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Abstract

In high-cycle fatigue, the majority of fatigue life is spent in the crack initiation stage.
However, current models fail to accurately capture the fatigue life consumed in the crack
initiation stage, resulting in discrepancies in predictions. Here, we propose a fatigue life
prediction model based on the crack tip plastic zone, combined with a multi-stage crack
growth approach. To quantify the crack initiation life, a modified Tanaka–Mura model
is developed by incorporating the effects of localized plastic deformation at the crack
tip. The proposed model demonstrates good agreement with experimental observations.
Furthermore, a reliability-based fatigue evaluation framework is established by introducing
a fatigue safety factor formulation. The results show that the safety factor decreases with
increasing applied stress levels, attributed to the reduced standard deviation and lower scat-
ter of fatigue life at higher stresses. The findings provide a practical and physics-informed
methodology for fatigue life and safety assessment of aluminum alloy components under
complex cyclic loading conditions.

Keywords: fatigue life prediction; crack initiation model; crack tip plastic zone; safety
factor; reliability analysis

1. Introduction
Fatigue crack initiation plays a pivotal role in the overall fatigue failure process,

particularly under high-cycle fatigue conditions, where failure typically occurs after 104 to
107 loading cycles [1–5]. In many engineering applications, components are subjected to
alternating stresses well below their static strength limits, making fatigue the dominant
failure mode. As such, accurate prediction of fatigue life under cyclic loading has become a
crucial area of research for ensuring safety, reliability, and cost-effectiveness in structural
design [6–8].

Traditional S-N curve-based models rely heavily on empirical fitting and often fail to
explicitly account for critical microstructural factors and loading condition variability [9,10].
To address these shortcomings, Tanaka and Mura [11] proposed a crack initiation life
model based on dislocation theory, establishing for the first time a quantitative relationship
between grain size and fatigue life. Building on this foundation, Chan et al. [12] extended
the theory to incorporate the influence of slip bands and inclusions, refining the fatigue
response equation with more representative parameters. Further advancements were
made by Sangid et al. [13], who proposed a microstructure-sensitive model integrating
grain boundary characteristics, the energetic stability of slip bands, and their statistical
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distributions [14]. This work offered a more detailed understanding of how factors such as
grain size distribution, crystallographic orientation, and boundary misorientation affect
fatigue crack nucleation [15]. These developments marked a significant shift toward the
use of microstructural mechanics and crystallographic data in fatigue life assessment.
In parallel, Fan et al. [16] proposed a hybrid approach combining a Z-parameter-based
physical model with neural network algorithms to predict fatigue life in the very high
cycle fatigue (VHCF) regime. This framework effectively captured the effects of defect
size, spatial location, and stress amplitude during the crack initiation phase. Moreover, it
demonstrated superior predictive accuracy compared to conventional empirical methods,
especially in scenarios involving internal defects and small cracks.

Fatigue failure is a complex and progressive phenomenon that typically comprises
two distinct stages: crack initiation and crack growth. Once the crack exceeds a critical
threshold length, it enters the growth phase, which itself can be divided into short crack and
long crack propagation regimes [17–20]. While the behavior of long cracks is relatively well
understood and can be effectively predicted using established models such as the NASGRO
equation, short crack growth remains a significant challenge due to its complex and often
material-specific nature [21]. In fact, the short crack growth phase frequently constitutes the
majority of the total fatigue life, making its accurate prediction crucial for reliable fatigue
assessment [22–24]. Various models have been proposed to address this issue; however,
many require extensive material-specific parameters that are difficult to obtain in practice.
To alleviate this challenge, the equivalent initial flaw size (EIFS) methodology has gained
widespread acceptance [25,26]. The central idea of EIFS is to introduce a hypothetical
initial crack size that enables fatigue life predictions to align closely with experimental
observations, thereby bridging the gap between theory and real-world performance [27].

