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ABSTRACT

A system is introduced in this paper which allows a time-dependent management of the
individual stages of the construction by a dyvpamic medel in consideration of the ground
properiics, the geatechnical constmction elements and the construction processcs. An avlomatic
pencration  enables  the generation of hexahedron meshes for the Gnite element

mesh

representil Lon.

particular cmphazis on a multi-component-continua theory for partially samurated porous media
and a finite element model for inglastic soils,

By mesns of this complex theory the paper shows that cllicient numerical imvestigations are
done wath oo A caloulation method based on object oriented modeling rechniques s
introduced,

The development ol a visuelization application 15 discossed. Solution has been developed
o avvercome the bedifencek of the post-process visualication. In order 1o allow visualization

aleulution process several aspects hove o be ken into

ol data simulineously o the paralle!
account: #n o elMeient dete structure, Fast mechanisms for communication hetween the
caleulution processes and the wvisuahzation applicanan, algorithms o hundle large dala sets
and methods for data reduction.
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L INTRODUCTION

The comprehensive modeling of seil-structure interaction requires three-dimensional dyvnarnic
design systems, thal capture the changes which ceour on the geatechnical components during
the constructivn progress. The powerlul generation and  administration of the complex (ime-
dependent geotechnical model need belistic computational woels for the management. the
visnalization and fthe proof of the cngineering system. The system inroduced allows g time-
dependent management ot the individual stages of the construction by & dyvnamic maodel in
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consideranon of the ground propertics, the  geotechnical construction clements and the
construclion processes. An autematic mesh generation enables the generation of hexshedron
meshes for the finite element representation.

Within the framewaork of a macroscopic formularion, porous media models can be described
using of the theory of multi-companent continua. [n this field the phenomena of seepage o,
drainage with filter layers, liquefaction and consolidation aceur under excitation by stationary
and time dependent external forees. This paper describes the methods and medeling techniques
used for numerical investigations with particular emphasis on a multi-component-continua
theary for partially saturated porous media and a finite element model for inelastic soils.

By means of this complex theory the paper shows that efficient numerical investigations are
done with C++. We  nroduce a calenlation method based on object oriented modeling
technigues.

The use of parallel computers has significantly increased the size and complexity of
problems to be solved. The result of a finite clement caleulation is a huge amount of
numerical data that bas to be judged and evaluared. The most efficient way is to visualize the
data. Subsequently, the development of a visushzation application will be discussed. Our
salution has been developed to overcome the bottleneck of the post-process visualization. In
order 1o allow visualization of data simultancously 1o the parallel calealation process several
aspects have to be taken into account: an efficient data structure, fast mechanisms for
communication  belween the caleulation processes and the visualization  application,
algorithms to handle large data sets and methods for data reduction.

2. MODELING OF SOIL-STRUCTURE INTERACTION

Modern large scale buildings are erected on rather complex foumdations. Deep excavations in
densely built-up arcas require retaining walls and other geotechnical construction elements. The
planning and design of the pit and the geotechnical engineering is nonmally performed using
different software tools, The stability of the construction is investigaled in necessary spots at
different times independently fram cach other, An integrated design is not always guarantead.
The following approach enables a holistic computer aided modeling of the ground as well as the
seotechnical construction considering the construction time schedule, reference [4]

1.1, Model managemeni for dvaamic geotechnical engineering problems
The basic problem connected with geotechnical engineering is the multidimensionality n pace
and time, references |3, 12]. Planning work is carried out in several individual phases which
differ in their degree of complexity and generally rely on information obtained from preceding
phases: Phase 1: Prior clarification of geotechnical condilions for a project (e.g. site
mvestigation ete.), Phase 2 Foundation soil investigations for the multi-stage project (e.g.
determination of soil parameters ete.), Phase 3: Detailed investigations for the concretised
project (e design, dimensioning and checking ol construction elements, etc.}, Thase 4.
Additional clarifications and mspections during construction work {e.g. contral of the actual
foundation soil based on the excavated material).

