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ASSESSMENT OF CRACK GROWTH AND FATIGUE LIFE OF AN 

AXIAL FAN BLADE BASED ON A CO-SIMULATION APPROACH 

  

  

  
 

ABSTRACT  

This paper presents static and dynamic stress analyses of an axial fan blade, which were carried out under real-life 

centrifugal and aerodynamic loading conditions using the Abaqus software. The location of the crack was 

identified on the pressure side of the blade at the conjunction between the blade and the blade root. It reveals a 

high agreement between the predicted location of stress distribution and the real origin of the crack location. 

Furthermore, a fracture mechanics criterion was adopted to simulate fatigue crack growth. This was performed 

using a fracture analysis FRANC3D code for three-dimensional problems. As a result, the calculated stress 

intensity factors (SIFs) were presented for the first steps, and the fatigue life of the fan blade was evaluated using 

the Forman de Koning model at different stress ratios.  

 
 Keywords: Axial-fan-blade; Fatigue crack growth; Fatigue life; Stress ratios 

  

  
INTRODUCTION  

 

 

The mining industry has notably played an essential role in the development of many 

countries. An estimation of 1.3% of the global workforce is involved in large and small-scale 

mining [1]. Thus, the mining industry must adapt and innovate exponentially to meet the 

multiple demands of this sector. In addition to adhering to the regulations imposed by the 

certification authorities regarding safety and toxic air emissions, the mining industry requires 

more efficient machines to improve reliability and minimize maintenance costs. In this context, 

ventilation system control plays a vital role in the safety of the mine production process. 

Ventilation in underground mines is a critical and widely regulated operation. As an example, 

controlling the airflow rate is required in a confined environment when the ambient air is 

contaminated by toxic gases (methane, dust, ammonia, etc.) from the mining process. 

Ventilation not only involves significant energy costs but also has an impact on the 

respiratory and auditory health of miners. As one of the key mechanical components of rotating 

machinery, fan blades are often exposed to high mechanical stresses due to centrifugal forces 

and aerodynamic loads. During continuous operation in a hostile, high-stress environment, the 

first component that can potentially be damaged is the blade [2]. Under such severe operating 

conditions, the blades experience fatigue loads that lead to stress concentration at critical 
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locations where cracks can firstly initiate, grow under service loads, and finally result in the 

fracture of the blade. In engineering, fatigue fracture is among the most common forms of 

structural failure [3]. In the mining world, even a failure rate of one blade out of 1000 is 

unacceptable. It is necessary to prevent such premature fractures that might lead to huge 

economic losses and catastrophic accidents. Therefore, to guarantee the structure's safety, it is 

essential to accurately study the behavior of cracks in fan blades and predict their remaining 

operating life. 

Despite the wide improvement in rotating machinery analysis, the difficulty of measuring 

deformation and vibration, and monitoring crack growth is not negligible. Thus, compared to 

time-consuming and high-cost experimental methods [4], numerical simulation methods, in 

particular the finite element method (FEM), are economical and powerful tools that have been 

proven to provide information about deformation, blade vibrations, and investigating fatigue 

crack growth. Several studies have been conducted on the numerical analysis of rotating 

machinery blades. Yu et al. [5] presented a fracture analysis of the impeller blade of a 

locomotive draught-fan using FEM. The results showed that under static loads the failure did 

not occur at the stress concentration area, and the mechanical resonance of the blades did not 

contribute to blade failure. In contrast, the analysis of Zhao et al. [6] and Poursaeidi et al. [7], 

showed that the crack occurred at the same location as the maximum stress area, and that 

resonance was the primary reason for the fatigue fracture in both a motor cooling fan blade and 

an R1 compressor blade. 

