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Abstract 
 
Mean stress is known to exert significant effects on fatigue life prediction. Although numerous adjustments have been developed to 

explain the influence of mean stress, only a few of such adjustments account for mean stress sensitivity. The Smith-Watson-Topper 
(SWT) model is one of the most widely used models that can provide satisfactory predictions. It is regarded as a case of a Walker model 
when the material parameter γ = 0.5. The Walker equation considers the mean stress effect and sensitivity, and it can generate accurate 
predictions in many fatigue programs. In this work, a modified model that accounts for the mean stress effect and sensitivity is proposed 
to estimate fatigue life. Several sets of experimental data are used to validate the applicability of the proposed model. The proposed mod-
el is also compared with the SWT model and the Morrow model. Results show that the proposed model yields more accurate predictions 
than the other models. The proposed model is applied to predict the fatigue life of a low-pressure turbine blade.  
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1. Introduction 

Fatigue failure under cyclic loading is a crack initiation and 
propagation process. It is also a result of damage accumulation 
or material performance degeneration [1-5]. Fatigue life pre-
diction provides an effective means to avoid major accidents 
or disasters before failure. Symmetric cyclic loadings without 
mean stress are typically used in laboratory loading conditions, 
whereas such fatigue loads are rarely found in practical engi-
neering applications. Various methods have been developed to 
predict fatigue life without considering mean stress. However, 
most mechanical components or structures frequently undergo 
non-symmetrical fatigue loadings. Therefore, the effect of 
mean stress should be considered to increase the prediction 
accuracy of fatigue life.  

The stress-life ( S N- ) or strain-life ( Ne - ) curves are 
typically obtained from experiments under symmetric cyclic 
loading conditions, where mean stress is equal to zero. Mean 
stress exerts significant effects on fatigue evolution behavior; 
hence, it should be considered in fatigue life prediction. Haigh 
indicated that the mean stress effect in the fatigue process is 
typically presented as a function of stress amplitude versus 
mean stress, where the load amplitude of the endurance limit 
decreases with mean stress in a special cyclic loading [6]. 
These cyclic loading stress relations of structures are de-
scribed in Table 1. 

To date, a reasonable number of mean stress correction 
methods and theories on fatigue behavior have been proposed 
through the development of empirical formulations for differ-
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Table 1. Relationship of cyclic loadings. 
 

 Parameter 

Stress ratio R min max/R s s=  

Stress amplitude as  max min max( ) / 2 (1 ) / 2a Rs s s s= - = -  

Mean stress ms  max min max( ) / 2 (1 ) / 2m Rs s s s= + = +  

 
Table 2. Mean stress correction methods. 
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ent metallic materials (Table 2); examples of these methods 
and theories include the Gerber, Goodman, Soderberg, Mor-
row, Walker, and Smith-Watson-Topper (SWT) models [7]. 

The mean stress effect evidently varies for different materi-
als because it depends on the mechanical properties of materi-
als. The connotation of mean stress or sensitivity on material 
fatigue behavior is critical for accurate life estimation. Several 
models that account for the mean stress effect or sensitivity 
have been proposed to estimate fatigue life. Lorenzo et al. [8] 
introduced a new approach to predict fatigue life behavior 
under mean stress conditions. Nihei et al. [9] developed sev-
eral damage parameters to describe mean stress in various 
steel and aluminum alloy materials. Wehner et al. [10] inves-
tigated the effects of mean stress on the cyclic deformation 
and fatigue life of hardened carbon steel. Ince et al. [7] pro-
posed a modification of the Morrow and SWT models to pre-
dict fatigue life. Nieslony et al. [11] used a constant stress 
ratio S-N curve approach to account for the mean stress effect 
on fatigue strength. Lv et al. [12] proposed a strain-life model 
that considered sensitivity to mean stress in materials by in-
corporating the parameters of the Walker and SWT models. 
Zhu et al. [13] introduced two mean stress correction factors 
into an energy-based model for fatigue life prediction. 