The planning process constitutes a highly time-dependent system. The arder w1 which the
individual planning phases are carried oul prescribes a specilic sequence 1 naineering  odels,
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In Phase | the preliminary site imvestigmtion s conducted on the basis of two-dimensional
fvout plans and geological information. Onge the sile investigation hes been completed, Tucther
iformation concerning g soil composition, neighboring structures ete. are added in Phase 2.
By combining the information obtained Irom Phases | and 2,4 new level ol detail 15 attamned lor
the pupose ol dimensioning the constretion slements, which may then be represented in Lot
phans, sectiona] drowmes and 3410 models. Onee the dimensioning stage has been reached
{Phase 3y decisions must be made concerning the geotechnical construction based on the
available planping information. The necessary starting parameters (cog. width, malerials,
nimber of sruetural elements cle ) must be spectficd for dns porpose. The parameters ohiuned
during  the preliminary  design stase subscquently  serve as mput wvalues [or the final

dimensioming and analysis of the geotechmeal construction. In order 1o carry ol the necessary
structural stabnlicy and load safery venhontions for the selected construction, sumable madels are
developed i the fest mstance. These models clude all relevant intormaton and basic
planmng  dat. For this reason, both simple one- and two-dimensional models as well as
complex three-dimensional models are applied. For verification purposcs it 18 necessary (o sel
upand anlyee models forall eritienl constroction stages. Only by thes means s possible wo
suarantee e stracturel stability ol the construcnon througbout the entive construction period,

For othe simulation of different scenacios of the construction state we developed and
implamented the research prototype of the GeoTechnical Information System (COTTRY Here are
some regueretnents resniing Trom the desenbed scenarno im geotechnical practice.

e he ground madel requires a time-dependent strucmire to represent all the critical states. This
is anly possible by a softwars design using o dynamic data strugture,

o The dynamic dita strocture has to be extended by @ special access mechanism o reduece the
access complexary within the ground model beeanse ol the complexily ol the ground mode! in
time and space. Thercfore we vse an ocrrec-data-strucmre.

o A dircet relationship between the ground  model ehjecis and the geotechuical
construction elolennls is mecessury.

s A canspuction manager s reguired  for the handling of the dilferent eritical
cirnstrietion stales,

o Bocause of the three-dimensional complexiuy of the  ground and seotecchnicul
construction, a finite element computation is needad for the static proofing ol all kuilding

SLiles,

The approach for an integrated design s shown in [3], [12] and [9], A conral three-
dimensional tme-dependent ground model was developed using the methods of the
abject-oricnted maodeling. The ground model consists of the following components:

Ground Model: The ground model includes all duta of the building ground such as the
boundary of the arca and information abowt the ground materials from bored drills (Figure | a3}
Undistirbed  foundation soil is assumed as & starting paing for the ground model. By integraling
vlvidoal changes in soil gealogy and soil properies (g due to excavarion work or soil
improvement} during construction. subsequent construction states are generated and stored in
the ground maodel lor retrieval as required at a later stage.
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(2] (b)
Figure | a) Ground Madel bj Geotechnical Construction Model

Geotechnical Construction Maodel: The  geotechnical construction mode] contains the
geolechnical construction elements designed by the civil engineer. This permits individual
construction elements (piles, foundations, retraining walls) to be generared in parameterized
form from construction component catalogues and to be combined as required (Figure | B)).
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Figure 2. Construction Sequence Model

Construction Seguence Model: The construction sequence made] permits the definition of
the temporal sequence of constraction phases, Metwork planning technology is applied for this
aim. Critical and relevant construction states and processes are specified in the nerwark (Figure
2). By this means, it is possible to systematically describe and manage the construction
sequence. With the aid of construction sequence control during each construction stage, a valid
made] comprised of foundation soil, construction and excavated trench is created, which may be
further processed  for compuration, dimensioning or conSUUCHion purposes. As usual, processcs
and  states, which are optionally coupled with geotechnical construction elements may ba
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modeled n o the form of network plans, which fake account of tme and resource [uclors,
Opumization is passible by network plan variations und computations

Finite Element Model: For all relevant stules fnite clement models are gencrated. hese
models contain all nformation for the calculslion such as eloments, nodes, Teads, boundary
conditions and contact areas.

