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Engineering and Innovative Solutions

Introduction

— GEM (www.GEM-INNOVATION.com)
— Fracture and Fatigue Prediction Toolkits for Metallic Structures (XFA3D & XSHELL)

« Background and Problem Challenges

« Summary of Toolkits Methodology and Their Modeling
Capabilities

« Toolkits Demonstration and V&V Study

« Summary and Future Plan

ASTM Meeting, 5/09/2012
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.GLOBALENGINEERING& Collaborators and Sponsors for

engeerng and imovative soions \@tallic Fracture Toolkit Development

« XFA3D - 3D X-FEM Toolkit
for Abaqus Implicit Solver

— Residual strength and life
prediction under static and cyclic
loading

— Mesh independent crack insertion
and simulation of crack growth
without remeshing

« XSHELL - Mesh Independent

Crack Growth Prediction for
Abaqus Explicit Solver

— Crack path and load deflection

prediction for large scale thin-walled

structure

Collaborators for XFA3D

Ted Belytschko, David Chopp, Northwestern University

N. Sukumar, University of California, Davis

Bruce Englemann, Dassault Systéms Simulia Corporation
Steve Engelstad , Lockheed Martin Aero

Mikhail Chaplya, Caterpillar

Collaborators for XSHELL

Ted Belytschko, David Chopp, Northwestern University
Jack Chessa, The University of Texas at El Paso

Robert Dodds, University of Illinois at Urbana-Champaign
Xiaosheng Gao, University of Akron

David Williams, Alcoa Technical Center

Frank Springett, National Oilwell Varco

Support Programs
US Navy with Dr. Paul Hess as the Program Monitor

US Air Force with Dr. David Mollenhauer as the
Program Monitor

— Element stepwise crack propagation US NAVAIR with Dr. Anisur Rahman as the
and cohesive zone for nonlinear fracture Program Monitor

ASTM Meeting, 5/09/2012
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Engineering and Innovative Solutions

* Immediate Needs

— a verified computational tool to

efficiently perform

« Structural integrity and residual strength
assessment;

» Durability assessment for a given cyclic
loading; and

» Reliability based performance evaluation
with in-service structural healthy
monitoring

— a high-fidelity virtual testing tool

to address

* What s the critical damage size at onset
and growth phase?

*  When should the structure be repaired?
* |s the damage critical to the structure?

* What are the residual strength and design
allowables under monotonic and cyclic
loading

ASTM Meeting, 5/09/2012
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Engineering and Innovative Solutions

- Large scale airframe structural
components with material
nonlinearity and mode mixity

* Curvilinear crack growth in a
multi-bay stiffened panel
under cyclic loading

* Process zone dependent
fracture failure

* Unknown initial defect and crack
growth pattern

* Prohibitively large computational

effort based on a mesh dependent
FEM model for probabilistic analysis

ASTM Meeting, 5/09/2012

Summary of Problem Challenges (Metallic)

Laborious Remeshing in Conventional
Finite Element Method

Y
X Slam crack growth,
Flatslant transition  [slant angle 38" @7.75mm)
z a vl .Dmm)

crack growthil >
Initial fatigue crack{i 35mm) ‘m
] YAV
———— A
I~ R i
y l' }/ AV

Computational intensive to characterize
arbitrary multiple initial defects and their growth

Non-Planar Crack Growth

Slant Fracture Surface

Flat-to-slant

Flat Fracture Surface
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Engineering and Inhovative
¢— Crack Surface Function

\V - Crack Front Function
0 = XN (O (1)

D(x.1) = ;Nz ()P, (1)

¥ =0 on surfaces ABCD, BFGC, EFGH and AEHD
¢ =0 on surface ITKL
The crack front is the gray line IJKT,

The crack surface is given by

s(x,)=0 wlxr)<0 on 7,
#(x,))=0 w(x.1)=0 s crack front
ll/(X,I-‘)> 0 does not intersect the crack

) ,\‘?sin (9

-

9:)cj:>
$) >0
,{) <0
{)=0

) sin (8), 7 cos (g ) sin (6) }

Representation of a general crack

For conveniencé{x.7) andw(x.7) are constructed to be orthogonal: V#.Vw = 0 Exended Crack Surface

Crack

Tip

Narrow-band, in gray, of points around the

crack surface, in cross-section, where the

FMM mesh maintains signed values.

