
enmi from each load segment i, using

Ohm = (1/ps) - D onmi - |AF]| and enm = (1/pe) - D enmi - |A]]. (17)

1 1

3 The MOI method for general 6D multiaxial load histories

In this section, the MOI method is generalized from its original 2D version to estimate the alternate and mean
components of any general multiaxial load path involving all six stress or strain components.

To start with, it is important to recall that the critical plane approaches, those needed to describe multiaxial
fatigue damage in most metallic alloys [14,15], require at most the calculation of the alternate and mean
components of a 2D shear stress or strain path, for mixed Mode II-III shear cracks that initiate at 45° from a
free surface, where the two shear stress or strain histories acting on the candidate plane should be combined
to find equivalent shear ranges. Thus, for the critical plane approach, only the 2D version of the MOI method
is required, applicable for materials that fail due to a single dominant crack.

But for materials that fail due to distributed damage, it is recommended to adopt a damage model based on
an invariant such as von Mises, requiring a 6D (and thus a 5D deviatoric) formulation. Therefore, multiaxial
fatigue damage models based on stress or strain invariants, such as Sines [16] and Crossland [17], need to find
the alternate and mean components of a general 6D stress or strain path under general NP loading conditions,
without any projection onto candidate planes, thus justifying the need to generalize the MOI method.
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Note that the original versions of the Sines and Crossland models include very primitive definitions of
equivalent ranges, which are only appropriate for very simple convex stress paths. To deal with more com-
plex stress (or strain) paths, improved invariant-based models have been proposed in the literature, such as
Papadopoulos’ [18] and Papuga’s [19] invariant-based models, which require the calculation of Novozhilov
integrals [20] to find out the equivalent ranges and damage parameters. Instead of requiring the calculation of
these computer-intensive integrals, the 6D MOI method could be used instead to find the equivalent ranges
and then applied to improved versions of Sines’ and Crossland’s models or other invariant-based methods.

When a 6D stress or strain path is represented in the 5D sub-space associated with 5" or &, the stress or
strain scalar quantities associated with its PMOI can be defined as

Ip=(1/ps) - /I - ds’| or Ip=(1/pe)- /Ie — &,1%-1de'], (18)

m

where |ds’| and |dé’| are the lengths of infinitesimal segments of the stress and strain paths, pg and p, are the
respective path perimeters, r,, is the distance between each point in the path and its centroid, and the mean
component 5/, or €, of the deviatoric path (located at its perimeter centroid) is given by

5, = (l/ps)«/:v'/ |ds’|,  ps E/|d§/| or e, =(1/pe) '/E/ -|d€'|,  pe E/|d2/|. (19)

Once again, to compute the actual mean stresses and strains, it is necessary to include the contribution
of the mean hydrostatic stress oy, and strain &y, calculated in Eq. (6). The actual mean stress and strain
components in the 6D Voigt—Mandel vectorial representation [21] become

om=(2/3)- AT -5}, + Gum and Ey = (2/3)- AT &, + Epm, (20)

where T stands for the transpose of a matrix, the transformation matrix A between the 5D and Voigt—Mandel’s
6D representation is

5 1 —12 —12 0 0 0 o
5 0 32 =32 0 0 0 o
V=|s3|=[0 0 0 32 0 0 /3| =Ad, 1)
54 0 0 0 0 32 0 szﬁ
Ky X
5 0 0 0 0 0 32 v |

A

and the 6D mean hydrostatic stress and strain components are given by

Ghm = 0hm - [111000]" and &pp = s -[111000]" . (22)

Similarly to the 2D version of the MOI method, if the PMOI I, is integrated along a full loading cycle,
then the path-equivalent stress or strain range also becomes

AoMises OF AeMises - (1 + ) = /12 1. (23)

Since the norm |s" — 5, | is equal to the relative von Mises stress between each point §” from the path and
the path centroid s, it is possible to interpret the MOI method for stress ranges as a root mean square (RMS) of
the relative von Mises stresses along the stress path with respect to its centroid. Analogously, the MOI method
for strain ranges can be interpreted as a RMS of the relative von Mises strains |é'/ - 2;n| along the strain path
with respect to its centroid.

