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e General requirements for
3D crack simulation

Hollow shaft
Cyclic tension and torsion load

e Historical perspective
— Zencrack development

 Typical workflow and interaction
of Zencrack with Abaqus

e Examples

e Zencrack GUI ‘>
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Fracture mechanics parameters
K, G, J
Closed form
Numerical evaluation - BEM, FEM

Topology issues Crack growth integration
Initial crack Cycle-by-cycle
Mixed mode / non-planar growth Finite evaluations of fracture parameters
Crack shape development Crack growth data, threshold effects
Multiple cracks Load spectrum, flight cycles
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e Zencrack:

— uses commercially
available finite element
codes to calculate fracture
mechanics parameters

» e.g. Abaqus/Standard

— has meshing algorithms
for modelling and
updatlng crack fronts in Four point bend specimen
3D components Two different initial crack positions

— has a crack growth
integration scheme to
allow generalised non-
planar crack growth
prediction

S, Mises
(v TS%)

W
L.
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Abaqus in-

3 year development for

USAF at Wright Patterson

» Large crack growth capability
* “Load system” methodology

* Thermo-mechanical fatigue
Fi | f _ * Time dependent crack growth
Irst relea « Enhanced crack growth laws

Application of ABAQUS to Analysis of 3D
Cracks and Fatigue Crack Growth Prediction

Application of Abaqus to Analysis of 3D Cracks
and Fatigue Crack Growth Prediction
C.Timbrell, P.W.Claydon, G.Cook
Abaqus Users' Conference, Rhode Island, U.S.A., June 1-3 1994

15, Berlin

Release and threshold models

Ansys in \V

X86 64bit versions for W
Network licens

Abaqus/CAE plug-ins : “b
Abaqus/CAE plug-ins : full Zencr
General “full cycle” fatigue & time

Release of the Z

3 year DISPLACE project led by Rolls-Royce ended Dec 2011

e Input from Zentech, Serco, Universities of Birmingham and Southampton
* Improved time dependent capability

e General “full cycle” capability
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Life extension, durability & damage tolerance assessment
Engine disks and blades and their dovetail connections
Power generation components
Pipeline defects

Welded connections

Stiffened panels (integral & riveted) ..

entec nternational Limite
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Geometry model

Uncracked mesh

Zencrack input data

Growth analysis

Post-processing
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Cut-away at the mid-
section showing the corner
crack that must be
analysed
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Typical finite element
mesh for an elliptic crack

entec nternational Limitea
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i Focused mesh of
' rings of elements

around the crack front

Typical finite element
mesh for an elliptic crack

entec nternational Limitea
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Crack face opens
under load

Typical Von Mises stress

contours showing the
singularity at the crack fron

Typical finite element

[ L.
mesh for an elliptic crack
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1. Mesh of intact component

The user must supply Zencrack with a mesh
of an intact component e.g. an Abaqus input

file (.inp):

e any suitable pre-processor
e 8 or 20 noded bricks where cracks are

required

e

Geometry model

Uncracked mesh

USER INPUT
An existing f.e. mesh

of an uncracked
component

USER INPUT
Additional data e.g.
crack location, size
& crack growth data

—

ZENCRACK
Creates f.e. mesh
of the cracked
component

|

F.E. CODE
Analysis

;

ZENCRACK
Evaluates crack growth

I

ZENCRACK
Updates f.e. model

I

STOP

no

ZENCRACK
Next f.e. analysis?

yes

Simplified flowchart
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2. Zencrack input file

This includes the required
location, orientation and
size of the initial crack
front.

For crack growth
prediction additional data
such as the crack growth
law data is required.

Creation of the input file
via plug-ins for
Abaqus/CAE is now
replaced by the Zencrack
GUI.

4 Abaqus/CAE 6.12-1 [Viewport: 1]

Bl ZorGUT - (new file)

] File Model Viewport View F

File

Run Zencrack Views Options

NECLLE 1Y

TR B Te g4, 1

Modell Results | Zencrack
B] File (Zcr)

" Save As..
[l Uncracked mesh
- Input file (inp)
* Run Abaqus
- Zencrack analysis options
= Crack definition
- Crack-block picker
- 5plit element picker
- Crack front viewer
[z Mesh controls
’ Boundary shifting & transfer
) Mesh relaxation
Relax method
 Relax data
- Surface data
- Zer input data (other)
= Help
- About
- Plug-in help