Circles: computed directly from signed

distance function

Squares: computed using the FMM.

ASTM Meeting, 5/09/2012
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Customized ABAQUS’ CAE for Crack Insertion

Abaqus/CAE n 6.8-2 [Viewport: 1]
= Existing Part [Z) Ele Model Viewport View Seed Mesh Adaptiviy Featwe Took Plugins Help K7
Sl P DSEm [ 2| © 5.0 0 L
D Part: BASE- ~ a defoults
Crack Number: | . =
Model | Resuks Module: |Mesh ¥| Model: xFEMest v | Object: © Assembly !
[ Mod - create an internal crack by cutting a plane e 1
Input Coordinates: Select points from Viewport: Define crack information: Set up crack and write files:
Tyl Pont1 [0.0.0. | (st up Point 1] [Define Analysis Type of Crack] [assemble the internal Crack]
Mod point 2 [0.,0.,0. | [Get up point 2 [Define crack Front]
Toi
EI_ Paint 3 |0,,0.,0. [Set up Point 3 |Assign Seed to Crack Front, [ Convert to XFEM file
@[] [create the crackpart]  [Pick the points] [create sets)
@
Create a crack part by sketching
=14 Sketching a crack part: Define and set up the crack: Assemble the crack to a wanted position: White and convert files:
(Create a crack part by sketching]  [Define Crack Frant] [Reset the crack part by face-to-face]  [whrite input
[To define a Datum plane for 3D crack] [Assign Seed to Crack Front) [Reset the crack part by matching points] [Convert to XFEM file]
X Postion Constraints fl
[Define Analysis Type of Crack| Create sets| [Reset the crack part by translating @ g Features (1) ,h
[create a crack case) [Finalizing the reposition of crack part] # fy sets (4) v A
o sufaces
Create a crack part by importing an orphan mesh 8 Comector Assignmen! g 3
Create the crack part: Define the crack sets: Assemble the crack to a wanted postion: Write and convert fils: 8 Engneering Features | || —
(mport a crack part from ODE file]  [Define Analysis Type of Crack] [Reset the crack part by face-to-face]  [write input @ ‘;' Steps (2) (=)
@ 33 Field Output Requests (1
[mport a crack part from INP file] ~ [Create sets) [Reset the crack part by matching points| [Convert to XFEM file] % B History Output R
[To copy and rename the crack part] [Create a crack case| [Reset the crack part by translating] 5 Time Points.
[Finalizing the reposition of crack part, % :‘fﬂ;‘”m“ odh Conat
@
Gresto:arborf acoicrackion an B S E R c"““ :‘g‘m“: fes
To create a crack part: Define crack information: Set up crack and write files: Condraions
Make a copy of the part with crack]  [Define Analysis Type of Crack] [Assemble the interface Crack] j Connector Sections
<] [Belectthe surface for nteface crack] [Define Crack Front] P @ F reids o
SitauLIA < s |
|Create a part for the interface crack| |Assign Seed to Crack Front |Convert to XFEM file A — —
‘ D 1 — Abaqus/CAE Version 6.8-2 [Viewport: 1]
- = [ e Model Viewot Wew Seed Mgsh Adaptvty Festwe Took Phgins bep W7
o SE® L@ DO © & i
8 |\ o CEE) © Xx
" (W] S E | & 220 st
— %9 | Mesh defaurs v
7 el Lo
Model | Resuts Model: | XFEMrest ¥ | Obfect: @) Assembly O Pa
Model Databas: v |
} Models (2)
Model-1

XFEMeest

B E Parts (3)
@72 materials (3)
@ & sections (2)

Importation of base mesh without crack et

= [ Instances (2)
box

Definition of user-defined crack plane and front i s

= & Featues (1)
Datum csys-1

Model assembly and Levelset initialization "
Generation of X-FEM input files

® @ Engineering Features %
ofh Steps (2)
@ 02 Feld Output Requests (1)
7 History Output Requests (1)
15 Time Points
Bp ALE Adaptive Mesh Constraints
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-Planar Crack [l

Drag the mouse in a viewport to pan the view
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Crack Representation via
a Pair of Phantom Element

Quadrilateral XSHELL

Crack surface: f(E)> 0

® original node

ASTM Meeting, 5/09/2012

o phantom node . A

XSHLL Toolkit for Explicit Dynamic Fracture Prediction

Crack Initiation, Growth Direction,

Cohesive Insertion, and Energy Response ?n{j Failure
Dissipation Prediction
. / /
Fracture initiation Crack propagation Element failure
dep

