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Abstract: The aim of the present paper is to highlight the advantages of the local strain-based approach eN for fatigue
assessment of notched components over the more traditional stress-based approach o [N. A brief theoretical explanation is
followed by a comparison between the predicted fatigue life for these two approaches for a group of 60 ductile structural
steels under uni-axial constant stress amplitude. Hypothetical notched parts with different stress concentration factors
SCFs in the range of 1.5 to 4.0 were used. The minimum to maximum load ratio R was kept constant and equal to 0.1. In
order to focus the comparison on the local stress-strain analysis, the simulation was limited to the nominal elastic regime
where both methods use the same fatigue strength curve. With this aim, the o4, to o, ratio remained between 0.1 and 0.4.
Also, the same function to account for the mean stress effects was incorporated in both approaches in such a way that
fatigue strength curves for different mean loads were collapsed, for a given stress ratio (normally R = —1), towards the
Oan direction. The results are expressed in universal graphs with the 64, /0, ratio in the abscissa and the Ny — ratio
in the ordinates. The Ny — ratio is defined as the quotient between the Ny predictions according to the o N and eN
approaches, considering the average values for the group of 60 structural steels in each load level. For low SCFs the
Ny — ratio has a trend to fall below the unity as the load level increases. This trend also remains for high SCFs until
a Oun /0, ratio around 0.3 but reverses for high load levels. Both scenarios result from the improved local stress-strain
analysis performed under the strain-based approach and confirm its advantages for fatigue life assessment.
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1. INTRODUCTION

Fatigue life assessment models can be broadly divided in two groups: those based on stress/strain strength curves (or
fatigue crack propagation strength curves) and those based on a fatigue damage parameter which is calculated on each
cycle (Santecchia et al., 2016). The present paper focused on the first group of models. Since the intrinsic characteristics
of the fatigue cracks nucleation process are different from the fatigue crack growth process, different approaches have been
developed in each stage (Kopas et al., 2017). In the engineering community, the most popular models in the nucleation
phase are those based on nominal stresses (the o /N approach) or local strains analysis (the eN approach). In the crack
propagation phase the favorite model is based on linear elastic fracture mechanics LEFM (the da/dN vs. AK approach)
(Duran and Hernandez, 2014). These methods were occasionally combined in the past. For example, models for fatigue
crack growth were developed and tested from the strain-based approach (Duran et al., 2003). A unified model, which is
a combination of the strain-based and fracture mechanics-based approaches (Noroozi et al., 2005) was also proposed that
time. This unified model has been recently applied to welded structures (Mikheevskiya et al., 2015). Obviously, there are
many examples of fatigue life assessment using the stress, strain and LEFM models individually. For example, in the case
of notched specimens submitted to laboratory tests using a standardized helicopter load spectrum, all the aforementioned
approaches have predicted fatigue lives with reasonable accuracy (Everett, 1990).

The objective of the present research is to graphically compare the fatigue life predictions according to the stress and
strain based approaches. In this way, it is intended to highlight the advantages of the strain-based approach over the more
traditional stress-based approach for fatigue life assessment.

2. FATIGUE STRENGTH CURVES

The stress-based approach is essentially an empirical method based on the relation between the stress amplitude o,
and the number of cycles N f"N for complete failure of small specimens. Two fitting constants or materials properties (o}
and b) are needed to relate these parameters and the resulting equation is considered the fatigue strength under zero mean
stress for a given material.

b
0y = 0% (QNJ?N) (1)
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Note that O'} is the failure stress in one reversal or the curve intercept in NV f"N = % cycles, while b is the slope of the
same curve. Typical values for an SAE 1015 steel are o} = 1020 M Pa and b = —0.138 (Dowling et al., 2009). Some
materials exhibit a rise in slope b of the curve described by equation 1, mainly above 107 cycles, reaching to b = 0 in
some cases, which has been interpreted as a fatigue limit .. More recent studies suggest that in the so-called giga-cycle
fatigue regime (N f >~ 108cycles) the fatigue strength continues to decrease (Sadananda et al., 2007), in spite of the fact
that the nucleation mechanism changes. Under very particular circumstances of dynamic loading, the fatigue design for a
particular life /Ny simply consists in comparing the nominal stresses acting on the component and scaled by a safety factor
X s with the fatigue resistance expressed in the form of equation 1. Those circumstances could be, for example, uni-axial
completely reversed stresses of constant amplitude and no stress concentration. Machine parts and structures however,
are seldom exposed to the above conditions and new functions accounting for stress concentration at notches, multi-axial
stresses, mean stresses, variable amplitude loading and damage accumulation must be used. All of these issues were dealt
with in detail in a previous paper (Duran and da Costa, 2016) but will be reviewed in this paper as well (see below).