The conventional finite element technique requires a very fine mesh at the crack tip to 

simulate crack growth, while it is also important to constantly update the structural 

configuration and re-mesh. However, this is challenging due to the complexities of crack 

surface morphology [4]. In recent years, with the progress in finite element analysis and 

modeling, fatigue crack growth (FCG) prediction based on analytical models and the 

employment of computational software has become important. Remadi et al. [8] used ABAQUS 

for predicting the fatigue crack growth of 2024-T3 aluminum alloys under variable-amplitude 

loading. When the direction of the crack growth path is known beforehand, the virtual crack 

closure technology (VCCT) [9] and the cohesive zone model(CZM) techniques [10] are 

appropriate. In addition, common fracture analysis codes for three-dimensional problems, such 

as the extended finite element modeling (XFEM) module in ABAQUS [4,11], MSc Fatigue, 

and FRANC3D, are now at hand to study the behavior of FCGs in rotating structures without 

requiring meshing refinement at the crack tip, neither remeshing while the crack is propagating. 

 FRANC3D has been adopted due to its strengths in crack growth simulations. Riddell et 

al. [12] revealed that FRANC3D provides a higher correlation for fatigue crack growth. 

Poursaeidi et al. [13] investigated two semi-elliptical cracks on the fracture surface. They 

simulated FCG using FRANC3D for both one-crack and two-crack cases. Blade life in that 

study was calculated with the Paris model equation [14] and the NASGRO equation according 

to Forman-Newman-De Koning (FNK) [15]. Mangardich et al. [16] used the same NASGRO 

equation to model crack growth and predict the crack propagation life of an aircraft engine in 

a high-pressure compressor blade under combined high cycle fatigue (HCF) and low cycle 

fatigue (LCF) loading. Malipatil et al. [17,18] studied the fatigue crack growth behavior of a 

nickel base superalloy of GTM720 and GTM718, respectively. In their first work, the fatigue 

crack growth behavior was predicted with a cycle-by-cycle approach under spectrum load 

cycles approaches using Paris and Walker [19] equations. A comparison between numerical and 

experimental results showed a fairly good correlation. In their second study, the FCG behavior 

was established using two stress ratio effect laws: Paris-Walker(P-W) and Bi-linear-Walker(B-

W) in FRANC3D in conjunction with MSC NASTRAN. 

https://www.sciencedirect.com/topics/engineering/fatigue-crack-growth
https://www.sciencedirect.com/topics/engineering/aluminum-alloys
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The rest of this article is structured as follows. In the first part, a static structural analysis 

was conducted to evaluate the stress distribution on the blade with a focus on the maximum 

stress area. Then, a modal analysis was carried out to determine the dynamic mode shapes and 

to verify if there was any risk of resonance. In the second part, the stress analysis was imported 

into the FRANC3D code for crack growth modeling purposes, where an initial crack was 

inserted and grown based on the maximum tensile stress theory. The stress intensity factors 

(SIFs) of first mode cracks were calculated and the fatigue life under analyzed stress was 

predicted using the NASGRO equation with different stress ratios. 

The axial fan studied in this work was a 42-inch axial fan model, as shown in Fig. 1, 

where the blade/hub bounding was constructed using a U-bolt. During operation, a problem 

occurred, and an emergency led to stop the axial-fan. After investigation it was determined that, 

one by one, the axial fan blades were pulled out of their roots.  

 

 

 

Fig. 1. Axial fan model  

 

 

 

MATERIALS AND METHODS 

 

 

Fractography and visual observation  

An investigation of the fractured fan blades showed that the cracks initiated at the same place 

for all the blades. Fractography and visual observations were conducted for the fractured fan 

blades, as received. Fig. 2 shows a top view of the cracked blade that provoked this study, which 

shows the final step of the crack propagation area on the conjunction region between blade and 

the blade root. Once the crack reached a critical depth, its growth became unstable, resulting in 

the collision between the blade and the root due to overload failure and the domination of the 

shear stress in a plane of 45 degrees at the final fracture area. 

 

214 mm 86 mm 
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Fig. 2. Final fracture crack surface of the blade 

 

Finite element modeling  

The finite element bladed fan was a cyclic-symmetric structure consisting of 15 blades. 