= 7 (Crack Initiation)
/ J(n,8)

Crack Growth Direction Law: &, / Oy

g

cohesive &
traction

Q =
. HFEM 20 mm Mesh
3 g e 3 F EM
m® ———Experiment
X N —
z crack (/(x)=0 =000 _
&) ) = Load-Displacement 7\
X z Curve
— 10 mm Mesh
¢ /\ 500
Sy ——
AN (e)
7/
! N 0
! T T T
® \/’ ® i 50 100 150
7/

Displacement [mm]

Cohesive Interactio
on a Crack Plane
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Embedded Cohesive Interaction for Crack Propagation

Energy Dissipation 7= 0cf(9) ;
During Crack Propagation g(ﬁ) - (ﬁ) for & < 4, UiMPa) r — fﬂc o(5)dd
—a.{ 1 for 6, < d < 62, 0

Al 55\ 58, ) 07
2E) —3(E%) +1 for s <5< [
1

o

:
1
Cohesive Zone X
1

Mathematical tip 5 1 8 2 Ej::

Mode | Correction Due to Mixed
Mode Interaction ap = (ka((sl } Vv g((‘in }g(ém}

Pligsical g(6) =2(8,/8.) = 3(6:/6:) +1, =11, 1

Insertion of Cohesive Interaction in XSHELL

traction

Computation of d,, via a Pair of Phantom Elements

Crack Opening Displacement ( d )

5, =R (0% @E D -0"@E ),

Cohesive Force Vector at Nodal Points

coh _ pT _NIT A T T A
ement ® £ =RL[ ~NT7(§)RdI +R(, [ N'7,(6,)Adr

- “6 e
erack ((%)=0) \

Discretized FEM Equations ~ fKin — &t _fint _fcoh
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Engineering and Innovative Solutions .
(Miss Hole Case)

Test MLT-2 (Miss)

Y, mm

Mesh size Imm*1mm

Mesh size 0.5 mm*0.5 mm

ASTM Meeting, 5/09/2012
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Test STL-1 (Sink)

mm

ASTM Meeting, 5/09/2012
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Cycles Crack Crack Average

Length® Length® Crack Crack Path and Life Predictiona(N) Using Both TL and LT Test Data for
(in) Side _ (in) Side ' Length Miss Hole CT Specimen
A B from P

Load

L;}nae (in) Comparison of a(N) Curves for CT Miss Hole

5.000 0.20 018  0.4405 1.8
10,000 0.23 0.21 0.4705
15.000 0.24 026  0.5005
20,000 0.27 0.3  D0.5355
25,000 0.31 032 0.5B55
30,000 0.36 0.37  0.6155

35,000 043 043 06805 E o
40,000 0.51 0.55 0.7805 %
45,000 0.64 0.67  0.9055 v
50,000 0.93 097  1.2005 E
50,389 1.02 1.08 1.3005 £
£ 08
*Length 3 —XFEM for Miss Hole CT
from X 06 B EXP-MTL-1
diameter 5 A EXP-MTL-2
of 3rd 0.4 < EXP-MTL-3
hole ¢ EXP-MLT-2
0.2 o EXP-MLT-3
Material: AL-5085-H116 ol | | _
E:102 E+O4 kSl 0 10000 20000 30000 000 50000 60000
O 33 Fatigue Cycles (N)
N=v.
Yield Strength = 31 ksi Using Both TL and LT Test Data for

Sink Hole CT Specimen

ASTM Meeting, 5/09/2012
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Engineering and Innovative Solutions

Comparison of a(N) Curves for CT Sink Hole

Cycles Crack Crack Average 1.20 -
Length® (in) Length* (in) Crack
Side A Side B Length
from 1.00 -
load line - =}
(in) £ .
5,000 0.19 0.2 0.448 < ®’
: S 0.80 %
10,000 0.19 0.2 0.448 b+ 1 "
15,000 0.25 027 0.511 & L —XFEM for Sirlk CT
20,000 0.32 0.32 0.571 :
25.000 0.38 042 0651 g 060 . 1 i il
30,000 0.51 0.55 0.781 fn . 4 EXP-STL-1
31,440 0.61 0.6 0.856 S < EXP-SLT-2
3 040 ¢ EXP-STL-2
©
EXP-STL-3
*Length fram S . s
diameter of 0.20 i)
3rd hale
0.00 -

