Transactions, SMiRT-24
BEXCO, Busan, Korea - August 20-25, 2017
Division II

FATIGUE DAMAGE ASSESSMENT UNDER NONPROPORTIONAL
LOADING: A CASE STUDY ON INDIAN NUCLEAR POWER PLANT
COMPONENT
Keshav Mohta, P. A. Jadhav, Suneel K. Gupta
Reactor Design & Development Group, Bhabha Atomic Research Centre, India
ABSTRACT
Design codes and standards provide fatigue design rules/procedure for protection against fatigue
failure of components during their design life. ASME Boiler & Pressure Vessel Code (B&PVC) Section
III has provided fatigue design rules for mechanical components of Nuclear Power Plants (NPPs). These
rules are based on Tresca/ von-Mises hypotheses and use design fatigue curve, which is obtained from
uniaxial fatigue tests after taking a factor of safety. The actual state of stress in components is generally
multi-axial and non-proportional in nature, owing to the complex geometry and multi-source load cycling.
Several experimental investigations of recent past have shown higher fatigue damage under multi-axial
non-proportional loading, and led to development of many new models for improved fatigue life
assessment. A finite element analysis (FEA) based parametric study has been carried out to understand
the dependence of fatigue damage on non-proportional loading parameters - biaxial strain ratio and phase
difference. In addition, a case study on a NPP component is also carried out, where the fatigue damage is
assessed using several critical plane based fatigue models vis-à-vis ASME procedure. The paper presents
the observations from the studies and the comparison of evaluated fatigue damage from different fatigue
models vis-à-vis Tresca hypothesis based ASME Sec III NB fatigue assessment procedure.
INTRODUCTION
Failure due to fatigue is one of the prominent failure modes in Nuclear Power Plant (NPP)
components. During its lifetime, a component undergoes a number of loading cycles with different end
states and frequencies of occurrence. For safety class I nuclear components, detailed fatigue design is
carried out as per ASME Boiler and Pressure Vessel Code (B & PV Code) Section III Subsection NB/NH
[1], which is based on the Tresca / von- Mises hypotheses. Tresca and von- Mises hypotheses, used for
assessment of fatigue damage, were originally developed and used as yielding criteria in the design /
material modelling. Ability of these hypotheses to model the fatigue damage under complex, nonproportional loading needs to be established.
In last few decades, several experimental studies [2-5] have revealed that the fatigue damage is
higher under cyclic loading with varying principal directions (non-proportionality), sustained mean-stress
etc. As a result, for improved assessment of fatigue life, many new models such as Smith-Watson-Topper
[2], Fatemi-Socie [4], Biaxial SWT [5], Brown-Miller-Kandil [6], Chu [7] etc. were developed, which
accounted for the fact that the initiation of fatigue crack is a directional phenomenon, i.e. fatigue damage
is higher on certain preferential planes/ orientations. These models predict the fatigue damage as well as
the orientation of the planes with maximum fatigue damage, generally termed as critical plane. Similar to
SN curve, plot between respective Fatigue Damage Parameter (FDP) and number of cycles till failure (Nf)
has been developed from uniaxial and multi-axial fatigue tests data [5], and used for fatigue prediction.
Some well-established critical plane based models are selected for present study and are tabulated in
Table 1.
In view of this, fatigue damage assessment using selected fatigue models for multi-axial nonproportional loading has been investigated. A parametric study has been carried out to study the
dependence of incurred fatigue damage on the parameters- biaxial strain ratio (BSR) and phase
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difference, for a tubular specimen subjected to fully reversing axial and shear strain cycling. In addition to
this, a case study on a NPP component has also been carried out. Here the fatigue damage has been
evaluated using different fatigue models and compared with that predicted by Tresca hypothesis.
Table 1. Selected critical plane based models
SN Model name
Damage parameter(FDP)
Reference Equation
1 Smith-Watson-Topper (SWT)
[2]
(1)
εca.σcmax
a
max
2 Fatemi-Socie (FS)
[4]
(2)
γc .(1+ k* (σc / σys)
3 Brown-Miller-Kandil (BMK)
[6]
(3)
γcmax + k* εca
4 Chu
[7]
(4)
εca.σcmax + 2.γca.τcmax
a
max
a
a
5 Biaxial SWT (BSWT)
[5]
(5)
εc .σc + γc .τc
Symbols: σ: normal stress; ε: normal strain; τ: shear stress; γ: engineering shear strain;
subscript ‘c’: calculated at critical plane, ‘ys’: yield stress;
superscript ‘a’: amplitude; ‘max’: maximum
FATIGUE ASSESSMENT PROCEDURE
Tresca hypothesis based fatigue damage assessment has been carried out using the procedure
specified in the subsection NB-3216 [1] of ASME B&PV Code Sec III. In this procedure, alternating
stress intensity, Salt, is evaluated from the elastic stress analysis of the component and then the fatigue life
is obtained from the design fatigue curve. These design fatigue design curves are obtained from uniaxial
fatigue tests data best–fit curve by applying a safety factor of 2 on strain (or stress) or 20 on cycles,
whichever is more conservative. However, in current study, the best-fit fatigue life curve (without safety
factor) has been used since the objective here is to assess and compare the fatigue damage under multiaxial non-proportional loadings obtained using different fatigue models. The Salt is based on maximum
shear stress theory (Tresca hypothesis). The code has provided guidelines for evaluating the Salt for bothproportional (fixed principal stress directions) and non-proportional (varying principal stress directions)
loading.