2. FINITE ELEMENT MESH GENERATION

For the sutomatic generation of meshes representing gronnd and the construction, the following
criery are needing

o The tntegral description of the ground i especially reasonable of the calealation is three-
dimensional. The complex struciure of group and construction elements should be managad in 2
CAD-sysrem like in GTIS.

o Hexahedron or tetrahedron elements are possible geometric elements for three-dimensions.
Iy the finile element progeam that is used, a 20-node hexahedron element is implemented tor the
sinulation of the ground.

e For the converpence of the caloulalion mesh relinements must be possible in critical arcas ol
the continmm. To discover these eritical arcos an error estimatar is to be vsed [ 10

e Lor the simulation by the finite element method boundary conditions and loads are required.
These are assigned automatically 1o the nodes and clements ol the diseretised model when i is
dertved from GTIS.

ia) iy
Figure 3. Finite Element Mesh a) complete model B svmmelric cut model

Due e the complexity of the pround and the construction unstructured hexahedron meshes
are emploved. These are generated with a projection method. This method  consists of the
following three steps:

I-Projectiont ALl peometrical  mlormation of the geotechnical construction clements are
projected on a horizontal laver,

2-2D-Mesh:  Lsing  the information  of the horizonial laver, a two-ditnensional mesh s
produced with quadrangle eloments.

3-Hexahedron  Elements: Considering additional information in depth of the construction
elements and the thickness of the ground layers. soils of hexahedron elements are gencrated lor
cach quisdrangle
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3. MESH REFINEMENT

Local mesh refinements are necessary in order to obtain convergence for the finite
clement method. While using the prajection technique, refinement of the initial 21-mesh
is not wseful. The resulting mesh would contain hz'dly shaped clements, Therefore the
initial mesh is generated with a unique mesh density and the refinements are realized m a
subseguent siep.
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Figure 4. Refinement of Hexahedron Elements

For the refinement of hexahedron clements edges of an element have to be split to three
parts, For the refinement of arbitrary regions 22 interface-meshes are necessary. Some of these
mterface meshes cannot be generated, like the mesh shown in Figure 4 f). To refine convex
regions only 5 of these 22 interface-meshes are necessary shown in Figure 4 a) - e} The
refinement of non-convex regions is possible by enlarging the refinement region to obtam a
convex region. Recursive refinements are possible using this technique in order to achieve a
higher density.

4. FINITE ELEMENT SIMULATION

For most mechanics problems in engineering practice the material is treated as a unigue
continuum  with no consideration of the inner structure of the material or of the fact that mosl
materials consist of a compound of different parts. Especially for geotechnical probhlems,
there are several materials which can hardly be deseribed by the classical continunm theory.
Mixtares as well as parous media belong to these materials. A porous medium is understood
as a porous solid skeleton with its pores filled with fluid and/or gas. The character of these
materials is. on one hand, that they consist of more than one marterial, on the other hand, there
exist relative motions and forces between the parts of the body. Based on the theory of
mixtures combined with the volume fraction concept, we will explore 2 general approach 1o
porous media linear-elusticity for a bmnary system consisting of & linear-elastic solid matrix
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siturated by an ncompressible viscous pore hgoid, o the Tmonework of the fimite element

theary the comeept generally lends 10 8 geometrical and physical non-linear prablem,

In order to obtain g possibly simple and practical theory several simplifications will be
intredduced. Considering the limitations of  the problem the fundamental equations of
thermaodynamics fead ooa set of constitutive gguations for lnear elastie oid-1illed porous
solids which are suitable  fo describe linear-elastic continua, Transformation toward a weak
fermulation yiclds a maiix scheme of differential cquations for the incompressible model
under study. The matrix scheme is solved byooa moedificd Newmark method, The solution

procedures are implemented with object-oriented programming rechniques to alleas exiension

aned Nexible development, 13

Frgure 5. Interlace between material parts (u, is the surface n, the

unit normal vector and [a]l —a - a the jump of 4).

