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® Background

® Analysis Benchmarking
® Why is benchmarking important?

® Benchmark example for delamination propagation prediction under

mode Il quasi-static loading based on the End-Notched Flexure
Specimen (ENF)

Benchmark example for delamination onset and growth prediction
under mode |l cyclic loading

® Discussion of problems encountered

® Status Summary

® Remaining Challenges



BACKGROUND: Delamination Sources at Geometric
and Material Discontinuities
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BACKGROUND

Building Block Approach for Design and Certification

Validated analyses reduce
number of tests required

Example:
Skin-stringer
Separation
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WHY BENCHMARKING ?

Analysis Capabilities Today
® Boeing's VCCT element (commercialized first as VCCT for ABAQUS®,
now available in Abaqus/Standard® 6.8, 6.9, 6.10, 6.11)
® MARC™ NASTRAN™ SOL 600 and SOL 400 include VCCT options
® Other codes ... (e.g. SAMCEF™, GENOA™, ESRD StressCheck®,

ANSYS®)
® Automatic propagation analysis and fatigue crack growth is possible

| Therefore

® Benchmarking is required to gain confidence in the software tools used
® Benchmarking highlights the issues associated with the input of a code
® Benchmark cases have to be simple and independent of software used
® Once the parameters have been identified, they may be used used as
starting point to model large scale finite element models of
subcomponent test specimens for methodology validation



BENCHMARK PROBLEM:

End-Notched Flexure (ENF) Specimen

| ENF specimen dimensions®

IM7/8552
Layup: [0],,
2h=4.5mm \ Virtual Crack Closure Technique (VCCT)**
2L=101.6mm
B= 25.4 mm y' local crack tip system
a=25.4 mm A/a
G,= 0.78 kJ/m?
undeformed state Aa crack closed
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| Full 3D solid analysis
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*O'Brien, Johnston, Toland, NASA/TM-2010-216838, 2010. **Rybicki and Kanninen, Eng. Fracture Mech., 1977.




MANUAL BENCHMARK SOLUTION:
FE Simulation of ENF Specimen Using 2D models

Load/displacement plots for different

I Benchmark cases

| delamination lengths a (Q=2000 N)

2000 | G”=1.3kJ/m 2.6 3.3 4.2 3.9 3.0 2.3 1.1
load
1500 | gf‘N
load /4
QN 1000 delamination length a =
25.4 45.7
i
500 ¢ ——— 294 66.0
35.5 76.2
40.6
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lic ey
500 | critical
0 | | | | |
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displacement w, mm
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Q =1526 N ”
1500 E Ol e e e e e e e mm——en ;,/
P
7
7
1 2
1000 | T — G”c =0.78 kJ/m"=const.
critical
500 - benchmark for applied
------ load Q
/ w =142 mm — — — displacement w
crit
o | | | | |
0.0 1.0 2.0 3.0 4.0 5.0 6.0

displacement w, mm



DEMONSTRATION FOR ABAQUS/'STANDARD:

Applied Displacement w, 2D Planar FE Models

Assessment based on the
comparison of benchmark and
automated propagation

® |Input data for delamination failure
criterion was kept constant for all
analyses performed

® |nitial and maximum increment size
were selected at 0.001 x final load

® To overcome convergence
problems, four parameters may be
adjusted

® Release tolerance (relTol)
® Contact stabilization (cs)
® Viscous regularization (damv)

® Global stabilization (gs) - not used
due to unreliable results found in
previous study*

*Krueger, NASA/TM-2008-215123, 2008.
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| Release tolerance only

case 1 2 3 4
relTol 0.2 |03 |04 |05
2000 |-
Q@ =1526N e
1500 F /
load I /
Q,N 1000 - /
benchmark
I case 1
500 case 2
- case 3
I case 4
I w =1.42 mm
0 V. . . crl.t ....................
0.0 1.0 2.0 3.0 4.0 5.0 6.0

displacement w, mm



DEMONSTRATION FOR ABAQUS/STANDARD®: =
2D Planar FE Models (CPE4l), Contact Stabilization