In parallel, the accurate determination of fatigue safety factors is of paramount impor-
tance in ensuring structural reliability in engineering applications. Traditional approaches
often rely on empirical margins and do not fully capture the complexities of actual service
conditions, such as variable loading environments and material degradation, which can
lead to either overly conservative designs or unforeseen failures [28–32]. Recognizing these
limitations, recent research has shifted toward data-driven and probabilistic methods that
enhance the scientific robustness of safety assessments. Li et al. [33] employed generative
adversarial networks and feature extraction to enhance safety factor prediction under
limited data. Baro et al. [34] introduced probabilistic safety factors using Weibull-based
stress-strength analysis to account for uncertainty. Building on this, Su et al. [35] proposed
a Bayesian backward propagation method for fatigue failure updating in orthotropic steel
decks, while Kakaie et al. [36] applied Bayesian updating and fracture mechanics to evalu-
ate the fatigue reliability of corroded pipelines. Xu et al. [37] further combined response
surface models with dynamic Bayesian networks to update fatigue reliability of deepwater
risers. Despite these advances, many proposed methods remain computationally inten-
sive and challenging to implement in routine design workflows. Consequently, there is a
growing need for practical, quantitative approaches that integrate fatigue test data, reliable
predictive models, and statistical evaluation frameworks to provide engineers with a more
balanced and implementable safety factor design methodology.

In response to these ongoing challenges, the present study proposes a novel fatigue
life prediction framework that accounts for the evolution of the plastic zone at the crack
tip within a multi-stage crack growth process. By incorporating the plastic zone devel-
opment, the model more accurately captures the transition from microstructural crack
initiation to stable crack growth. Additionally, this work introduces a probabilistic fa-
tigue safety factor evaluation method that synthesizes experimental fatigue test results
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and statistical variability analysis to provide a more realistic and service-oriented safety
margin estimation.

Together, these innovations aim to bridge the gap between theoretical fatigue modeling
and engineering application, ultimately contributing to safer and more efficient structural
component design.

2. Theory Background
2.1. Crack Initiation Model

To estimate the fatigue crack initiation life under different stress levels, Tanaka and
Mura proposed a model based on the accumulation of dislocation dipoles [11]. This
model quantitatively describes the relationship between crack initiation life and various
microstructural and macroscopic material parameters as follows:

(∆τ − 2k)2Ni =
4µWs

π(1 − ν)d
(1)

where Ni is the number of cycles required for crack initiation, ∆τ is the shear stress range, k
is the dislocation friction stress, µ is the shear modulus, Ws is the fracture energy per unit
area of the slip band, ν is the Poisson’s ratio, and d is the grain size.

To improve the applicability of this model to cracks initiated by both slip bands and
inclusions, Chan et al. introduced an optimized model [12]:

nc = 0.05
(

d
bh

)√
cWeq

dµ
(2)

Weq= 2dγs (3)

c = ncb (4)

c = 0.005
(

d
h

)2(γs

µ

)
(5)

where nc is critical number of dislocations, b is the Burgers vector coefficient, c is the crack
length, Weq is the equivalent dislocation strain energy within the slip band, and h is the
width of the slip band. γs is the surface energy of the crack.

Based on Equations (1)–(5), the crack initiation life can be expressed as:

(∆ τ − 2k)N1/2
i =

[
8µ2

0.005π(1 − v)

]1/2(h
d

)( c
d

)1/2
(6)

In polycrystalline materials, fatigue crack initiation is influenced by the relationship
between the macroscopic applied stress amplitude ∆σ and the shear stress range on the
slip plane ∆τ, characterized by the Taylor factor M. To better align with experimental data,
the model can be further corrected by introducing a fitting parameter α, yielding:

(∆ σ − 2Mk)Nα
i =

[
8M2µ2

0.005π(1 − ν)

]1/2(h
d

)( c
d

)1/2
(7)

The Ws can be expressed as:

Ws =
∆K2

th
2E

(8)

where Kth is threshold stress intensity factor range and E is modulus of elasticity.
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To account for corrections to the S-N curve, Yang et al. [38] proposed a model that
introduces a fitting factor β, leading to:

Ni = β
9 × 1011GWs

(∆σ − σw)
2a0

(9)

β =


l

a0

(
1 + σs

A∆σ )
[ σs

B(∆σ−σw)
], ∆σ ≤ 0.525σs

l
a0

, ∆σ > 0.525σs

(10)

where G is shear modulus, σw is fatigue limit, a0 is initial flaw size/inclusion size, l is
characteristic length, and σs is yield strength of material under Yang model.