5 MIXTURE THEORY

A Micrescopic egnations
The wnderlying multi-component continuum C is microscopically regarded as n combination of
material parts O, (o0 g0 solid, fleid, gas), which are separated by the surfaces 3, g The

expansion ol these parts 15 large compared (o the moelecular dimension. The physical variables

(e godensity, velocity) are sutficiently smooth in the sub-areas and have jumps on the interfaces

(Figure 3).
The basic equations of the Lheory of continuum are valid in their local form on every part of the

body:
Conservition of mass
”: + divipyv) =0 (1)
Balunce of momentum )
r.'ll.-l‘- ik divipvv = T) = pf (2)

ot
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312 Averauing meihod

The transition from microscopic o macroscopic equations is made by an averaging method.
Let g (2, ) be an imtegrable Tunction, such that

”[-}(g, it = |

We assume that e (£, ©) has compact support. This assumption 15 automatically satisfied 10 C s
a bounded domain, because then @ (2. ) will be assumed to be zero outside of the given
domain and all the integrals will live now on the domain C.

Let a (£, ) be & microscopie quantity. which can be scalar, vector or tensor function,

By definilion the macroscopic quantity <a= (g, 1), associated lo the microscopic

quantity a (£, t), is
<a>(x,0= [ [a(x - &1 - DolE vdads (3)

For the averages of a scalar a.a vector v and a tensor T the following equations can be proven:

grad <a==<grada+[a]n s = (4
¥ &a ;
{T <az=<—-|aju.nd = i3]
o ! o
div=ye=divv+[v]ng, = (6}
& &v 3 3
— < vr=—=[v]unpd, > (7
it ot :
div <« T »=<div T +[T]n, 3, >, (8

where 1, is the velocity of the interface 8., [a] the jump of 2 on the surface S, of separation
belween the constituents o and [, o, the normal unit vector at S, oriented 1o the constituent g
and #. the Dirac's distribution in the 3-dimensional space with respect to 5., Fora surface
discontinuity 5,<a, &= equals the arca integral

< ad, == J[n[x —E t— D&, 1)dE dr

J 03 Comservarion of mass
Fromm Fgn. (1) we gel

<X, !c:_p_l_ di\;{pv}l
Lot ]

Through transformation of Eqn. (5) and (5]
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<X prHdivax pye=g)

oy o

L

where ¢ 15 the 2ain of miss due o chemeeal reactions,

The tetal mass his oo be conserved

T(:_,: ={J

i

Secording o Egn. 3 the deliniion te the mucroscopic density and the velocity are given by

n,.p. =<K p> NP U, =<K V>

andd we zet the macroscopic balunce of mass for the compenent ¢

£[n I 2l
D S = (9

where n,, i3 the volume fracton and o the bulk density function of the component g,

YA Balance of mioimening

With Lgn. (21 we et

i J,LT} +divipyy =T ==< x pf -
| C J

Transforming Eqn. {71 and (8]

i3 & ) -
T —rs Sy =+ <fve nd, =

i el
<diy Ts=dive Ty £ [¥nd &

w el the following equartion [or the belance of mementum

X pYr4divan pov v, oM o—x T
: o ARy (10)

i
==x pl =+« [\c p¥iv —u ) - [11'10
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with o, M, =<x_ plv=v Nv-v,)>n Egnl0we implicitly assumed that the external body
force  fis uniform through all constituents, like the gravity, Egn. 10 i3 Lthe macroscopic equation
of bulance of linear momentwm for the constituent a, using the definition introduced abowve it
takes the form

(1)

o

—Q-in..n..u,.) —divin, Ty =n,p,T, + !
D; | MuPabe

with T; =T, =M and chemical reactions neglected.
520 Two-phase contimitim
.30, Extro sivess, exirg interaction fovce, meterial law
I we define the pressure p in the sense of a Lagrange multiplier as an indetermined
hydrostatic pressure of the mixture, we get the following eguation for the partial stress of
solid and fluid

[, =-n,pl+T; (12)

The interaction force between solid and Tozd 3 of the torm

P e paradn, + py (13)
1,
From the mixture balance equation, the momentum production terms are constrained by
pr+pT=0 (14)
For the extra interaction force the following equation applies
pr = ~bl(w —10) (15)

where w is the displacement of the fluid, u the displacement of the solid and b the Darcy
permeability coefficient for isotropic condilions.