In Refs. [14, 15], the Walker model demonstrated consider-
able advantages relative to other models; in this model, an 
adjustable parameter γ is used to fit different scenarios and 
form a single trend curve instead of a family of curves. The 
magnitude of γ is an adjustable constant associated with mate-
rial properties. It provides a good correction and sensitivity of 
mean stress in relation to most metallic materials. Parameter γ 
can be obtained from experiments or fatigue properties in 
similar materials, such as yield strength, ultimate strength, and 
fracture limit. The SWT model may be a good choice in prac-
tical engineering applications because of the additional effort 
required to calculate the value of γ. 

Among the aforementioned models in Refs. [8-16], the Ger-
ber model cannot consider the effects of compressive stress or 
tensile stress, and in most cases, compressive stress tends to 
increase fatigue life, whereas tensile stress decreases it; the 
Goodman model is extremely inaccurate; the Morrow model 
cannot be used for aluminum alloys unless the real fracture 
strength is adopted; the SWT model is more accurate than the 
other models and is a special case of the Walker model when γ 
= 0.5; the Walker model has a material-dependent parameter 
that can be used to calibrate the relationship among various 
groups of materials with different cyclic loadings, and the 
value of γ for some materials can be found in the material 
handbook [17]. 

Several conclusions of the presented mean stress effect 
models are as follows [11]. 

(1) Some models are proposed based on monotonic tensile 
tests with constant material properties, such as the Gerber, 
Goodman, and Soderberg models. These models provide sim-
ple modifications using the static properties of materials that 
are easily obtained. Moreover, they can only justify a few 

parts of the properties by using certain static properties, such 
as fatigue limit, but they disregard changes in material proper-
ties (e.g., strength degradation, cyclic hardening, cyclic soften-
ing) during fatigue loading. In addition, these models do not 
consider fatigue behavior and mean stress sensitivity. 

(2) A few models, such as the Walker and Kwofie models, 
which use material-dependent parameters to fit different mate-
rials, can describe the realistic performance of materials [18]. 
These models make accurate fatigue life predictions and can 
describe material performance. However, different materials 
show varying performances, and additional efforts are re-
quired to determine the values of material-dependent parame-
ters. 

For the previously discussed models or theories, nearly all 
lack a direct formula that correlates the number of cycles with 
failure and sensitivities to the material. Mean stress sensitivity 
with various cyclic loadings in fatigue behavior can be ob-
served or detected, but these models disregard the effects. 
They only allow a simple modification based on statistical 
data to assess fatigue life. Therefore, material property sensi-
tivities with mean stress should be considered.  

Masson [19] established the relationship between fatigue 
life and total strain without distinguishing whether a given 
strain is elastic or plastic. The Masson model presents the 
endurance-limit strain correctly, and it has been utilized exten-
sively in engineering applications. Therefore, a practical 
method is developed to estimate fatigue life by considering the 
magnitude of γ based on the Masson model. Several sets of 
experimental data are used to validate the proposed model, 
which is also applied to the life prediction of a turbine blade. 

 
2. Strain-based life prediction methods 

The purpose of fatigue life prediction is to establish an ac-
curate model with good prediction performance [20-30]. Sev-
eral criteria have been developed to predict fatigue life, and 
they include stress-based, strain-based, energy-based, and 
other fracture mechanic approaches [31-33]. Among these 
methods, strain-based approaches are predominantly used to 
characterize fatigue life. 

Under High cycle fatigue (HCF) regimes, the dominant fac-
tor that leads to failure is elastic strain, whereas plastic strain 
is negligible. The stress-life relationship can be described by 
the Basquin equation, which is given as 

 
' (2 )b

a f fNs s= .                                  (1) 
 
In accordance with Hooke’s law, elastic strain can be writ-

ten as 
 

'

(2 )
2

f be a
fN

E E
se sD

= = ,                           (2) 

 
where as  is the stress amplitude, '

fs  is the fatigue strength 
coefficient, b is the fatigue strength exponent, fN  is the 
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number of cycles to failure, eeD  is the elastic strain ampli-
tude, and E is the elastic modulus. 