| Applied displacement w | Applied load Q
case 1 2 4 case 1 2 3 4 5
cs E-6 |E-6 |E4 E-6 cs E-4 |E-6 |E-6 |E-6 | E-6
relTol 0.2 0.1 0.01 { 0.01 relTol 0.0110.01 (0.2 |01 |0.01
2000 |- 2000 |-
'Q =1526N e :Q =1526 N /
r crit r crit /
1500 ———% / 1500 F 7
load : ~~ load :
o N 1000 | - QN 1000 |
I ‘ ‘/ benchmark benchmark
L case 1 L case 1
50t / 1  leaa-a case 2 500 - case 2
- case 3 : — — case 4 (CPS4l)
Wcrit=1 42 mm case 4 I wcrit=1 42 mm — — case 5 (CPS4lI)
o¥. . . ..\ oL . I T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.(
displacement w, mm displacement w, mm



DEMONSTRATION FOR ABAQUS/STANDARD®: "t

Delamination front shape obtained from 3D solid modeis i

Fronts obtained from coarse and fine mesh \ Experimentally observed fronts

PTFE film static growth under
pre-crack cyclic loading
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| Analysis time

contact stabilization: 10 CaDsl

1000000 %\
100000 § § § —— | Observations
time, 10000 § \ X * Study required to find appropriate
1000 \ § | \ combination of input values
100 N § 2 \:\\ § ® Fine meshes yield expected front shape
0 \ \x §\ § * Long analysis time for solid models
B \ %‘x | k\\ \ | ® Published as NASA/CR-2011-217305
0.2 0.1 0.01 0.001

release tolerance



MANUAL FATIGUE BENCHMARK SOLUTION:
ENF Specimen Fatigue Loading

| ENF specimen dimensions*

Fatigue loading at 50%, 40%, 30%, 20% G¢

Layup: [0],

2h=4.5 mm
2L=101.6mm 2000
B=25.4 mm
a,=25.4 mm L QO =1526 N %
1500 -_ crit ’ ""0
I [/ ',
' l’ 1 "‘&'\ 5
. |Oad 1000 [ —— —"f '| ." G”C=0.78 kd/m” = constant
® Based on related testing*® Q, N emm e e (PP
® Frequency 5Hz P — = 50%G,
. ¥ o
® Load ratio R=0.1 500 L/ :i: ~-mmmem 40% G
. . | " v~ | eaeaa- A
® Fatigue loading at 50%, WA 30% @G,
[/ 1 :
40%, 30% 20% G||C |/ :i: w _t=1.42 mm
0 / [l ern P I S T

00 10 20 30 40 50 6.0
displacement w, mm

*O'Brien, Johnston, Toland, NASA/TM-2010-216838, 2010.
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MANUAL FATIGUE BENCHMARK SOLUTION:

Creating Benchmark for Applied Displacement w

\ Decrease of G, with increasing length a

‘ Delamination growth (Paris Law)*

. G=G =0.783 = const. G . =0.783 3 G, =0.783
0.80 ¢, ”C: \.‘: O .;I - \:‘ 107 [
_ —~—w, =1.0mm 102 ,,=05G, =0.392 N
0.60 - -me- W, =0.9mm 10° G,=04G =0313 “ .
I --e--w,,  =0.78 mm =03G =0235.
G, L e — = —e_ ' da/dN, 107 [ ” " p
2 0.40 “-" ~e_ mm/cycle F
kJ/m T I
L 'I' H-. .. \.\ 10-5 L
PO LT I — Paris Law
R .‘\ \ 10-6
0.20 R Y N da/dN = cG"
ol G, =0.08 and 0.05 i c=0.33185
R : . 107 L cutoff n=5.5519
=== - E h= Y- .
oo L v .. .|....|....-.__-|.. 10'8-2 .t..l...1 . .......|0
0.0 10.0 20.0 30.0 40.0 50.0 10° 107 5 10
delamination length a, mm i G”max, kJ/
103 L e TN
E N
T 100" T oo DN
Calculated delamination AN
| growth rate Aa/AN e 10 R
1) F \ \‘\ \ . —l
mm/cycle 10-6;_ OO\ a ao + ZAa
-7 ; - W50,max:1'0 mm \\ “\\\ . NG = Z Ni
107 [ ------ W, o =0-9 mm 'R ‘.‘\
P ----- WSO' =0.78 mm Mo \
[ ,max N . \
10.8 §_ \\ \\‘ \
*O'Brien, Johnston, Toland, 100 e
0.0 10.0 20.0 30.0 40.0 50.0