. 0 5000 10000 15000 20000 25000 30080 35000 40000 45000
Material: AL-5085-H116 ——r
E=1.02E+04 ksi
n=0.33

Using Both TL and LT Test Data for

Yield Strength = 31 ks Sink Hole CT Specimen

ASTM Meeting, 5/09/2012
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Franeemamameete2a’Notched Round Bar under Mixed Loading

Life Prediction for an Initial Straight-Fronted Edge Crack in Elastic Round
Bar Under Cyclic Axial (P=25kN) & Constant Torque (M=40Nm) Loading

A — _T— ___________

|
U %
M| = [ Y

MATERIAL PROPERTIES (S45 Steel) T
tensile yield strength ,=635 MPa
nominal ultimate tensile strength ¢,,=776 MPa

true ultimate tensile strength 6=2102 MPa 5
reduction of area $=62.87% Rl i

Young's modulus E=205 GPa FATIGUE PROPERTIES
true fracture logarithmic strain £=0.99 j_;; 150858 (A B2

*Yang FP, Kuang ZB, Shlyannikov VN. Fatigue crack growth for straight-fronted edge crack in a round bar. Int J Fat.

28:431-437, 2006.
*Yang FP, Kuang ZB. Stress intensity factors for surface fatigue crack in a round bar under cyclic axial loading. Fat

astMmeer  r@ct Eng Mat Struct. 30: 621-628, 2007.
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A"Zfﬁﬁfﬁ?ﬂﬁiwsmm Projection of Crack Front for the
Non Planar Crack Growth

0 47 -
1 - 46
L
...lll —
2 SesaEasasn 46
[ ] 1
€ €
E-3 E£45
> € 1€= N
4 - 45
~ 1 44 Initial Crack
i [ Depth = 1.2 mm
6 T R S S N T
44 |||||||||||||| I ||||||||||||||
-6 4 2 0 2 4 6 . 6 c 4 3 )
X (mm) Y (mm)
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Predictions of Life of Rod Specimen
and Its Comparison with Test Data

Actual
Actual
.. Fracture fracture L
: Initial . Actual initial
Case Diameter Max force F,  Stressratio cycles Ny, cycles Ny, .
depth b0, . diameter depth
number D, [mm] [KN] omin/Cmax predicted by from
[mm] . D, [mm] b0,
XFA3D experime
[mm]
nts

1 12.00 1.00 22 0.1 542,400 778,542 11.94 1.004
2 - - 25 - 348,933 323,627 11.92 0.918
3 - - 25 - 348,933 378,216 12.00 0.906
4 - - 28 - 234,446 186,689 11.94 0.958
5 - 2.00 17 - 386,529 380,934 11.94 1.900
6 - - 20 - 220,528 184,103 11.96 1.890
7 - - 25 - 102,990 72,521 11.98 1.916
8 - - 28 - 70,007 59,025 11.98 1914
9 - 3.00 12 - 472,727 1,064,689 11.88 2.900
10 - - 13 - 357,730 344,836 11.88 2.860
11 - - 15 - 217,366 141,303 11.96 2.962
12 - - 17 - 141,660 112,488 11.88 2.900
1 - 1.20 25 (Tog=40Nm) - 113,299 92,362 11.98 1.189

ASTM Meeting, 5/09/2012



‘;ﬁ?@kﬂ"{‘;f'}'ﬁﬁ'_u"G& Life Prediction of Fatigue Crack
Engineering and Innovative Solutions GfOWth u ndel’ Val’l able Load | n g

Example: Round-Robin Fatigue Life Prediction under Spectrum Loading, J. C.
NEWMAN Jr., P. E. IRVING, J. LIN and D. D. LE, Crack growth predictions in a complex
helicopter component under spectrum loading, Fatigue Fract Engng Mater Struct 29,
949-958.