Under Low cycle fatigue (LCF) regimes, the dominant fac-
tor is plastic strain, whereas elastic strain can be disregarded. 
The strain-life relationship can be written as 

 
' (2 )

2
p c

f fN
e

e
D

= ,                                 (3) 

 
where peD  is the plastic strain amplitude, '

fe  is the fatigue 
ductility coefficient, and c is the fatigue ductility exponent.  

In general, the structure components produce both elastic 
and plastic strains under service conditions. The only differ-
ence is that elastic strain can be recovered. The total strain 
comprises both elastic and plastic strains, which are given by 
the Manson-Coffin equation and written as 

 
'

'(2 ) (2 )
2 2 2

p f b ce
a f f fN N

E
e se ee e

DD D
= = + = + ,       (4) 

 
where ae  is the local strain amplitude. 

This relation exhibits certain shortcomings when the com-
ponents are subjected to load spectra with non-mean stress; 
thus, it may lead to inaccurate results for life predictions under 
HCF [34]. 

Morrow et al. [35] suggested that mean stress exerts greater 
impact on long life regions than on short life regions. The 
Morrow model can consider elastic strain, which is given by 

 
'

'(2 ) (2 )f m b c
a f f fN N

E
s s

e e
-

= + .                  (5) 

 
The Manson-Coffin equation with SWT modification can 

account for non-mean stress, and it can be expressed as  
 

' 2
2 ' '

max

( )
(2 ) (2 )f b b c

a f f f fN N
E
s

e s e s += + .             (6) 

 
In addition, Masson proposed a formulation [19] to model 

fatigue life and strain, as shown in Eq. (7). The theory sug-
gests the existence of a strain around the endurance limit, at 
which point fatigue life is essentially infinite. This relation is 
given as 

 
( )f cN A ae e= D - D ,                              (7) 

 
where ceD  is the endurance-limit strain; and A and a  are 
material constants that can be expressed by ductility and ulti-
mate strength, respectively. Although the physical definition 
of these parameters is not provided, they can be obtained from 
experimental analysis and then used in Eq. (7). ceD  can evi-
dently be ignored if the value of eD  is large under LCF. In 
this case, Eq. (7) will coincide with the plastic strain in Eq. (3). 

In general, some metals (such as aluminum and copper) are 
believed to have no endurance limit, as verified with experi-
mental data. When the stress amplitude becomes lower than a 
critical value or the number of loading cycles becomes greater 
than 75 10´ , the fatigue-life curve will follow a horizontal 
line. When the stress amplitude becomes lower than a critical 
value or the number of loading cycles becomes greater than 

95 10´ , the test specimen will not fail [36]. Furthermore, the 
endurance limit can be expressed as s¥  (endurance-limit 
stress) or ceD . If the cyclic loading amplitude or strain value 
is lower than s¥  or ceD , then fatigue life moves toward 
infinity. 

The most widely used model to describe fatigue life is the 
Basquin equation; however, it disregards the influence of en-
durance-limit-stress, and using it to satisfy HCF is difficult. 
Weibull proposed a stress-life formula [37] shown as 

 
( )f f aN C bs s¥= - ,                              (8) 

 
where fC  and b  are the material constants and 0b < . Eq. 
(8) cannot present the mean stress effect, and it only satisfies 
the fatigue life curve under certain conditions. 

Eqs. (7) and (8) can reflect the relationship between fatigue 
life and stress or strain, but the mean stress effect and sensitiv-
ity are not considered. The definition of the material and how 
its value is obtained are given in Eq. (9) [37]:  
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The assumption in Eq. (9) shows that the fatigue ductility 

coefficient '
fe  is equal to the real fatigue ductility coefficient 

fe . However, the values of fe  and '
fe  are not always 

equivalent, and other considerations are required for the prob-
lems [38, 39]. 

 
3. Proposed model 

The Walker model is a popular theory for modifying mean 
stress using the adjustable parameter γ. Hence, the Walker 
exponent γ is used to modify Eq. (7) by accounting for mean 
stress. 

