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(Research Conducted in the early 1990s)

Satya N. Atluri, UCI
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Finite volume

Finite Element
Panel Methods

Meshless
Methods

BEM
MDO
IPPD

Inverse Problems
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AGILE: Boundary surface mesh only, without
refining FEM mesh. Higher order boundary-
elements fit curved surfaces much better!




Continum Damage Mechanics
Anisotropic Damage Mechanics
Grain Boundary Fracture Mechanics

Gradient Theories of Material Behavior
? Far in the Future

Ab Initio Dislocation Dynamics

MD
Statistical Mechanics




LOCAL

(Overall Accuracies of Kl, KlI,Klll, Jk are the best of any available method)
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Loaded Finite body Loaded Finite body Infinite body
with a crack without a crack with a crack

FEM Stiffness matrix inverted only ONCE, Faster!




e Accuracy Is the best:

—State-of-the-art advanced theories &
analytical developments are used, In

conjunction with the most efficient
computational algorithms.

—Most advanced closed-form
mathematics, and only minimal
numerics




e Solvers are developed, based on both FEM(for
uncracked structure) and SGBEM(for a subdomain w/2-

D or 3-D crack).
« SGBEM is developed, using the newly developed
weakly-singular BIES:
— Support higher-order elements for curved surfaces

— higher performance and accuracy
— Preserve the symmetry of the matrices

« FEM & SGBEM are coupled through the Schwartz
alternating method:
— FE mesh, and the SG-BEM crack-model are totally uncoupled

— Ease of mesh creation
— Very Fast algorithm for automated crack growth, FE model is
factorized and solved only once.




* Weakly-singular integrals are numerically
tractable, with
Gaussian guadrature algorithms using
lower order integrations

Higher-order elements with curved sides
can be used,

because of its requirement of only C,
continuity, which is especially useful for
modeling 3D non-planar cracks with less
elements.




* Built-in FE solver handles more
complicated geometries, including
structural elements, such as beams,
plates, shells, and MPCs.

More efficient for problems with high
volume/surface ratios, for example, thin-
walled structures, manifold domains, and
bi-material parts.

2-D, 2-D/3-D transition, & 3-D modeling of
structures w/ mixed-mode crack-growth




3D Problems
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Using the fundamental solution u* as the test function
we obtain:

DBIE:

u, (x) =

t
o
Yo

In which, displacements u are determined from

(@)U} (x,8) dS - | u, (@)t (x,8) dS

= the boundary displacements and
= the boundary tractions

when differentiated directly, this leads to a Traction
BIE, which is, unfortunately, hyper-singular: O(1/r 3)




Using the test function, the global weak form of solid mechanics becomes
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Replacing the test function with the gradients of fundamental
solution, we obtain:

TBIE:
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In which, stresses are determined from
= the boundary displacéements and
= the boundary tractions




Applying Stoke’s Theorem to Symmetric Galerkin form
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« weak singularity of the kernel:
O(1/r)

e symmetric structure of the global

“stiffness” matrix

 the possibility of using higher-order
elements with curved sides
















ag= 0.762 mm as= 0.762 mm
a= 0.762 mm ay= 0.762 mm

Wq= w3 =254 mm Wo = 254 mm
H=101.6 mm
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3D FE model with LBCs transferred from
the global shell analysis by using AGILE
GUI
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Elem 465

Elem 729

Elem 513




h=0.0315"

h=0.0315"

t-h=0.0315"

h=0.0315"

AGILE FE model

R=3/32" = 0.09375"

h=0.0315"

R=3/32 " = 0.09375"




Crack Front
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Figure 141 3D13R Figure 142 3D13R
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Global Analysis
3 Minutes

Intermediate Analysis (Joint)
21.5 Minutes

Local Analysis (Rivet Hole)
4.5 Minutes

Crack Analysis (AGILE)
100 Minutes for 31 cases
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In 2007, a highway bridge over the Mississippi River in Minneapolis
collapsed into the river and onto the riverbanks beneath during evening
rush hour.
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fatigue crack at the
rib-to-deck joint
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High Surface/Volume ratio







Non-planar 3D fatigue
growth of an inclined
semi-circular surface crack




« ASTM E740 specimen
* Mixed-mode fatigue growth
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Finite Body
w/0 Crack
(Hexa 20)
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—-— Forth, Keat & Favrow (2002)

q o—+— FEM-SGBEM Alternating

—

45
Angle, degree

Han. Z. D.; Atluri, S. N. (2002):
SGBEM (for Cracked Local
Subdomain) — FEM(for
uncracked global Structure)
AlternatingMethod for Analyzing
3D Surface Cracks and Their
Fatigue-Growth, CMES:
Computer Modeling in
Engineering & Sciences, vol. 3
no. 6, pp. 699-716.







I Crack Predicted by
using AGILE
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——AGILE FEAM

The critical depth of the
crack

specimen 1

specimen 2

specimen 3

specimen 4
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. Symmetric
crack (SC)

$151.56

Solid Propellant Rocket Grain under
tension and inner pressure




Unsymmetric

Crack

$151.56

Semi-Circular Crack
















Codes based on analytical/handbook
solutions

— NASGRO, FASTRAN
Full BEM codes

— BEASY, FRANC3D

Full FEM codes with specific elements
— ABAQUS, MARC, ZenCrack, XFEM

FEM-SGBEM Alternating Code




 FEM: Enriched Singular
Elements (developed In
1970’s, pioneered by Atluri
and his colleagues,
Implemented in ABAQUS,

MARC, etc.)

