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[ www.arthritis-research.com ] 

Introduction 

Introduction 

geomechanics 

biomechanics 

slope failure soil liquefaction 

geothermal plants anhydrite swelling 

mechanical engineering 

human spine 

bone cartilage 

Hydrogels 

fibre-reinforced plastics 

CO2 sequestration 

foams 

lithium-ion batteries  fuel cells 

pollutant transport 

electroactive 

polymers (EAP) 

wood 

 Surface-coupled problems (distinct coupling surface) 

 Coupled problems 

aeroelastic fluttering 

 Volume-coupled problem (no distinct coupling interface) 

thermoelasticity 

 Inherent mutual interaction between different systems 
 Distinguished into surface- and volume-coupled problems 

Macroscopic behaviour is driven by multiple microstructural physical phenomena 
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 the microstructural surface-coupled problems is more conveniently 

described through a macroscopic volume-coupled approach if the 
microstructure is 

 What are multi-physics materials? 

 unkown (e. g. in geomechanical problems) 

 in multi-physics material the macroscopic behaviour 
is driven by multiple mutual interacting microstructural  
physical phenomena 

Introduction 

 or very complex (e. g. in biomechanical problems) 

foam porous-media flow 
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Simulation  Objectives 

 Simulation of multi-physics materials through LS-DYNA 

 Solution approach 

 Using a macroscopic modelling framework  volume-coupled multi-field materials 

 LS-DYNA/PANDAS co-simulation based on the user-defined element subroutine 

 large-scale simulations, complex initial-boundary-value problems 

 Implementation of the material model into PANDAS[1] 

 Finite-element-based spatial discretisation 

 Application examples 

 Macroscopic mathematical description is often advantageous due to irregluar and often unknown micro strucutre 

geomechanics 

biomechanics 

slope failure soil liquefaction 

geothermal plants soils 

mechanical engineering 

bone cartilage 

hydrogels 

fibre-reinforced plastics 

soils 

foams 

lithium-ion batteries  

fuel cells 

pollutant transport 

electroactive polymers 

wood 

anhydrite swelling CO2 sequestration 

Introduction 
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solid skeleton: 

fluid mixture 

e. g. soil, polymer, cartilage 

 Saturated solid skeleton with (multi-component) pore-fluid content 

pore fluid: 
e. g. water, air, interstitial fluid e. g.: solution, vaporised water 

 Theory of Porous Media [ Bowen, de Boer, Ehlers, Lewis & Schrefler ] 

Representative  
Elementary Volume (REV) 

of the underlying microscale 

macroscale 

“homogenised 
model” 

micro-to-macro transition 

Homogenisation process of multiphasic porous media 

 

Theory 

Theoretical Fundamentals 
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Theory 

• Material independent balance equations 

Balance relations for the overall aggregate  Balance relations for the particular constituents  

Specific constraints for total and direct production terms  Relations between total and partial quantities  

• Resulting constraints and relations 

• Constitutive equations 

o Required to account for the closure problem and to describe the physical response 
of multiphasic materials 

o Derived from the entropy inequality in order to satisfy thermodynamical 
consistency  → depends on the investigated modelling approach 
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Numerical Treatment 

 Discretisation 

 Spatial discretisation: mixed finite elements (FE) [ Taylor & Hood 1973 ] 
 satisfy LBB condition 

 Temporal discretisation, e. g. 

o implicit Euler or Newmark scheme [ Newmark 1959 ] 
o explicit methods (e. g. central-difference method, forward Euler method) 

Numerical 
Treatment 

 Convenient environment for user-programmable elements in PANDAS  
 Extension of Abaqus material-model library by PANDAS material models 

 Solution Procedure 

[1]Porous media Adaptive Non-linear finite-element solver based on Differential Algebraic System (www.get-pandas.com) 

Material-model implementation into the in-house FE code PANDAS[1] 

o coupled multi-field solver 
o object-oriented C code 
o monolithic solution strategy 
o sequential code 
o command-lines interface 
o pre- and post-processing via third 

party tools (e. g. Cubit, Tecplot) 

Proof-of-concept for material models, however  
limited modelling and solution capabilities 
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o widely used in industry and research  
o comprehensive numerical-modelling capabilities 
o large-scale simulations (parallelisation) 
o customisation via user-defined subroutines 
o … 

 LS-DYNA/PANDAS co-simulation 

 Convenient environment for user-programmable elements in PANDAS  
 Extension of LS-DYNA-material-model library by PANDAS material models 

 transfer of research results in a production environment 
Numerical 
Treatment 

 Co-simulation approach 

o based on the user-defined element subroutines  
usld_eXXX() and ushl_eXXX() 