This generalized MOI approach can be used in polygonal multiaxial history paths, which are useful for
computational calculations with discrete finite load increments. For a deviatoric stress path defined by polygon
vertices 5/, if each side i of the polygon has length equal to a finite stress increment |A§l’| and is centered at
the point A5} + 0.5 - A5/, then the MOI expressions for a full loading cycle are obtained from a generalized
version of Eq. (15):

ps = 2_1A5[], 55, = (1/py) - 2(5{ +0.5- A5)) - |As]],

1
Iy = (1/p0) - S [IASRN2 415 +0.5 - AT, — 5, 2] - 1431 @4
i
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Fig. 5 Square (left) and L-shaped (right) deviatoric stress paths for a full cycle

Analogously, for a deviatoric strain path defined by a polygon with vertices ¢, and side lengths equal to

finite strain increments }AZZ’.| centered at the points Aé; 4 0.5 - Ae;, the MOI expressions for a full loading
cycle become

pe =216, €, =(1/pe) 2. (& +0.5- A¢)) - |A¢],
1 1
- d . - 2
I, = (1/pe) - X [I1AE /12 + [€) + 0.5 - A€, — &), ] - | A€l (25)
i

i_

The path-equivalent von Mises ranges Aopises OF Aémises(1 + V) for each full load cycle are then calcu-
lated from Eq. (23). For 2D paths, this generalized MOI approach gives the same path-equivalent alternate
components as the 2D MOI method presented in the previous section, as expected.

To account for fatigue damage induced by complex NP multiaxial load histories with varying amplitude,
where full load cycles cannot be easily identified, or by histories composed by sequences of multiple half-cycles
with varying amplitudes mixed together, it is necessary to use a multiaxial rainflow-like algorithm [22,23],
which must be applied before evaluating the path-equivalent stresses and strains. Note, however, that the MOI
method has been defined for full cycles, whereas rainflow counts return half-cycles. So the MOI method needs
to be adapted to address half-cycles, as discussed next.

The main issue here is that the mean components (i.e., the centroids) s/, or €, of a full cycle might be
different from the centroids of each half-cycle. For instance, consider the two deviatoric stress paths A—B—
C-D-A shown in Fig. 5, describing a square and an L-shape load with sides 2a in an 51 x s3 diagram. If a
multiaxial rainflow count is applied to such paths starting at point A, two half-cycles are obtained in each
case, namely A—B—C and C—D-A. In both cases, from Eq. (24), the mean component E)/n , of each A—B—C path
is located at the upper L-shape centroid §;n , =1a/20a/20 017 (when represented in the SD Esg space),

making the PMOI I, = 0.83 - a® and generating the path-equivalent range Aoises = 3.16 - a. The very same
Aopmises = 3.16 - a is found in both path examples for the other half-cycle C—-D-A, where E,’n 4 represents the
centroid of this lower L-shape path segment, see Fig. 5.

However, when the PMOI is calculated over the full cycle A—B—-C-D-A, a larger value I, = 1.33 - a?is
found, and thus Aopises = 4 - a for the square path due to its mean component s/, at the diagram origin, while
the lower Aowmises = 3.16 - a only remains valid for the L-shaped path. Therefore, considering the square path
as two separate half-cycles would underestimate its path-equivalent range by more than 20 %, a significantly
non-conservative error that cannot be tolerated in practical applications.

One solution to this issue is to consider the mean component of a full cycle s, (or €,, for strain paths) in
the calculation of the I, integral, instead of the mean component of the half-cycle (5;,1 , and E;n 4 in the above
example). Therefore, Eq. (19) should be integrated along each full cycle (with perimeters p; or p,), instead of
each half-cycle, from which the PMOI I, and the path-equivalent ranges would be calculated using Egs. (18)
and (23).