 
0

0 0( )f eqN A ae e= D - D ,                          (10) 

 
where eqeD  is the equivalent strain, 0eD  is the equivalent 
strain limit, and 0A  and 0a  are material constants. 

In the elastic range, the relation between strain and stress 
can be expressed as 

 

E
seD = .                                       (11) 
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Similarly, the equivalent local strain eqeD  can be ex-
pressed as [40] 

 
1

1max max2 (2 ) ( )eq a
eq aE E E

g g
g gs s s se e

-
-D = = =

（ ）             (12) 

 
Eq. (12) shows that the total strain satisfies Hooke’s law if 

the elastic strain is a dominant factor of fatigue failure. To 
consider elastic and plastic strains, a compensation factor l  
is introduced into Eq. (12) as follows: 
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     (13) 

 
Thus, a new model for fatigue life prediction can be ob-

tained as 
 

01max
0 0[ (2 ) ( ) ]f aN A

E
ag gsl e e-= - D                (14) 

 
In this study, the adjustable parameter γ is incorporated into 

the Masson model. This model considers the mean stress ef-
fect and sensitivity and uses an equivalent strain-life curve 
instead of a family of strain-life curves (Fig. 1). 

 
4. Life prediction for turbine blades 

4.1 Description of turbine blades  

Turbine blades are the most at risk components of aero en-
gines with the largest number of whole components. Data on 
the failures of aircraft components indicate that 70 % of these 

failures originate from  the blades [41]. Turbine blades work 
under high temperature and high pressure, and their lives are 
mainly governed by fatigue. The objective is to predict the 
fatigue life of a low-pressure turbine blade, which is cast by 
GH4133 and exhibits high corrosion resistance, good per-
formance under high temperature, and high strength. The ma-
terial properties of GH4133 [17] are provided in Table 3.  

Low-pressure turbine blades endure mechanical and ther-
mal loadings when the aero engine is in service. These blades 
are subjected to centrifugal forces, thermal stresses, aerody-
namic forces, and vibratory stresses. Centrifugal forces, ther-
mal stresses, and aerodynamic forces affect the static analysis 
of turbine blades, and vibratory stresses can be disregarded. 
The ANSYS Workbench is typically used as a mathematical 
tool for Finite element analysis (FEA). The loading spectrum 
of a low-pressure turbine blade is determined by the flight 
mission, and it can be divided into three parts according to 

Table 3. Material properties of GH4133. 
 

Temperature T (°C) 
Elasticity 
modulus 
E (GPa) 

Poisson’s ratio 
m   

Yielding stress 
0.2s (MPa)  

Strength 
limit bs (MPa)  

Reduction of area 
(/%)j  

Coefficient of linear 
expansion 

6 C( )10 /a - °´   

Density 
r (kg/m3) 

20 223 0.36 878 1221 31 12.0 

400 203 0.35 716 1079 31 13.9 

500 197 0.37 716 1055 29 14.6 

600 190 0.35 692 1030 29 15.0 

700 183 0.35 667 962 26 15.8 

800 176 0.39 530 638 17 16.6 

8210 

 
 eqeD

eD
m1s

m 2s
m3s

m 4s
eqs

 
 
Fig. 1. The equivalent strain-life curve. 

 

 
 
Fig. 2. Aerodynamic forces ( 11300 rpmw = ). 

 

 
 
Fig. 3. Thermal stresses ( 11300 rpmw = ). 
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rotational speed. The loading spectrum of 800 h is shown in 
Table 4. The thermal stresses and aerodynamic forces are 
obtained from the experimental data, and the temperature 
stresses of the turbine blade are loaded onto the 3D model 
based on the ANSYS Workbench parametric design language 
for three types of working conditions. The aerodynamic forces 
are loaded onto the surface of the blades in the ANSYS 
Workbench, as shown in Figs. 2 and 3. The centrifugal forces 
are loaded onto the turbine blades by changing rotational ve-
locity.  