- Zencrack web page

Input | Display |

et

------------- Zencrack analysis options
b Crack definition

- Z}--Mesh controls

<=} Other data keyword list

g 2T data
------------ Uncracked mesh

o Crack-block picker
SDllt piCk.EI’
e Crack front viewer

- Boundary shifting & transfer
b Mesh relaxation
............... Relax method
; Relax data
e Surface data
----------- Element sets

(& Crack definition
Mesh controls
Materials

- {#--Fracture mechanics
{4t Load history

[ Analysis controls
Qutput controls
F.E. execution

<[t Miscellaneous

USER INPUT

An existing f.e. mesh

of an uncracked
component

—

USER INPUT

Additional data e.g.

crack location, size
& crack growth data

ZENCRACK

Creates f.e. mesh

of the cracked
component

|

F.E. CODE
Analysis

;

ZENCRACK

Evaluates crack growth

I

ZENCRACK

Updates f.e. model

I

STOP

no

ZENCRACK

Next f.e. analysis?

yes

Simplified flowchart
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3. Zencrack creates mesh with initial crack

USER INPUT
) An existing f.e. mesh
Target elements in the uncracked mesh are of an uncracked
. ' component ZENCRACK
replaced by “crack-blocks” to generate the Creates f.e. mesh
; . of the cracked
desired initial crack front(s) T B
Additional data e.g.
crack location, size
& crack growth data F.E. CODE
Analysis 7
ZENCRACK
Evaluates crack growth
Cracked mesh l
ZENCRACK
Updates f.e. model
Uncracked mesh =+ Crack-block(s) —> l
ZENCRACK

4—
SOl no | Nextf.e. analysis? | ves

Simplified flowchart

entec nternational Limite
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3. Zencrack creates mesh with initial crack

Boundary conditions, pressure loads,
temperatures and surfaces are updated near the
crack front if necessary

I.e. updates to keywords including:

*SURFACE

*DLOAD

*BOUNDARY

*TEMPERATURE
*INITIAL CONDITIONS, TYPE=TEMPERATURE

Contour integral and displacement requests at
the crack(s) are generated for the new mesh

USER INPUT
An existing f.e. mesh
of an uncracked
component

USER INPUT
Additional data e.g.
crack location, size
& crack growth data

ZENCRACK
Creates f.e. mesh

of the cracked

component

F.E. CODE
Analysis

;

ZENCRACK
Evaluates crack growth

I

ZENCRACK
Updates f.e. model

I

STOP

no

ZENCRACK
Next f.e. analysis?

yes

Simplified flowchart
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4. Finite element analysis

The cracked component mesh is automatically
submitted for analysis in Abaqus/Standard.

When the f.e. run completes, results are
extracted from the .odb file and processed to
allow reporting of fracture mechanics
parameters for the crack(s).

This is the last step if the user only wants to
evaluate stress intensity factors or the energy
release rate for a given crack.

USER INPUT
An existing f.e. mesh
of an uncracked
component

—

USER INPUT
Additional data e.g.
crack location, size
& crack growth data

ZENCRACK
Creates f.e. mesh
of the cracked

—

component

F.E. CODE
Analysis

Only required
for crack
growth

v

ZENCRACK
Evaluates crack growth

;

ZENCRACK
Updates f.e. model

A

STOP

ZENCRACK

no

Next f.e. analysis?

yes

Simplified flowchart
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5. Crack growth prediction

If crack growth is to take place the
iInformation from the f.e. analysis is combined
with cyclic load history data and the crack
growth law given by the user.

An integration scheme calculates an updated
position for each crack front.

The mesh is updated to contain crack(s) in
the new position(s).

USER INPUT
An existing f.e. mesh
of an uncracked

component —> ZENCRACK
Creates f.e. mesh
of the cracked
USER INPUT —> component
Additional data e.g. l
crack location, size
& crack growth data F.E. CODE
Analysis

ZENCRACK
Evaluates crack growth

ZENCRACK
Updates f.e. model

STOP

ZENCRACK

no

Next f.e. analysis?

yes

Simplified flowchart
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6. Another f.e. analysis ?

If limits defining the end of the analysis have
not been reached, a new finite element job is
submitted.

Analysis and update is repeated until user
defined limits or failure are reached e.g Kic
has been reached.

, beriin

USER INPUT
An existing f.e. mesh
of an uncracked

component —> ZENCRACK
Creates f.e. mesh
of the cracked
USER INPUT —> component
Additional data e.g. l
crack location, size
& crack growth data F.E. CODE
Analysis
ZENCRACK

Evaluates crack growth

I

ZENCRACK
Updates f.e. model

STOP

ZENCRACK
o| Nextf.e. analysis?