522 Integration of the equation of contindly
Dividing Eqn. {117 by n, and integrating we obtain for the solid and fluid phase

’ [ ."I -y 2 g
Il 2P0 givey [av = [lpsf +p° RV (16)
TS D1' A It
A e R R S 7
| —EETkdivT |V = |(ppf+p" BV (1)
:srll‘ D[ i J J([—'I | p }
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with

where K s the cocfficient of compressibility of fuid [2], and Egn. (9) we obtain for pressure p
p=-Cdivinw+ il nu) (18]
i3 tends tooinfiniyy for moest soils and  denctes the storage due o compressihility ot the solid

araires and ol the fluid, We can write
| n.  n,

0 K K

=

where Ky and & oare the bulk moduli of the Auid and solid material respectively. The solid exmra
stress Ty for an clustic material is sovernad by

T2 =hdival + plgradu + gradu’ | (19)

For simplicity, the extra fluid stress o™ is neglected.
Isertng Foon, 12, 13, 14, TRand 19 0 Egn. 16 and |7 we finally obtain Tor the sohd

[ iidy Jm WV
5 I

JU ~Qil—n.} }51"'1(1 div udV
Ii

(207
JQ{ L-n, o, erad div wdy
[H]
= Jde‘v‘
13
anid the i
JpiivdV = foiw —inav
I I
f!1|.[l = np)Qerad div udV
| . P21
Ftt Oerad div wdV
&

{ pfdV

B

a0 Dfedal fem spseem
For the FEM-appresimation we choss the following shape functions
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au = 2: Niixjﬁukqi}
K . {2?1
Sy = ENK(K‘J&\"‘{’J

™~

and the TEM-formulation of Egn. (20} and (21} lead to the matrix formulation of the
SyvElem

M. u‘ Wl o —cCla

0 M, | W] |-C C [[w
L S Al .
[ &[] =
1 M K I w_!_ X I )

where M. A . are the solid and fluid mass matrices, T 15 the viscous damping matrie, K K o
K. care the solid and Muid stiffness matrices and r.. 1y are the nodat forees of the solid and Twid.

5.4 Ohjecr aricoied sofver design

Finite element methods #re mathematical procedures usually involving a huge hierarchy
of functions m procedural languages such as FORTRAN or C. The object-oriented
approach allows for the solution of a number of design drawbacks ol procedural
fanguages, namely the lack of information encapsulation, of  generalization and
specialization, of reusability and extendability.

540 Concept of w matriv-class

In the project we uscd a matrix class, which shows a very high performance. We
implemented a template class and used the temporary base class idiom. The idea is to
introduce temporary matrices as independent ohjects in a new cluss TMatrix, The class
has the same member data as the ¢lass Matrix and Matrix can be derived from T Matrix.
The difference between the wo classes lies in the behavior of the member functions
Temporary matrices are duplicated very last by manipulating the pomters to the data
blacks, whersas matrices are copied componant-wise.

The result of, for example the operator+ is not of type Matrix, but TMarrix, Therelore,
when the result is handed back, the copy construcior of ThMatrix is executed, which means
that only pointers are manipulated. Only Matrix:ioperator= transforms the TMatrix in a
Matrix by modifying the pointer to the data block, Furthermore some optimizations can be
done, for example in the matrix-matrix multiplication. Note that the innermost loop it a
matris-matrix-multiplication computes a scalar product of vectors which can be oprimized
by special means. The obuained matrix-class shows a very good performance in
comparison ta other libraries (e, g BLAS)

542 Modified nevmart mediod
As time integration scheme to solve Egn. (23) we use a modified Newmark method [6].

This ane-step algorithm is unconditionally stable and shows numerical damping properties
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thitl can be continuously controlled.