The low-pressure turbine disc has 47 dovetail joints and 6 
bolt holes. When only the dovetail joint is considered and the 
assembly hole is ignored, only one dovetail joint remains from 
the disc and the other parts are cut off. The boundary condi-
tions are shown in Fig. 4. The meshing method of the model is 
automatic classification. The smallest unit of grid control 
should be used to achieve the computational requirements. 
The meshing grids of the blade are smaller than those of the 
disc. In this study, we concentrate only on the grid quality of 
the blades, as shown in Fig. 5. 

We can identify the critical areas of the low-pressure tur-
bine blade under three different working conditions by per-

forming FEA. The circularity transition root and the fir-tree 
mortise are the most critical regions under the same working 
condition, as shown in Figs. 6 and 7. The results are presented 
in Table 5.  

In accordance with the FEA and other works [42-44], the 
simulation results show that the maximum stress concentra-
tion in the dovetail region occurs in the contact region of the 
blade root. This condition can be responsible for crack initia-

Table 4. Loading spectrum of 800 hours. 
 

Working condition Number of  
cycles ni 

Rotational speed w (rpm) 

S1 1280 0-11300-0 

S2 1940 3500-11300-3500 

S3 23330 10000-11300-10000 

 

 
 
Fig. 4. The boundary conditions of FEA. 

 

 
 
Fig. 5. The meshing grids of FEA. 

 

 
 

 
 
Fig. 6. Stress and strain of circularity transition root ( 11300 rpmw = ). 

 

 
 

 
 
Fig. 7. Stress and strain of fir-tree mortise ( 11300 rpmw = ). 
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tion. The crack will then propagate under fatigue loading and 
result in a final fracture. 

 
4.2 Experimental data and life prediction 

In this section, several sets of experimental data from the 
material GH4133 [17, 39] (material parameter γ = 0.55) under 
different temperatures and stress ratios are used to verify the 
modified model, as shown in Tables 6-10. The mathematical 
expression for the proposed model is given in Eq. (15). We 
present the predicted results for different temperatures in Figs. 
8-10 by using Eqs. (5), (6) and (14).  

 
1.9231 o

1 1

1.8868 o
2 2

1.7857 o
3 3

0.1486( 0.0022) ,   250 C

0.1540( 0.0027) ,   400 C

0.1703( 0.0029) ,   500 C .

f eq

f eq

f eq

N T

N T

N T

l e

l e

l e

-

-

-

= D - =

= D - =

= D - =

.  (15) 

As shown in Figs. 8-10, the life prediction results agree well 
with the test data with a life factor of ±2. The prediction re-
sults of the Morrow and SWT models exhibit a large scatter, 
whereas the fatigue life estimated by the proposed model is 
more conservative. To quantify the fatigue life prediction er-
rors of different models, the predicted life deviation is used to 
indicate accuracy between the logarithmic predicted life and 
the logarithmic experimental life, as shown in Eq. (16). Then, 
a standard deviation is calculated as the metric for the life 
prediction models, as shown in Eq. (17). A small standard 
deviation means an accurate predicted life. The standard de-
viations of the fatigue life predictions by the three models are 
illustrated in Fig. 11. 

 
10 10log ( ) log ( )f te N N= -                         (16) 

2

1

n

i
i

e

e
S

n
==
å

                                   (17) 

Table 5. Results of FEA for turbine blade. 
 

Circularity transition root Fir-tree mortise Critical
area

Speed  
w (rpm) 

Stress (MPa) Strain (%) Stress (MPa) Strain (%) 

3500 45.16 0.02779 91.04 0.05458 

10000 250.20 0.15358 771.69 0.46466 

11300 346.04 0.21234 796.65 0.48181 

 
 

Table 6. Experimental data under T = 250 °C and R = -1. 
 