6 Holes Drill + Ream 50
20.0 +0.10/-0.00 A=

Y e o N
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GLOBAL ENGINEERING & Initial Crack under Nominal Load (Maximum
MATERIALS, INC. ~  Far-Field Stress 130MPa at Raised Hole Flange)

Engineering and Innovative Solutions

2.097e+01
+1.453&-01

ODE: Airbus-30.0db ] n02 1124 |Jf4JE :

_tn—-p tn—-p—'l pre- -load
Increment 1 Ste ITI
Primary Var: 5

Deformed "".:lr ] Eu-fnr
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Engineering and Innovative Solutions Movie files: Airbus-3D-50mm-LSET1.wmv
Airbus-3D-50mm.wmv

‘ GLOBAL ENGINEERING & Movie Showing Crack Growth

Evolution of Crack Front lllustration of Crack Propagation

ASTM Meeting, 5/09/2012



“arermate e o Crack Length and Life Prediction of a(N)

Engineering and Innovative Solutions

o
o
[t
[op}

Crack Size Measured from Free Edge (m)

o
o
S
N

500000
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Using Different Mesh Designs

Coarse Mesh

Fine Mesh

cles)

N
cles)

2.90E+01 . .
XFEM-Prediction =390,000 cycles (Airbus: 330,000 cy
2.80E+01
2.70E+01
2.60E+01
B
E
@ 2.50E+01
x
<
>-
2.40E+01
2.30E+01 A N
480,000 cycles (Airbus: 460,000 cy
2.20E+01 EE
| 2mm radius =
initial crack
2.10E+01 .
9.80E+01 1.00E+02 1.02E+02 1.04E+02 1.06E+02 1.08E+02
ASTM Meeting, 5/09/2012 Z Axis (mm)

1.10E+02

Coarse da=0.0
Coarse da=0.5
Coarse da=1.0
Coarse da=1.5
Coarse da=2.0
Coarse da=2.5
Coarse da=3.0
Coarse da=4.0
Coarse da=5.0
Coarse da=6.0
Coarse da=7.0
Coarse da=8.0
Coarse da=9.0
A Coarse da=10.0
Coarse da=10.5
Coarse da=11.0
=&="T[ine da=0.0
Fine da=0.5
=&=Fine da=1.0
Fine da=1.5
=&=Fine da=2.0
O Fine da=2.5
©=Fine da=3.0
Fine da=4.0
=@=Fine da=5.0
Fine da=6.0
=©="TFjne da=7.0
Fine da=8.0
=©==TFjne da=9.0
©-Fine da=10.0
Fine da=10.5
Fine da=11.0

[ N o e 2
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MATERIALS, INC. XFA Application for a Single Stiffened
Engineering and Innovative Solutions P an el Wlth an E d g e CI’ a Ck

Material: AL5083-H116

| E=70.3 MPa = 10.2 msi.
Yield Strength = 27.5 ksi

Weld Material: ER5183

HAZ Shape Df.hﬂd 127 mm
E=70.3 MPa=10.2 msi.
6.09 mm Yield Strength = 19 ksi.
- HAZ Material = Weld Material
¢ 5 a5 -deg
) \ Fatigue Properties
5.644in | |5-644in 5083-H116: (=3.2976e-09, n=3.4073
(ER5183)  Weld/HAZ: C=3.8958¢-08, n=2.6057
f AK: ksi in?; da/dN:in/cycle
t=9.525 mm

ASTM Meeting, 5/09/2012
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Initial Edge Crack

Initial Welding Crack

t=3/8in 41- load

t

T —— ‘
i
|
). '
Crackfront 5083-H11§
47.24 in
&>
i - i z
Initial Crack profile N C y
Crack Configuration elliptical Crack Appliped Stress = 13.5 ksi with R=0.1 / :
a=0.125in Initial Crack profile
c=0.8a=0.1in
¢ W
Reduced Local Model T e

ASTM Meeting, 5/09/2012
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and Its Moving Front(Edge Crack)

ASTM Meeting, 5/09/2012
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AMAT,ER,IALS' wc.  Display of a(N) Curve for an Edge
Cracked Single Stiffener Plate

2.50E+06

240406 Crack arrest

2.30E+06 |

“P% 1 Accelerated crack growth

S

O

3

T [

> 2.10E+06 +

2 :

§ 2.00E+06 |

S 1.90E+06 \

E |

Z \ -
+O0E00 ¢ Partially cracked to a full
1.70E406 through-the-thickness crack
1.60E+06:"":"":"":"":"":"":----

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

X Coordinate of the Tip on Free Edge (inch)
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‘;ﬁ?@kﬂ{ﬁf'}'ﬁ?_“"‘;& Display of a(N) Curve for a Single
Franeernoendmeverve setiens Stiffener Plate with a Welding Toe Crack