However, to minimize the required resources and analysis time consuming, an assembly with a 

single blade was imported to the ABAQUS finite element code. The mesh type and mesh size 

were adapted to ensure convergence based on numerical stability and consistence criterion of 

running model [20]. An optimum mesh of 45,033 elements and 69,404 nodes was selected. The 

10-node quadratic tetrahedron element (C3D10) was used in this study. As the blades were 

subjected to static and dynamic loads, static stress and modal analysis of the blade was 

performed in this study.  

A static structural analysis was performed to determine the static stress distribution. The 

mechanical property material of the blade is an aluminium alloy AL 2024-T86, with the 

following mechanical properties: an elasticity modulus of 717×102 MPa, a density of 2,768 

kg/m3, a Poisson's ratio of 0.33, an ultimate tensile strength of 399.91 MPa, and a yield strength 

of 386.12 MPa. 

The blade root translation and rotation were constrained in all directions. Two main sources 

of stress exist for rotating blades: centrifugal forces and aerodynamic forces. In this analysis, 

centrifugal forces were simulated by applying a rotating condition with an operational impeller 

speed of 1,800 rpm. To investigate the aerodynamic forces, three approaches can be considered: 

experimental models, turbo-machine theory, and computational fluid dynamics (CFD) [7]. 

According to CFD analysis, distributed aerodynamic equilibrium pressure was computed and 

applied gradually from the root to the tip of the blade using values from 83.2 kPa to 110 kPa. 

Once the numerical model has been created, and the boundary conditions and loads were set, 

the stress analysis was then established; the von Mises stress was chosen to evaluate the stress 

state of the axial-flow mining fan, which is defined as follows [6]: 

 

𝜎𝑣𝑜𝑛−𝑀𝑖𝑠𝑒𝑠 = √
(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)

2

2
 (1) 

 

23mm 131mm 
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where 𝜎1  is the maximum principal stress, 𝜎2  is the middle principal stress, and 𝜎3  is the 

minimum principal stress.  

Fig. 3. The maximum stress was located at the root area of the blade, which was due to the 

non-uniform stress distribution in that location. As illustrated in in Fig. 3 the maximum static 

stress at the blade reached a value of 182.1 MPa. The von Mises stress distribution on the 

pressure side of the blade is presented; the local stress concentration area at the intersection of 

blade/roots reveals a high agreement between the predicted stress distribution and the real origin 

of the crack location shown in Fig. 2. 

 

  

Fig. 3. Von Misses stress distribution under static loads at the pressure side of the blade 

 

Modal analysis provides the vibrational characteristics (natural frequencies, damping 

properties and mode shapes) of the blade structure. The general form of governing equations 

for the entire blade can be written as: 

 𝑀𝑥̈ + 𝐶𝑥̇ + 𝐾𝑥 = 𝐹(𝑡)  (2) 

where M, C, and K are the total mass matrix, the total damping matrix, and the total stiffness 

matrix, respectively; 𝑥 is the displacement vector; 𝑥̇ is the velocity vector; 𝑥̈ is the acceleration 

vector; and F(t) is the dynamic load vector. To determine the dynamic characteristic, a modal 

analysis was performed on the structure. 

The damping matrix is generally neglected in the numerical modal analysis [21]. The undamped 

free vibration equation derived from Eq. (2) can be expressed as: 

 

 𝑀𝑥̈ + 𝐾𝑥 = 0  (3) 

By substituting the particular solution of 𝑥 = 𝜑𝑒𝑗𝑤𝑡 into Eq. (3), we obtain: 

 

 (𝐾 − 𝑤2𝑀)𝜑 = 0  (4) 

182.1 MPa 
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This is a generalized eigenvalue problem; the eigenvalues 𝑤𝑖
2 (1 ≤ i≤ n) and model shape 

can be obtained by solving: 

 𝑑𝑒𝑡(𝐾 − 𝑤2𝑀) = 0  (5) 

Thus, the relationship between natural frequency, structure stiffness and mass can be 

expressed as follows:  

 𝑓𝑖 =
1

2𝜋
√
𝐾𝑖
𝑀𝑖

, 𝑖 = 1,2,3… . , 𝑛 (6) 

where 𝑓𝑖 is the natural frequency of the structure, 𝐾𝑖 is the stiffness of the structure and 𝑀𝑖 is 

the structure mass. 