As reviewed above, the Chan model, although comprehensive, requires multiple
additional parameters, limiting its convenience in engineering applications. The Yang
model also involves multiple empirical coefficients.

In contrast, the model proposed in this study requires fewer fitting parameters while
incorporating the effects of the plastic zone near the crack tip, thus providing improved
predictive accuracy with enhanced engineering applicability.

2.2. Safety Factor Model

The material safety factor, as a key indicator for evaluating the safety margin of
materials under load, plays a crucial role in engineering applications [32,39]. In current
engineering practice, the safety factor is generally defined as shown in Equation (11):

SF = σs
[σ] (11)

where σs is ultimate stress; [σ] is allowable stress.
For different types of materials, the ultimate stress exhibits distinct forms and mean-

ings. For example, in plastic materials, when the applied stress reaches a certain threshold,
significant plastic deformation occurs. This threshold is referred to as the yield strength,
which is commonly taken as the ultimate stress for plastic materials. Once yielding occurs,
deformation becomes irreversible, potentially altering the geometry of the structure and
compromising its intended functionality.

In contrast, brittle materials do not exhibit an evident plastic deformation stage. Their
deformation remains minimal until fracture occurs. Therefore, the ultimate stress for brittle
materials is typically defined as the tensile strength σb, i.e., the stress value at fracture.

However, this conventional approach is often unsuitable for complex service condi-
tions, where materials may still fail at stress levels below the allowable stress. To address
this, a fatigue factor is introduced into the safety factor calculation.

Assume a set of equations, as expressed in Equation (12):

y = g(x1, x2, ..., xn) (12)

where y is the dependent variable and x1, x2, . . ., xn are the independent variables.
Taking fatigue life as an example, y is typically selected as the fatigue life, while

the primary independent variable is the stress level. The above formulation can then be
transformed into an equation suitable for fatigue life, as given in Equation (13), which
retains the same meaning:

y = N = g(σ) (13)

where N is the fatigue life and σ is the stress level.
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Assuming that y or its logarithmic form follows a normal distribution [40], its probabil-
ity density function (PDF) is given in Equation (14), and its cumulative distribution function
(CDF) is given in Equation (15). The reliability can be calculated using Equation (16):

f (y) = 1
s
√

2π
exp

[
− 1

2

(
y−µ

s

)2
]

, −∞ < y < +∞ (14)

F(y) =
∫ y
−∞

1
s
√

2π
exp

[
− 1

2

(
y−µ

s

)2
]

dy (15)

R(y) = 1 − F(y) = 1 −
∫ y
−∞ f (a)da (16)

where f (y) is the probability density function, s is the standard deviation, µ is the sample
mean, F(y) is the cumulative distribution function, R(y) is the reliability function, and y is
the upper limit of integration.

In this formulation, a specific upper integration limit µp is introduced, corresponding
to the standard normal distribution function for a given failure probability, enabling the
derivation of a fatigue life curve equation with a specified reliability:

y1 = g(x1, x2, ..., xn) + µp × s (17)

where µp is the specific upper integration limit and s is the standard deviation.
From Equation (17), a safety factor formula incorporating specific dependent and

independent variables can be obtained, as expressed in Equation (18). Taking xi as an exam-
ple, by keeping the dependent variable in Equations (12) and (17) and other independent
variables constant while varying only xi, two distinct values, xi and x′i , can be determined.
Reliability is then linked to the safety factor by combining Equations (11), (12) and (17),
leading to the fatigue life safety factor equation (Equation (18)), which enables calculation
of the safety factor for a given reliability and working stress:

SF =
xi
x′i

(18)

where xi is the fatigue strength and x′i is the working stress at the specified reliability.
Notably, xi and x′i in Equation (18) are the independent variables in Equations (12) and (17),
obtained while maintaining constant fatigue life as the dependent variable. For instance,
the safety factor at a given reliability is derived from the mean trend line and the fatigue life
curve at that reliability (see in Figure 1). Two stress values corresponding to the specified
reliability are determined, and the safety factor is defined as the ratio of these two stresses.
The relevant fatigue test data used in this study are obtained from the literature [40], and
the experimental work itself is not included in this paper.

Figure 1. Safety factor at a given reliability.
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3. Results and Discussion
3.1. Fatigue Life Prediction Model Considering the Crack Tip Plastic Zone

Figure 2 presents the S-N data for 6082 aluminum alloy, fitted using Basquin’s law
(Equation (19)) to describe the fatigue life behavior.

σ = a
(

2N f

)b
(19)

where a is fatigue strength parameter and b is fitting parameter.
If the traditional method is adopted, where the fatigue strength at 107 or 108 cycles is

defined as the fatigue limit σf , the resulting fatigue strength values σf would be 152.1 MPa
and 130 MPa, respectively. However, as shown in Figure 2, the S-N curve continues to
decrease monotonically within the range of 106 to 109 cycles [41]. Therefore, we define
the fatigue strength at a cycle count of 109 as the fatigue limit σf , which is found to be
103.8 MPa. This refined limit is particularly significant for preventing fatigue failure, a
critical risk that initiates below elastic limits.

Figure 2. S-N curve of 6082 aluminum alloy.

Fatigue life is typically divided into three stages: crack initiation, short crack growth,
and long crack growth. Current mainstream models generally fail to systematically consider
the damage evolution mechanism during the crack initiation stage. Traditional theoretical
models are often based on idealized assumptions, either assuming instantaneous crack
formation in defect-free materials or focusing solely on the fracture mechanics behavior
during the macro crack growth stage. This simplification in theory has led to a lack of in-
depth understanding of the microcrack nucleation mechanism and its stable growth during
the early stages, particularly the significant plastic deformation generated in localized
regions of the material under cyclic loading and its cumulative damage effect on fatigue
life, which has not been effectively quantified [1,42].

In practical materials, especially ductile materials, the crack tip, as shown in Figure 3a,
undergoes plastic deformation, which consumes additional energy. The plastic zone not
only affects the stress–strain distribution but may also dominate the crack initiation location,
path, and growth rate. Neglecting the effect of plastic energy dissipation during the crack
initiation phase can lead to deviations in fatigue life predictions [43,44]. To incorporate the
influence of the crack tip plastic zone into fatigue life prediction, we introduce the crack tip
plastic zone. Based on the Dugdale–Barenblatt model in Figure 3b [45,46], the modified
stress intensity factor range can be expressed as:

∆Ke f f = ∆Kth

√
1+ rp

a (20)
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where a is the crack length, and the plastic zone size rp is approximated as:

rp =
π

8

(
∆Kth

σy

)2
(21)

Substituting into the original formula, the modified fracture energy can be ex-
pressed as:

Ws =
∆K2

e f f
2E =

∆K2
th

2E

[
1+ π

8a

(
∆Kth

σy

)2
]

(22)

where σy is the yield stress.
The modified fracture energy Ws in Equation (22) explicitly incorporates the contribu-

tion of the plastic zone at the crack tip. Physically, this energy term quantifies the dissipated
energy per unit area due to plastic deformation under cyclic loading. This aligns with the
energy dissipation framework proposed by Kassapoglou [43], where fatigue crack initiation
is driven by the accumulation of local plastic strain energy. The parameter ∆Ke f f captures
the shielding effect induced by the plastic zone, and the correction term Equation (22)
effectively accounts for microstructural constraints such as grain size and yield strength. As
such, Equation (22) provides a physics-based representation of crack tip energy dissipation,
bridging macroscopic fracture mechanics with microscale plasticity mechanisms [47].