Figure 1. Representation of the Φ and Ψ angles for oblique plane definition in unit radius sphere
For critical plane model based fatigue assessment, elastic-plastic FE analysis is carried out and
nodes at highly stresses locations are selected. The stress-strain tensor time histories of the selected
node(s) are obtained from FEA results and are used to evaluate the resultant normal and shear
components on the set of oblique planes passing through that node(s). Infinite numbers of such planes can
be defined in a unit radius sphere by unique combinations of azimuthal and meridional angles Φ and Ψ
respectively, as shown in Figure 1. For present study, these angles were considered with an increment of
3o. With 120 values of Φ and 60 values of Ψ, total of 7200 oblique planes were considered. For each
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plane, the maximum, mean and amplitude of normal and shear stress/strain components are evaluated.
The mean and amplitude component of the shear stress/ strains were calculated using the Longest Chord
approach [8]. Fatigue damage parameter as per selected fatigue model is then calculated [equations (1) to
(5)] and fatigue life is predicted using the fatigue life curves generated from the test data [5, 9]. Procedure
for fatigue assessment using critical plane based fatigue models is shown in Figure 2.

Figure 2. Scheme adopted for critical plane based fatigue assessment
PARAMETRIC STUDY: AXIAL - SHEAR STRAIN CYCLING OF HOLLOW TUBE
The ASTM E-2207 standard [10] has provided guidelines for conducting tension-torsion test on
tubular specimens to generate fatigue-life data under multi-axial loading. Here, the tubular specimen is
subjected to combined but independently controlled axial and shear strain cycling. The amplitude and
mean of the applied stresses and phase difference are key parameters of tension- torsion loading. From the
literature and in house test data [5, 9], two parameters – biaxial strain ratio (BSR) and phase difference
(Φ) have been identified that quantify the extent of muti-axiality and non- proportionality of the loading.
For a given nominal equivalent strain amplitude (equation 6), the amplitudes of applied axial and
torsional strains can be calculated using BSR (equation 7). In practice, the tension torsion tests on
specimens are carried out at limited number of test stations in terms of biaxial strain ratio and phase
difference, which is not sufficient to establish the dependence of fatigue damage for wide range of biaxial
strain ratio and phase difference (Φ) values. In view of this, a finite element analysis (FEA) based
parametric study has been carried out to assess the behaviour/ trend of fatigue damage for wide range of
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BSR and phase difference under the tension- torsion loading. Values of the parameters, considered for the
study are given in Table 2.
Two fatigue damage parameters are considered in parametric study- Tresca parameter (calculated
as per ASME procedure) and plastic strain energy density. Elastic FE analysis has been carried out for
each loading case corresponding to combinations of BSR and phase difference, and the alternating stress
intensity, i.e. Tresca parameter (Salt), has been calculated for loading. The plastic strain energy density
dissipated in each cycle, i.e. the combined area under the hysteresis loops for a loading cycle, indicates
the extent of fatigue damage incurred in the material [9]. Material properties of Low C-Mn steel (SA 333
Gr.6) were taken and modelled using Chaboche’s kinematic hardening rule in elastic-plastic FE analysis
and the plastic strain energy density has been evaluated by adding the area of the respective stress-strain
curves. Details of the study can be found in [11].
Table 2: Parameters taken for the parametric study
Parameter
Equivalent strain (amplitude)

εeq = [εaxial2 + (γshear/ 3)2] 0.5

Biaxial strain ratio (BSR)

BSR (λ) = γshear / (εaxial * √3)

Phase difference

Equation/ symbol

Φ

Eq. No.
Values
0.35% and 1%
(6)
[0.1, 0.5, 0.75, 1, 1.25, 1.5,
(7)
1.732, 5, 10]
[0º, 22.5º, 45º, 67.5º, 90º,
112.5º, 135º, 157.5º, 180º]

Results and observations
It is seen that fatigue damage is high when the axial and shear strains contributions to the
equivalent strain are of comparable magnitudes. For any value of phase difference, highest plastic strain
energy density (i.e. fatigue damage) is observed when BSR tends to 1, as shown in Figure 3. It is also
observed that for the given axial and shear strain range, higher the non-proportionality (i.e. phase
difference) of the applied loading, higher is the plastic energy dissipation per cycle. Highest fatigue
damage occurs in non-proportional loading with phase difference of 90°, while the lowest fatigue damage
is observed in case of proportional loading. These findings are in agreement with the experimental
observations. However, fatigue damage prediction based on Tresca parameter (Salt) does not follow the
same trend. It predicts maximum fatigue damage when BSR equals to 10. Also, when BSR equals to 1,
the ASME Salt parameter predicts lowest fatigue damage for the non- proportional loading case with 90°
phase difference. Figure 4 shows the trend of Salt parameter for combinations of BSR and phase
difference.