However, rainflow-counted half-cycles do not usually pair up in cycles, especially in multiaxial NP histories.
If a full cycle cannot be identified, then the mean components s/, and €, should be calculated along a single
block of a periodic portion of the load history, or along the entire history if no periodic cycles or blocks
can be identified. Unfortunately, this heuristic approach is inherent to any path-equivalent stress or strain
method, since it is impossible to calculate on the fly the ranges and means of a half-cycle such as A-B-C
without considering the shape of the entire cycle A-B—C—D-A that will only be fully defined in the following
half-cycles. However, fortunately, this approximation leads to conservative predictions, since load ranges
calculated using the recommended 5, or €/, of the full-cycle centroid are always greater than or equal to the
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ones obtained using mean values at the half-cycle centroid, such as 57 , or 5/ , in Fig. 5. The proof for this
statement follows from the fact that moments of inertia achieve their minimum values at the centroid: The
PMOI of a half-cycle path is minimized at the half-cycle centroid, and thus the calculation at the (better)
full-cycle centroid would give a higher (more conservative) PMOI. These ideas are compared with concurrent
minimum ball and maximum prismatic convex enclosure predictions for the damage induced by several load
paths next.

4 Comparisons among the equivalent range prediction methods

MOI estimates of path-equivalent ranges are now compared with experimental results and with convex enclo-
sure predictions using thirteen tension—torsion periodic histories studied by Itoh et al. [24,25], shown in the
er xex=[ex-(14+V)x yxy\/?/Z] strain-controlled paths from Fig. 6 for Cases O through 12.

Although these 13 tests are all 2D, they are the best experimental results available in the literature and as so
can be used to compare the MOI with the other estimations methods. Fully 6D histories have not been found,
even because there is no commercial equipment available to apply and control them. Nevertheless, those 2D
multiaxial load histories can identify the shortcomings of equivalent range predictions, so they are appropriate
to evaluate them, as well as to confirm that the presented 6D formulation exactly reproduces the original 2D
MOI method for 2D tension—torsion histories.

For large plastic strains, where the effective Poisson ratio v = 0.5, this deviatoric strain diagram can be
approximated by the normal-shear diagram given by e x e3 = [e, - 1.5 X yxy«/g /2] = 1.5 (ex X yay /«/3),
which is usually scaled down in the literature to the equivalent &5 X yyy/ /3 diagram.

Note that each block of the periodic paths from Fig. 6 is usually associated with one cycle, except for Cases
1-4, which contain two cycles per block. The number of cycles associated with any stress or strain path can
be deterministically calculated using a multiaxial rainflow algorithm, such as the ones presented in [22,23].

Table 1 shows the predicted ratios A = Aewmises(1 + V)/L between the path-equivalent strain ranges and
the longest chord L of the path, according to the MOI, minimum ball (MB) [10], and Maximum Prismatic
Hull (MPH) [8] methods, compared to experimental measurements from [24,25] in a 304 stainless steel. These
ratios are calculated from Itoh’s experimental strain paths using Eq. (25) and then (23) for the MOI, and finding
the minimum ball and maximum rectangle that enclose such paths for the MB and MPH methods, as described
in [1].

This material is appropriate to identify the differences between the various equivalent range estimation
methods because it is particularly sensitive to non-proportional multiaxial loads (those that induce varying
principal stress directions, thus different fatigue damage in different planes that pass through the critical point,
as discussed in [2]). The conclusions from these MOI and convex enclosure prediction comparisons are:

TEXX

Case 0 Case 1 Case 2 Case 3 Case 4

' 1 1
0,

Case 5 Case 6 Case7 Case 8 Case 9 -
Case 10 Case 11 Case 12

Fig. 6 Strain-controlled tension—torsion paths e; x e3 = [ - (1 + D) X yyy V3 /2] used in the experimental validation of the
MOI method to predict path-equivalent ranges



Generalization of the moment of inertia method 3271

Table 1 Predictions of the ratios A = Aéewmises(1 + 1)/ L between the path-equivalent strain ranges and the longest chord L of the
applied deviatoric strain path according to the MOI, MB, and MPH methods for the 13 tension—torsion cases, calculated from
Itoh’s data

path/ A MOl MB MPH
Case 0 1
Case 1 1*
Case 2 1*
Case 3 1*
Case 4

1

1

1

1
v 1 [\e/]
Case 5 /1\ 1 /1\\

1

1

1

1

1

1

1

V2 as if
I g \ \.90° out

\2

l of phase

Case6 |/ 1.01 \
Case 7 1.03
Case8| 112 | /
Case 9 1.12
Case10) 2
Case 11|\ 1.263 /

Case 12 \ﬂy \1/ | a1/

good as if
predictions proportional

N\ [ 114 >good

predictions

N

1. The MB method [10] is not able to identify the significant non-proportionality of Cases 8—12, wrongfully
returning the same equivalent ranges as the proportional paths from Cases 0 and 5, as verified in Table 1.