Figure 3. Comparative schematic of crack tip structure and Dugdale–Barenblatt model: (a) Detailed
crack tip structure showing tail, front and plastic zone; (b) Dugdale–Barenblatt theoretical model.

Combining Equations (1) and (22) yields the formula for crack initiation life.

(∆σ − 2Mk)Ni
α =

[
2M2∆K2

th
πd [1−ν]2

] 1
2
[

1+ π
8a

(
∆Kth

σy

)2
] 1

2
(23)

where ∆σ is the loading stress range and M is the Taylor factor, which is generally 2, 2Mk
represents the fatigue limit.

In this study, we assume that the crack initiation phase ends and the crack growth
phase begins when the crack length reaches one grain size, i.e., a = d. The other parameters
can be obtained by fitting experimental data.

Parameters within the equation were calibrated by fitting experimental crack initiation
life data; their values are listed in Table 1. The resulting crack initiation life curve, calculated
using Equation (23), is shown in Figure 4a. This curve demonstrates good agreement with
the experimental results, with improved fitting accuracy observed at higher fatigue lives.
Figure 4b illustrates the relationship between the predicted crack initiation life and the total
fatigue life. Analysis of this figure indicates a substantial increase in crack initiation life as
stress decreases. Additionally, crack initiation constitutes a progressively larger fraction of
the total life at lower stresses, ultimately dominating near the fatigue limit.
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Table 1. Parameters of the crack initiation model of 6082.

d/µm µ/MPa ν σy/MPa ∆Kth/MPa·m1/2 a/µm α

15.12 27,000 0.3 325 1.1 15.12 0.22

Figure 4. Prediction of fatigue crack initiation life: (a) parameter fitting, (b) crack initiation life.

Fatigue crack growth life typically consists of two parts: short crack growth life and
long crack growth life. Experimental results indicate that the short crack growth life
accounts for the majority of the total crack growth life in 6082 aluminum alloy.

Therefore, predicting the fatigue life during the short crack growth phase is highly
complex. However, studies have found that short crack growth is highly sensitive to
microstructural features. To address this issue, Li et al. [27] have applied the equivalent
initial flaw size (EIFS) method to predict the short crack growth life.

The crack growth rate curve obtained through experiments can be used to predict
the crack growth life. In this study, the Nasgro equation is employed to obtain the crack
growth rate curve:

da
dN

= C
(

∆Ke f f

)m

(
1 − ∆Kth

∆K

)p

(
1 − Kmax

KIC

)q (24)

where C, m, p and q are the parameters obtained through fitting, da/dN is the crack growth
rate, ∆Ke f f is the effective stress intensity factor range, ∆Kth is the threshold stress intensity
factor, ∆K is the stress intensity factor range, Kmax is the maximum stress intensity factor,
and KIC is the fracture toughness.

The effective stress intensity factor range ∆Ke f f can be obtained using the follow-
ing equation:

∆Ke f f =
(

1− f
1−Re f f

)
∆K (25)

where Re f f is the effective stress ratio, which can be obtained using the following equation:

f =
Kmax

Kop
=


max

(
Re f f , A0 + A1Re f f + A2R2

eff + A3R3
e f f

)
Reff ≥ 0

A0 + A1Re f f −2 ≤ Reff < 0
A0 − 2A1 Reff < − 2

(26)

A0 =
(

0.825 − 0.34α +0.05α2
)[

cos
(

πσmax

2σav

)]1/α

(27)

A1 = (0.415 − 0.071α)
σmax

σav
(28)

A2= 1 − A0 − A1 − A3 (29)
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A3 = 2A0 + A1 − 1 (30)

where A0, A1, A2, and A3 are the relevant coefficients in the Nasgro equation, σmax is
the maximum load stress, and σav is the flow stress. Under the approximate plane strain
condition, it is assumed that σmax/σav = 0.3 and α = 3 [48].