NASA/TM-2010-216838, 2010. delamination length a, mm



MANUAL FATIGUE BENCHMARK SOLUTION:

Creating Benchmark for Applied Displacement w - cont.

| Delamination growth N

® a=a,+ 2Aa

® N;=ZXIN, Benchmark: Cycles to onset and growth
| Ny=Np+Ng
50 :_ND NG (delamination growth) Gy, = 0'05\
- = * | . .
\ Cycles to delamination onset N, (delamination a=a4Tha -+
B N =N R
curve fit: G=m *N ™ 40 [ ¢ I - = /
1.00 | :G=m "N, - G, =0.08
s m0=0(;7186 30H — — W, m10mm p P
o.soE m=" a, i /
. mm |
. 20 [ I, cutoff
k‘;: , 0.60 - ., =05 G”c=o.392 i |
(N/mm) / G, =04G, _=0313 10 - I’
A0 F : ‘ i
0.40 S / G =03G =0235 i /
?’.’ 50 lie 0 L- O (R - BT EEEPETTI RN RPN R BRI
............ | ... ~0 10° 10° 10 10° 10°
0.20 | | i H
: ! number of cycles N
| i 1 T
0 00 I L .....I.\|ID59=.8.(.)...I.| .E.. sl E sl .D..Z.C.)l . AT o
10 10" 102 10°  10* 10° 10° 107
N_,cycle *O'Brien, Johnston, Toland, NASA/TM-2010-216838, 2010.




MANUAL FATIGUE BENCHMARK SOLUTION:

Resulting Benchmark Cases

\ Benchmark cases for applied displacement w \ Benchmark cases for applied load Q

LN N _(delamination growth) G, =0.05
50 P G \
L (delamination as= a0+2 Aa 0.08\ O
[ t e
:onse) N =3IN ﬁl_ v
40 | @ ' S
[ Pt
L ”~ ',‘ "- ----------
L ”~ ‘.‘ "
30 o /"_' "'
a, o 50,max , / ": "
mm : o / ; cutoff
20F |="=" 30,max ’ J
i ’i
[ I
10 C / ! "
i A
- / "l "
0 i L LR L PN Y BT R
10° 10 10° 10° 10°

| Benchmarking

number of cycles NT

procedure

[ ND NG (delamination growth)
50 [ (delamination 7 ,'. a=a+IAa
L onset) ] ! ' 0
: I { ) Ng=ZN,
40 - : : :'
30 i | E
a, I I E . 50,max
mm I E : ------ 40,max
20 B | : ----- 30,max
L I 1
_ Co
10 [ ! :
[ I !
L !/ )
0 i . L S = ® T v il
10° 10" 10* 10° 10* 10° 10° 10" 10°

number of cycles NT

Keep input parameters for fracture criterion and loading constant
Study influence of mesh size

Study influence of start time {,
Study influence of number of terms in Fourier Series used to approximate load



DEMONSTRATION OF FATIGUE BENCHMARK

EXAMPLE FOR ABAQUS® - Results for w;,

Influence of mesh refinement Influence of start time ¢,
w=[a +b, sinw(t-t)]'w
12 o max
WSD,max=1'0
w=10n= 31.42
a=0.55
w, 0
mm b1= 0.45
t0= -0.05; 0.0; +0.05
R=0.1
— f=5Hz ->t=1/=0.2
® Aa=0.25 mm — I :
—
! ‘W\ Wﬁﬁﬁ—rﬁ#ﬁ%%‘ﬂﬁl\v W50 min=0'\1
T ey
R °5 06 07 o8
S0r benchmark w, - 50 - benchmark w,
[ | ——2a=1.0mm 7 [ | —=—1,=-0.05
40 [ | —&—Aa=0.5mm 6/ 40 [ | —F—1,=0.05
: —<— Aa=0.25 mm O.tgs ——1,=0.0 =0.08
30} 300
a, [ a, I
mm i mm ¢
20 [ 20
10 [N, Ne cutoff 10 [N, cutoff
[ (delamination (delamination growth) [ (delamination (delamination growth)
L onset) L onset)
0 " S o o i el bl 0 L e e ST IR T R T B
10° 102 10* 10° 10° 10° 10? 10* 10° 108
number of cycles NT number of cycles NT



