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Simulation Technology: Motivation & Recognition

= Simulation Technology involves ...

v “... challenges in multi-scale, multi-physics Simulation - Based
. . . o . Engineering Science
modelling, model validation and verification,
S imulation 1 H H H ” Revolutionizing Engineering Science
Technology handling large data, visualisation, and CSE. eer G

May 2006

v “... a further challenge is the education of
Problems the next generation of engineers and scientists TR
in the theory and practices of SBES.”

TPM & Coupled

B

Geotechnical
Engineering

Biomechanical = Recognition by the World Technology Evaluation Center
Engineering Simulation-Based Engineering and Science 2009:

Conclusions & v “... pockets of excellence exist in Europe and Asia
that are more advanced than US groups, and

Europe is leading in training the next generation
of engineering simulation experts.”

Outlook

v “... examples of pockets of excellence in engineering
simulation include ... the University of Stuttgart.”
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s SimTech and the Integrative Systems Science

= To combine a wide range of scientific disciplines into an
interdisciplinary effort to address new problem classes
which cannot be dealt with otherwise

Simulation
Technology = To integrate disciplinary methods into a new context

TPM & Coupled giving rise to entirely new solution strategies
Problems

= To form a new scientific field by establishing a core of know

CESGO_techr)ica' how, a pool of techniques, a terminology, ... and a curriculum
ngineering

= To reach out from the virtual world (models and simulation)
Biomechanical . .
Engineering to the real world (society, economy, environment, ...)

Conclusions &
Outlook

i 53 to an
= Integrative Systems Science
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SimTech Visions — from 2012 on

From Empirical Material simidlation a8
Description towards Techﬂﬁlogy
Simulation _ Computational Material Design /*fﬁ,

N

Technology

TPM & Coupled - Towards Integrative Virtual
Problems Prototyping

Geotechnical
Engineering

Towards Interactive

Biomechanical ; i i
JolmSEElles Environmental Engineering

Engineering

Conclusions &
Outlook Towards an Integrated

Overall Human Model
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Beyond a Simulation Cyber
Infrastructure
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Research Areas (RA)

= Qur disciplinary core competences

Simulation -~ ' = : :
Technology M_olec.e ‘Advanced Mechanics of Multi-

Simulations scale and Multi-field Problems
TPM & Coupled B

Problems

Geotechnical

Engineering

Biomechanical

Engineering - : g
_ Integrated Data Management | | Hybrid High-p”-
gonosions & and Interactive Visualisation puting Systems an ion

Software Engineering
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Theory of Porous Media and Coupled Problems

= Theoretical (mathematical) and numerical modelling of
saturated and partially saturated porous solid material
Simulation = Macroscopic modelling based on a (virtual)

-
.
e

Technolo . . . . .
gy homogenisation process of multiphasic porous media
TPM & Coupled
Frobiems Representative macroscale
Geotechnical Elementary Volume (REV) micro-to-macro transition
Engineering ;'—‘/' - dv .
. 8 ] 1
5 790, o= [ o,
Biomechanical " Vo
Engineering | “homogenised L
model” a . T a 1,0
Conclusions & ‘ =y | Pm di,
Outlook 1oS va
1
: ol n® = v doy,
of the underlying microscale LA

volume fractions

Multi-component and multi-physical models: ¢ = J ¢

(o
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Fundamentals of the Theory of Porous Media
[Bowen 1980, Lewis & Schrefler 1998, Ehlers 1989, 1993, 2002, 2009]

= Saturated solid skeleton with (multi-component) pore fluid(s)

solid skeleton pore fluid(s) fluid mixture
©° e P o =1, ¢

Simulation
Technology

e.g.: soil, ECM, cartilage e.g.: water, air, blood, e.g.: solvent, therapeutic

TPM & Coupled ; - ;
(including fixed charges) interstitial fluid agent, charged ions

Problems

Geotechnical

STHEEIIIE, = Basic variables of the (extended) Theory of Porous Media
Ei:gr?neecehr?:;"a' = Volume fractions, saturations = Material and partial densities
do® np r  dm® ~dm® B B
Conclusions & n® = T sf = —% Pt = dv Pt = dv — Pt =np"
Outlook v n
n' =3 ;n" : porosity = Miscible components and concentrations

p'=n"pp, where pp=cj, M)
= Volumetrical constraints .
. M7, - molar mass

B 3 _ . dn) . N
>, n*=1, > 587 =1 c) = d—?j, with ¢ 7, : number of moles
v
FR S )
P — v pF
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= Kinematics of porous materials

