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Fracture Mechanics

A field of mechanics concerned with the study of propagation of cracks in 

materials.

Crack: A line or surface that split a without breaking into separate parts.

Fracture (or damage): Local separation of a body into two or more pieces. 

Field of Fracture Mechanics (FM): Linear Elastic FM, Elastic-Plastic FM, 

Dynamic FM, Viscoelastic FM and, Viscoplastic FM

3



Modelling Approaches

•Finite Element Method

•Discrete Element Method 

•Molecular Dynamics 

•Boundary Element Method 

•PERIDYNAMICS
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Motivation
• Pre-defined micro crack interaction with macro crack propagation
• Kalthoff-Winkler Experiment

•Wire rope modelling using Peridynamic
• Parameter studies 

• Failure mechanism

•Impact loading
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What is Peridynamics?

Peridynamics is a continuum formulation

◦ Peridynamic (PD) theory uses integral equations

◦ No spatial derivatives

◦ Equations apply everywhere regardless of discontinuities

◦ No need for external supplied «crack growth law»

◦ Multiple crack paths can evolve in complex patterns and 

not known in advance.
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Classical Continuum Mechanics
Interaction between material points are expressed in terms of traction 
vectors.
◦ Local interaction

◦ Partial derivatives are not defined along discontinuities.

Madenci, E. and Oterkus, E. (2014). Peridynamic Theory and Its Applications, Springer, New York
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Peridynamic Theory

The peridynamic theory is a

reformulation of the equation of motion 

in solid mechanics that is better suited 

for modeling bodies with discontinuities, 

such as cracks. 
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Peridynamic Theory
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The equation of motion in PD theory:

Bond Force:

Stretch:

Bond constant:

Madenci, E. and Oterkus, E. (2014). Peridynamic Theory and Its Applications, Springer, New York



Failure in Peridynamics

When the stretch between two material points is 

greater than its critical value, bond breakage 

occurs.
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Modified Bond Force:

Damage:



Damage in Peridynamics
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The broken bonds of a material point 
between the family members in its 
horizon.

Damaged bonds: Red lines with arrows
Crack: Red thick line
Local Damage:



Impact Modelling
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Contact between a rigid impactor and deformable target subjected 
to impact load.

Madenci, E. and Oterkus, E. (2014). Peridynamic Theory and Its Applications, Springer, New York



Numerical Solution Method
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Discretization:

Numerical convergence:

Some important parameters affect the computational process and 
analysis, such as the distance between material points and horizon 
radius.



Test Suit – Model Validation
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Test Suit – Model Validation
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Kalthoff – Winkler Experiment
Experimental setup
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Kalthoff – Winkler Experiment
High-strength maraging steel

E = 191 GPa, ν = 0.25, Density = 8000 kg/m3

L = 0.2 m, W = 0.1 m, h = 0.009 m, d = 0.05 m, a = 0.05 m, n = 1.5 mm,  
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Kalthoff – Winkler Experiment
The discretized model 201 × 101 × 9

material points along x, y, and z axes.

Δ = 0.001 m   δ = 3.015 × Δ m
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Kalthoff – Winkler Experiment
Crack growth in PD and Experiment
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Micro-Crack Toughening Mechanism
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Micro-Crack Toughening Mechanism

Average velocity: 1345 m/s                                   Average velocity: 1188 m/s 
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Stochastically Distributed Micro-Cracks 
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Micro-cracks with varying densities

𝑛0 = Τ𝑁0 𝐴0

ሽ𝑛0 = {0.75, 1, 1.25



Micro-cracks with Varying Densities 
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Average velocity: 1327 m/s      1284 m/s 1165 m/s

𝑛0 = 0.75 𝑛0 = 1 𝑛0 = 1.25



Micro-cracks with Varying Densities 
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Micro-cracks with Various Number 
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Micro-cracks with Various Number 
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Average velocity: 1284 m/s    1345 m/s 1219 m/s

