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Realistic 3D crack growth simulations require:
- actual geometric models, including crack(s)
- ability to discretize and analyze the model
- ability to post-process analysis results
- and the ability to incorporate the results into
design and/or assessment

A framework for simulation requires:
- an intuitive, relatively simple, user interface
- sophisticated capabilities, while hiding complex details
- automation, speed, efficiency
- testing, benchmarking, and support
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Constrained Shape: Known Solution Method

Characteristic—Library:
look-up stress intensity
factor solutions for finite

number of simple shapes

and boundary conditions

Benefits:

no model to build,
no meshing,

fast analysis,
simple interface.

Drawbacks:

models do not match
real geometry and
boundary conditions,

no multi-scale,

no multi-physics.

A fast, accurate solution
to the wrong problem.

@ Select geometry | D Set output/run optionsl ?7 Computations and autput page I

Examples: NASGRO, AFGROW

BCNASSIF Stiess Intensity Factor Solutions - [data not yet saved]
File Tool: Help

Surface Crack,

¢ 1.5 [inches. ksi, ksi sqrtfin]]

ISEEH - in plate - tengion and/or bending

5.1, [mm, MPa, MPa sgrtimm]]

=1 E3

Thickness, t




Unconstrained Shape: Computed Solution
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FRANC3D / OSM

X Windows-based,
menu driven,

[ 44 franc3d
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FRANC3D / OSM
what they are and are not!

FRacture ANalysis Code - 3D Object Solid Modeler
*» hybrid software that combines ¢ generates boundary
solid modeling, mesh generation, || representation (B-rep)

and fracture mechanics for solid model for FRANC3D

nucleating and propagating from user-defined

cracks in the model geometry. geometry points, curves
and surfaces, or by

FRANCS3D is not a boundary converting FEM data.

nor a finite element analysis

code, although it is capable of OSM is not a general

writing input files for a variety purpose solid modeler or

of in-house and commercial CAD program.

BEM and FEM codes.



Supported FEM / BEM Analysis Codes

BES - Cornell University Boundary Element System

CPTC - Cornell University parallel finite element code
(ongoing research and development)



Overview of Simulation Process

» a B-rep solid model is the primary input to FRANC3D;
this normally is generated by OSM.

* boundary conditions can be specified within FRANC3D;
these include imposed loads, imposed displacements, temperatures,
and crack face pressure interpolated from finite element stresses

» material properties can be specified within FRANC3D;
available materials include elastic, orthotropic, and elasto-plastic.

» the model is discretized or meshed within FRANC3D;
this could include surface (for BEM) and volume meshing (ANSYS).

 analysis input files are generated by FRANC3D.

» an external program provides displacements and stresses;
these should be imported into FRANC3D.



Overview of Simulation Process (continued)

» one or more flaws can be initiated in the model,
the location, orientation, size and shape could be based on the stress
analysis, or based on field evidence, or completely arbitrary

» fracture parameters, such as stress-intensity factors, are computed
based on the displacements from the external stress analysis (e.g.
ANSYS).

e crack propagation is based on the computed fracture parameters
and a “rule” to predict the new crack front — orientation and advance.
The model geometry is modified automatically to grow the crack.

* a history of the stress intensity factors as a function of the flaw size
can be used in conjunction with the crack growth properties of the
material and load history to make a prediction of the fatigue life.



Simple Cube Example — Hands-on-training

» simple cube with 3x3x3 grid of
SOLID95 elements

» kinematic constraint on base nodes
* surface traction on upper surface

* linear elastic ANSYS analysis

 demonstrate ANSYS FEM to
OSM conversion

e demonstrate MRP boundary
conditions — transfer ANSYS
stresses to crack face tractions for
BEM analysis




Simple Cube Example

Steps:

» read the ANSYS .cdb and .igs files into OSM and extract the
geometry features

» discuss MRP’s generated by OSM from ANSYS .cdb file and from ANSYS
nodal results saved as .dsp and .str files

