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Solid Modeling



Solid Modeling




Solid Modeling

The 2D drawings are
generated from the 3D model.
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Solid Modeling

The 2D drawings are
generated from the 3D model.

Modifications are
automatically updated.

o)
8
I
]
|
N

fg.. ozoea | Oregon Institute of Technology |,

U-Bracket Design
E‘J I Mr 2004-3001 | L

joveey 1 or 2
;3 T 1




Modeling in Engineering



Traditional FE Simulation Process

—

3. Apply boundary
conditions

4. Computational analysis 5. Result visualization



Geometry-based Simulation Process

b -

2_k>N 12 kN
1. Geometric modeling, apply 2. FE mesh generation, apply
attributes and boundary conditions boundary conditions

3. Computational analysis 4. Result visualization



Construction of a Simple FE Model




Construction of a Simple FE Model




Construction of a Simple FE Model




Construction of a Simple FE Model
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Construction of a Simple FE Model
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Construction of a Simple FE Model
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Construction of a Simple FE Model
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Automatic region recognition




Creating a hole




Assigning hole attribute




Applying attributes to geometry




Defining meshing refinement parameters:
boundary subdivision




Automatic unstructured mesh
generation




Attributes automatically assigned to
mesh entities




Region decomposition to exploit structured
meshing algorithms




Region decomposition to exploit structured
meshing algorithms




Region decomposition to exploit structured
meshing algorithms




Region decomposition to exploit structured
meshing algorithms




Region decomposition to exploit structured
meshing algorithms




Defining meshing refinement parameters:
boundary subdivision




Automatic unstructured mesh
generation




What is the technology behind this?
What issues we have to address?

BSOS



Generic Space Subdivision: Many Applications

An environment in which curves and surfaces are inserted randomly.
Automatic region recognition and full adjacency information.




2D Subsurface Simulation Modeling

Geological cross-section




2D Subsurface Simulation Modeling

Curve digitalization




2D Subsurface Simulation Modeling

Curve subdivision




2D Subsurface Simulation Modeling

Mesh generation: triangular elements
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2D Subsurface Simulation Modeling

Mesh generation: quadrilateral elements




Requirements for Underlying Data Representation

— The data structures must provide a natural navigation
across all phases of a simulation: pre-processing (model

creation), numerical analysis, and post-processing (model
results visualization).
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Requirements for Underlying Data Representation

— The data structures must take into account that the
simulation may induce, at least temporarily during model
creation, geometric objects (curves and surfaces) that are
inconsistent with the target final model. This requires a
non-manifold topology representation capability.




Requirements for Underlying Data Representation

— The data structure should aid in key aspects of geometric
modeling, such as surface intersection and automatic region
recognition, as well as in surface and solid finite element
mesh generation in arbitrary domains.




Requirements for Underlying Data Representation

— The data structure must provide for efficient geometric operators,
including automatic intersection detection and processing.

— This is necessary in simulations with evolving topology and
geometry.
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The need for non-manifold modeling

Multi-region modeling

Fastener Location

Degenerated structures .
Stringer Shear Tie




Natural Modeling: surface patches as primitives

Geological model

Manufactured model



Ideal Environment: complete space subdivision

Space subdivision in 2D: high level operations
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Modeling in Engineering

Representation forms:
Research areas: [ Wireframe Modeling Technique
(. Geometric Modeling  { e Surface Modeling Technique
Computer Graphics < 1 '\;’Zi‘j; szz;‘sﬁons | * Solid Mpdeling Techpique
are traditionally constrained to work
e Visualization only with two-manifold solids.
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\
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conditions such as Non-manifold
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Modeling
has superior

oAl embods all of the.capab///t/f—?s of
: the three modeling forms in a
but at a cost of a larger size

and more complex data unified representation.
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Modeling in Engineering

Representation forms:
Research areas: [« Wireframe Modeling Technique
. Geometric Modeling  { e Surface Modeling Technique
Computer Graphics { 1 C/ii(cjzsl iig;?tions * Solid Modeling Technique
are traditionally constrained to work
\ e Visualization only with two-manifold solids.

complex multi-region
multi-physic problem

!

A

Non-manifold
Modeling
embods all of the capabilities of

the three modeling forms in a
unified representation.



Geometric Modeling



Geometric Modeling

e Creation, manipulation, maintenance and analysis of
representations of geometric forms of two and three
dimensional objects.

* Application in several fields, such as movie production,
design of industrial mechanical parts, scientific visualization
and reproduction of objects for analysis in engineering.