A modal analysis was carried out to study the dynamic behavior of the blade and to check if 

the mechanical resonance of the blades contributed to blade failure. Damping was not 

considered. The first six mechanical natural frequencies and mode shapes calculated using 

numerical modal analysis are shown in  

Table 1. 

 
Table 1. First five blade natural frequencies at different rotation speeds (Hz) 

Mode number                                            Natural frequency (rad/s)  

 0 50 100 150 200 250 

Mode 1 313.85  313.73  313.36 312.76  311.91  310.84  

Mode 2 850.71  850.74  850.81  850.94  851.11 851.32 

Mode 3 1,284.3  1,284.7  1,285.8  1,287.7 1,290.3 1,293.7 

Mode 4 1,708.9 1,708.9  1,709.1  1,709.2 1,709.5 1,709.8 

Mode 5 2,248.8 2,248.9 2,249.2 2,249.7 2,250.4 2,251.4 

 

The magnitude distributions for the first three modes are shown in Fig. 4. The first three 

natural frequencies of the blade were 313.68 Hz, 851.02 Hz, and 1,289.4 Hz. There was a stress 

concentration field at the root/blade intersection, as shown in Fig. 5, which shows a good 

agreement with the fractography observations of the fractured blade. 
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(a) (b) (c) 

fI = 313.68 Hz fII = 851.02 Hz fIII = 1,289.4 Hz 

Fig. 4. Magnitude distribution under the three first natural mode shapes of the blade: (a) first mode,  
(b) second mode and (c) third mode 

 

 

Fig. 5. Stress concentration area of the blade under the first natural mode shape 

 

65.6 MPa 
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Fig. 6. Campbell diagram 

 

The Campbell diagram shown in Fig. 6 constructed using the first five natural frequency 

magnitudes through various rotor speeds (0-250 rad/s). However, Fig. 6 shows that there was a 

coincidence between the first 8th harmonic order and the first natural frequency of the blade at 

a rotor speed equal to 228 rad/s. So, this speed was considered as a critical rotor speed at which 

there was a high probability of fracture due to resonance. 

None of the first five mechanical natural frequencies coincided with any harmonic orders 

at the operational speed of 188.5 rad/s (1800 rpm). It was concluded at that rated rotor speed, 

the probability of fracture due to resonance was low.  

 

Numerical fracture analysis  

In general, in the fracture mechanics domain, crack growth models can be divided into 

global and cycle-by-cycle analysis. The difference between the models is that global analysis 

predicts fatigue crack growth using the average of all applied loading cycles [21,22], whereas 

cycle-by-cycle analysis considers the crack growth of each cycle separately, then, by 

accumulation, determines the crack growth life. Cycle-by-cycle analysis was carried out in this 

study. Many laws have been established to describe the evolution of fatigue crack propagation. 

The simplest expression used by engineers in the last fifty years, which is well-known to predict 

fatigue crack propagation, is a power law described by Paris and Erdogan [23], known as the 

Paris law: 
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𝑑𝑎

𝑑𝑁
= 𝐶∆𝐾𝑚       (7) 

 

where a is the length of the crack, da/dN is the crack propagation rate, ΔK is the range of applied 

stress intensity factors (SIF) defined as 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛, and C and m are two material parameters 

defining, respectively, the position and the slope of the line on the log-log plot of da/dN versus 

ΔK. As mentioned below, the Paris law is the classical formula for fatigue life prediction as it 

does not consider overload retardation, the effect of stress ratio [24], and interaction effects. 