» read model into FRANC3D and apply MRP boundary conditions
» add a crack and analyze using BES

e compare stress intensity factors based on both BES and ANSYS results



Simple Cube Example

¥k simple_cube igs.mod & Create Badial-Edge Database

o Hilight & eometry Points/Edges

Extract Geometry Feamres
Translate ANEYE cdb

/ Translate ANEYE igs

OSM can convert ANSYS
iges and cdb files

e simple_cube.cdb.osm o

Wiew

iges file contains only geometry
and if a solid model does not exist
there is no iges information

cdb file contains finite element
mesh information along with
boundary conditions and materials — —




Simple Cube Example

’E—IE OSM reads
the .str file and
saves a

_res_str.mrp file
that contalns the

] = as well as the
stress results

We can use the ANSYS mesh facets

is not recommended for big models in the Face Boundary Condition dialog box —
' this is then attached to the crack surface.



Simple Cube Example

e simple_cube_f3d
Wiew Model Display

%

A part through crack is inserted into the
FRANC3D model and the face boundary
condition defined previously is attached
to this surface.

The BEM analysis provides the stresses

and displacements for the cracked model.
Stress intensity factors can be computed.

ﬂ HI Contonr SIGKA 1 [BER: simple_cube fadlbesont] ﬂ

Wiew Deformation Contour
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(' Model Representation)

/f \
pdate . .
Model < Discretize >
N y

( Analysis Gutput) ( Analysis Input )

< Stress/Flow/Thermal Analysis >

Representational model (R) R

I=i+1

\

N
E,

d

Equilibrium state (E) N

Fracture parameters (F) @

FRANC3D
Cconcepts

 Incremental process
Involving ‘n’ steps of
crack growth in a “true”
geometric model of the
structure.

Vi+1

__________________




Geometric Model and Topology

The essence of the problem is predicting and tracking the changing
geometry as the crack grows. A topology-based data structure underlies
the solid model geometry, which allows for efficient interaction and
accurate representation of evolving cracks.

tOPOI0JY @ 11€0 10 e JEOMELTY

y Cartesian
vertex .
O . x  coordinates

edge ./\/’ cubic b-spline
curve

face bi-cubic b-spline

surface




Geometric Model and Topology

radial edge topological database

pair of mate
faceuses &7

/

Topological edges provide ordering based on the edge uses.



Geometric Model and Topology

Topological entities have orientations and uses and the data is stored
accordingly, such that traversals and queries are efficient.

model
y A

region

f

shell
\

faceuse

loopuse

edgeuse

vertexuse

s

p face '
\_

7\ loop '

7\ edge '

7| vertex '

clockwise

edgeuse\

® edgeuse
owner edge /

N

vertex

\0
vertexuse/ /

counter-clockwise

loopuse:
circuit of
edgeuses

faceuse

edgeuse




Geometric Model and Topology

Allows for the definition of complex topological models,

internal void region 4
>sr§ell surface /

wireframe edge

Including the definition of complex cracks.



Geometric Model and Topology

ti t
face open boundary edge ' Vertex

* main and mate crack topological surfaces share the same geometry

 the normal to the main side surface points into the crack towards the mate
* the crack tip and branch vertices mark the ends of crack fronts