Typically, the Nasgro equation is only applicable for predicting the long crack growth
life. Therefore, to predict the short crack life, the EIFS method can be employed to extend the
Nasgro equation from the long crack phase to the short crack phase [27]. The EIFS method
involves selecting a crack length such that the short crack growth zone is equivalent to a
portion of the long crack growth zone. This approach effectively circumvents the challenges
associated with predicting the life of short cracks. As illustrated, the core of the EIFS
method is to identify an appropriate initial crack size that equates the areas of S1 and S2,
as depicted in Figure 5, thereby ensuring that the predicted crack growth life using the
equivalent method aligns with the actual observed crack growth life.

Figure 5. Schematic diagram of the EIFS method principle.

The EIFS-related parameters can be obtained using the following equation:

∆K = F∆σ
√

πa (31)

a0 =
1
π

(
∆Kth
F∆σf

)2

(32)

a f =
1
π

(
KIC
Fσa

)2
(33)

where F is the geometric correction factor and ∆σf is the fatigue limit.
The crack growth life can be calculated using the following equation:

N f =
∫ a f

a0

(
1 − Kmax

KIC

)q

C
(

∆Ke f f

)m(
1 − ∆Kth

∆K

)p da (34)

The crack growth-related parameters are listed in Table 2. As shown in Figure 6a,
the fitted crack growth rate curve indicates that the experimental data points exhibit
typical characteristics of the Paris regime, where the crack growth rate (da/dN) shows
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an approximately linear relationship with the stress intensity factor range (∆K) in a semi-
logarithmic coordinate system, and da/dN increases significantly as ∆K increases. The
fitted curve matches the experimental data well, indicating that the crack growth model
accurately describes the fatigue crack growth behavior of the material. The fitted crack
growth life is shown in Figure 6b, where the curve exhibits a nonlinear decline, and the data
points are uniformly distributed, suggesting that the experimental data is consistent and
exhibits regularity. Figure 6 demonstrates that the Nasgro equation provides a good fit for
the crack growth rate and crack growth life of 6082 aluminum alloy. The fatigue initiation
life and crack growth data for 6082 aluminum alloy are taken from the literature [40].

Table 2. Parameters of the crack growth model of 6082.

KIC/MPa·m1/2 ∆Kth/MPa·m1/2 p q C m

20.0 1.1 0.93 0.72 9.25457 × 10−11 4.059

Figure 6. Fatigue Crack Growth Behavior and Life Prediction: (a) crack growth rate; (b) crack growth
life prediction.

The total fatigue life can be obtained using Equations (23) and (34), as shown in
Equation (35):

N =


√

2M2∆K2
th

πd(1−ν)2 ·
√

1+ π
8a

(
∆Kth

σy

)2

σa − 2Mk


1/α

+
∫ a f

a0

(
1 − Kmax

KIC

)q

C
(

∆Ke f f

)m(
1 − ∆Kth

∆K

)p da (35)

Equation (35) is shown in Figure 7a. By comparing the predicted fatigue life of
6082 aluminum alloy with the experimental data, the results indicate that the fitted curve
can accurately describe the material’s fatigue life evolution, validating the applicability of
the model. It was also observed that the prediction error increased in the high-stress region,
which may be due to the scatter of the experimental data and deviations in the fitting
parameters [49]. Another explanation is that the small-scale yielding (SSY) assumption is
less valid at high stress levels. When the stress amplitude approaches the yield strength,
large-scale plastic deformation accelerates damage beyond the model’s linear expectations.
Additionally, multiple crack initiation and coalescence at high stresses can further reduce
the total life. Our single-crack framework does not account for these interactions. Therefore,
the model is most effective in the HCF regime where SSY conditions are strictly met.
Furthermore, based on the model calculations, the proportion of microcrack initiation
life and crack growth life under varying stress levels is illustrated in Figure 7b. It can be
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observed from the figure that at high stress levels, the crack growth phase dominates the
total fatigue life. However, as the applied stress decreases, the proportion of microcrack
initiation life gradually increases. This trend highlights the growing significance of the
initiation phase under low-stress conditions, indicating the necessity to consider both stages
comprehensively in fatigue life assessments across different loading scenarios.