Simplified flowchart

entec nternational Limite
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e A “linear elastic fracture mechanics” approach is most often used for crack
propagation .o

— Loading & history
» Calculate SIF range, AK
— Crack growth law

» Relates AK to the growth
rate, da/dn

— Advance the crack by da
over the next dn cycles

— Each crack front node — S
may have different “local” :
conditions allowing for
generalised crack shape
development

\

di: f (AK, RyTy f "")
dN

To
i?

N VR

dddddd
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e Many different load types may need to be analysed e.g.:
— Thermal transients, internal pressure, aerodynamic loads, contact forces

e The f.e. analysis may have
— A single step with one increment
— Multiple steps each having multiple increments

Threaded connection
Cyclic load on nut

e Zencrack uses a “load system” methodology to relate the f.e. results to the
load history needed for crack growth prediction



http://www.zentech.co.uk/

e Fatigue and/or time dependent load

e The load system approach is extremely powerful and flexible

e |t can handle simple cases such as constant amplitude loading through to

general load cycles in which stresses and temperatures may be varying
out-of-phase

Typical aero engine data with out-of-phase
stress and temperature time histories

scenarios can be considered

Temperature (degrees C)

600

500

400

300

200

0

-100

A

f

100 ﬂ

15000 20000 25000

Time (s)

——Temperature

Stress (MPa)

VT
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e For this example, the geometry is defined for a coarse (UNC) 0.5 inch major
diameter thread
— the major diameter is Dmaj=0.5", pitch is P=1/13”

e The model is a simplified one in which the circumferential effect of the pitch is
not included

e A 90° sector is modelled with the crack extending around the full 90 degrees of
the model (180° expansion is shown below)

H/8

60° /8

SH/8
P2

H/4

EXTERNAL THREAD 1
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Example — threaded connection AZy

Contours of snapshots at the maximum
load condition as the crack grows

Contours of a complete load cycle for EEEEE_k,:::;;§§§§;:::;;;§£::::E;§§§§§§;;;gé;;;;;;;:Eg;gg§§§;§_
one crack position during the growth sequence e W e N e e e m MR mBmemEmRLESEEEEEe
e e P T PO T TP

SSC 2015, Berlin Zentech International Limited 24
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e Cyclic loading applied on a
tight-fitting pin in a lug

e Initial crack is a through
crack located in the lug

S, Mises

(Avag: 75%)
+3.980e+03
+5.000e+02
+4.750e+02
+4.500e+02
+4.250e+02
+4.000e+02
+3.750e+02
+3.500e+02
+3.250e+02
+3.000e+02
+2.750e+02
+2.500e+02
+2.250e+02
+2.000e+02
+1.750e+02
+1.500e+02
+1.250e+02
+1.000e+02
+7.500e+01
+5.000e+01

Contact surface updated on the lug +2.500e401
side for the initial cracked mesh '
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Ki (MPa sqrt(mm))
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e
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[fe] Ki pl.strain(Jint) (Abaqus)
[fe] Ki pl.strain(Jint) (Ansys)
[fe] Ki pl.strain(Jint) (NX Nastran)

Sum of da (mm)
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4.0

®—® Sum of da (Abaqus)
35| ¢—¢ sSumofda(Ansys) | |
B—8 Sum of da (NX Nastran)

T  va .
T T - T LT .
- E
E 5
T 2.0 gl |
Y .

o :
= i
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0.0
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e This example considers a crack in a
pressurised header nozzle connection

— Response to a pressurised
thermal shock

— Crack growth for a cyclic pressure
load case

e The quarter symmetry
model has the following main
dimensions

— Header
» OD 307, wall 31/5”
— Nozzle
» OD 10°/5”, wall 1°/,4”

