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Modeling Approaches
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Option #3: Damage Indicator Approach

Chose stress-state dependent fracture criterion such as Cockcroft &
Latham (1968), Johnson & Cook (1985), Bai & Wierzbicki (2010), etc
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Localization Analysis

Macroscopic Localization Analysis

• Using Phenomenological porous plasticity
→ Nahshon & Hutchinson (2008) 

• Using Homogenization based porous plasticity 
→ Danas & Ponte Castaneda (2012) 

• Unit cell with random void distribution 
→ ongoing

initial 
porosity

growth & 
nucleation

primary 
localization

growth & 
nucleation

secondary 
localization

nucleation 
& growth

final 
fracture

① ② ③ ④ ⑤ ⑥ ⑦

RVE

Coalescence Analysis

• Single void unit cell analysis  
→ Tvergaard, Pardoen, Needleman, 

Faleskog, Hopperstad & others
→

• Analytical criteria
→ e.g. Leblond, Benzerga & others
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Definition: Lode angle parameter

• Lode angle parameter
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Stress State Map: Unit Cell Analysis
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low stress triaxiality high stress triaxiality

Dunand & Mohr (2014) Barsoum & Faleskog (2011)
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Unit Cell Model

• Matrix material: von Mises with isotropic 
hardening

• Initial defect volume fraction: 1.2%

• Periodic boundary conditions

• Macroscopic stress triaxiality and Lode 
parameter kept constant throughout loading

• Kinematic criterion to detect localization

F Deformation gradient of the 
cell

F0 Deformation gradient 
outside band of localization

𝜉 =
ሶ𝐹

ሶ𝐹0
≫ 1

Needleman & Tvergaard (1992)

[Dunand and Mohr, JMPS 2014]
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Linear Mohr-Coulomb 
approximation

t


Unit Cell with 
Central Void

Stresses on
Plane of Localization

Micromechanical Localization Analysis
[Dunand and Mohr, JMPS 2014]
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Hosford-Coulomb model
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Comparison with Johnson-Cook Failure Model
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Important Points for Experimental 
Characterization

Stress triaxiality
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f

Experiments with Proportional Loading Paths

Stress triaxiality

In-plane shear
Mini-punch

Mini-Nakazima
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Punch

Sample

U U

Plane strain tension: 
Mini-Nakazima with Dihedral Punch

[Grolleau et al., IJMS 2019]
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Plane strain tension: 
Mini-Nakazima with Dihedral Punch

[Grolleau et al., IJMS 2019]
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Equi-biaxial tension: mini-punch test
[Roth & Mohr, IJP 2016]
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Enhanced Peirs Specimen
[Roth & Mohr, IJMS 2018]

• Optimal geometry depends on material ductility!
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Effects of Strain Rate and Temperature
on Ductile Fracture



1/25/2019 18 18D. Mohr

ETH

MECAMAT Aussois 2019 18

SHB Tension experiments

④⑤

⑥

②① ③

⑦Lo = 4350 mmLst = 3800 mm

LI = 4490 mm

Joint work with Prof. P. Forquin & G. Gary

+25% +43%

slow intermediate fast

Strain to fracture increases 
with strain rate!
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Rate-dependent Fracture Model

• Basis: Hosford-Coulomb Model
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Roth and Mohr (IJP, 2014)

Main assumption: strain to fracture increases with strain rate
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Confirmation for Material #1 (TRIP780)
Roth and Mohr (IJP, 2014)

int.

fast

slow
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Confirmation for Material #2 (DP980)
Erice, Roth and Mohr (MOM, 2017)

fast

Int.
slow
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Confirmation for Material #3 (CP1180)

fast

Int.
slow

Erice, Roth and Mohr (MOM, 2017)
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Confirmation for Material #4 (Mars300)
Fras, Roth and Mohr (IJIE, 2018)

Int.
fast

slow
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Open Question: 

What is the effect of strain rate on fracture 
strain for pure shear fracture?