Figure 7. Total fatigue life prediction: (a) Comparison of predicted total life with experimental fatigue
life. (b) The proportions of crack initiation life and crack growth life under different loading stresses.

3.2. Safety Factor Model Based on Reliability

This section applies the previously established fatigue life model to compute safety
factors and analyze reliability under various stress conditions. The analysis yields the
material’s safety factor corresponding to a specified reliability level and the associated
required fatigue strength. Extensive studies have demonstrated that the logarithm of
fatigue life conforms to a normal distribution. Accordingly, the logarithmic fatigue life
equation in Equation (36) is employed. By incorporating the target reliability, the lower
bound stress in Equation (37) is subsequently derived. Combining Equations (36) and (37)
yields the safety factor in Equation (38).

lg(N) = lg




√

2M2∆K2
th

πd(1−ν)2 ·
√

1+ π
8a

(
∆Kth

σy

)2

σ1 − 2Mk


1/α

+
∫ a f

a0

(
1 − Kmax

KIC

)q

C
(

∆Ke f f

)m(
1 − ∆Kth

∆K

)p da


(36)

lg(N) = lg




√

2M2∆K2
th

πd(1−ν)2 ·
√

1+ π
8a

(
∆Kth

σy

)2

σ2 − 2Mk


1/α
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+ µp×s (37)

SF =
σ1

σ2
(38)

where σ1 and σ2 represents the stress level, µp is the upper integration limit corresponding
to the desired reliability, and s is the standard deviation.

Experimental data reveal substantial variations in the scatter of fatigue life across
different stress levels. To characterize the relationship between life scatter and the applied
stress, this study proposes a log-linear model, expressed as:

lgs = A + Bσ (39)
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where A and B are regression coefficients determined by fitting standard deviations of
fatigue life obtained from grouped fatigue tests at various stress levels. The resulting
standard deviation curve is illustrated in Figure 8.

Figure 8. Effect of stress level on the dispersion of fatigue life.

As shown in Figure 8, the standard deviation of fatigue life generally decreases with
increasing stress level and exhibits notable fluctuations across the stress range. Using a
constant standard deviation for all calculations may result in inaccuracies across different
stress levels. Therefore, the fitted curve effectively captures the stress-dependent variation
in the fatigue life standard deviation.

This reduction in variability at higher stress levels is due to a change in the fatigue
mechanism. At lower stresses, the crack initiation phase dominates the total life. This phase
is highly sensitive to random microstructural features like grain orientation. Therefore, the
data shows significant scatter. At higher stresses, cracks initiate almost immediately. The
life is then dominated by the crack growth phase. Macroscopic mechanical driving forces
control crack growth, which is less sensitive to microscopic randomness. As a result, the
fatigue life becomes more deterministic and less variable.

The variation of the safety factor with respect to stress level under different reliability
levels is presented in Figure 9a, covering the range of 160–220 MPa. At a fixed reliability
level, the safety factor decreases as the applied stress increases. This trend is attributed
to the fact that higher stress levels correspond to smaller fatigue life standard deviations
and reduced data scatter, thereby resulting in a lower safety factor. Conversely, for a fixed
stress level, the safety factor increases with higher reliability requirements. For example, at
160 MPa, the safety factor is 1.13 for 80% reliability, increasing to 1.28 for 95% reliability.

When a safety factor of 1.25 is required, Figure 9a shows that this value exceeds the
safety factor range corresponding to 95% reliability. This implies that a safety factor of 1.25 is
more conservative than necessary for 95% reliability, potentially leading to overdesign
and increased manufacturing costs. Additionally, the intersection between the safety
factor curve for 99% reliability and the 1.25 threshold occurs at 181 MPa. Thus, for stress
levels below 181 MPa and under 99% reliability, the proposed method yields more stable
safety factors.

