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Fatigue failure represents one of the most critical challenges in structural engineering, accounting for a significant 

majority of mechanical failures in service. In the context of modern computational mechanics, the ability to predict 

when and where a component will fail under cyclic loading is paramount for ensuring safety, optimizing material 

usage, and reducing prototype costs. This article provides an in-depth technical exploration of Fatigue Life 

Estimation, focusing on the integration of Abaqus for stress-strain analysis and SIMULIA fe-safefor advanced

durability assessment.

Understanding the Mechanics of Fatigue

Fatigue is a process of progressive localized permanent structural change occurring in a material subjected to

conditions that produce fluctuating stresses and strains at some point or points and that may culminate in cracks or

complete fracture after a sufficient number of fluctuations. Unlike static failure, fatigue occurs at stress levels

significantly lower than the ultimate tensile strength of the material.

High-Cycle Fatigue (HCF) vs. Low-Cycle Fatigue (LCF)

Engineers generally categorize fatigue into two regimes based on the number of cycles to failure and the nature of

the deformation:

•  High-Cycle Fatigue (HCF): Characterized by lower stress levels where deformation is primarily elastic. Failure 

typically occurs after 10^4 to 10^7 cycles. HCF analysis is usually stress-based, utilizing S-N curves (Stress vs. 

Number of Cycles).

•  Low-Cycle Fatigue (LCF): Occurs at higher stress levels where plastic deformation is macroscopic. Failure 

happens in a relatively short number of cycles (typically less than 10^4). LCF analysis is strain-based, often 

modeled using the Coffin-Manson relation.

In complex geometries, LCF often occurs at stress concentration points even if the bulk of the component remains

in the elastic regime. This necessitates a robust FEA (Finite Element Analysis) approach to capture localized

plasticity accurately.

The Role of Abaqus in Fatigue Analysis

Abaqus, a suite of powerful finite element analysis software, serves as the foundation for fatigue life estimation by

providing the high-fidelity stress and strain distributions required for life prediction. While Abaqus is primarily a

solver for structural response, it offers specialized features for fatigue-specific workflows.

Direct Cyclic Analysis in Abaqus/Standard

One of the most advanced features in Abaqus for fatigue is the Direct Cyclic Analysiscapability. This technique is

specifically designed to obtain the stabilized response of a structure subjected to periodic loading. Traditional

transient analysis requires simulating every single cycle until a steady state is reached, which is computationally

expensive for large models. Direct Cyclic Analysis uses a modified Newton method combined with a Fourier series

representation of the solution to jump directly to the stabilized state.



This is particularly useful for Low-Cycle Fatiguecalculations where the material may undergo cyclic hardening or

softening. By obtaining the stabilized plastic strain range, engineers can apply strain-life equations more accurately.

Damage Evolution and User Subroutines

For advanced users, Abaqus allows for the incorporation of damage evolution directly into the simulation via 

constitutive equations. If the built-in damage models (such as progressive damage for composites or ductile 

damage for metals) are insufficient, User Subroutines like UMAT (User Material) or VUMATcan be authored.

These subroutines allow engineers to define custom damage evolution laws that degrade material stiffness as a

function of cycle count, effectively simulating crack initiation and propagation within the FEA environment.

Deep Dive into SIMULIA fe-safe

While Abaqus provides the stress and strain data, fe-safeis the industry-standard software specifically developed

to translate those FEA results into fatigue life predictions. Developed over 30 years ago, fe-safe contains an

extensive library of fatigue algorithms and material data.

The fe-safe Workflow

The integration between Abaqus and fe-safe typically follows a deterministic path:

1.  FEA Execution: Run an Abaqus simulation (Static, Modal, or Direct Cyclic) and save the results in an Output 

Database (.odb) file.

2.  Importing Results: Load the .odb file into fe-safe. The software reads the stress/strain tensors for all 

elements and nodes.

3.  Material Definition: Select the material properties from the fe-safe database, including S-N or E-N curves, 

surface finish factors, and mean stress correction parameters.

4.  Loading Definition: Define the cyclic loading history. This can be a simple constant amplitude wave or a 

complex multi-axial time-series loading.

5.  Algorithm Selection: Choose the appropriate fatigue algorithm (e.g., Brown-Miller for LCF, Morrow or 

Goodman for HCF).

6.  Life Calculation: fe-safe calculates the damage for each element and produces a "Log Life" contour map, 

which can be exported back to Abaqus/CAE for visualization.

Mathematical Models for Fatigue Life

Effective fatigue estimation relies on validated mathematical frameworks. Below are the primary equations utilized

by solvers like fe-safe during the estimation process.

The Coffin-Manson Relation (Strain-Life)

The Coffin-Manson equation is the cornerstone of LCF analysis, relating the plastic strain amplitude to the number

of reversals to failure:

9Cµp / 2 = ;Rvb�ƒ$æb•æ0

Where:9Cµp / 2 is the plastic strain amplitude.;Rv` is the fatigue ductility coefficient.2Nf is the number of reversals to 

failure.c is the fatigue ductility exponent.

Mean Stress Corrections

Mean stress can significantly impact fatigue life, especially in HCF. Tensile mean stresses reduce life, while

compressive mean stresses can increase it. Common models used in fe-safe include:



Model Application Formula Characteristics

Goodman Brittle materials / HCF Linear relationship between stress 
amplitude and mean stress.