ae (%) max (MPa)s  Nt NProposed NSWT NMorrow 

0.319 669 30535 15921 46005 68017 
0.317 662 18997 16409 49378 71160 
0.412 826 7950 6914 7877 13743 
0.418 836 6250 6401 7206 12713 
0.424 802 11273 7514 7898 11786 
0.424 841 9525 6093 6737 11786 
0.424 801 4992 7556 7932 11786 
0.485 903 5862 3675 3518 6073 
0.482 896 4669 3827 3670 6250 
0.484 894 5077 3837 3649 6131 
0.482 898 5431 3793 3645 6250 
0.481 872 5418 4283 4013 6311 
0.544 951 3337 2542 2166 3668 
0.540 917 3599 2951 2452 3783 
0.543 951 3953 2549 2177 3696 
0.545 930 5133 2760 2295 3640 
0.538 930 4799 2812 2381 3843 
0.696 954 2345 1782 1110 1437 
0.699 994 1376 1530 990 1416 
0.695 991 1684 1558 1012 1444 
0.692 1001 1667 1513 997 1466 
0.815 1028 944 1111 627 852 
0.835 1051 783 999 562 789 
 

 

Table 7. Experimental data under T = 250 °C and R = 0.44. 
 

ae (%) max (MPa)s  Nt NProposed NSWT NMorrow 

0.3440 777.4 8461 10860 18690 29444 
0.3395 743.5 12141 11914 23334 34720 
0.3410 755.9 17710 11519 21514 32209 
0.3425 741.2 14352 11774 22822 37259 
0.3485 748.6 12855 11226 20540 27447 
0.4365 863.4 3720 5196 5622 8662 
0.4585 806.4 5610 6250 5981 7914 
0.4330 886.5 2508 4714 5300 8728 
0.4440 864.9 2879 5021 5293 8260 
0.4370 841.2 5320 5793 6095 9433 
0.5535 932.9 2191 2667 2177 3117 
0.5395 904.7 2903 3114 2556 3632 
0.5545 935.0 2535 2637 2153 3236 
0.5480 961.7 4276 2413 2056 3486 
0.5445 905.0 3031 3068 2487 3700 
 

 
 
Fig. 8. Predicted life fN  vs. the test data tN  under T = 250 °C. 
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As shown in Fig. 11, the standard deviations of the SWT and 
Morrow models under different temperatures are less than 0.3, 
whereas those of the proposed model are less than 0.15. The 
predictability values of the SWT, Morrow, and proposed mod-
els are mostly the same, but the life prediction results of the 
proposed model are closer to the experimental observations 
than those of the SWT and Morrow models. The proposed 
method is advantageous because it considers the sensitivity 

Table 8. Experimental data under T = 400 °C and R = -1. 
 

ae (%) max (MPa)s  Nt NProposed NSWT NMorrow 

0.696 964 1396 1148 937 1071 
0.705 894 1071 1482 1086 1026 
0.703 893 614 1494 1097 1036 
0.702 931 1423 1286 996 1041 
0.703 901 916 1446 1073 1036 
0.701 915 903 1372 1042 1046 
0.699 914 975 1383 1052 1056 
0.479 827 4066 3590 3581 4522 
0.498 836 4091 3223 3126 3823 
0.499 852 3962 2971 2953 3791 
0.500 832 2556 3268 3132 3758 
0.497 837 4538 3217 3133 3856 
0.501 863 2820 2802 2822 3727 
0.499 821 2389 3467 3266 3791 
0.400 736 9180 8473 8437 10524 
0.398 751 7123 7723 8060 10792 
0.400 724 12342 9226 8867 10524 
0.400 752 8842 7599 7908 10524 
0.400 736 7775 8473 8437 10524 
0.399 772 5721 6710 7366 10657 
0.400 716 8722 9783 9171 10524 
0.349 691 12720 13875 15672 21604 
0.350 667 13941 14707 17391 21264 
0.350 678 15913 14272 16501 21264 
0.350 689 13577 13860 15674 21264 
0.350 723 12239 12714 13454 21264 
 

   
 
Fig. 9. Predicted life fN  vs. the test data tN  under T = 400 °C. 