Crack position
shown on
uncracked mesh



http://www.zentech.co.uk/

*Material, name=Steel

*Conductivity
0.0518, 20.
0.0503,100.
e Temperature dependent steel data has been used 0.0476,200.
- . . 0.0414,400.
= The data for Young’s modulus and Poisson ratio is also part "Density.
of the Zencrack input data *Elastic
209000., 0.3, 20.
- . . . . 205000., 0.3,100.
e The transient analysis is carried out as a sequential 199000., 0.3,200.
] 191000., 0.3,300.
thermal-stress analysis: 181000., 0.3,400.
*Expansion, zero=20.
— Heat transfer run to develop spatial temperature distribution as e on 0.
a function of time 1.2e-05,100.
. . 1.23e-05,150.
— Stress analysis using the heat transfer results as one of the L.27€-05,200.
inputs, plus pressure loading 1.33e-05.300.
- - 1.35e-05,350.
— Abaqus allows interpolation of temperatures from one mesh to 1.38?—(_)5,400-
a dissimilar mesh JapcerieC et
» an uncracked model heat transfer analysis can provide the 500100,
temperature input for the Zencrack stress analysis of the b
cracked component 540.,250.
560., -
» assumes the crack does not influence the temperatures 570.,350.
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e Transient definition for pressurised thermal shock

Temperature [degrees C]

300

250

N
o
o

150

=
o
o

50

18

- 16

\

0

500

1000

1500

2000

2500

Time [s]

3000

3500

4000

4500

0
5000

Internal pressure [Mpal]

—Temperature

—Pressure

* Internal temperature is defined
in the heat transfer analysis
using an Abaqus *AMPLITUDE
definition.

* Internal and end cap pressures
are defined during the stress
analysis using an Abaqus
*AMPLITUDE definition.

* Pressure load is also applied
on the crack face.
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acked model transient analysis

Mises stress

Temperature

entec nternational Limite
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Temperature [degrees C]

300

250

N
o
o

150

=
o
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Temperature
history

N

Time [s]

Header end
—45 degree plane

——Nozzle end
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Ki [Mpasqrt(mm)]

1600

1400

1200

=
o
o
o

800

600

400

200

K; history

AK range at each crack front node

drives the crack growth prediction
for that node

Header end

—45 degree plane

——Nozzle end

\

0 2000

4000 6000
Time [s]

8000 10000
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Crack growth due to cyclic internal pressure load of 1.6MPa to
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e The Zencrack GUI allows:
— creation, review and modification of input files
— submission of Zencrack jobs
— visualisation of crack growth profiles and creation of XY plots
— import of one or more uncracked or cracked meshes

e Replaces the earlier plug-ins for Abaqus/CAE

[l ZerGUI - C\Scratchiheader-nozzle-fatigue_cazcr

oo Il ZcrGUI - CAScratchiheader-nozzle-fatigue cazer [=[@] = ]

[ ZerGUI - CAScratch\header-nozzle-fatigue_ca.zer

:.EIQ

File RunZencrack Views Options Help

EweasORBELOTrOO00@tTE

< Crack front_1
...... Spit picker
~5)Crack front viewer (1)

Other data keyword list
Crack definition

Za mesh C:\Saratch \header-nozzle-fatigue_ca.inp™

=8

Mesh controls

Materials

- Fracture mechanics
*Energy release rate

*Surface constraint.
Load history
-4~ Analysis controls
-Qutput controls
~fE+F E. execution
&) Miscellaneous

| || setmesh opaciy:

File RunZencrack Views Options Help |

g Y, 150
VEIsORB ARG 0@ T
E—— T

TN
Zor mesh C:\Scratch\header-nozzle_zencrack_splitd i
Displaying labels in mesh
Current number of elements displayed 11748
Maximum for displaying labels 100 Show

[7] Exdude internal FE sets

Apply element set selection

Mesh drawn

File RunZencrack Views Options Hel

i sl 2

Display

- Meshes
Cr\seratchheader nozzle fai
Cr\seratchheader nozzle fai

] n 3

e
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Import complete

SSC 2015, Berlin

Zentech International Limited

Sl


http://www.zentech.co.uk/

[ ZerGUI - C\Scratch\header-nozzle-fatigue_ca.zer

=@ = |

&) Display

~Ci\Scratchtheader-nozzle_ze
C:\Seratchtheader-nozzle-fal
-Splines {1)
--Models_1:Crack_1:Profile_45
Results ()

< Models_1

- Models_2

“Viewports

~Zer mesh Ci\scratchheader-
“iewpoints (8)
XY (front)

 S—— :

File RunZencrack Views Options Help
[input | Dy | Hvedfa=E0ORBEELE R OOOO@E: T

=

CE Element 8228, 1st joint 39517, - pick 2nd joint

Crack-block picker: Crack front_1

=

Crack-blodk | Crack definition | gther

Selected Crack-block - s03_t23x1

Crack-block | Element | Nodel | Node2 |

nja | nfa

1 |s03_t23x1 3227

Items to highlight
E] Crack faces

Elements
Mode 1 positions
Mode 2 positions

39223

39276

[ o |
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Bl ZerGUI - CAScratchhex094a09d.zcr | = | Bl X4