,
= Motion of p“ = Individual velocity of ¢ N
xm XX t) = PRl
X0 = X531 (x, t) (- )4 : material time derivative of © o
= Lagrangean description of 905 = Modified Eulerian description of ¢”
R us = x — Xg : solid displacements Wj = i@ — X5 : seepage velocities
Geotechnical
= Pore-diffusion velocity of pore-fluid components ¢ in 905
dyy=w, —wg= ),cﬂ, - )lc;g : where d,s : pore-diffusion velocities
= Material deformation gradient, inverse and Jacobian
- F,= %X:”t) = Grad ,x , Fgl = w =grad X,, detF,=J,>0
= Non-linear deformation and strain measures using F,=R,U,=V,R,
C.,=F'F,=U,U,, E,=1FF,-I)=3(U,U,-1)
B,=F.,F/ =V,V,, K,=3(F,Fl -1)=4(V,V,—1I)
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= Material independent balance equations

Balance relations for the overall aggregate

mass: p+pdivx = [ mass: (p2)L + pdiv 3{:“, o

. . / .
momentum: p¥x = divT +pb momentum: o ;I‘CW =dvi 4o b P

m.o.m.: 0 IxT s ‘ m.o.m: 0 HI x T? +m?

Simulation

Technology energy: pé T-L—divg+pr energy: ey = T - L, — divg® + pr® +2%

entropy: on div t;b,; + 0y = div (——é q) + ép’r‘ entropy: phintyl = iy -—E,-lgq‘:’") + {—;,-15;)“ 72+ Cf“

TPM & Coupled
Problems
Geotechnical = Resulting constraints and relations
Engineering

Specific constraints for total and direct production terms

Biomechanical
Engineerin

g g §_p . <
Conclusions & h h® = m? + x x &
Outlook

. 1 - / !
e 4 ]3'“' X "|"‘pn (EQ + él' X Xll’)[
ﬁa . é-n i ﬁanu

= Constitutive equations

= Required to account for the closure problem and to describe the physical
response of multiphasic materials
= Derived from the entropy inequality in order to satisfy thermodynamical
= 0= consistency — depends on the investigated modelling approach
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% Show Cases for Selected Coupled Problems

= Triphasic modelling approach . ; from = Biphasic modelling aéproach

(partially saturated soil, liquid, gasf éeotechnical = Elasto-(visco)plastic solid
= Elasto-(visco)plastic solid skeleton = Dynamic processes

and - Abaqus-PANDAS Interface
Biomechanical k |

Applicati

Simulation
Technology

TPM & Coupled
Problems

Geotechnical
Engineering

Biomechanical
Engineering

= Biphasic, multi-component = Integrated overall model
model approach = Coupling discrete mechanics modelling approac
= Charged hydrated porous (MKS) with a multiphasic = Anisotropic tissue
microstructure continuum-biomechanical characteristics
= Chemical and electri model of the IVDanda
active multi-physical muscle &&%

Conclusions &
Outlook

- 10 -
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Geotechnical Engineering: Modelling Approach

= Fully coupled triphasic model based on the TPM
Multi-physical modelling approach

,
Simulation o 7 p = U Y, & {S, L, G}
Technology o}
. : , S
= Elasto-(visco)plastic solid skeleton
TPM & Coupled REV Of the “homo H d d |” . ( . )p . . -(P L
Problems : genised mode = Materially incompressible pore liquid ¢
microscale on the macroscale = Materially compressible pore gas ¢
Geotechnical
Engineering = Set of governing balance relations (quasi-static, no mass exchanges)
= Solid skeleton: 0 = divT® + 2% g — pF p" = pl+p“
Engineering where:
0 = (n%)% +ndiv(us)y n® = ngs(l — divug)
Conclusions & L
= Pore liquid: 0 = divT! +ntpltftg+pt where: n' = s/(1 —n?)
0 = (n¥)s+n*div(ug)s + div (n'wy)
= Pore gas: 0 = divTY +nYpifg 4+ p¢ where: 1% = (1 — s¥)(1 — n%)

0 = Yty + ptR(nY)y + nYp "t div(ug)s + div (np R we)

= Primary variables of IBVP = Constitutive equations required for

oA GR L
11 Ug, PLR; pGR T ) pﬁa P S
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Geotechnical Engineering: Constitutive Settings

= Principle of effective stresses

T =  —n%I + T}
T/ = —nfpfRT + T??
p’ = plgradn’ + f)‘%
p - SLpLR + (1 _ SL) p(trR

= The fluid constituents

= Preliminary assumptions
T‘% ~ 0 (dim. analysis)
b = —(n") MK w

where K7 = (s )K" (n®)

= Darcy-type equations
6]

n-‘gwﬁ = —VT%(gradpﬁR — pBR b)

= |deal gas law (Boyle-Mariotte)
cr _ Po + pOR
R%O

where RO = const.