𝐴1 𝐴2𝐴0



Micro-cracks with Various Number 
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WIRE ROPES
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Costello, G.A. and Miller, R.E. (1977). Lay Effect of Wire Rope., Ill Univ Dep Theor Appl Mech TAM Rep, (422).
Erdon̈mez, C. (2010). Mathematical Modeling And Stress Analysis Of Wire Ropes Under Certain Loading Conditions, Phd thesis, Istanbul Technical University 
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Recent Studies

Kastratović et al. 2020

FEM – Crack Propagation

◦ Bonded Contact

◦ Axial load

◦ The initial crack was a 0.8 mm in

radius penny shaped crack.
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Recent Studies

Mahmoud 2007

FEM – Crack Propagation

◦ Fracture strength for a high strength

steel bridge cable wire with a surface crack

◦ Hydrogen embrittlement -> ductility loss

◦ The axial tensile stress.
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A Damaged Wire Rope
Mahmoud 2007

FEM – Crack Propagation

◦ Fracture strength for a high strength

steel bridge cable wire with a surface crack

◦ Hydrogen embrittlement -> ductility loss

◦ The axial tensile stress.
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Modelling of Wire Ropes /w PD

FORTRAN MATLAB
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Handling with Outputs

MATLAB OVITO
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Handling with Outputs - OVITO
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Crack Code

36



Wire Rope Modelling
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Wire Rope Modelling in PD
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Convergence Tests
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m-convergence
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Initial State with pre-cracks

Damage 0 - 100%:
The weighted ratio of the number 
of damaged bonds:



m - convergence
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m-convergence
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The contact between the impactor and 
the top layer of the section decreases 
while the m number increases.

The model m = 2 has the largest contact 
line; this effect may have provided 
protection to particles at the top layer.

With decreasing the contact line, 
damages in the top layer
become more visible.



m-convergence
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δ-convergence tests
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δ - convergence
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δ-convergence
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δ - convergence
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Wave Progression
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m = 3
δ = 0.003 m

Velocity in y
direction (m/s)



Comparison δ and m-convergences
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Conclusions
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KALTHOFF WINKLER MODELLING

• PD can be applied on the simulation of micro-cracks’ effect on the 
material toughness for an impact loading problem.

• Less density of located micro-cracks around the crack tip has no effect 
on toughening mechanism.

• Adding more micro-cracks in the same area can reduce the crack tip 
velocity and increase the toughness.



Conclusions
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KALTHOFF WINKLER MODELLING

• An effective number of micro-cracks can cause the toughening.

• Insufficient number of micro-cracks are inadequate to slow down crack 
tip's propagation velocities.

• To obtain the toughening effect, a certain number of pre-defined micro-
cracks should be located.



Conclusions
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WIRE ROPE MODELLING

• Crack propagations in a wire section under transverse loading were 
examined.

• A basis for analysing wire ropes subjected to impact load with PD theory 
was proposed.

• One of the first investigations into how model the crack propagation and 
related failure mechanism of wire ropes using PD was carried out.



Conclusions
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• Findings of the m-convergence test suit inferred that the minimum value of 
m (as an indicator of material points within a horizon) should be 3 for the 
given model with these parameters and dimensions.

• Average velocities in m = 3, 4, and 5 models do not differ significantly.
• δ value has more effect on crack velocities than m.
• Horizon value, δ = 0.00450 m is not applicable for the model with given 

parameters.
• The model δ = 0.0015 m can be considered as a better parameter choice for 

the given model.
• The Mode I crack opening transition in the reference model indicates a 

routing of the crack in the horizontal direction.



Future Studies
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• The complete analysis of a strand provides a more accurate analysis of 

fracture and failure in wire ropes.

• More test suit can be designed to obtain more accurate wire rope 

geometry.

• Complete structure of wire rope can be modelled.

• Wire sections can be modelled as elliptical in angular cross-section.

• PD model can be compared with experimental studies.
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