4.00E+05
3.50E+05 +
3.00E+05 +
2.50E+05

Accelerated Web Crack Growth

2.00E+05 -+

150E+05 | \

Crack Growth within the Welding Zone

1.00E+05 |

Number of Accumulated Cycles

5.00E+04 |

0.00E+00 @—————f——t e b
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Accumulated da_max (inch)
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Engineering and Innovative Solutions

—]
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Profile of Fracture Surface (N on-Planar Crack Growth Movi e)

Slant crack

Curmrent crack front

Imnial crack Sront

Flat crack : <
i
{{f ) \\\
\/K

/

7
-\

Initial Crack[Plane
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MATERIALS, INC. .
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Hagbart S. Alsos, and Jogen Amdahl (2009a). On the resistance to penetration of stiffened plates, Part | — Experiments,

International Journal of Impact Engineering, 36: 799-807.
Hagbart S. Alsos, and Jogen Amdahl (2009b). On the resistance to penetration of stiffened plates, Part I1 — Numerical analysis,

ASTH RN a5l of Impact Engineering, 36: 875-887.
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Unstiffened and Stiffened and Panels

Engineering and Innovative Solutions
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A""“TER‘ALS"“C- Crack Propagation Movies

Engineering and Innovative Solutions

Unstiffened Panel Stiffened Panel
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GLOBAL ENGINEERING &
MATERIALS, INC. Ductile Crack Growth in Large-Scale Shell

Engineering and Innovative Solutions

under Mode | Loading (XSHELL Verification)
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GLOBAL ENGINEERING &
MATERIALS, INC. Crack Growth Movies (XSHELL vs. WARP3D)

Engineering and Innovative Solutions

XSHELL

Step: step-1 Frame: 0O

Stress, Mises Total Time: 0.100000

(Avg: 75%)

+3.7248+08

WARP3D

+0.000e+00

v ODB created with Python ODB AP1
ODB: plate6C.odb  Abagqus/Scripting Interface 6.11-1  Wed Mar 07 17:06:25 Eastern Standard Time 2012

| ctem: step-1, first analysis step
Step time: 0.0

Primary Var: Stress, Mises
Deformed var; U Deformation Scale Factor: +1,000e+00

Step: step-1 Frame: O
sStress, Mises Total Time: 0.100000

(Ava: 79%)

+3.574e+08
+3.277e+08
+2.979e+08
+2.6281e+08

+1.101e+08
+B8.936e+07
+5.857e+07
+2.979e+07
+0.000e+00

v ODB created with Pythan ODB &PT
ODB: plate6C.odb  Abagus/Seripting Interface 6.11-1  Wed Mar 07 17:51:45 Eastern Standard Time 2012

Xsteu: step-1, first analysis step
Step time: 0.0

Primary Yar: Stress, Mises

Deformed var: U Deformation Scale Factor: +1.000e+00
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Engineering and Innovative Solutions

GLOBAL ENGINEERING & ] ]
AMATERIAL& INC. Comparison of Force/Deflection Curves
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GLOBAL ENGINEERING &
MATERIALS, INC.
Engineering and Innovative Solutions

Kalthoff Impact Test

S. Wang*, H. Liu, I J Impact
Eng, 37 (2010) 783-791
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GLOBAL ENGINEERING &
AMATERIAL& INC. Summary and Future Plan

Engineering and Innovative Solutions

« High fidelity, add-on software toolkit to work with commercial, off-the-
shelf Abagus and Abagus CAE for

— Static and fatigue failure prediction using 3D solid element via Abaqus’
implicit solver (XFA3D)

— Dynamic crack path and load-deflection prediction using shell element via
Abaqus explicit solver (XSHELL)

« Use of two mesh independent formulations for kinematic representation
of a cracked body
— Nodal enrichment (tip and wake) for XFA3D
— Additional phantom nodes for XSHELL

* Use of LEFM with K extraction along an arbitrary moving crack front in
XFA3D

« Use of nonlinear fracture mechanics with cohesive injection to dissipate
the energy during the crack growth in XSHELL
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« Shell-solid coupling for large scale welded aluminum
structures

« Advanced nonlinear crack initiation and propagation
models to capture i) rate dependence,; ii) lode angle
and triaxiality dependent plasticity; and iii) anisotropic
plastic flow

 Material characterization of environment induced
aging (sensitization )

 Verification and validation at structure level using
available test data
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