This swlgorithm s cmbedded moa svstem of solver for difTerential cquations, We extended the
ohject-oriented class libracy ODE+= [11] by a heerarchy for diveet solvers, The structure of
the class library also allows ooadd other solving algorithms, The praph in Figure & shows
the actual closs hierarchy,
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Figure 6. Class Hlierarchy
The realization of the classes above reflects the three mai aims:

s all functions that allew the user wocontrol the inlegrtion process are public member
funclions of the class IVPSolverBase. This resulls inoa consistent user inferfzec independant
from the used miearaion methad,

e Tor every parameter ol a special method there exists a member function that allows o change
the walue of the parameter. By delault, every parameter is set 1o a reasonable walue. The
resulling solver can be sueccessfully applied 1o a great varicly of problems. Only @ single
function call is needed o change the value of a parameter.

s an analvsis of existing solvers showed the possibility 1o divide the integraton process in
several subtasks Fach subrask s realived us 2 member function of 1WPSolverBase, 1T a subask
15 method-dependent the member function belonging w i is declarad pure virmal, i the subask
15 method-independent the function is declared virtual and 1V PSelverBase contains a detinition

stttable For all methods,

B30 Eramples

A oan exwmple we chose @ two-dimensional consalidation problem with a inear-clastic solid
and viscous pore liquid. The geometry and boundary conditions of this example ure shown in
Figure 7. The example represents a saturated soil block, where the load s applicd
instantaneously at 1 = Os Figore 8 displays the sumerical cesulis lor the two-companens
mderial.
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Figure 7. Geometry of the consolidation example

(clt=4s

Frgure 8. Deformation, fluid velocity and pore pressure at different time steps.
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6. VISUALIZATION

lhe caleulavon produces results that have to be interpreted and evaluated by e user. The
emplovment  of parallel compulers has resulted inog considerable increase in complexity and
stee ol solved problems. Although the procedure of parallel computing is more complicated
because ol the nccessity [or nlerprocessor commumoation, i is used for many largc
problems where sequential computers fal dug to memory and caloulation tme requirements.

Apart from  the wdealization of the problem wsell the wlerpretation of resulis 1s the most
important step of a practizal analvsis [1]. Special Tecus must be given to the visualization of
result data produced by the calculation. The model with the associated results needs w be
transformed into an intuitively comprehensible and casily interpretable form that enables the
engineer 1o obtain a fast overview of the entire caloulation.

Issues of fmite clement caleulation and visualization of the results, in pracuce are oflen
considered as scparate and independent aspects. The usual appreach is 1o swoere all dawa
connected to the stmolation and to visualize them in a second step. This is especially critcal
when time dependent problems are regarded. The siorage of all data requires o huges external
memery capacily and - on the other hand - the visualizalion process can only be stared
when the caleuiation has complately terminated.

To wvoud this resource bottlencek. data could be immediately processed and visualiced as
soon as they are avatlable, Thus, the enginger has the possibilitv to control and judge the
calculaton at a wvery carly pomnt i tme. For cxample, inconsistencies  in the modsl or
crrongous  input parameters can be detecled and be calculation can boe restarted with
madificd parameters prier o the production and sterage of a large amount of dats. This
approach to visualizalion s an mdispensable toal for the development of programs and [or
the wvalidation of new stratesies in parallel computing that leads to shorter production Limes
and a better quality of the resulis [5]

G Vivpedizalios of finite element calondntions

Yienalization of scientific data iz supperied by a large vanetly of existing software solutions.
Almost all major selware providers offer an approach for dawe visvalization. Apart from the
large scope. the apphicatien of such standard sofiware packages leads to disadvaniages and
limilations. |7

s The user s i many cases limited to the use of proprictary data formais

= Mechanisms lor parallel communication are quite often not taken into constderation, Thus.
communication between o parallel computer architecture and a visualizzton workstation, at
the same time as the caloulation process runs. is not contemplated.