PANDAS subroutines replace user-element functionality 

pre-processing module 

script 

run-time module 

UEL() subroutine 

o exploit extra degrees of freedom to hold additional field variables during simulation 
o exploit temporary text file and uctrl1() for the post-processing of the additional 

field variables 

o PANDAS is linked as a library to LS-DYNA 



5 

-9- 

Theory 

Application 
Examples 

Numerical 
Treatment 

Summary & 
Future Aspects 

Introduction 

Simulation 

 Co-simulation workflow 

LS-DYNA 
FORTRAN 

C 

uctrl1() 
usld_eXXX() 
ushl_eXXX() 

cuctrl1() 

cuel() 

initialise PANDAS 
copy input data 

evaluate element-wise 
contributions 

residual vector 
Jacobian matrix 

store extra degrees of freedom 

read extra degrees of freedom 

copy output data 

write nodal data 

nodal-data 
container 

Numerical 
Treatment 
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Simulation 

 Compression of a fluid-saturated foam 

o Geometry, discretisation,  
boundary conditions  Performance benchmark[1] (3-d, single phasic, linear elastic) 

(ramp) 

 Geometry 

FE 

IE 

30
 m

 

40 m 

Material parameters 

 Damping coefficients (dashpots at IE-FE interface) 

 predefined [ Lysmer & Kuhlemeyer 1969 ] 

 Loading 

0 
0 

0.5 5.5 t [s] 

5 

with 

 incidence-angle average [ White et al. 1977 ]  

, 

 Geometry, boundary conditions 

 Loading 

0 
0 

1 50 t [s] 

0.3 

1 m 

1 m 
Simulation 
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 Results 

o magnitude of solid displacement o solid displacement in direction  

o pore-liquid pressure 

0.08 
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[ m ] 
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pressure 
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solid 
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[ m ] 

o evolution of the pore-liquid pressure 
and in solid displacement in  

-0.1 
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Simulation 
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Further Application Examples 

Application 
Examples 

 Vacuum-assisted resin transfer moulding 

 Vacuum-assisted resin transfer moulding [ Schenke & Ehlers 2016 ]  

0.0 1.0 0.55 0.56 [ - ] [ - ] 

[ www.bmw.de ] [ www.airbus.com ] 

[ www.cicaretteracing.com ] 

• Frontal car crash test (car-seat cushion impact) [ Markert 2005 ] 
[ www.iihs.com ] 

pore-gas  

pressure 

[ kN/m2 ] 

13 

1 

Further Application Scenarios 

 Impact on a car-seat cushion [ Markert 2005 ] 
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 Flow through an embankment 

pore-liquid saturation accumulated plastic strains 

 Flow through an embankment with seal and filter 

pore-liquid saturation pore-liquid saturation 

 Slope failure of a natural railroad dam due to a heavy rainfall event 
[ Wieners et al. 2005 ] 

 Embankment failure 

 Slope Failure [ Wieners et al. 2005 ] 

0.194 0.1 
pore-liquid saturation [ - ] 

0.15 0.05 
accumulated plastic strain [ - ] 

M++/ 

Application 
Examples 

-14- 

Theory 

Application 
Examples 

Numerical 
Treatment 

Summary & 
Future Aspects 

Introduction 

Simulation 

 Biomaterials (e. g. bone, cartilage, skin) 

high 

low 

bone 
density 

[ - ] 

 Human intervertebral disc (IVD)  
[ Ehlers et al. 2009 ] 

 Vertebroplasty (vertebral enforcement) 
[ Bleiler et al. 2015 ] 

transversal view 

coronal view 

[ courtesy of V. Stadelmann ]  

 Bone remodelling 
[ Krause et al. 2009 ] 

 Drug infusion 
[ Ehlers & Wagner 2015 ] 

high 

low 

drug 
saturation 

[ - ] 

Application 
Examples 
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Show Case: Swelling of a Hydrogel Disc 

• loading, geometry & mesh 

• Swelling of a hydrogel disc  

[ Acartürk 2008 ] 

overall pressure 

[ N/mm2 ] 

 Electro-chemically active media 

0.05 0.13 

cation 

concentration 

[ mol/l ] 

0.15 
1.10 

• Electro-active polymer gripper (EAP) 

[ Acartürk 2008 ] 

electric potential 

[ mV ] 

500 -500 anion  

concentration 

[ mol/l ] 

0.9 0.84 

Application 
Examples 
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 Summary 
Modelling of multi-phasic materials through the TPM 
 Numerical implementation into the PANDAS FE software 

 Straight forward transfer of research into industrial applications 
via LS-DYNA/PANDAS co-simulation approach 

Summary & 
Future Aspects 
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 Future Aspects 

 Visualisation of dependent variables (e. g. stresses, seepage velocities) 
Modelling framework applicable to further multi-physics materials,  

e. g. lithium-ion batteries, fuel cells 
… 

many potential application scenario within industrial applications 

Towards a Multi-physics Material Toolbox  
for LS-DYNA 