» crack fronts can grow independently



Topological Operators for Cracks

tear operators

—“l
W

tear .
vertex ‘Vz tear operators are used in
sequence to create a crack

—.—'2— tear —
edge e 2

tear edges

R Epand B

glue operators can be
used to delete a crack



Crack Nucleation

NUCLEATE CRACK THEEE-D CEACES

8l Cheeks I Library Flaws I Ishow library of flawsl
I Three-D Cracks I FPart—Thru Crack read flaw from file .
SymmeryCrak | Penny-Shape Crack | #0V flaw in model a library of common flaw shapes
create flaw in model
return Surface-Loop Crack cancel
| Arvitrary 3D Crack |
Merge Two Crack Faces g Num Foints 3 Front Points:
return a 01 ¥ ¥ z
a b 005 1 14,452 32 748272
b X it poly fit bepl 2 14.4524 320162 746239
3 14,4334 2.20283 746166
4 14,4348 2.20269 746076
First Rotation: About Axis X e Z 3 14,4959 3.20429 7 45978
Amount (deg) 9y 6 14.4573 3.20469 745877
Second Rotation:  About Axis XY Z ! 144386 520432 45774
3 14.5 3205 74567
Amount (deg) T g
Third Eotation:  About Axis XM~ Z 10
Amount (deg) 0
Edge Points:
Translations: Along > Axis 14.5 P Y Z
Along Y Axis =2 14.5 3205 74567
Along 7 Axis 74567 2 145 32 74567
Accept Cancel \
Zelect Shape Calculate Write File Accept Cancel

A crack can be nucleated manually by adding the edges and faces
and ‘tearing’ the entities using the|Arbitrary 3D Crack|menu option.




Crack Nucleation

THREE-D CRACES
Library Flaws
Fart—-Thru Crack

Completely arbitrary initial flaws Penny-Shape Crack
(arbitrary size, orientation, location, TR
and shape, including non-planar R
flaws) can be specified in the

geometrical model.

/

e start with a cube

 define edges on the
surfaces and in the interior

* define faces from the edges

* pick the faces and create a
crack




_Crack Propagation_

The 3D crack front is divided At each point, the plane orthogonal
into a number of segments to the local tangent on the crack
by defining geometric points front is defined and 2D theories for
along the edge. crack growth are invoked.

perpendicular
plane

«— crack
front

Fracture mechanics theories and crack
growth models are encapsulated in easily
modified modules.



Crack Propagation: Displacement Correlation

Ny,

Stress and displacement near the
crack tip as a function of r and 0:
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Crack Propagation: Displacement Correlation

Stress intensity factors can be extracted from boundary or finite
element analyses using displacement correlation:

The crack-tip displacement fields are given by:
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At 180 degrees, along the crack flank:
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Using displacements from a finite or boundary
element analysis, we can solve for the K’s:
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Crack Propagation: Direction and Extension

Maximum Hoop Stress Criterion: o, iIsmaximum when o, =0

\<>/O-r o =R gin Poos2 8 K [Logg 0 300530
[y AGN # NN O L2 2 2 J2ar\4 2 47 2
x Og
o) 2
0 1 K 1 K
> X . fan 2=——bL+— || —| +8
o Solve for 0: 2 4K, 4\/(K”j
crack-tip “kinks” in the
direction where oy =0
Crack Extension Rule:
a.., IS userdefined
b
K, . .
a. = a K IS the maximum
i max K I max
| max computed K,




Crack Propagation

At each point on the crack front,
a new front point is computed.

new front points

o connect old and new front
edges and create faces

The new front points are smoothed
by doing least-squares fitting of
polynomials. curve fitting & smoothing



Crack Propagation

crack front

the crack front
Into segments.

crack front

breaks

If the points —
i+t T+ | fall outside of
" 6?// the region,
AT ~_
open boundary edge
region 1 <+ region 3

The collection
of edges must

be turned into a

collection of
faces that are
then ‘torn’.

TT region 2

¥

new crack edges

single valid loop
using six edges

N

loop broken{
into 3 loops




_Crack Propagation.

N

material

& interface

L

’

Propagation in a more complex geometry, such
as through a material interface or around a re-
¥ + entrant corner requires careful tracking and

+ +
N ﬁ%\\. ' manipulation of both geometry and topology.

added point —l

= SN

re-entrant corner




Crack P

FRANC3D has 5 levels of the mod

« all five levels are automatically
updated in response to predicted
crack growth

e crack growth occurs at the
geometry level first, but all lower
levels are constrained by the
levels above.