Gerber Ductile materials Parabolic relationship; usually less 
conservative than Goodman.

Soderberg Conservative engineering Uses yield strength instead of ultimate 
strength; very conservative.

Morrow Strain-life (LCF) Modifies the elastic term of the strain-
life equation based on mean stress.

SWT (Smith-Watson-Topper) Multi-axial / LCF Accounts for mean stress by 
considering the maximum stress in 
the cycle.

Technical Comparison: Abaqus Direct Cyclic vs. Standard Transient

Choosing the right analysis type in Abaqus is crucial for efficient fatigue estimation. The following table compares

the two primary approaches for periodic loading.



Feature Direct Cyclic (Abaqus/Standard) Standard Transient Dynamic/Static

Computational Cost Low (Jumps to stabilized state) High (Must simulate every cycle)

Material Behavior Assumes stabilized cyclic response Captures cycle-by-cycle hardening/
softening

Complexity Requires Fourier terms definition Straightforward step definition

Suitability Large structures, LCF, many cycles Short duration events, non-periodic 
loading

Output Directly provides 9Cµ for life equations Requires post-processing of history 
data

Advanced Considerations: Multi-axial Fatigue

In real-world applications, components are rarely subjected to simple uniaxial loading. Complex geometries and

multi-point loading create multi-axial stress states where the principal stress axes may rotate during a cycle (non-

proportional loading). 

Calculating fatigue under these conditions requires Critical Plane Analysis. Algorithms within fe-safe, such as the 

Brown-Miller algorithm, search for the physical plane in the material where the combination of shear and normal

strain causes the most damage. This is significantly more accurate than using scalar measures like Von Mises

stress, which do not account for the directional nature of fatigue crack growth.

Surface Finish and Environmental Factors

The surface of a component is often where fatigue cracks initiate. Abaqus calculates bulk stresses, but fe-safe 

allows for the application of Kt (Stress Concentration)factors and surface finish corrections. A rough, machined

surface will have a much lower fatigue limit than a polished laboratory specimen. Additionally, factors such as

residual stresses from shot peening or heat treatment can be imported into fe-safe as a predefined stress state to

account for their life-extending benefits.

Practical Implementation: Case Study of a Turbine Blade

Consider a gas turbine blade subjected to centrifugal loads and thermal cycling. This is a classic LCF/HCF

interaction problem.

Step 1: Thermal-Mechanical Analysis in Abaqus

A coupled thermal-stress analysis is performed to determine the temperature distribution and the resulting thermal 

stresses. Because the blade rotates, centrifugal loads are applied. Using the Direct Cyclicapproach, the engineer

identifies the stabilized plastic strain at the blade root cooling holes.

Step 2: Transfer to fe-safe

The ODB file is loaded into fe-safe. The engineer defines a "Loading Block" that represents a typical flight cycle:

takeoff (peak load), cruise (sustained load), and landing (unloading). 

Step 3: Damage Calculation

fe-safe applies the Duke-Miller or Walkermean stress correction to account for the high tensile centrifugal stress.



The software calculates that the cooling holes have a life of 5,000 cycles, whereas the trailing edge has a life of

50,000 cycles. 

Step 4: Redesign

The engineer uses these results to modify the cooling hole geometry in Abaqus/CAE, re-runs the simulation, and

confirms the life improvement in fe-safe, demonstrating the iterative power of the FEA-Fatigue loop.

Troubleshooting Common Issues in Fatigue FEA

•  Mesh Sensitivity: Fatigue life is highly sensitive to local stress gradients. Ensure that the mesh is sufficiently 

refined at fillets and notches. Linear elements may underestimate peak stresses; quadratic elements (e.g., 

C3D20R) are generally preferred for durability analysis.

•  Singularities: Sharp corners in FE models create artificial stress singularities. Fatigue calculations at these 

points will yield "zero life." Engineers must use realistic radii or apply volume-averaging techniques (Theory of 

Critical Distances).

•  Material Data Mismatch: Ensure that the material properties used in fe-safe match the cyclic behavior defined 

in Abaqus. If Abaqus uses a kinematic hardening model, the fe-safe material should reflect those cyclic parameters.

•  Units Consistency: One of the most common errors is a mismatch between the units of the FEA results (e.g., 

MPa) and the fatigue material database (e.g., psi). Double-check unit systems before execution.

The Future of Durability Analysis

The field is moving toward Probabilistic Fatigue Analysis. Instead of a single "life" value, engineers are 

increasingly looking at the statistical probability of failure, accounting for variabilities in material manufacturing and 

operational loading. Integration with Isightfor parametric optimization allows for the automatic discovery of designs

that maximize fatigue life while minimizing weight.

Furthermore, the rise of Additive Manufacturing (AM)presents new challenges. AM parts often have unique

porosity and surface roughness profiles that traditional S-N curves do not cover. The combination of high-resolution

Abaqus sub-modeling and fe-safe's ability to incorporate local material variations is becoming essential for

certifying 3D-printed structural components.

By leveraging the synergistic relationship between Abaqus's structural precision and fe-safe's specialized fatigue

algorithms, engineering teams can transition from reactive "fail and fix" methodologies to proactive "predict and

prevent" strategies. This technical rigor ensures that products are not only functional but durable enough to

withstand the rigors of their intended lifecycle.
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