Geometric Modeling

Historic Evolution:

a) Wire Modeling
b) Surface Modeling
c) Solid Modeling

d) Non-manifold Modeling
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Geometric Modeling

» Strategies for Representing Solids

» Decomposition Models
» B-Rep Models
» Constructive Models (CSG)

» Hybrid Models



Geometric Modeling

Cell Decomposition / Space Enumeration

Wire Frame

Boundary Representation (B-Rep)

Constructive Solid Geometry (CSG)




Geometric Modeling

* The Constructive Solid Geometry (CSG) uses Boolean
operations and rigid body motions into simple primitives
to build more complex solid objects.




Geometric Modeling

* CSG Tree
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Geometric Modeling

CSG Tree

PON B

X - translate (-,5)

X - translate (-,1) y - translate (-,2)

box (1,4,8) box (8,4,1) z - cylinder (1,1)



Geometric Modeling

* B-Rep models explicitly use the adjacency relations among
the topological elements (vertices, edges and faces) to define
the topological boundary of the objects.




Geometric Modeling

* Non-manifold Modeling

» Aggregates all the capabilities of the previous three types
of modeling.

» Removes restrictions to the domain of the analyzed
models.

» Allows the representation of internal or dangling
structures of lower dimensions.



Geometric Modeling

Manifold Non-manifold
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Geometric Modeling

 Topology and Geometry

» Geometry — set of complete and essential information to
define the shape and spatial location of objects.

» Topology — subset of information obtained from the

geometry of the object. Invariant after applying geometric
transformations to the object.



Geometric and Topological Entities

Curves: bounded
by two vertices Surfaces: closed

\ set of curves

Vertices:
x,)z location

Body: collection
of volumes

Volumes: close
set of surfaces



Geometric Modeling
* Using the topology as basis for a modeling system:

1) System stability
2) Avoiding numerical errors

3) Separation of geometric and topological information



Geometric Modeling

* Adjacency Relationships
» Connectivity among the topological elements

» Extracted from the geometric information of the model

» Use as a base of modeling framework, ensuring the
implementation of algorithms simpler and more efficient

» Determination of a minimal set of sufficient adjacency
relationships



Geometric Modeling




Geometric Modeling

 Topological Data Structures

» Systematization and organization of topological
information of a model from the storage of a sufficient set
of adjacency relations.

» Main topological elements: vertices, edges and faces.

» Additional topological elements: loops, shells, regions,
vertex uses, half-edges, edge uses, loop uses, face uses.



Geometric Modeling

 Topological Data Structures

» Examples of data structures established in manifold
modeling:

e Winged-edge
e Half-edge

» Data structures established in non-manifold modeling:
e Radial Edge



Winged-Edge Topological Data Structure



Winged-Edge (Baumgart, 1972)

Table of Vertexes  Table of Faces
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Table of Edges
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ical Data Structure - Planar Subdivision

Induced by planar embedding of a graph.
if the underlying graph is.

= #vertices + #edges + #faces

Typical operations:

e
e

hole in f

I
\ disconnected subdivision




L Legend:

geometry
point
curve

surface



Legend:

mesh geometry

node (5 point
element 1d ‘5‘ curve
element 2d 5 surface
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Legend:

topology geometry

mesh

node (5) vertex

point

curve

element 1d ‘5‘ edge

surface

face

element 2d 5

Table of vertexes Table of faces

Table of Incidences
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Euler Operators

From a topological viewpoint, the simplest solids are those that have a
closed orientable surface and no holes or interior voids. We assume that
each face is bounded by a single loop of adjacent vertices; that is, the face
is homeomorphic to a closed disk. Then the number of vertices V., edges E,
and faces F' of the solid satisty the Fuler formula:

V-E+F—-2=0

This fact is easily proved by induction on the surface structure. Extensions to
this formula have been made that account for faces not being homeomorphic
to closed disks, the solid surface not being without holes, and the solid having
interior voids, as reviewed next.