= Capillary pressure and saturations

=t 1 B 0

=5

trapped liquid, free gas pc’ — pG]{ o pL]{
L L
Fioelliguid: frae g5 = eff 1 — S‘L _ SG

ground-water table Tes res

free liquid, trapped gas L

BRSNSl =0+ e

= The elasto-(visco)plastic solid skeleton

= Decomposition of the strain tensor
Eg = %(Gradsus - Gra(lguf;) =: €5, + €gp

Effective stress of the skeleton
TE = 2}’—4’/% €5 + )\S (ESG ' I) I

Single-surface yield criterion

F =324+ 8l+el?P -«
_ 1P m 1 2 2 14
¢ = T"(1 + )" + 5al® + 61
9 = TP /(M”)3?2 principal invariants 1, I”, I of T7,

Plastic potential ¢ = \/m 1P + a1 + 8218 +pp] + 12
Evolution equation and plastic multiplier

oG 1 /F(TS
(Eﬁ’p){? = A T - < ( E) > "
0Ty, n a0
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Geotechnical Engineering: Simulation Procedure

= Mixed finite-element formulation in PANDAS

= Weak formulations of the coupled governing balance equations
= Simultaneous approximation of all primary unknowns
— monolytical solution of the strongly coupled problem
= Quadratic approximation of the solid displacement and linear
approximations for the pore-fluid pressures — LBB condition is fulfilled
= These elements are known as Taylor-Hood elements
(in 3-dim. fully integrated with 27 Gauss points)
= Temporal discretisation with an implicit Euler time-integration scheme

o u’

s

h LRh GRhI
u;’-,‘s p ’ p

= Numerical prediction and validation of real geotechnical applications

= Triaxial test
raxial tes = Comparison of experimental and

Continuum Mechanics simulation data
Theory of Porous Media

calculation error

REEXEXREXER]
3| [MN/m?]
=3

— simulation
— experiment

0 002 0.04 006 008 01 012

Verification/Validation Experiments Parameter Identification o -
Triaxial / Slope-failure Tests Nonlinear Optimisation 7o '";f*;uﬁ;?:;i;" b
N 7
= Inverse problem =

- = Least-squares minimisatio 608 10 12
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Show Case: Embankments and Slope Failure

= Flow through a deformable embankment

Simulation

Technology

TPM & Coupled = Accumulated plastic strains = Liquid saturation
Problems

, = Slope failure of a natural railroad dam due to a heavy rainfall event
Geotechnical
Engineering

(Joint work with C. Wieners)
M+ /el /w

Biomechanical
Engineering
Conclusions &
Outlook

[T T 1T T T e EET T | e

0050.08 0.02007 0.07 003 0.09 0090.100.100.11 0.11 012 0.130.130.14 0.14 015 0.100 onz 0.124 0.135 0.147 0.159 oA [PRE--4 RE Y

|me

" 2562048 | 11208869 | 38430 720 968 454 144 - 1070:22




Simulation

Technology

TPM & Coupled
Problems

Geotechnical
Engineering

Biomechanical
Engineering

Conclusions &

Outlook

- 15 -

2 l- —— s T T A g
-Simlech . & . Institut fiir Mechanik
51 TGCh , : e “Universitat Stuttgart N Dr.\-! : %ﬁh!ers 3

I 4 i
Gemany g

= e _ me
#5% T Cluster of Excellence @l iy,

Show Case: Dynamic Problems (Earthquake)

= 3-dimensional wave propagation (dynamic, biphasic, elastic solid)

= Parallel computation on 4 CPU with approx. 300,000 DOF

= Abaqus-PANDAS Interface

= Based on the user-defined element subroutine (UEL) of Abaqus
= FE package PANDAS is linked into a shared library