On the other hand, local approaches have found wide acceptance to model the fatigue phenomenon mainly because
the damage process that leads to this type of failure is highly localized. The philosophy underlying the fatigue strain-
based approach is simple: the local cyclic strain history in regions of stress concentration, being experimentally related
to the number of fatigue cycles, can be used as a parameter for design purposes (Stephens et al., 2000). The robustness
of the strain as a fatigue parameter is enhanced in the elastic-plastic regime and for materials with low strain hardening
characteristics. Nevertheless the local strain-based approach for fatigue analysis is also adequate in the high cycle fatigue
regime. Even when most part of the component is under elastic conditions, some volumes, mainly in the neighborhood
of the unavoidable notches, can undergo plastic deformation. No matter the model that is used for defining fatigue
damage, i.e. the degradation in ductility properties of the material due to cyclic slip of crystal grains (Murakami, 2012)
or the behavior of small cracks (Murakami et al., 2016) (Murakami and Miller, 2005), the Coffin-Manson equation still
convincingly represents the strain versus number of cycles for most of the experimental data of metallic materials. This
is simply an extension to the elastic-plastic regime of equation 1. For uni-axial loading in the first principal direction this
relation is:

/
a b c
€a = ff @NN) + ¢ (2NFY) )

In equations 1 and 2 O’} and e} are the fatigue strength and ductility coefficients, respectively, while b and ¢ are
the corresponding fatigue exponents. Laboratory uni-axial strain-controlled tests, normally performed under a constant
minimum to maximum strain ratio R = €,n/€maz = —1, provides the necessary set of €, and Ny data to determine the
fatigue coefficients and exponents in equation 2.

3. STRESS ANALYSIS

Stress analysis under the o /N approach is totally developed in the elastic regime. The nominal stress amplitude S,
is either calculated by elementary analytic formulas or by numerical techniques. For notched bodies, the local stress
amplitude is calculated simply scaling the nominal stress by the elastic stress concentration factor K. Solutions for
K, are available in the form of equations or charts that have been derived from the elasticity theory. They are always
presented in a non-dimensional form being, therefore, size-independent. Stress concentration factors depend, however,
on the geometry and mode of loading. For ductile materials, a conservative procedure consists in dividing the fatigue
strength of equation 1 by the SCF:

g _ % _ O (2NgN)’ \
« = E, = K, 3)

Under linear elastic conditions the perturbation originated by the SCF tends to vanish quickly by equilibrium require-
ments. For this reason a high stress gradient exist and only a small volume of material is under the influence of peak
stresses. As a result, the fatigue strength of notched specimens is above the expected S, value based on equation 3.
This is more evident in the near-threshold fatigue region and a fatigue notch reduction factor K has been introduced.
Both classical (Pilkey and Pilkey, 2008) and modern (Atzori et al., 2003) formulations for K; exist, the latter being
recommended for crack-like (or very sharp) notches. Nevertheless, the use of the SCF in its traditional form is always
conservative and so it will be done here.

Mean loads has a detrimental effect on fatigue strength but they are normally included in the stress analysis. In 1970
Smith et. al. (Smith et al., 1970) proposed that the fatigue life nucleation g(N) is controlled by the product between the
maximum stress o4, and the strain amplitude ¢,, independently of the mean load.

g(Nf) = Omaz * €a (4)

The quantity 0,4, - € is proportional to the strain energy density thus the so-called SWT modification can be viewed
as an energetic approach. It is possible to relate equation 4 with equation 1 through the following reasoning: if the g(Ny)
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function is valid for any mean load, it will be valid for R = —1 (o, = 0) and therefore equal to the product o2/ E as
follows:
(Np) (o 4+ 0) %0 = % )
= Omaz €0 = (Om +04)—= = ==
gy E B

Note that in equation 5 a uni-axial stress state has been considered since the substitution ¢, = o,/F. Under these
circumstances, i.e. completely reverse loading (R = —1) and uni-axial stress state, the stress amplitude in equation 5 is
the same as in equation 1. Defining the SWT parameter as Psyyr = Opmaz - € W have:

PO'N _ w( NO'N)2b (6)
SWT T T f
The Pswr is widely used to include the mean stress effects on fatigue life calculations. It is expected that data for
various mean loads be condensed in a unique curve in Psyy7 vs. 2Ny coordinates. It is also possible to think on the SWT
as a method that computes a equivalent completely reversed stress amplitude o, from any combination of o, and o, as
follows (see equation 5):

Oar = 1/ 0(21+0a'0m (7)

All that remains is to equate equations 7 and 1 for design purposes. Moreover, since no distinction was made between
notched and un-notched bodies to obtain the Pgyyp parameter, equation 7 can also be expressed in terms of nominal
stresses.