File RunZencrack Views Options Help |

e Hvs@=OREBBELLORLOQOO@E Y

Uncracked mesh
~Zencrack analysis options
[z} Crack definition

-t Crack-block picker (2)

Zencrack execution
Zar files C:\soratchex09'\a09d. zor

-Split picker (1)
-Crack front viewer . broutine:
B Mesh controls ser subroutine:
-Boundary shlfhng & transfer Existing executable:
-{Zh--Mesh relaxation

~Relax method
~Relax data Load cracked mesh; From existing file
-Surface data

e Element sets

~{#}--Other data keyword list

Expand indude files Exdude tet elements

F.E. execution by Zencrack

F.E. analysis type: () f.e. datacheck only

@ full f.e. run

Qf’:’

AR
TR

Options defined in

the Zencrack ini file: interactive cpus=4

T
TR

Mumber of processors
for f.e. execution:

Additional parameters
for f.e. command line:

Close window on completion

Hote: any existing output will be overwritten.

[ Run ][Canoel]

4 (L 2

SSC 2015, Berlin Zentech International Limited 38
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B ZerGUI - Chscratch\ex094a09d zcr

=@ & |

File

Run Zencrack Views

e | Dsvly

Options

Help

LA eEOWMBEBLETELOOO@E T

B ...... Dlsday
) Meshes (1)
g 08UC, NP >Ct \scratchex0g
Spllnes _
----L?I-----Results Plots: Plot Growth anab >
Hoanas Result | Dpata Pit
[Sum of da - 1 |a09dr=C:\scratchlex0s c01_no01 [ ]a0sdr: co1_noo1
Y-axis 2 |a09dr=C:\scratchlex0s c01_n0os [ ] a0sdr: co1_noos
[fe] z drection growth " 3 |al9dr=C:lsaatchlex0d c02_ndo1 [ ]a0sdr: co2_noo1
[fe] Errer node 4 |a0%dr=Ci\scratchiex0d «02_n00& [ ] a0dr: co2_noos
[';:] Error largest 5 |a09dr=C:\scratchlex0g C1N131645 309dr: C1N1 31645
Gmax(Jint] —
EFE% ki ﬁlsiesg{_.“nt} 6 |a09dr=C:\scratchiex0d C1NG 32464 al9dr: C1N& 32464
v | [fe] Ki pl.strain(Jint) 7 |309dr=C:\scratchiex0g C15=0.5 [ ]a0sdr: c15=0.5
[fe] Ki automatic(Jint) g8 |:|
[fe] X dir(Jint) —
[fe] ¥ dir(lint) 9 [ ]
[fe] Z dir(Jint) 10 []
[fe] Angle(Jint) 1 []
[fe] J-integral contour 1 —
[fe] J-integral contour 2 12 |:|
[fel 1-intenral contour 3 i
Additional plot settings Axes settings
Separate plots | lahels ﬁjr:ieds l:éle ganLéal from
V/fport caption Ki vs sum of da 1
Indude as plot title % Sumofda [ [
Legend location: Auto -
Display T — Yok | =
(o) (eeei) (o)
4 [Tl 3
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B ZerGUI - CAScratch\ex094209d.zcr

P

File RunZencrack Views Options Help

BB

Input | Display

= . Display

Meshes (1)

~&plines

Results (1)

S 3 09dr »C1\Soratch\ex0d

XY Plots

~Plot Growth analyses
<-Plot Single f.e. analyses
~Yiewparts (2)

~Viewpaints {7)

HFHeEOBMBEBRL OB @AE T

@)XV Plot™

9000 T T T T T T T
*—® j (a09dr: C1 N1 31645) : : : :
4 Ki(a09dr: C2 N6 34254)

8000 -

7000
5000
4000

2000

1000 L ...

=@ x

Import complete

Example of results
plotted through an
entire crack
growth analysis



http://www.zentech.co.uk/

[ B ZerGUI - (new file)

P

File RunZencrack Views Options Help

BB

Input | Display

= . Display

Meshes (1)

~&plines

Results (2)

g 09dr B \Soratch\exid
---g07d_08nodedr =C:\5cratch)

XY Flots

~--Plot Growth analyses

<-Plot Single f.e. analyses
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Thank you.

Any questions?
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