[HOFFMANN1992]



We consider the possibility that the solid has holes, but that it remains
bounded by a single, connected surface. Moreover, each face is assumed to
be homeomorphic to disk. For example, the torus has one hole, and the
object in Figure A has two. It is a well-known fact that such solids are
topologically equivalent, i.e., homeomorphic, to a sphere with zero or more
handles. For example, the object of Figure A is homeomorphic to a sphere
with two handles, the latter shown in Figure B. = The number of handles is
called the genus of the surface. In general, with a genus G, the numbers of
vertices, edges, and faces obey the Fuler—Poincaré formula:

V-FE+F-2(1-G)=0 [HOFFMANN1992]

Figure A An Object with Two Holes and with Faces Homeomorphic to Disks Figure B A Surface of Genus 2



Next, we further generalize by adding the possibility of internal voids.
These voids are bounded by separate closed manifold surfaces, called shells.
The number of shells will be denoted by 5. Finally, we relax the requirement
that a face is bounded by a single loop of vertices, but require that each face
can be mapped to the plane. Thus, a sphere missing at least one point can
be a face. In Figure C, a face is shown with four bounding loops. Note
that one of these loops consists of a single vertex, and another one of two
vertices connected by an edge. To account for faces of this complexity, we
must count, for each face, the number of bounding vertex loops. For the face
in Figure C,  this number is four. With L the total number of loops, the
relationship among the number of faces, edges, vertices, loops, and shells,
and the sum G of each shell’s genus, is then

V_E+F—(L—F)—2(S—G)=0

- 4

Figure C A Face with Four Bounding Loops

[HOFFMANN1992]



An example solid illustrating this relationship is shown in Figure D.

We may think of the quantities V, E, F, L, S, and G as existing in an
abstract six-dimensional space. The relationship among them is then the
equation of a hyperplane. Since the values of the variables must be non-
negative integers, we might view the relation as defining a lattice on this
hyperplane. For each solid with a given topological structure, there corre-
sponds a point in this lattice.

—————— = — = — = A\~
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/=
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[HOFFMANN1992]

Figure D Solid with 24 Vertices, 36 Edges, 16 Faces, 18 Loops, 2 Shells, and Genus Sum 1



Euler Operators

Operator Name Meaning \' E F LS |G
MEV Make an edge and a vertex +1 | +1
MFE Make a face and an edge +1 | +1 | +1
MSFV Make a shell, a face and a vertex | +1 +1 | +1 | +1
MSG Make a shell and a hole +1 | +1
MEKL Make an edge and Kill a loop +1 -1

V_E+F—(L—F)—2(5—G)=0




Euler Operators

Operator Name Meaning Vv E F LS |G
MEV Make an edge and a vertex +1 | +1
MFE Make a face and an edge +1 | +1 | +1
MSFV Make a shell, a face and a vertex | +1 +1 | +1 | +1
MSG Make a shell and a hole +1 | +1
MEKL Make an edge and Kill a loop +1 -1
L Meaning v|E|F|L]|s Result
Name
MSFV Make a shell, a face and a vertex | +1 +1 | +1 | +1 ‘
MEV Make an edge and a vertex +1 | +1 ‘
MEV Make an edge and a vertex +1 | +1 4
MEV Make an edge and a vertex +1 | +1 Q
MFE Make a face and an edge +1 |+ +1 Q
MFE Make a face and an edge +1 | +1 +1 Q
MFE Make a face and an edge +1 | +1 +1 Q




Using Euler Operators to Construct a Solid

\mvfs
eV, mev L mev, . mel,
' mev
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Half-Edge Topological Data Structure



Half-Edge (Mantyla, 1988)

Table of vertexes Table of half-edges

v x| ylzlh hlelv|l|h,

Table of edges Table of loops Table of faces
el h|h, TR F1L [FTL

out mn




Hierarchy of Topological Levels

e Solid

half-edges
* Face
* Loop \
« Half-Edge /
* Vertex

- Edge”



Half-Edge Data Structure Entities

Edge

prevs nexts
€ Solid —>
sedges
sverts
sfacesl fsolid
prevt nextf
£ Face >
floosz/ Tlface
prevl nextl
€< Loop —>
preve
—
ledgl Twloop he
prv nxt
€&——— Half-edge p——m>
vtxl,
prevv nextv
€ Vertex —>

nexte



HalfEdge node

Edge node

het

he2

HalfEdge node




Non-manifold Geometric Modeling



Geometric Modeling

* Topology in non-manifold representations

» Application areas of geometric modeling that take
advantage of the additional features of non-manifold
representation

e Modeling — transition between models, regions detections, storing
arbitrary geometric information

e Analysis — implementation of building tools and simultaneous
analysis of the model

e Representation of heterogeneous objects — regions with common
volumes, coincident faces, internal structures, solids consisting of
different materials



Radial-Edge
(Weiler 1986)
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Applications



Applications

— Simulation of well bore stability during
perforation

— Analysis of well bore integrity (rock, casing,
and cementation)