Sar =V S(% + Sa : Sm (8)

The combined effects of mean stresses and SCFs can now be dealt with after substituting this result in equation 3:

b
Oar 07 (2NFY)

= = - = 2 .
Sar X, X, V5G4 S5a - Sm )

For brittle materials it will be necessary to multiply the nominal mean stress component .S,,, in equation 9 by a SCF
for mean loads K, which vary according to the nominal maximum stress .S;,q, (Dowling, 2013). All the steels used in
the present research are classified as ductile materials and so it was not necessary to introduce the K;,,. The predicted
life by the stress-based approach N f"N can now be calculated by equation 9 for a given combination of nominal stress
amplitude and mean (or equivalently R) and SCF.

The strain-life curves (equation 2) are also sensitive to mean loads. The same mean load function, i.e. the SWT
parameter should be used in order to meet the objectives of the present research. The logic to introduce the Psyyr is
similar to that previously used for stress-life curves. First note that in equation 5 the g(Ny) function for uni-axial stress
state and zero mean stress can be expressed in terms of local stresses and strain amplitudes:

g(Nf):Umam'ea,:Ua'€a (10)

Introducing both equations 1 and 2 into equation 10 results in the Psyy7 vs. Ny relation that, theoretically should fit
the strain-life data for any mean load.
; G
Psvjt\;T = é (QNfN)

Qb—i—E} O'} (QN;N)b+C:Umaw " €q (11)

Life calculations according to the strain-based approach to obtain N fEN using the same combination of nominal stress
amplitude, nominal mean stress and SCF used in the stress-based approach can now proceed, as long as the local values
of omaz and €, of equation 11 are known. It is exactly at this point that main differences between the two approaches
emerge. In the € IV approach, a elastic-plastic analysis is performed to determine local stresses and strains. These local
values can be directly related to the applied stresses (and consequently to the external loads) through the stabilized cyclic
stress-strain curve of the material. For many materials, equations that have the Ramberg-Osgood form can be used to
represent these curves:

1
Oq Taq \ n/
(3

where E is the Young’s modulus, H” and n’ are the cyclic strength coefficient and cyclic strain hardening exponent,
respectively. These parameters are fitted to a set of uni-axial stress and strain amplitude values corresponding to stabilized
hysteresis loops, usually at the half-life stage of the strain-life tests. Some alternative methods consist in using only one
specimen submitted to multiple steps of increasing or decreasing amplitude strains (Jones and Hudd, 1999). In the case
of notched members in plane stress, in addition to the cyclic stress-strain curve , the amplitude strains should also satisfy
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Figure 1: Variation on the ratio of life predictions (average values) from the o /N approach to the e/N approach for a group
of 60 ductile structural steels at different nominal constant amplitude stress levels. Pulsating loads with R = 0.1 and low
SCF's were used.

some approximated strain distributions such as those proposed by Neuber (Neuber, 1961) and Glinka (Glinka, 1985). The
former will be used in the present paper and its mathematical form is:

€q " Oq = E (13)

The values of o, and €, (Or 0,4, and €,,4,) that simultaneously satisfy the system of non-linear equations 12 and 13
are the local quantities needed to be entered in equation 11 for life-calculations. Numerically it is preferably to eliminate
€, from equations 12 and 13, calculate by iteration the o, for a given S, and K; and then use the result in either, equation
12 or equation 13 to obtain €¢,. The same procedure should be used to calculate the maximum local values, the only
difference being the use of the maximum nominal value S,,,,, instead of the S, in the system of equations.