— Confirming & adaptive Meshes.

— Accuracy dependent on the
mesh quality.

— Costly labor of Meshing & Re-
Meshing

— No automated crack growth.




e Zen Crack: a crack mesh
generator

— Insert a crack into a non-
cracked FEM Mesh

— Create the meshes outside
involving FEM Solvers.

— Reduce labor work In
creating the conforming
and adaptive meshes

— Algorithm is unstable.




XFEM: Split elements to
match the cracks

— Integrate the element
manipulation into the FEM
Solvers, and It from
the users.
— No adaptive meshes _
— Splitted elements without f; ; : Z : j E %
quality. 53; S
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e Only Tet Mesh but No
Hexa Mesh.

 No 3D enrichment
element for non-planar

cracks.

 The accuracy Is heavily
dependent on the initial
FEM Mesh.




Penny-shaped embedded crack in a tension bar

30x30x30=27,000
elements: Error = 3.3%

60x60x60=216,000
elements: Error = 2.07%

120x120x120=1,728,000
elements: Error = 1.21%

AGILE: 20 elements
Error = 0.3%

b
Figure 9 : A@ Illl Emm-eSdhr;mL: (a) 12
quadratic elements, (b) 20 quadratic elements.




Analytical solutions

HFEM-bazed cohezive zegments method

HFEM-based LEFM approach




FEM: Zoom-in refined
localized mesh,
=S

XFEM: Splitting
Elements without
mesh quality control,

=> 107

 AGILE: Completely
de-coupled FEM-
SGBEM LOCAL
model, Cracks can be
two orders lower,
=> 106




Modeling
Time

CPU
Time

Accuracy

Fully
Automated
Growth

3D
NonPlanar
Crack

Complicate
Model and
LBCs

Link
Commercial
FE Codes

Minutes per
step

Full BEM
Model with
Crack

6~10 times
slower

Restriction

Limited

FRANC3D

Full BEM
Model with
Crack

Slower

Unstable

NASGRO

Predefined
Crack only

ABAQUS
MARC

Full FEM
Model with
Crack

ZenCrack

Full FEM
Model with

~10%

Unstable

Unstable

Worse
than
ABAQUS

Not for
Cracks




Integrated Structural Health Management System

J <diag nostics

Damage Accumulation
Mega Level FE Model A

is

alternating
technology
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(Status as of Dec. 2004)

Satya N. Atluri, UCI



e Simple to use:
—Easiness of Model Creation
—User-Friendly Graphical Interfaces

—Least computationally intensive

—Automatic re-solution of Intermediate
model, If load-redistribution due to
crack-growth occurs




e Open Architecture;

— Various mixed mode loadings.
— 2-D & 3-D Mixed-Mode, Non-planar fatigue-

crack-growth modeling
— Sophisticated mathematics + minimal numerics

— Fatigue-crack-growth models.
— Probabilistic analyses.




e Structural components are undergoing
several loading cases within one flight ,
Including take-off & landing, lifting,
carrying. The load spectrums are different.

* The life of the loading components will be
estimated under the combined load cases.




e Simple FE mesh creation, without the
crack surface in the FE model.

o Simple creation of crack model, as only a

surface mesh in SGBEM

* Independence of the SGBEM and FE
meshes:

— leverage the existing FE models and results
— Parametric crack analysis is very simple




The proficiency of the GUI makes AGILE user-
friendly and minimizes human-errors typically
associated with data preparation.

Supporting ALL AGILE model creation.

Seamless integration with MSC.PATRAN,
minimizes user training.

Supporting PATRAN session file, I.e. recording
and playing back.

Supporting all PATRAN FE model files for
NASTRAN, MARC, ABAQUS and so on.




FE codes

Graphical User Interfaces NASTRAN
@ ANSYS

: Load/BC MARC
Model Database < Transferor .

L .

AGILE 2D/3D 1 Fatigue
Analyses-Codes |:I Models

~ ~

Result: Results:
K Solutions Life Estimation




Paris Model
Walker Model
NASGRO Model

Load Spectrum
Analytical models for
plasticity-induced
Crack-closure
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Crack
Length

Load

Damage Formation
Growth

Type




« The probabilistic information on pre-crack
damage and macro-crack growth will be
analyzed in terms of location, size and type of
damage.

Automatic life prediction in a probabilistic sense
for structures will be implemented with
probabllistic information of the real
environmental conditions.

Experimental database will be used as one
possible probabilistic input, as well as other
theoretical and numerical models.
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Support most 2D triangular
and quadrilateral elements







L4 MsC.Patran
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Agile Menu

Master FE Model
Local FE Madel
Local BEM Madel
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AGILE GUI
Dialogs

pEs |

Action: Create ¥

Chiect: Maodel ¥

Option Flst Panel ™

Local Coordinate Frame
[ Coordd

Crack Tips{Curves)

[ Curve 1

Model Area(Rect. Surface)

[ Surface 1

Reference 20 Elements
| Elm 435:439 443445 451:467 470 473

— Selection
from Lists

pshell. 3

Existing Results
SC1-DEFALILT, A

== | INtEllIgent Engine for
Automatic Parameter

¥ Automatic Calculatan

——— Calculation

Local Model Name
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