— Simulation of stress field perturbation due
to salt rock intrusion

— Simulation of reactivation of geological
faults

— Storage of CO2 and gas in salt cavities
— Design of “torpedo” piles



Simulation of well bore stability and integrity
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Simulation of reactivation of geological faults

3D geological surface patches (GoCAD) Cross section (GoCAD)

Reservatorios
pressurizados/depletados

Effectic stress FE elasto-plastic analysis (Sigma2D)

.............. Seabed

s _ 4
: :
BSE I e i) 3
ih\ EERNG
(23740mx5510m) Faults Rock 36 497 elements
(interface FE) (quadrilateral FE) 108 764 nodes




Simulation of reactivation of geological faults

Effectic stress FE elasto-plastic analysis Determination of highest injection pressure
(Aeepecd2D e Aeepec3D) Deterministic analysis
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Storage of CO2 and gas in salt cavities
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Storage of CO2 and gas in salt cavities

Halita surface contour Geolocial section
. Sea bed T =13.5°C

SEGAO 8 (E-W)

(36 000 m x 8300 m )

Litology

[ 100% FoLHELHO [ | 30% FOLHELHO

90% FOLHELHO
10% ARENITO . 100% HALITA

Axysimetric elastic-plastic FE stress analysis

Sea bed
CO2/GN pressure




Design of “torpedo” piles
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Design of “torpedo” piles
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Workflow of 3D modeling and visualization

Sigma3D

FE Modeling

Mtool3D
A

Import and export
of geological
surfaces

Geological modeler

GOCAD

Analysis

Numerical
simulators

Visualization

Pos-3D



« Sigma2D
—Mtool - Mesh generation tool 2D

—Mview - Mesh visualization tool 2D



Mtool — Several input formats
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Mtool — Digitizing on top of background image
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Mtool — Several modeling tools

Curve insertion; automatic region recognition; etc.
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Mtool — Mesh generation algorithms

©) Trilinear

Transition

Trilinear mapping for triangular regions!
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Quadrilateral
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Mtool — Mesh generation algorithms

Quadrilateral template (Antonio Miranda)
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2D subsurface model — Mesh generated using Qmorph
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2D subsurface model — Mesh generated using quad-template

»
M
m m
: w m W s
M 5 17
< [ —
b -
|1 -
L
| I 1 [
=TT AT T 1T LA
[ [ AT =TT || (A Lt
HHr EE- S A L i [l
gEEERE S, =TT L i1 T1TT T NH 1 \\
1] C e L1 I
1 LA T T T B ) B o oy ] |
- [ - 1 L+
[ | 11 H =111 1
H 1 | LT
WENEN I, LT ] L1
EEEENR H T ul
lllllll 1 1 ft
|||||| N 1 L L
llllll ] L ol 1
JJJJJJ N 11| A L+
JJJJJJ RERE ! N .
O AN H L
T [T AT o ] [
OO T T RN M | L -1
L) [ 11 1
Anpe il NS SEEE NN T L171 L]
yme SN 111 S {4 -1
aps i NRN 1T d
SRR e S 1 —— - [ LA
sl N ips NRENEE NN [T 11 T l
Hr NN L 1
AT L e
Y AT AT RSN N A
N [T T4 1
gy Sy NN T 1
H L L
1 = T N ONNYONON -
™ Tl I~ L1
T T T NN WY N (A1
-
L+
llllll L1
L
dl 1
L1
| e
T A
\\\\\\\\\
T
1 \\\\ | )
AN AT
3 T L
RN pupEE
NN T i 0 e O i oty s s W g 9 ) S AU AR Ay p LRy R ST e PRt O O S5,
N .
A
N
N
N
3
R uﬁx
3
38
3
8
8
-+
85
35
§F

VPePREE PV PPOB WO ©LUE YO D]

File Edit Features Display Selection Groups Results Options Info

©OONORORME RIS @




Mview — Result analysis

& Sigma2d - secao,
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Mview — Result analysis
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 Mtool3D - Mesh generation tool 3D

File Edit View Vertex Curve Surface Solid Plane Options Info
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Imported surfaces: defects and imprecision
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Mtool3D - Geometric support of surfaces

All imported surfaces are

retriangulated (geometric

support).