2. The MPH [8] (and its variations, as well as the Minimum F-norm Ellipsoid [7]) is efficient to predict
equivalent ranges in simple NP histories; however, it does not perform well in cross or star-shaped paths
such as the ones from Cases 1-4, wrongfully returning the same ranges as the highly NP Case 10. For a
general NP loading, it is difficult to justify that a convex enclosure that does not represent well the shape
or even the mean component of a path can be used to calculate its path-equivalent ranges or amplitudes.
This is even more difficult to justify when the stress or strain path is not convex or has a very odd shape
in such deviatoric diagrams.

3. The MOImethod, on the other hand, can estimate both path-equivalent ranges and mean components with a
much better coherence than any convex enclosure method. Moreover, since it accounts for the contribution
of every single segment of the path, the MOI method can deal with arbitrarily shaped non-convex histories
without losing information about such shapes, as the convex enclosure methods would.

Therefore, the MOI method can be successfully used even in highly non-convex stress or strain NP load
history paths such as the cross or star-shaped Cases 1-4. So, it is recommended to better predict multiaxial
fatigue lives, as seen in Fig. 7 for the data from [24,25] measured in 304 stainless steel tension—torsion
specimens subjected to the thirteen strain histories used in this comparison. Note that all multiaxial fatigue
life predictions shown in Fig. 7 are based on the critical plane approach [14,15] using the multiaxial version
of the Smith—Watson—Topper (SWT) damage model [26], usually called the SWT-Bannantine approach.

Note in Fig. 7 the five too non-conservative MB predictions for Cases 8—12, and the four too conservative
MPH predictions for Cases 1-4, while the MOI multiaxial fatigue life predictions fall within 20 % of the
experimental values for all thirteen tension—torsion histories.

In summary, the MOI method is relatively simple, intuitive, and easy to implement and to compute numer-
ically. It is thus a better practical alternative to convex enclosure methods to estimate path-equivalent ampli-
tude/range and mean components of multiaxial NP load histories, with a low computational cost and without
the need for adjustable coefficients.

In fact, coupled with an efficient multiaxial rainflow algorithm, it has been implemented in the ViDa 3D
software [27] to deal with very long 6D NP variable amplitude histories in practical applications. Moreover,
when computed in a deviatoric plastic strain space, the MOI method is also able to predict non-proportionality



3272 M. A. Meggiolaro et al.

5000 - ~
x Mol o /
4500 +— o MB —~ &
4000 o MPH /
T ——0% error ,," / Jted
~ 3500 1| - 20% error ) -~
2 @
3 3000
£ 2500 -
3 o %
B 2000 ] -~ e
] e -
o Ps g
& 1500 A =
o
1000 SoTey
500 ,
0 : T T .
0 1000 2000 3000 4000 5000

measured life (cycles)

Fig. 7 Measured and predicted fatigue lives for the 13 tension—torsion strain-controlled load cases using the MOI, MB, and MPH
methods, for a 304 stainless steel

factors of NP load histories [28], which are important to predict additional hardening effects under NP loading
observed in materials with low stacking fault energy such as austenitic stainless steels.

5 Conclusions

In this work, the MOI method has been generalized to 6D non-proportional multiaxial load histories, to calculate
their equivalent amplitude/range and mean components. It accounts for the contribution of every single segment
of the stress or strain path, dealing with an arbitrarily shaped history without losing information about the shape,
S0 it is a better option to find equivalent ranges than the concurrent convex enclosure methods. Experimental
results demonstrated its effectiveness to predict ranges and associated multiaxial fatigue lives for a 304 stainless
steel alloy. Further experiments on different materials should be conducted to verify the applicability of the
MOI method to, e.g., low-alloy steels and aluminum alloys.
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