= Tasks of the UEL are accomplished by PANDAS subroutines

= Python scripts for the pre- and post-processing

Interface
[ UEL subroutine j
(sABAQUS |« 7
- EDoN -wrapper]
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Chemically Active Media: Modelling Approach

= Natural materials show often a charged hydrated porous microstructure
= Materials respond to changes in chemical and electrical conditions

Simulation
Technology
TPM & Coupled
Problems
Geotechnical offshore platform hydrogel mixture REV of the microstructure
Engineering
Bl arie = Macroscopic multiphasic modelling approach
iomechanica
= Solid skeleton: o = S = lonised pore liquid; a = F = > B
Conclusions & (incl. fixed charges cpfc) = with liquid solvent: (5 =L
Outlook = and charged ions: (=~ =+, —

— real fluid mixture embedded in the TPM approach

= Possible simplifications

= complete or general swelling model: v
= explicit exploitation of electroneutrality condition: vy
= solutes (mobile ions) are assumed to diffuse rapidly: -

[
S + +

- 16 -
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Chemically Active Media:

= |sothermal and chemically inert .

= constraints by saturation and
electroneutrality

= Chemical potentials and
osmotic pressures

. ovE auf .
I51 F P &) (5]
b = —F = =5 = Lo + ROInc
dey 0oy

B _ B 6 _ gl _ 3
= Cm 22 \IJF - RH G

m
szﬂﬁ:RHZcft
&} Io)

= Extended Darcy law
Ia

K , _
F ——5 (grad’P — b — 2% Forad € )
~FR

n wWp = m

= Extended Nernst-Planck equation

D’ . ,
1dyp=———(ROgrad ¢}, + 27c]

nfc) 70 8 ) Forad€)

= Poisson equation (PE)

div grad & = ”:—FF (32, 27, + 2/ee]e)

m

s Sl

m. ™

T
“Institut fiir Mechanik
~ Prof. Dr.-Ing. n

: Universitat Stuttgart

Constitutive Settings

Partial and overall Cauchy stresses

TS = ¥ (P+mI — pl€1 + T},
T"‘ = —(TLLP -+ TLFTrL ) I + T%mw-h.
T-J = —(RTP —+ TLFT"—“ ) I - P; g I + T},‘ mech.

TF = ESTH = _nF (P+W)I - E'} p:gI + Tlijfmrfr'h.

T = _pI + T%m(*c:h, where p=pP+m

Momentum productions

L L

— Doradnk L grad nF
= Ppgradn” + 7w"gradn Fmech.

o
Lty

o}l

mech.

+
= pgradn? + 7 gradn® + &grad(p)) + P
g gradn’ + mgradn® + €3 grad(p)) + P,

il
Il

mech.

Anisotropic finite-elastic

solid constituent R T
S g g fibres ‘, / e
TE = TE, 150 + TE,amso ) 2 S

S S S S

Th o =7 (Bs =D+ A (1 - ”33)2(1_—;055 - ﬁ]s;)l
Y ]S _ = 2

T%.aniso = 1‘]_;[[4 1(12/1 / - 1) (:FS ag ® FS aU) +

~5
_ 2
I 1(12’1/ — 1) (Fs by @ Fs by)]
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e Chemically Active Media: Numerical Treatment

= Electric and electrochemical relations as initial boundary conditions
= Donnan equation [Donnan 1911]

inside 1
o ) = 5y (VT @ - k)
Technology . AT
= Osmotic pressure [Vanthoff 1886] T
P & Coupled P (G G ) = P+ RO [(ch + ) = (6 + )] T
Problems :
= Nernst potential [Nernst 1888]: (-): prescribed external quantities
Geotechnical o RO & . iy
Engineering E(G G &) =€+ 5 (C—) — Deformation-dependent boundary conditions
. . : : : ~
Biomechanical Governing weak formulations (primary variables ugs, p, ¢, , &)
Engineering (with weakly fulfilled boundary conditions for p, ¢!, £ )

Conclusions &
Outlook

= MB of ¢ /S;(T%med,_ —pI) - grad dugdv — /Q(ps +pM)b - dugdv Z/r t - dusda
t

« \/B of {]OF Ln‘pw}r - grad dp dv — /Q(liv (ug)sdpdv + /IIE [p —p— RO Z(c:'“ — c:;))]()‘pda = frq qdpda