 

Table 9. Experimental data under T = 400 °C and R = 0. 
 

ae (%) max (MPa)s  Nt NProposed NSWT NMorrow 

0.60 863 1534 2135 1763 1156 
0.60 893 1871 1872 1617 1139 
0.50 802 4244 3818 3463 2224 
0.50 834 3553 3235 3112 2180 
0.50 789 3576 4098 3622 2242 
0.50 837 4143 3187 3082 2176 
0.50 864 4329 2797 2829 2140 
0.50 830 4293 3301 3153 2185 
0.40 780 7533 6355 7091 5405 
0.40 734 7778 8592 8506 5612 
0.40 757 6703 7353 7753 5507 
0.40 744 8800 8019 8166 5566 
0.40 743 4707 8074 8199 5571 
0.40 740 6249 8241 8300 5584 
0.40 761 6641 7164 7631 5489 
0.35 693 12619 13715 15387 10642 
0.35 730 13611 11597 13052 10269 
0.35 704 11457 13332 14636 10530 
0.35 735 10734 11167 12776 10220 
0.35 730 12285 11597 13052 10269 
0.30 659 20852 21748 30028 24125 
0.30 701 19717 19182 24447 22989 
0.30 686 19411 20033 26263 23388 
0.30 714 18465 18495 23010 22650 
0.30 644 13660 22819 32445 24545 
0.25 639 30727 38705 62398 70776 
0.25 651 26570 36954 58463 69620 
0.25 672 44070 34203 52343 67643 
0.25 659 29960 35862 56024 68860 
0.25 647 45090 37522 59737 70003 
0.25 599 41802 45742 78381 74770 
 
 

 
 
Fig. 10. Predicted life fN  vs. the test data tN  under T = 500 °C. 
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parameter of the Walker equation, which tends to predict a low 
deviation of fatigue life if the material parameters match well. 
The prediction accuracy using the proposed model is improved, 

and the model is suitable for life prediction under LCF.  
 

4.3 Life prediction of the proposed model for turbine blades 

As shown in Table 5, the most critical area of a low-
pressure turbine blade is the fir-tree mortise. The temperature 
of the working conditions is close to 400 °C. The life predic-
tion results of the proposed model are shown in Table 11.  

The state of S3 can be neglected because the cumulative 
damage is minimal. In this study, we use a nonlinear fatigue 
damage model [45] to obtain a cumulative damage of 800 h 
under different working conditions, as shown in Eq. (18). 
Thus, the fatigue life of the low-pressure turbine blade can be 
calculated by Eq. (19). 

 
2

1

ln
ln1 2

800
1 2

ln 21750
ln16243

( )

1280 1940      ( ) 0.1622
16243 21750

f

f

N
N

f f

n nD
N N

= +

= + =

          (18) 

800

1800 4932h.T
D

= ´ =                    (19) 

 
The experimental fatigue life and real fatigue life in service 

differ considerably, and conducting fatigue experiments under 
HCF/LCF combined loading or multi-axial tests is difficult 
due to the complex working conditions of the blades. The 
presumption is that the failure mode of the blades is HCF/LCF 
fracture. In such case, experiments with standard specimens 
may be a good choice. Then, the proposed model can be used 
in such situation to predict fatigue life. To obtain the real fa-
tigue life of components or structures based on the experimen-
tal data, we assume that fatigue life and strength follow the 
logarithmic normal distribution, and we consider a life factor 
d  on log mean life [46]. The modified fatigue life can be 
expressed as  

 

mod

4932 =1724.5h
2.86

TT
d

= = .                 (20) 

Table 10. Experimental data under T = 500 °C and R = -1. 
 