4. METHODOLOGY

Both fatigue life prediction approaches aforementioned have been implemented as MatLab functions. Then, a hypo-
thetical design (or assessment) situation consisting of a loaded notched member with different stress concentration factors
SCFs (between 1.5 and 4) has been considered. The monotonic and cyclic properties of 60 ductile structural steels have
been gathered (Boller and Seeger, 1987) and used as input parameters for these functions. For each material, the member
is considered as loaded, one at a time, by a vector of constant nominal stress amplitudes o, normalized in relation to the
material’s yield strength o,. The 0, /0, ratio spans between 0.1 and 0.4. A constant load ratio R = 0,in/0maz = 0.1
was used. For each material, level of normalized load and group of SCF, the average value of the ratio between the o [NV
and e/ life predictions, defined as the IV atio was calculated and recorded for plotting. Other important quantities such
as the ratio between local amplitudes and mean strains and stresses by each method, which allows a better understanding
of the trends in the N/ atio were also calculated and plotted.

5. RESULTS AND DISCUSSION

Figures 1 and 2 show the graphs of the average N atio yersus the normalized load applied for a group of 60 steels.
As noted before, the behavior of the N atio differs for low and high SCFs. In the first case the o N life predictions N ng
are persistently lower than the e NV predictions N fEN . Both the increase in the normalized load level and the SCF reinforce
this behavior. The same trend is maintained for the second case but there is an inflection point when the combination of
high loads and notch severity causes a decrease in the strain-based life predictions.

In a broad sense, both behaviors are explained by the inherent difficulties of a purely linear elastic stress analysis, such
as that carried out in the o N approach, to deal with local stresses and strains that are probably in the frontier (or within)
of the elastic-plastic regime. Through the use of a combination of equations (12 and 13) the e N approach enables the use
of more realistic stresses and strains for life predictions.

A further insight about the differences in life predictions can be gained if the ratio between local amplitude and mean
strains by each method (average values for all materials studied), are now plotted for each load level (see figure 3). For
this plot the SCF was fixed in K; = 2 while the load ratio was the same as before i.e. R = 0.1. As can be seen in the
figure, the local strain amplitude ratios are approximately the same for almost the entire vector of loading, but the local
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Figure 3: The average values for all materials studied for the ratio between local amplitude and mean strains by each
approach for a fixed K; = 2.0

mean strains by the e N method, €5V are always well above than the local mean strains by the o N method. The average
local mean stresses 0,5V, on the other hand, follow a opposite trend (see figure 4), as expected by the non-linear relation
between these variables expressed by equation 12.

The stress strain analysis performed under the e/N approach deserves a deeper exploration. If the combination of
nominal load and K in a cycle is high enough to induce local stresses and strains in the plastic regime, and both quantities
are estimated and plotted against in a common locus, the result is a hysteresis loop. As an example, figure 5 shows
this estimated stress-strain paths (hysteresis loops) at four normalized load levels for the AISI 1141 steel (199 HB) and
K; = 2. While the 0,,, /0, ratio grows by around 122 % (0.4/0.18=2.22) the estimated local mean stress grows only 13
%. The analysis of figures 4 and 5 leave no doubts about the more rational treatment of the mean load effects on fatigue
carried out in the context of the eV approach.

The strain energy density associated with thicker loops is obviously higher than that calculated for thinner loops. A
plot of the average ratio P&/ P&, versus the normalized load, still for AISI 1141 steel (figure 6) shows, however a
growing trend. Despite of the fact that the P&~ W T parameter becomes more realistic in the context of the e N approach,
mainly as the normalized load grows, the poor stress analysis in the context of the o /N approach generates a PS"N wT
parameter that is absurdly high and unrealistic, thus explaining the shown trend. Although the Pgy rvs.N; curves are
different by each approach (see figure 7), a lower or more realistic driving force (or PSEV]XT parameter) results in a longer
predicted life, what constitutes an additional explanation for the average results shown in figure 1.
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Figure 4: The average values for all materials studied for the ratio between local amplitude and mean stresses by each
approach for a fixed K; = 2.0

Figure 5: Estimated stress-strain path (hysteresis loops) by the ¢ N approach at four normalized load levels for the AISI
1141 steel (199 HB) and K; = 2.
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Figure 6: The ratio between the PsW T parameters, P&/ P& grows along with the normalized load for the AISI
1141 steel (199 HB) and K; = 2.
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6. CONCLUSIONS

The numerical simulation performed in the present paper has demonstrated that, by virtue of a more realistic and ac-
curate stress analysis, by employing local values instead of nominal ones, the strain-based approach performs, in average,
less conservative life predictions than the more traditional stress-based approach for a group of 60 ductile structural steels.
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