The Forman de Koning (FNK) (NASGRO) model was used in this study, as it has many 

advantages compared to other existing models. The FNK equation considers the fatigue 

threshold value, the fatigue fracture toughness effects, and the crack closure effects with a better 

match for various load ratios [25]. It is expressed as follows: 

 

𝑑𝑎

𝑑𝑁
= 𝐶 (

(1 − 𝑓)

(1 − 𝑅)
 ∆𝐾)

𝑛 (1 −
∆𝐾𝑡ℎ
∆𝐾

)
𝑝

(1 −
𝐾𝑚𝑎𝑥
𝐾𝐶

)
𝑞 (8) 

 

where N is the number of applied load cycles, ∆𝐾 is the SIF range, 𝐾𝑚𝑎𝑥 is the stress intensity 

factor corresponding to the maximum applied load, R is the stress ratio, and p, q, C, and n are 

empirical coefficients. 

The variable f represents the crack closure function that takes the stress ratio's impact into 

account, defined according to Newman’s crack closure phenomenon as [26]: 

 

 𝑓 = {
𝑚𝑎𝑥(𝑅, 𝐴0 + 𝐴1𝑅 + 𝐴2𝑅

2 + 𝐴3𝑅
3)    𝑅 ≥ 0

𝐴0 + 𝐴1𝑅                                          − 2 ≤ 𝑅 < 0
 (9) 

 

where: 

𝐴0 = (0.825 − 0.34𝛼 + 0.05𝛼2) [𝑐𝑜𝑠 (

𝜋
2
𝑆𝑚𝑎𝑥

𝜎0
)]

1
𝛼

 

𝐴1 = (0.415 − 0.071𝛼)
𝑆𝑚𝑎𝑥
𝜎0

 

𝐴2 = 1 − 𝐴0 − 𝐴1 − 𝐴3 

𝐴3 = 2𝐴0 + 𝐴1 − 1 

 

where α is the plane stress/strain constraint factor; and smax /σ0 is the ratio of the maximum 

applied stress to the flow stress. The fatigue threshold ∆𝐾𝑡ℎ in Eq. (8) (the threshold SIF range) 

for varying R-ratios is expressed as [26]: 
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where ∆𝐾0  is the threshold SIF range, a is the crack length, 𝑎0 is a fixed small crack 

parameter, 𝐶𝑡ℎ is an empirical constant that has different values and 𝐾𝐶, in Eq.(8), is the critical 

stress intensity factor, also named as, the fracture toughness of the material, the expression for 

this is [26]: 

 

𝐾𝑐 = 𝐾𝐼𝑐(1 + 𝐵𝑘𝑒
−(𝐴𝑘

𝑡
𝑡0
)
2

) (11) 

𝑡0 = 2.5 (
𝐾𝐼𝑐
𝜎𝑦𝑠
)

2

 (12) 

where 𝐾𝐼𝑐 , 𝑡0 , 𝑡 , 𝜎𝑦𝑠 , 𝐴𝑘 , and 𝐵𝑘 , are, respectively, fracture toughness, reference thickness 

(plain strain condition), thickness, tensile strength yield, and fit parameters. 

 

 

Algorithm flowchart of crack growth simulation and fatigue life prediction 

Fig. 7 shows the fatigue crack growth flowchart of the numerical approach used in this step. 

It can be described as follows: first, based on FEM analysis for the target structure using 

ABAQUS, the input file was imported into FRANC3D with input data of the material and 

boundary conditions with or without retaining the mesh sets/surfaces.  

Next, a New Flaw Wizard semi-elliptical surface crack with an advanced angle threshold of 

168, an aspect ratio (a/c) of 1, and an initial crack length (𝑎0) was inserted. The initial crack 

shape and size were assumed to be a semi-elliptical surface crack with a = c = 2.5 mm, as shown 

in Fig. 8, where a and c are the semi-axes of the ellipse whose centre is at the origin of the 

coordinate system [27]. This assumption was based on several investigations of failure analysis 

of blades, such as in the work of Lieu et al. [28], Branco et al. [27] and Witek [29]. 