3D model Plane stress model

shear
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Effect of loading rate on fracture strain

22MnB5
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Biaxial tension: 
ductility increases

with strain rate

Simple shear: 
ductility decreases

with strain rate

Hypothesis:
Temperature softening 
effect overwrites increase 
in ductility due to high 
strain rate for shear
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Experimental setup

Pyrometer (induction control)

high speed camera 
(DIC strains) 

1024x1024 @ 2kHz

Infrared camera 
(temperature)

128x640 @ 2kHz

Induction 
system

water-cooled 
clamps

③

specimen 
(side view)

①

⑤

⑥

④②

②

air cooling
⑦
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IR (2k fps) High Speed Camera (2k fps)

temp. strain
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Tensile Testing at Elevated Temperatures

Slow @ 6.6 m/s
(universal testing machine with 

induction heating) 

Fast @ 3.4m/s
(Hopkinson bar with 
induction heating)

• Non-monotonic effect of temperature on displacement to fracture

25°C
25°C

60°C

120°C

60°C

120°C

Curves shifted by 0.2kN for readability Curves shifted by 0.2kN for readability
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Quasi-static Experiments from 20 to 300°C

Non-monotonic temperature 
response on plasticity! 

DP780

New plasticity model needed to calculate local fields in fracture specimens!

Li, Roth and Mohr (2019)
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Machine-Learning Based
Johnson-Cook Plasticity Model

Neural Network

𝜎𝑦 = 𝑘1 𝜀𝑝 × 𝑘𝑁𝑁[𝜀𝑝, ሶ𝜀𝑝, 𝑇]

Mixed Swift-Voce 
strain hardening

Scaling factor for 
temperature and 
strain rate

𝜎𝑦 = 𝑘1 𝜀𝑝 × 𝑘2[ ሶ𝜀𝑝] × 𝑘3[𝑇]

• Johnson-Cook plasticity:

• New approach:

Central Idea: 
Introduce a neural network function to describe the effects of 

strain rate and temperature

Li, Roth and Mohr (2019)
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Output

Structure of Neural Network

• 𝑘𝑁𝑁 ഥ𝜀𝑝, ሶഥ𝜀𝑝, 𝑇 feedforward network with 10:10:10 structure

Implemented into user subroutine for Abaqus/Explicit

Output LayerHidden LayersInput Layer

…
…

…
…

…

…

𝜀𝑝

ሶ𝜀𝑝

𝑇

𝑘𝑁𝑁

𝐻1 𝐻𝑛

𝑊𝑖𝑗

…

Input

𝜎𝑦 = 𝑘1 ഥ𝜀𝑝 × 𝑘𝑁𝑁[ ഥ𝜀𝑝, ሶഥ𝜀𝑝, 𝑇]

Li, Roth and Mohr (2019)
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Performance of Trained Model

FAST
INTERMEDIATE
SLOW

FAST
INTERMEDIATE
SLOW

• Experiment
‒ Simulation

• Experiment
‒ Simulation

• Training data for loading @ room temperature (three experiments)

Curves shifted by 0.2 for visibility

Excellent agreement Excellent agreement

Li, Roth and Mohr (2019)
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20°C
60°C
120°C
180°C
240°C
300°C

300°C
240°C
180°C
120°C
60°C
20°C

Curves shifted by -1.5kN for visibility

Performance of Trained Model

Curves shifted by 0.2 for visibility

• Training data for quasi-static loading @ ~10-3/s (six experiments)

• Experiment
‒ Simulation

• Experiment
‒ Simulation

Excellent agreementExcellent agreement

Li, Roth and Mohr (2019)
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Validation of Trained Model 

FAST
INTERMEDIATE
SLOW

• Experiment
‒ Simulation

• Experiment
‒ Simulation

FAST, shifted +0.4
INTERMEDIATE, shifted +0.2
SLOW

• Training data for loading @ room temperature (three NT6 experiments)

good agreement good agreement

Li, Roth and Mohr (2019)
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Hardening model identified through 
Machine Learning

Quasi-Static (10-3/s) T=20°C

Li, Roth and Mohr (2019)
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Loading Paths to Fracture 
for quasi-static experiments on DP780 steel

300°C
240°C
180°C
120°C

60°C 
SLOW-20°C

INTERMEDIATE
FAST

240°C

180°C

120°C

60°C

20°C 300°C

• Non-monotonic effect of temperature on fracture strain!

Li, Roth and Mohr (2019)
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more than 100 experiments for 
different temperatures and 

strain rates

Machine-learning identified model

Outlook

• Application to other materials (e.g. polypropylene)

Jordan, Gorji and Mohr (2019)
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… but we need “big data”!
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Summary

• Demonstrated non-monotonic effect of the 
temperature on the plasticity of dual phase steel

• Proposed a Neural-Network based 
temperature/strain rate term as a substitute of 
the classical Johnson-Cook term

• Implemented the model into material user 
subroutine of Abaqus/explicit, trained & validated 
the model

• Observed non-monotonic effect of the 
temperature on the fracture strain at RT
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