e The capability of these svstems 1o cover all aspects of visual reguirements oflen comes
along with high demands in resources such as main memory or disk space. This cannot be
controlled or influenced by the wser. Dspecially, a simple display of large madels pushes
these svslems to their limts.

o In many cases there i3 no possibility 1o manipulate and extend the data struclere of te
visualization seltware. Date needs te be transformed fom the dala strocture of the sinulaton
process 1o the data structure of the visualization software without the option 10 offer the
calculation data m the fashion of the visualization software and therefore making the copying
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approaches hove been implemented: one approach uses sockers, the other CORBA

Spcher-commnnication:  Communication between the progessars ol the parallel FLEM
application and the visnabization application takes place nsing soeckets. Data is being
exchanged vsing o predelined nterface for communicmion. The structure of the whale

syatem is given in Figure 14,
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Figure 10, Connection of an FEM application to the visualizalion application.

COREA-conmmunicatic A lot mare of flexibility can be added to the system using
mechanisms for communication and data exchange provided by the implemaentation ol'a
CORBA  architecture,  Using  the Ohject Request  Broker (ORB) the data structore s
transparcntly accessible i the net.

The structure of the implementation using CORBA 15 shown in Figure 11, The processes
of the parallel FEM calenlation progrm compile a data stractare provided by @ data server
using the ORB, After the completion of a dala set {more data can be added laer) the
collegtor 15 notified. The collector gathers information on what data is offered by which dala
server, This information can be evaluated by the visualization application. [f for example a
date server reports additional data to the collector, the visunlization applicalion realizes ths
when a connection 1o the collector is performed. Knowing that more data s available for
visualization the asseciated data server can be contacied,

Finally, CORBA offers the pessibility  of programming language independence: the FEM
prograny mieht be weitten in C and the visualization application in lavi,

6.2 20 Pafa sirneiure

I avder to make the visualization application widely applicable special cire has to be laken
for an cusy and fast conneclion o an existing caleulation or simuolation program. For that
reason o partcular duly structure has been developed.

¢ The data structure can be designed to be efficient in terms of visualization requirgments,

e Linking o an existing FE-program is significantly simplified because the data stricture of
that program can have amy forne The connection to the data stucture of the visualization
application is implemented with an easy-to-use programiming nrertace.
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Figure 12, A geotechnical model is partitioned into 4 sub-models on 4 processors.

Reguivements 1o the dutq sivwenre: The initial situation is a finite element in terms of the finiie
clement method heing defined uniquely with its associated nodes. Surfaces and lines for the
visualization have 1o be penerated by the visualization application on demand and made available in
an optimized form. Data can be structured in many data sets, e.g. sub-models distribured on several
pracessors (Figure 121 This allows for a struetured hierarchy of the model to be visualized.

Figure 13. A maodel is structured using 4 data sets. They can be displayed independently.

Data sets initially hold the information of the finite element caleulation: clements referring Lo
nodes. Later, information on  surfaces (volume mode) and lines (wire frame mode) can
additionally be generated and stored in the data set. Figure 13 shows a madel subdivided inte
coveral dala sers to structure the model in a purposeful manner. Every layer of soil is
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represented inoa separate data <2t with an additional set for the peotechnical construction
elements. All dala sews can be displaved independently fram cach other.

A catalogoe ol finte elements has been implementaed as prot nlmu ibiguare 1243 Lisinge the
ohject-ariented programming the list can be easily expandad.
fmplemreniarion i O =0 The object-oriented analvsts aceording o Bambinzgh his Tead wooan
ohject lrerarchy that s given in Figure |5 Finite elements with their attributes and methods are
represented i separate classes derived from a generalized base object 7= Shape). A data seris
an agerepation of elements and nodes. For wvisvalization purposes data sels can have
additional intormation on one-, two- and three-dimensional rendering clements, Finally,
one mestance of the object zzfaraSrncire cun consisl of any number of data scis.

The admmistration ol resull values i the object hierarchy is performed by the class
CafmeSed that can be associated with data sers, Separate classes are implemeniad for

2

tenaars af wera, First and scoond order

—

oo

A
2
/!