 

∆𝐾𝑡ℎ =

{
 
 
 

 
 
 ∆𝐾0√

𝑎
𝑎 + 𝑎0

[
1 − 𝑅
1 − 𝑓

]
(1+𝑅𝐶𝑡ℎ

𝑃 )

(1 − 𝐴0)
(1−𝑅𝐶𝑡ℎ

𝑃 )
       𝑅 ≥ 0

∆𝐾0√
𝑎

𝑎 + 𝑎0
[
1 − 𝑅
1 − 𝑓

]
(1+𝑅𝐶𝑡ℎ

𝑚)

(1 − 𝐴0)
(𝐶𝑡ℎ
𝑃 −𝑅𝐶𝑡ℎ

𝑚)
       𝑅 < 0

 (10) 

https://sciendo.com/search/filterData?commonSearchText=Lucjan+Witek
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Fig. 7. Schematic flowchart part I: crack growth simulation 

 
 

Fig. 8. Initial crack shape and the crack paths 

No 

Yes 

Abaqus stress/strain analysis 

Read input data.inp (Material property etc.) 

 

Select retained Boundary conditions (Node sets/surf sets) 

Insert crack: Initial crack length a = a0, crack geometry generation 

Static crack analysis: Abaqus-Franc3D co-simulation (M-Integral method), i=1 

Compute (SIFS)1, θ1, α1 

Crack growth analysis: quasi-static crack growth, n= number of 

crack growth steps, Δa = crack growth increment 

i=i+1 

a = a0 +∆a Stop 

i < 

Calculate new crack front and updating crack geometry 

(crack surface) 

Compute (𝑆𝐼𝐹𝑠)𝑖, 𝜃𝑖, 𝛼𝑖 
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𝐽(1+2) = 𝐽(1) + 𝐽(2) +𝑀(1,2)

= [
1 − 𝜗2

𝐸
(𝐾𝐼

(1))2 +
1 − 𝜗2

𝐸
(𝐾𝐼𝐼

(1))2 +
1 + 𝜗

𝐸
(𝐾𝐼𝐼𝐼

(1))2]

+ [
1 − 𝜗2

𝐸
(𝐾𝐼

(2))2 +
1 − 𝜗2

𝐸
(𝐾𝐼𝐼

(2))2 +
1 + 𝜗

𝐸
(𝐾𝐼𝐼𝐼

(2))2]  

+ [
1 − 𝜗2

𝐸
𝐾𝐼
(1)𝐾𝐼

(2) +
1 − 𝜗2

𝐸
𝐾𝐼𝐼
(1)𝐾𝐼𝐼

(2) +
1 + 𝜗

𝐸
𝐾𝐼𝐼𝐼
(1)𝐾𝐼𝐼𝐼

(2)] 

(13) 

 

 

 

𝑀(1,2) =
1 − 𝜗2

𝐸
𝐾𝐼
(1)𝐾𝐼

(2) +
1 − 𝜗2

𝐸
𝐾𝐼𝐼
(1)𝐾𝐼𝐼

(2) +
1 + 𝜗

𝐸
𝐾𝐼𝐼𝐼
(1)𝐾𝐼𝐼𝐼

(2)
    (14) 

Later, according to the given crack growth step size (crack growth increment), the crack 

growth analysis was conducted.  