* remeshing is localized to the
crack region

* local remeshing near the crack
simplifies mapping of information
from the previous equilibrium state

ropagation

o}

el: crack

.

growth

A

*subdomain

level not
shown

N

o

O

o

o}

O

LSRN

o

geometry
level

subregion¢:

level

edge

subdivisiont:

level




Boundary Conditions

Model boundary conditions:

Surface boundary conditions:

Edge boundary conditions:

Point boundary conditions:

Arbitrary distributions
applied using MRPs
(Mesh RePresentation)

Coupled Sets: cyclic symmetry

Contact Surfaces: master/slave

rotational and linear acceleration,
nodal temperatures

displacement and pressure
uniform or arbitrary distributions

displacement and force
uniform or arbitrary distributions

displacement and force

BOUMDARY COMDITIONS FOR A FEACE

BC Marne: face bc_set 1 Layer: il
Cuoord Sys: default global sys global Cartesian surface local user defined
Load Case: defavlt load case MEP BC: no MEP

i (global or nser Cartesian [green]) orn (surface local [red])
displacerment traction a rotation EnOTTent ]
¥ (global or nser Cartesian [blue]) or u (surface local [green])
displacerment traction ] rotation nornent 0
z (global or nser Cartesian [red]) or v (surface local [blue])

displacement traction ] rotation orent ]

Accept Py Layer jaewE Loves Fray Lead Unge | PMrasLoesd Daon Cancel



MRP boundary conditions

linear pressure distribution
on a cantilever beam

ANSYS model with
20-noded brick
elements

'FRANC3D model
with 10-noded
tetrahedral elements

MRP:

12 elements

— 20 nodes

20 nodal pressures

MRP must cover the same geometric location
as the model surface where the MRP is to be
applied but the mesh does not have to match.



[RRAARN

e

cracked
model of
Interest

Superposition Based BC's

(RN

imaginary
crack and
tractions

uncracked
model

Hovilvd

only crack face
traction loading

bvvliovd

1111
vy

cracked
model

linear superposition [see Broek 1986]

finite element analyses of an
uncracked model (might include
complicated loading and stress)
+

boundary element analysis with
traction on the crack faces only
and constraint where the FEM
model has fixed displacement

cracked model of interest

The magnitudes of the tractions applied to the crack faces are equal in magnitude and
opposite in direction to those holding an imaginary crack closed in the finite element
analysis and are determined from the stresses from the finite element analysis.

All results -- stresses, strains, displacements, and stress-intensity factors -- for the model
of interest, model (a), are the algebraic sum of the results of models (b) and (c). In the
case of stress-intensity factors, Ka = Kb + Kc, but since Kb is equal to zero, Ka = Kc.



Meshing & Discretization

LS advancing front algorithm
Element Type standard  parameters control mesh density
Diagonal Cpdon mapped
RT . / .
Ei-linear happing / mes h N g ARBITRARY REGION MESH GEMERATION
Ei-linear Collapsed . all quadrilaterals all rangles
= : algorithms
Transition Mapping Quadtree Parameters For Internal Modes
Tri-linear Mdapping / refinerment factor (mesh transifoning) 1.4
: ; set meshing paramaters boundary § d boundari 09
Arbitrary Reglon automatically generate internal points undary foctor (nodes near bounderies) :
T —— auto + user—specified internal points points at quad comers
Onl,y user= spe?ified internal points Quadrilateral Element Merging Parameters active
Copy Mesh no internal points boundar
; Clancel rixed-mesh cutoff 1.5
Constrction
polygon merge cutoff 2
Clear kiesh \ } .
= compute angles in cartesian space
L i MESH COMETRUCTION generate templates at crack Ops
et — mmber of half template layers (1, 2, or3) 1
s pasarerc cpace plner spce final triangular mesh
Drelete Point
' A Cancel O Q O
Control meSh | lowve Point | coept ane Q D, ) '0)
Check Element
manually by e
moving points
. - 5 The arbitrary
region mesh can

still be modified
by moving nodes
and by adding or
deleting edges.