« CBof @7 [ nfchw, emndschdy — [ [0 () + v (us)s] o do +

Q

’ . 1  fen2 . . e . )
r / € [c,-,, - (\/(z-"' ch )) — 42tz ( Cm )2 — 2 c-,f,f )]56,‘,,(1@ = f 77 0c" da
. ]‘f_f 2 ‘Z “l r:—"y

+

. ' ' RO ]
= Poisson fgradé'-gradéé’dy —[ ‘ (Zz"’c;’,',+zfcc,{f)55dv+/ € (é’ — 2 (ﬂ) o€ da =[é§£’da
0 ¢ I'e I'z
Y 4

2TF ct

18- equation
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% Show Case: Swelling of a Hydrogel Disc

= Chemical loading, geometry & mesh = Movie of an experiment
[by courtesy of J. Huyghe]
Cn r/Rxh =15/1.7 % 1.0mm?
Eho ® chemical loading path -
Simulation e () chemical |oadin: Ea:h
Technology o . , () transition zone
ty Lo t3 t
TPM & Coupled
Problems &g =2.5mol/l, &, =24mol/l,
c;fﬁ,s =0.3eq/l, t; =145s,
Geotechnical ty = 175s, ty = 4955
Engineering .
_ _ = Intervertebral Disc
Biomechanical = SlmU|at|0n reSU|tS """" pFf=0 T [mol/1]
Engineering [0 o
IJFR = 0 ------- ‘: --—",'
Outlook T A 50 20000 ¢[s]

Swelling of the nucleus pulposus ex vivo

overall pressure cation concentration T

p: 0.13 0.09 0.05 [N/mm?] i
Qﬁ a hl R ﬁ ﬁ o ] [ . R
yoigst=pmasaicok G 1.10 0.60 0.15 [mol/l] [picture by courtesy

- 19 -
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Show Case: Electroactive Polymer Gripper

= Electrical loading, simulation
parameters, geometry and mesh

ty t

At t

bxh = 0.5/1.0x 1.0mm?

@ clectrically loaded

() constant concentration

E,)Ei = £500mV | E,/E; = +425mV,
£y = 4505, At =4s,

#5 = 0.14N/mm*, A% =0.02N/mm?*,
¢}, = 1.0mol/1, c,{fos = 0.3eq/1

= Simulation results

electrical potential anion concentration
& =500 0.0 + 500 [mV]
[ E————
e 0.84 0.87 0.90 [mol/I]

www.get —pandas.com
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Integrated Overall Human Model

Discrete Biomechanics:
= Sports and movement science
= Multi-body Systems, Robotics, etc.

Continuum Biomechanics:
= Solid Mechanics

Fluid Mechanics

Fluid-Structure Interaction

Theory of Porous Media

Multi-phase Flow

Multi-component Transport

Systems Biology:
= Chemical Reaction Kinetics
= Signal Transduction Pathways
= Heterogeneous Cell Populations
= Statistical Methods

Molecular Biology, Biochemistry:
= Molecular Dynamics
= Phenomics, Genomics
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time scales span over 15 orders of magnitude

Biomechanics
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Integrated Overall Human Model

Integrative Overall

Human Model

W — 0

= The Integrative Overall Human Model is a toolbox of multi-
physical models ranging from the molecular to the full body scale.
It provides bridging information on the coupled driving quantities to
generate a custom model for a specific application.
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Show Case: Lumbar Spine
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= Multi-scale simulation of the dynamic loads on the lumbar spine
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Show Case: Lumbar Spine

= Multi-scale simulation of the dynamic loads on the lumbar spine

application of dynamic loading conditions

to recover local stresses and strains
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Show Case: Human Brain Tissue

= Addressing coupled biomechanical problems that span from the
organ over the tissue to the cellular scale.

molecules
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o Show Case: Human Brain Tissue
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Coupled Problems in Continuum Mechanics

Wolfgang Ehlers

Simulation
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Institute of Applied Mechanics (CE) Stuttgart Research Centre for

University of Stuttgart Simulation Technology
TPM & Coupled www.mechbau.uni-stuttgart.de/1s2 ~www.simtech.uni-stuttgart.de

Problems

Geotechnical

B Structural elements of Simulation Technology
ngineering

, , = Generating an unique research and education infrastructure
Biomechanical

Engineering = Performing internationally visible research with high impact

gor:clulfions& = Establishing a trans-disciplinary working research community
utloo

Scientific elements of Simulation Technology

= Addressing strongly coupled problems in various applications of
highly complex multiphasic and multicomponent materials

= Vision of an integrative systems science
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