 

The new geometry and new crack surface were updated (update of the initial crack length, 

a, and the initial crack slant angle, θ). The FRANC3D code was used for SIF calculations and 

ABAQUS software was used for updating the stress after each crack growth. Generally, the 

majority of cracks occurring in complex engineering structures are mixed mode. Numerous 

criteria have been developed to govern the crack propagation direction and growth rates in 

mixed mode situations [30], such as the maximum energy release rate (MERR) [31], the 

minimum strain energy density criterion [32], and the circumferential tensile stress/hoop 

criterion (MTS) [33]. In this study, the MTS criterion was adopted. Using the generated stress 

intensities, as reported by the linear finite element method (LFEM) [34], the kink angle and the 

local extension for each node along the crack front were predicted as follows [4]:  

 

 
𝜃 =

1

√2𝜋𝑟
 𝑐𝑜𝑠

𝜃

2
(𝐾𝐼𝑐𝑜𝑠

2
𝜃

2
−
3

2
 𝐾𝐼𝐼𝑠𝑖𝑛𝜃) 

(15) 

 

To realize the crack propagation, the process was automatically repeated until reaching the 

predefined number of crack growth steps. 

 

The second part of the flowchart describes the relationship between the crack growth length 

and the number of load cycles under a cyclic-constant magnitude loading. Based on the 

appropriate growth rate model, the crack growth length under each load cycle was evaluated. 

For the fatigue life calculation module, the fatigue life statistics ends when either the maximum 

SIF cross the critical SIF value, or the predefined number of cycles (N) is reached. Based on 

the cycle-by-cycle SIFs algorithm, the crack growth simulation module and the fatigue life 

prediction module were deftly coupled.  
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Fig. 9. Schematic flowchart part II: fatigue life prediction 

 

 

 

RESULTS AND DISCUSSION  

 

Case study 

From the original finite element model, a smaller defined volume of parts was extracted to 

create a sub-model for crack growth analysis. The crack front's initial shape was assumed to be 

semi-elliptical. 
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No 
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No 

SIFs, a = a0, k = f (a/w, σ, a) 

Load schedule: cycle-by-cycle, Stress 

Ratio: R Total cycles: N 
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𝑑𝑎
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a= a0 + Δa 

Block number Nb=1, First cycle, i=1 

FCGR 
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Write Nb, a 
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Fig. 10. The original model, sub-model, and crack insertion area 

 

An initial semi-elliptical crack with a surface length c = 2.5 mm and an aspect ratio a/c=1 

was inserted into the sub-model, parallel to the blade axis at the peak stress location. After that, 

the sub-model was meshed and reinserted into the complete FEA model with the original FEA 

mesh and boundary nodes. The fracture mechanics model created based on the finite element 

mesh is shown in Fig. 10. 

 

Fatigue crack growth analysis  

According to part I of the flowchart for crack growth simulation in Fig. 7, before starting the 

simulation, a fixed crack growth increment must be defined. Theoretically, the use of a small 

crack growth increment provides greater accuracy for the crack growth path, but it is more 

computationally expensive compared to a large crack growth increment [4]. The crack growth 

increment was chosen to be ∆𝑎 = 0.1𝑚𝑚  based on trial tests considering the calculation 

efficiency (time- precision ratio) [35]. In this study, 183 points were used to generate the initial 

crack front, and after each growth step the number of points increased.  

 

After inserting the crack and defining the crack growth increment, SIFs along various crack 

fronts were calculated at each discrete point using the M-integral method [36]. The calculation 

results are shown in Fig. 11. This figure illustrates, the Mode I, Mode II, and Mode III SIFs 

along the fracture front for the first 40 crack iterations, computed using FRANC3D code.  

The magnitude of the Mode I SIFs along the fracture front increased as the crack extended 

maintaining the same shape. The complex crack growth was reflected by the variation in Mode 

I, where the lowest KI values were located at the middle of the crack and increased on both 

sides. For Mode I, maximum SIFs were located near the crack endpoints and minimum SIFs 

were located at maximum crack depth. In Mode II, there was a kink in the first step, so the SIF 

along the crack front for the initial crack was non-zero, whereas the rest of the crack iterations 

expanded to fulfill the MTS theory. 