ae (%) max (MPa)s  Nt NProposed NSWT NMorrow 

0.703 884 1382 1065 1178 428 
0.695 874 1284 1127 1246 446 
0.704 882 756 1072 1181 426 
0.702 857 1226 1194 1276 430 
0.704 871 408 1121 1217 426 
0.702 883 993 1072 1186 430 
0.500 792 3840 2704 3822 1772 
0.498 759 3353 3280 4357 1807 
0.498 778 2592 2940 4063 1807 
0.501 788 3101 2755 3854 1755 
0.502 792 3523 2687 3779 1738 
0.401 714 7163 6532 9915 5906 
0.398 732 7888 5874 9398 6180 
0.400 711 10812 6612 10122 5995 
0.402 732 7487 5760 9115 5818 
0.401 703 7172 6704 10402 5906 
0.400 691 9936 6937 11058 5995 
0.350 650 16365 10385 20601 14002 
0.350 664 15722 9972 19215 14002 
0.349 649 8473 10486 20901 14272 
0.349 643 9031 10676 21548 14272 
0.351 674 12762 9632 18134 13739 
0.349 650 12573 10455 20795 14272 
0.350 643 12054 10604 21346 14002 
0.301 565 24303 20914 55237 39936 
0.300 548 22081 22799 62205 40906 
0.301 555 24836 21858 58801 39936 
0.300 582 24155 19656 50394 40906 
0.299 582 21921 19850 50983 41905 
0.251 481 59542 67992 189619 154209 
0.251 484 51455 66333 185317 154209 
 
 

 
 
Fig. 11. Standard deviation of fatigue life prediction. 

 

Table 11. Life prediction results of proposed model for turbine blade. 
 

 S1 S2 S3 

 (rpm)w  0-11300-0 3500-11300-3500 10000-11300-10000 

in  1280 1940 23330 

max (MPa)s  796.65 796.65 796.65 

min (MPa)s  0 91.04 771.69 

(MPa)as  398.33 352.81 12.47 

(%)ae  0.240905 0.213615 0.008575 

(%)eqeD  0.439318 0.411208 0 

l   1.11 1.11 1.11 

fiN  16243 21750 +¥  
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5. Conclusions 

A modified model that accounts for both the mean stress ef-
fect and sensitivity is proposed in this study to predict fatigue 
life. Several sets of data are used to validate the applicability 
and accuracy of the proposed model. Two widely used models 
are also adopted for comparison. In addition, FEA is per-
formed to identify the critical areas of a low-pressure turbine, 
and the stress and strain of critical areas are obtained using the 
ANSYS Workbench. The proposed model is also used to pre-
dict the fatigue life of a turbine blade by accounting for the 
mean stress based on a flight mission. The following conclu-
sions are drawn from the obtained results. 

(1) The proposed model incorporates the mean stress effect 
and sensitivity, and it can provide more accurate results than 
the SWT and Morrow models. However, it cannot be used to 
predict fatigue life if the mean stress is less than zero.  

(2) The material-dependent parameter γ can adjust several 
strain-life curves under different loadings to a single strain-life 
curve. It also extends the life prediction range from LCF to 
HCF, which shows good agreement from 103 to 106 with the 
experimental data. 

(3) The FEA results show that the critical regions of the 
low-pressure turbine blade can be obtained and that the find-
ings can be explored further in future studies. 

(4) The proposed model is validated with the experimental 
data for standard specimens under simple fatigue loading. The 
equivalent stress/strain and life factor should be considered 
when the proposed model is used to predict the fatigue life of 
complex structures or components in practical engineering 
applications.  
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Nomenclature------------------------------------------------------------------------ 

g  : Walker exponent 
as  : Stress amplitude 
ms  : Mean stress 
maxs  : Maximum stress 
mins  : Minimum stress 
fs  : Fracture strength 
us  : Ultimate tensile strength 
ys  : Yield strength 
'
fs  : Fatigue strength coefficient 
ars  : Equivalent fully reversed stress amplitude 

s¥  : Endurance limit stress amplitude 
1s -  : Fatigue limit stress 

eqsD  : Local equivalent stress 
s  : Applied load stress level 
R : Stress ratio 

aeD  : Strain amplitude 
eeD  : Elastic strain amplitude 
peD  : Plastic strain amplitude 
ceD  : Endurance limit strain 
eqeD  : Local equivalent strain 
0eD  : Equivalent endurance limit strain 

fe  : Real fatigue ductility coefficient 
'
fe  : Fatigue ductility coefficient 
fC  : Fatigue resistance coefficient 

b   : Fatigue strength exponent 
c   : Fatigue ductility exponent  
E   : Elastic modulus 

fN  : Predicted life 
tN  : Experimental life 

l  : Compensation factor 
d  : Life factor 

0 0,  A a  : Material constant 
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