Meshing & Discretization

MESH VOLUNMES
Tz‘hﬂaﬂ;mﬂ‘;img e sweep bricks or wedges depending on source face mesh
weep heshing
TetPyr hesh
Drefine Single Element
Hplit Brick into Wedges

Antomatic

Clear hesh source
Hilight Unleshed Regions face \
e mesh

swept brick mesh

subdivided edge in
sweep direction

The mesh around the crack front can be:

* bricks

» wedges (singular)
internal penny-shape crack * tetrahedra _ _
with crack front subvolume » wedges surrounded by bricks, then pyramids

(subvolume can be swept) and then tetrahedra



Tetrahedral Volume Meshing

advancing front, unstructured tetrahedral mesh generation

» generate an octree “background

mesh” to estimate element size.
Optimal region

» geometry-based advancing front -
elements are generated based on
ideal shapes. 4

H = Size of the
octree cell

» topology-based advancing front —
all topologically valid elements are
generated.

® Points in the front

 backtracking to mesh any non- O Ideal position

meshable polyhedra.

» edge and face swapping and
laplace smoothing for local shape
improvement.

N
1 N
1 NG
’ ARN N
’ N ! N
, N —===A
I --
’ LAY
1 I \
1 I
7\ , \
L ! -
A ok
/’ 1
s \ 7! —_— L —
’ \ , 1
,\\ vy, 1
\ v 1
N Lt
\ - -
\ PR 1 -,
W, - Yz
~ 1,7
1

=~

delete adjacent restart advancing
sliver element element front



Tetrahedral Volume Meshing

some examples

/'\ X 3

/ |

$ coarse
i | ' and

?Q | refined |
A ' meshes |

Y/
ngﬁ’f/}
AT A AN ‘2’ / 4"
coarse ZRN N
and -7‘;‘5’)"/«
fned BN KRN\
retfrine mi-‘{aif: S 15/\\ “\V‘
meshes J ,;/\\ S\\‘L‘VA\
torus Nt 4
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RS\
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OSM Overview

Specifically designed to create B-rep models for FRANC3D:

» closed solid 3D models
» curved shells and 2D plate models

B-rep solid model for FRANC3D requires:

» watertight geometry

 exterior surface normals pointing outwards

* interior surfaces defined as ‘interior’

* plates and curved shell models are not ‘closed’

OSM capabilities:

e creates lines, arcs, spline curves

e creates triangular Bezier or bi-cubic b-spline surfaces

* planar surfaces are supported but cannot be created manually
 extrude, translate, rotate, mirror, cut & paste

» copy objects between multiple windows

« finite element model translation and conversion

 ANSYS generated IGES file conversion



OSM: FEM Conversion

o start with FE data file that contains node and element information
 extract the surface facets with their edges and nodes (vertices)
« eliminate all interior features:

facets used by two elements are not surface facets and can be removed

end key
node
non-key nod/ / key nodes
end key key ed local surface
node normal
key edge key edge

key node end key

node f////////.

key edge
/'

local surface
normal

identify key nodes and edges
. ¢ based on angle changes




OSM: FEM Conversion

o
L
d key node eng key
noae .
o e compose chains of
key edges between
end key nodes
adjacent
key edge -
key node
¢ hd-key nbass at the two exireme ends >
end-key end-key

node
-]

nodelij ® ® ®
 form loops from the chains J AN \ |

a FEM face adjacent to
two key edges of two

 form faces from the loops different chains

? a valid closed loop of r
bounding edge chains

A limitation that has been partly resolved:
 faces must be 3 or 4-sided N o o o o =




OSM: FEM Conversion

original
solid
model
geometry

original
mesh

extracted
geometry




OSM: FEM Conversion

~ disk5_piece_extracted mod + A~ disk5_piece_extracted mod =3

Models usually
require that the
user manually
complete the
process of forming
a closed B-rep
solid model.
Problems arise if
there are contact
surfaces or other

5 RS = features where the

) original mesh

facets do not match

exactly. Problems
also arise for
surfaces that
consist of more
than four
‘geometric’ edges.