 

Semi-elliptical crack  
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Fig. 11. Mode I, Mode II, and Mode III stress intensities along the first 40 crack fronts and the simulated crack 
propagation path by FRANC3D code 

 

 

Fig. 12. Comparison between 𝑲𝑰 and: 𝑲𝑰𝑰 on the left and 𝑲𝑰𝑰𝑰 on the right 
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Fig. 12 illustrates the SIF ratios for various crack front steps for KII/KI and KIII/KI. Even 

though the value of Mode I SIF was dominant, the Mode II and Mode III SIF’S were not 

negligible. As the magnitude of the interference increased, the SIF values of Mode II and Mode 

III had a greater extent, and the crack front became more multiaxial. The negative SIF values 

demonstrated the evolution of crack fronts in the compressive state [37]. 

 

 

Fatigue life prediction  

The NASGRO fatigue crack growth model shown in Eq. (8) was adopted for crack life 

prediction. The crack growth parameters for the 2024-T861 aluminum alloy from the 

FRANC3D material database are illustrated in Table 2. 

The fatigue crack growth life was calculated for four different stress ratios R = 0.1, 0.2, 

0.3, and 0.4. As can be seen from the results shown in Fig. 13, the life cycle was significantly 

dependent on the stress ratio. When the stress ratio R = 0.1, the initial crack of 0.1mm-long 

crack extended to 3.165 mm with a predicted life cycle of 248880 cycles from initiation; when 

the stress ratio R = 0.4, the initial 0.1mm crack extended to the same length of 3.165 mm with 

a predicted life cycle of 1.57E+06 cycles.  

 

 

Table 2.Mechanical properties and fatigue crack growth parameters used to predict fatigue crack  
growth behavior of 2024-T861 Al used in axial fan blades 

 

Mechanical properties of 2024-T861 Al   

Elasticity modulus, E [MPa]  71,700 

Density, 𝜌 [𝐾𝑔⁄𝑚𝑚3]  2.768 ∗ 10−6 

Poisson’s ratio, 𝜈  0.336 

Fatigue crack growth parameters  FNK Model 

Crack growth coefficient, C [mm/ (cycle∗ (MPa √m)3.81 )] 7.58 ∗ 10−12 

Crack growth exponent, n [-] 3.181 

Threshold SIF range, ∆𝐾0 [MPa √mm] 97.3 

Fracture toughness, 𝐾𝐼𝑐 [MPa √mm] 1,251 

Tensile strength, UTS [MPa]  399.91 

Yield strength, Yield [MPa]  386.12 

Fixed small crack parameter, 𝑎0 [mm] 0.0381 

Plain stress/strain constraint factor, α  1.5 

Ratio of the maximum applied stress to the  

flow stress, 
𝑆𝑚𝑎𝑥

𝜎0
 

0.3 

Fit parameter, 𝐴𝑘  1 

Fit parameter, 𝐵𝑘  1 

Empirical constant, 𝐶𝑡ℎ  1.5 
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Fig. 13. Fatigue crack growth life curves under different stress ratios 

  

CONCLUSIONS  

 

 

Based on the finite element analysis, and the study carried out using numerical fracture 

software, the conclusions were as follows:  

 

− Static stress and modal analysis were performed under real life centrifugal and 

aerodynamic loading conditions. The location of the crack in the axial fan blade was 

identified on the pressure side of the blade at the conjunction between the blade and the 

blade root with a maximum of 182.1 MPa von Mises stress. The results of the finite element 

analysis were used as input for the FRANC3D code. 

− The displacement approach was applied to calculate the stress intensity factors for three 

fracture modes. The Forman-Newman-de Koning crack growth model was used for 

predicting axial-fan-blade fatigue crack life under different stress ratios. The results have 

shown that the life cycle significantly depended on the stress ratio. 

 

As future work, the fatigue crack growth model used in this study can be compared with 

specials models such as, the load interaction models, as they consider the variable amplitude 

loading and the overload applied on structural components in rotating machines. In addition, as 

an extension of this study, an experimental data collection system using online sensors will be 

installed on an axial fan in service to collect real-world date which will be compared with this 

work for validation. 
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