(a)

(b)

Figure 3. Variation of hysteresis loop area with respect to biaxial strain ratio (BSR) for different
phase difference (Φ) values for (a) 1% and (b) 0.35% equivalent strain amplitude
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(a)

(b)

Figure 4. Variation of Salt with respect to biaxial strain ratio (BSR) for different phase difference (Φ)
values for (a) 1% equivalent strain amplitude and (b) 0.35% equivalent strain amplitude
The study shows that the Tresca hypothesis based fatigue assessment procedure may not lead to
fair and conservative assessment of fatigue damage for some cases of non-proportional loading.
CASE STUDY: FATIGUE ASSESSMENT OF ROH- SGI JUNCTION OF INDIAN PHWR
In view of the above observations, a case study has been taken where fatigue assessment of an
actual component has been carried out using the Tresca parameter as well as selected critical plane based
fatigue models to compare the predicted fatigue lives for a realistic loading scenario. Sequence of the
activities carried out in present case study has been illustrated in Figure 5.
Finite Element Analysis
Reactor Outlet Header (ROH) of Indian Pressurized Heavy Water Reactor (PHWR) is a
component of Primary Heat Transport (PHT) system and is categorized as safety class I component. ROH
is subjected to high pressure - high temperature loading (~10 MPa, 310oC) and has many major and minor
openings. One of the major openings in ROH is inlet for steam generator (SGI), which is of the same
diameter as that of ROH and causes high discontinuity stresses at ROH- SGI junction.
In PHWRs, under certain anticipated occurrences of deviation from normal operation, the PHT
system may undergo fast/ crash cool down. The Crash cool down transient involves dumping of
secondary side steam via atmospheric steam discharge valve, leading to fast cool down of PHT. Very high
thermal stresses in PHT components and piping are set up during the transient. For present case study, the
considered loading cycle for fatigue assessment encompasses of crash cool down from operating hot state,
hold at low temperature- low pressure that is cold state, reactor start up and regaining of operating hot
state. In Figure 6, the typical variation of PHT pressure and temperature for a loading cycle including
such a transient has been shown.
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Figure 5. Synopsis of the case study for fatigue assessment as per different models
Detailed 3D, sequential thermal-structural FE analysis of ROH- SGI junction has been carried out
using 20 node solid brick elements. Due to symmetry about the vertical mid-plane, only one half of the
component has been modelled (Figure 7). Thermal analysis has been carried out first to evaluate the
temperature time history of nodes of FE model. From initial uniform temperature corresponding to
operating state, thermal transients were applied as time varying temperature boundary condition on the
internal surface and resultant temperature distribution in the component was assessed. Sufficiently fine
time intervals were taken during crash cool down to capture the temperature gradients and resultant
stresses accurately. Temperature distribution in the component at the end of crash cooling has been shown
in Figure 8.
Separate- elastic and elastic-plastic FE structural analysis have been carried out for time-varying
pressure and thermal loads to evaluate the stress-strain time history. For elastic-plastic analysis, the
material properties including cyclic stress-strain curve of SA 333 Gr.6 were taken along with kinematic
hardening material behaviour assumption. Nozzle loads (applied on SGI pipe) were assumed equal to
design stress intensity, i.e. 1.0 Sm, with linear bending distribution and were assumed to follow the same
time variation as that of temperature applied on internal surface. The analysis has been carried out for
three loading cycles to ensure stabilization of the stress-strain response. From the stress analyses results, a
highly stressed node in the stress concentration region was selected (Figure 9) and stress-strain tensor
time histories from the last loading cycle were obtained. Variation of stress components with respect to
time for the selected node and loading cycle from elastic-plastic FE analysis has been shown in Figure 10.
Alternating stress intensity (Salt) has been evaluated using the ASME Section III NB procedure
for variable principal stress direction cyclic loading. Subsequently, the Salt is multiplied by the ratio of the
modulus of elasticity used to develop S-N curve, to the value of the modulus of elasticity at the average of
the upper and lower temperature limits of the loading cycle. Thus obtained value of S alt is then used to
predict the fatigue life. Here, membrane plus bending stress intensity range (Sn) on the selected section
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was lower than three times design stress intensity (3S m), and Plastic Penalty Factor (Ke factor) based
correction was not required.