=0T

disk5_piece_extracted.mod &




Description of Files

OSM files:

*mod a formatted text file - OSM restart file containing surface, edge,
and vertex geometry information.

*.osm a formatted binary file based on XDR routines for cross platform
portability - OSM restart file containing surface, edge, and vertex
geometry information.

FRANC3D files:

*.dat a formatted text file - FRANC3D input file containing surface patch
geometry information.

*.fys an unformatted binary file - FRANCS3D restart file containing all of the
FRANC3D model information.

*.afys  a formatted text file - FRANC3D restart file containing all of the
FRANC3D model information. Although this file is a formatted text file,
the file should not be edited manually.



Description of Files (continued)

FRANCS3D files (continued):

* frt

*.mrp

*.conn

* fstr

a formatted text file containing crack front geometric point coordinates.

a formatted text file containing finite element mesh information and
boundary condition data. This file is used to specify arbitrary loading
conditions. NOTE: this file is generated by OSM and replaces the .conn
and .fstr files. It can consist of 2D or 3D finite element information.

It is currently generated from ANSYS .cdb files.

(obsolete for Version 2.4) a text file containing finite element mesh
information in FRANC3D generic format consisting of nodal coordinates
and element connectivity. This file can be generated by OSM when
translating FEM data from ANSYS .cdb files for example.

(obsolete for Version 2.4) a text file containing finite element nodal
stress information. This file along with the .conn file is used by
FRANC3D when applying crack face tractions based on FEM results.



Description of Files (continued)

BES files:

* bes

coef.dat

* besout

a formatted text file - BES input file containing nodal coordinates,
element connectivity, boundary conditions, and material properties.
an unformatted binary file containing the BES coefficient matrix. This
file is created when running the out-of-core version of the BES solver
and the file should be deleted after BES is finished.

a formatted text file - BES output file containing computed nodal
displacements and tractions.

*.con a formatted text file - BES output file containing computed element
stresses.

ANSYS files:

*.cdb  aformatted text file of the model data, including nodes, elements, etc

*.igs an IGES formatted text file describing the model geometry

*.dsp listing of nodal displacements

*,str listing of nodal stress components

*tmp  listing of nodal temperatures

*.eps

listing of nodal plastic strain



Simple Example To lllustrate Concepts

2219-T851 aluminum beam laboratory test specimen in four-point bending

Ap 11.54 kips, R = 0.214
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Predicted and Observed Crack Fronts

Predicted Transition into Corner “a”

Predicted Transition into Corner “b”
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Final Predicted Crack Shape
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Computed SIF History and Comparison to Observations

e IModeling Window = =IF History
Wiew Model Display File
EI wersus Crack Advance
' B B
i g 20.00 E
! g
i 4 'g. 10.00 ;
| : b :
i A i 0.000a E
(- -a-l ----- -I- --------- a— S s o cra?;l;nfront I;;Uxiance ;lﬁc;;g paxlifm
Event Observed FRANC3D %
Difference
a-Corner (cycles) 106,800 140,000 32
b-Corner (cycles) 171,000 170,000 -0.5
Last Front (cycles) 175,000 190,000 8.5
a, (in.) 1.26 1.42 12.7
a, (in.) 1.38 1.34 -2.8




Summary

* We can translate the ANSYS model from either the mesh information (.cdb
file) or from the solid model geometry (.iges file).

» Based on uncracked model stress results, we can predict the location of
crack initiation.

» Model boundary conditions are mapped from the uncracked model to the
cracked model.

» The orientation of the maximum principal stress provides the plane for the
initial crack.

*The orientation can be input into the FRANCS3D library flaw dialog box or
can be “user defined”.

» Subsequent crack trajectory is predicted within FRANC3D based on the
maximum hoop stress criterion.

» The resulting output can be a history of SIF versus crack size, which can
then be input into a life analysis tool.