Mtool3D - Geometric support takes into account
surface curvatures
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Mtool3D - Surface intersection




Mtool3D - Surface intersection
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Mtool3D - Surface intersection
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Mtool3D - Surface intersection
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Mtool3D - Subsurface modeling

Imported surfaces from GOCAD




Mtool3D - Subsurface modeling

Geometric inconsistencies




Mtool3D - Subsurface modeling

Geometric adjustement operations




Mtool3D - Subsurface modeling

Geometric adjustement operations




Mtool3D - Subsurface modeling

Disconnected geological faults




Mtool3D - Subsurface modeling

Disparity of dimensions and thicknesses




Mtool3D - Subsurface modeling

Arbitrary complex geometries




Mtool3D - Subsurface modeling

Surface discrete geometric support
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Mtool3D - Subsurface modeling

Closing off volumes for solid mesh generation




Mtool3D - Subsurface modeling

Quadrilateral FE mesh generation




Mtool3D - Subsurface modeling

Quadrilateral FE mesh generation




Mtool3D - Subsurface modeling

Quadrilateral FE mesh generation



Mtool3D - Subsurface modeling
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Mtool3D - Subsurface modeling

Importing horizon and fault surfaces from gOcad
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Mtool3D -

Importing horizon and fault surfaces from gOcad
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Mtool3D - Subsurface modeling

Intersection and adjustments of surfaces to generate consistent
models for FE analysis




Mtool3D - Subsurface modeling

Intersection and adjustments of surfaces to generate consistent
models for FE analysis




Mtool3D - Subsurface modeling

Intersection and adjustments of surfaces to generate consistent
models for FE analysis




Mtool3D - Automatic volume recognition

Create from Selected Surfaces 4
Create Automatically

56686666
800 100

Create With Mesh
Create Mesh in Solid

Trim all 2D patches
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Mtool3D - Subsurface modeling

Modelo complexo sem superficies ficticias para decomposicao
de dominios — malhas de tetraedros.




Mtool3D - Subsurface modeling

Modelo complexo sem superficies ficticias para decomposicao
de dominios — malhas de tetraedros.




Mtool3D - Subsurface modeling

Modelo complexo sem superficies ficticias para decomposicao
de dominios — malhas de tetraedros.
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Mtool3D - Solid mesh generation

« 3D discrete transfinite mapping:
— Multiple surfaces on volume boundary
— Convex or concave domain




Mtool3D - Solid mesh generation

« Sweeping
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Mtool3D - Solid mesh generation

« Tetrahedral mesh in arbitrary domains (Jmesh):




Mtool3D - Solid mesh generation

* Under development:
hexahedral-template

 Automatic domain
decomposition
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Case study: subsurface model with two faults




Original geological faults and bouding box




Reconstruction of support triangulation
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Reconstruction of support triangulation




Split surface by surface border
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Surface split by extended surface border




Split by surface border: fault extensions




Support triangulation of extended faults




Reconstruction of support triangulation
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Curve insertion of surface
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Curve insertion of surface
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Curve insertion of surface




Reconstruction of support triangulation
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Curve insertion of surface




Reconstruction of support triangulation




Creation of a surface patch




Support triangulation of new patch




New surface patches




Support triangulations




Adjustments of geological horizon surface
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Treatment of other geological horizon surfaces
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Recovery of original fault surfaces




Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation




Domain decomposition for solid mesh generation




Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation




Domain decomposition for solid mesh generation




Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation
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Domain decomposition for solid mesh generation




IVISION

Curve subd




Surface mesh generation




Surface mesh generation
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Surface mesh generation
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Surface mesh generation
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Surface mesh generation
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Surface mesh generation
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Automatic volume recognition
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Automatic volume recognition




Automatic volume recognition
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Automatic volume recognition
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Automatic volume recognition
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Automatic volume recognition
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Automatic volume recognition




Generation of solid mesh by sweeping
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Generation

of solid mesh by 3D mapping




Generation

of solid mesh by 3D mapping




Generation

of solid mesh by 3D mapping




Generation of solid mesh by sweeping




Generation of solid mesh by 3D mapping




Generation

of solid mesh by 3D mapping




Educational software for Engineering



FEMOOP: FEM analysis based on Object Oriented
Programming

Ftool: http://www.tecgraf.puc-rio.br/ftool
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e-Cross: moment distribution method (in Java)
e-Cross: www.tecgraf.puc-rio.br/etools/cross
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e-Mohr: Mohr’s Circle tool (in Java)

e-Mohr: http://www.tecgraf.puc-rio.br/etools/cross
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Conclusion

e The influence from Cornell is evident

e Tecgraf group in many aspects was shaped up by
the Cornell group

— Computer graphics

— Mesh generation

— Finite element simulation
— Educational software

e We are very grateful
In particular to Tony Ingraffea and his team
(Wash, Bruce, ...)