Figure 6. Typical pressure and temperature variation
(normalized) during the loading cycle

Figure 7. 3D FE model of Reactor Outlet HeaderSteam Generator Inlet junction

Figure 8. Temperature distribution at the end of crash cooling transient
Y

Identified node

Z

Figure 9. Identified critical node in the junction
region for fatigue assessment

Figure 10. Stress time history of the selected node
(elastic-plastic analysis)
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Fatigue assessment as per the critical plane based multi-axial fatigue models listed in Table 1 was
carried out using the elastic-plastic FE analysis results. Here the stress-strain tensor time history were
transformed onto a set of oblique planes and the respective FDPs were evaluated. Using the FDP-fatigue
life median fit curves (without any factor of safety) developed from uniaxial test results, fatigue damage
fraction for a loading cycle has been evaluated.
Results and observations
Fatigue assessment of ROH- SGI junction for selected cyclic loading has been carried out using
Tresca parameter, i.e. as per elastic FEA based ASME Section III NB procedure, as well as several
critical plane based multi-axial fatigue models and the predicted fatigue life has been tabulated in Table 3.
Here, fatigue damage fraction is taken as the reciprocal of the fatigue life. Normalized fatigue damage is
then calculated with respect to the fatigue damage predicted by Tresca hypothesis. Normalized fatigue
damage indicates the factor by which the fatigue damage predicted by a critical plane based fatigue model
exceeds than that predicted by Tresca hypothesis.
Table 3. Fatigue life prediction as per different fatigue models
SN

Fatigue procedure

1
2
3
4
5
6

Tresca (ASME Section III NB)
SWT
FS
BMK
Chu
BSWT

Predicted
life (cycles)
315732
66988
148009
55586
74583
66984

Fatigue damage
fraction (per cycle)
3.17e-6
1.49e-5
6.76e-6
1.8e-5
1.34e-5
1.49e-5

Normalized fatigue
damage (w.r.t. SN.1)
1
4.71
2.13
5.68
4.23
4.71

It is seen from above results that Tresca procedure predicts lower fatigue damage than predicted
by critical plane based models. The Tresca hypothesis (elastic-analysis) predicted fatigue life, for the
considered loading cycle is found to be 2.13 and 5.6 times higher than those by critical plane models
(elastic-plastic analysis). These assessment are based on the best-fit fatigue life curve (without any safety
factor).
In actual fatigue design/qualification, the design fatigue curves are used which are obtained after
applying safety factors on the best fit curves. Currently, the safety factor of 20 is taken on number of
cycles. This safety factor is arrived at by combining separate sub factors- factor of 2 to account data
scatter including material variance, factor of 2.5 to account the size effects, and a factor of 4 to account
the effects due to surface finish and environment etc. [12]. It is apparent that the present margin of 2
(material scatter) is lower than the mismatch of 2.13 to 5.6 times as observed above and is not sufficient
to account for the fatigue damage/ material scatter under the loadings with significant non-proportionality.
It may be noted that the component analysed here is designed for 20 cycles of the considered
loading event. The analysis showed that the cumulative fatigue damage for these loading cycles is
significantly lesser than 1 even after accounting the above additional safety factors.
CONCLUSION
The fatigue damage assessment using the Tresca and several critical plane based models for
proportional and non-proportional loadings has been investigated. The Tresca hypothesis is used for
fatigue assessment in various design codes such as ASME Sec III NB.
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While the experiments and the current FE parametric study show higher fatigue damage in case
of non-proportional loading, the Tresca hypothesis based procedure predicts higher fatigue life for some
cases of non-proportional loading.
Fatigue assessment of ROH- SGI junction of an Indian PHWR has been carried out for a loading
cycle comprising of crash cool down from operating state to cold state followed by start up and regaining
the operating state. The Fatigue damage per cycle were evaluated using Tresca vis-à-vis critical plane
models namely, Smith-Watson-Topper (SWT), Fatemi- Socie, Chu, Biaxial Smith-Watson-Topper
(BSWT). In this study, the elastic analysis and Tresca hypothesis based predicted fatigue life was found to
be 2.1 to 5.6 times higher than those predicted by critical plane based more realistic fatigue models.
In present case, the accumulated fatigue damage for specified number of loading cycles is
significantly less than the allowable number of cycles even after accounting these factors. The
conservatism should be ensured in cases where non-proportional loading is envisaged and accumulated
damage fraction from all loading cycles is significant (~ 0.2 and higher).
The critical plane based fatigue assessment is computationally expensive mainly because of
requirement of non-linear FE analysis and tensor transformation operations on the oblique planes.
Simplified provisions need to be developed to ensure conservatism in the design for the loadings with
high non-proportionality.
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