Figure 9b further illustrates the relationship between reliability and stress level. At a
given safety factor, reliability increases with increasing stress. As described in the previous
chapter, at a fixed reliability level, higher stress results in a smaller safety factor and
thus a narrower safety margin. Conversely, under a constant safety factor, higher stress
levels correspond to higher reliability, while lower stress levels yield lower reliability.
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These findings indicate an inverse relationship between safety factor and stress at a given
reliability and between reliability and stress at a given safety factor.

Figure 9. Correlation between reliability and safety factor: (a) safety factors at various stress levels
for a given reliability, (b) reliability at various stress levels for a given safety factor.

To further illustrate the effect of data scatter, a representative case with 95% reliability
and a safety factor of 1.2 is selected; analogous conclusions can be drawn for other combi-
nations. The relationship between stress level and temperature under different standard
deviations (i.e., 0.8s, s, and 1.2s) is depicted in Figure 10a. Larger standard deviations
result in higher required safety factors due to increased data scatter, which shifts the 95%
reliability curve further from the mean. Consequently, a larger margin is necessary to
maintain the same reliability level.

Figure 10. Effect of standard deviation on safety factor and reliability: (a) safety factors as a function
of stress level at various standard deviations, (b) reliability factors as a function of stress level at
various standard deviations.

Similarly, Figure 10b shows the relationship between stress level and reliability for
various standard deviations (i.e., 0.8s, s, and 1.2s). For higher standard deviations, the
reliability decreases. This is due to increased data scatter, which causes a greater proportion
of fatigue life data to fall below the threshold defined by a given safety factor. Therefore,
lower reliability is expected under conditions of higher standard deviation.

The proposed reliability-based framework differs from established engineering stan-
dards like Eurocode 3 or IIW recommendations. These standards typically apply a constant
partial safety factor. They also assume that the fatigue life scatter is the same for all stress
levels. However, our experimental data proves that the standard deviation changes with
stress. Our model captures this dynamic scatter. At lower stresses, the model provides a
higher safety factor to cover the large uncertainty. At higher stresses, it reduces the safety
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factor to avoid overdesign. This approach makes the fatigue assessment more efficient than
traditional fixed-factor methods.

4. Conclusions
In this study, a crack initiation life prediction method based on the plastic zone at the

crack tip was proposed, and a multi-stage crack model was adopted to predict the fatigue
life. Subsequently, an analytical framework incorporating both safety factors and reliability
was established to investigate their interrelation and examine the influence of standard
deviation on the results. The main conclusions are summarized as follows:

(1) The S-N curve of the 6082 aluminum alloy shows a continuously decreasing
trend in the tested regime. The proposed multi-stage model captures this fatigue
behavior continuously.

(2) The modified model provides a reasonable estimation of the fatigue life for 6082 alu-
minum alloy, particularly in the HCF regime. However, the prediction becomes
non-conservative at high stress levels. This is attributed to the breakdown of the
small-scale yielding assumption and the accelerated damage caused by large-scale
plasticity as the stress approaches the yield limit.

(3) For a given reliability level, the safety factor decreases with increasing stress level.
This is attributed to the lower standard deviation and reduced scatter in fatigue life
under higher stress, thereby reducing the required safety margin. Conversely, at a
constant stress level, the safety factor increases with higher reliability requirements.

(4) For a given safety factor, reliability increases with increasing stress levels. At the
same time, under a specific reliability requirement, higher stress levels correspond to
smaller safety factors (i.e., lower safety margins). When the safety margin (i.e., safety
factor) is fixed, higher stress levels yield higher reliability, whereas lower stress levels
yield lower reliability. The variations of safety factors at various stress levels for a
given reliability and the reliability at various stress levels for a given safety factor
exhibit opposite trends.

(5) Standard deviation has a significant influence on both reliability and safety factors.
Under a fixed reliability level, an increase in standard deviation results in a higher
safety factor, whereas under a fixed safety factor, increasing the standard deviation
leads to a decrease in reliability.
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