Peie | B

Fioure 14, Prototypically implemented fule elements.

G200 PMsplav of the state of steess

Contrary Lo the display of tensors of zero or frst order s results, the display of lensors of
second order ix not possible g sirwghtforward wayv, An cxample might be the state of
slress e Mnie element model given by the symmetric stress tensor

Gi G:\'\. L_}'\.."
b
Sedign. e @ (24}
\%, O, G,/

The display of such a matrix with 906 different) values cannot be perfonmed moa
direct and intuitively perceptible way. A possibility to enable the cvalualion ol such
numerical data 1s to display the associated principal tensor values, Muthematically, this
leads to the solution of the cigenvalue problem for the stress tensor S.
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Figure 13 Object hierarchy of the data struclure
(25)

The eigenvalues are values for A that fultill the following equation:

Det(S-7 7 1) =0
For the display of the eigenvalues the prime axes need 1o be caleulated as well. They give the
dircetion for the display of the stute of stress, The length is given by the absolute value of the

=

4 i

cigenvalues, The sign ol the eigenvalues can be displayed with two different colors.

Figure 16. Example lor the display of the state of stress in a system. Finite element mesh {lefi),
displacements {exaggerated. middle} and state of stress (right)
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An example Tor the visualization of a stale ol plane stress moa wrench s given in
Ficure 16 D shows s finie clement system under 2 horizontal load in the apper corner,
the system in ity delormed stale and the caleolaled siresses Tor the svstem.

24 Darg veduction iechnignes

Large madels often don't need e be displayed in fell detail. To reduce the amount of dara
e b processed, data reducuion mighe be reasonable. The user first wants 1o abtain a rough
pvarview over his moedel. This can in most cases be done with o coarse display of the
model, Consequently, intercsting areas can be recognized and displaved later in full
detail.

D of parallel caleulation processes are distributed on many processors urging he
need 10 sort and send them for visualization purposes. The amount of communication can
significantly be redvoced when the model s translormed to o coarse model prior e data
cxchange, Thizs is usclul when the requirement is considered that the nser ablains o fas
and  rovgh overview over his sumulation. Several lechnigues con be performed on a maodal

"

1o obtiin a coarse overview. Twa ol them are discussed here (Figure 170

wrigin lzromed iy cluster-pracedur: e ental metiad

Figure 17, Data reduction technigues. The original geometry (left) iz tansformed ntoe
a coarse mode! using cluster procedures (omiddle) or ineremental methods (el

Ciusrer procedvres transtorm the model inro a rasterized version. In 2D a orid 15 unposed
over the madel and a pixel might be set or not in order to represent the originagl gecmetry
ihle. The original nodes move to the functions of the grid lines, In 30 the
madel  wiall  be oapproximated by "Lego"-hricks, Cluster procedures lead o fasr b
qualitatively poor results (Figure [TH)

as ogood as pos

Figure 15 Cluster procedore applied to 0 model of a sphare reducing the 14,160 clements twa
coarse nodel with 3038 clemenrs,



236 Ude F. Meissner, Jochen Ruben and Tnke Terlindent

Ineremental methads transform the original model fteratively into a coarse model by deleting
nodes, edges or elements, This involves the evaluation of a quality criterion, e.g. for the local
curvature. Operations that have the least effect an the quality of the whoele madel are performed
first (c.z the deletion of anode ina "flat” area). Incremental methods offer good resulls with
high computational effort,

The techniques for data reduction can easily be performed in parallel. Figure 19 shows
the incremental method performed on 2 model consisting of six sub-models on different
processors. Each processor applies the incremental method to  the associated sub-model
independently resuling in a coarse model for cach processor. It can be seen that data
reduction is performed to a certain degree depending on  the local curvature of the sub-
models leading Lo reduction rates from 23 % to 98.2 % of the elements.

e . Mo
5 %‘%& e
- Ty - m"’ ":. .

X

o A

Figure 19. Data reduction using incremental methods. The geographical model is transformed
into a coarse model considering the local curvature,
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