DEMONSTRATION OF FATIGUE EXAMPLE

Results obtained from 2D planar models

\ Applied displacements w,,, w,,, w,, | Applied loads Qsy, Q.9 Qz0, Q0
so0f N, N, cutoff 50 [| — — benchmark Q_,
(delamination onset) (delamination growth) -~ ( [ e benchmark Q, {
----- benchmark Q.
40H----- benchmark w,, 40 -
----- benchmark w, —e— computed growth
----- benchmark w e __ for Q,,
30| 20 30 |
a, —oe— computed growth V4 a, —— ?omputed growth
mm for w40t , . mm or Q40t ; N
—=— computed grow —— computed grow
20 ; for w,, 9 20 for Q,,
—<— computed growth
for W,
10 H 10 H
0~ 2 P Rt 6 8 05 o g —' :, s T e a7
10 10 10 10 10 10 10 10 10 10 10 10 10
number of cycles NG number of cycles NG

Assessment

¢ Stabilization or viscous damping not required
® Release tolerance has no effect
® New input parameters become important:

¢ Starttime ¢,

® Number of terms in Fourier series



DEMONSTRATION OF FATIGUE EXAMPLE

Results obtained from 3D solid models

| Solid 3D FE model Aa=1.0 mm

delamination front

intact (bonded) section

Applied displacements w;,

5o | benchmark w,, (2D FE)

| —e— center, one Fourier term
| —=— edge 1, one Fourier term
| —=— edge 2, one Fourier term

40 [| —=— center, 50 Fourier terms
[| —=— edge 1, 50 Fourier terms
| —<— edge 2, 50 Fourier terms Zﬁ
30
a, [
mm
20 -
101N, cutoff
| (delamination (delamination growth)
L onset) )
0 . = el L ! ! !
10° 102 10* 10° 108

number of cycles NG

Fronts from analysis with 50 Fourier terms

N;=400 Ny=10°




DEMONSTRATION OF FATIGUE EXAMPLE V

Results obtained from 3D solid models - continued

\ Results from solid 3D FE model Aa=0.5 mm

\ Analysis time

50
45
40
35
a 30
25
20
15
10
5
0

ND (delamination onset) NG (delamination growth) cutoff

one Fourier term
—&e— center
—=— edge 1
—<— edge 2
50 Fourier terms
——o— center
—+&— edge 1
—<— edge 2

10°

10" 102

10° 10* 10° 10° 107 10® 10°
number of cycles NT

Fronts from analysis with 50 Fourier terms

[ C3D8I; 1 FT

N i

§. CPS4l; 50FT
100000 “\\
. 10000 N"\
time, \\
1000 \Q'\\.
100 \\Q“‘\
10 \Q‘\“‘\

0.3 0.5 1

crack tip element length Aa, mm

\ Observations

® Long analysis time observed for solid
models (days, weeks)

®* Refined mesh yielded less accurate
results and delamination front shapes

¢ Effect of number of terms in Fourier
series on results needs to be studied
further




FATIGUE DELAMINATION GROWTH

Suggestion for faster analysis

® Observed limitations of direct cyclic 1.00 [
analysis ;
® Assumes geometrically linear 0'80_
behavior Crax 0,60
® Fixed contact conditions (hf,ﬁ,mni) [
® |Long analysis time “l
0.20 i
® Suggestion to provide option for user 0_003 ,
to turn off the direct cyclic analysis 10
® Compute G, for the original front _
and determine N, from onset curve 107}
—>» ® Compute G, ccr 107 é'da/d/v
® Determine da/dN from Paris Law 10_3? _______________ :
® Determine advance Aa;for given mﬁfg%e 10: |
number of cycles N, 10_6 TR |
. ® Advance fronta =a,+ ZAg :Z7 . |
® Determine Ng; = TN, N | Cucer
® Determine Ny= Np+Ng 107 G"li:, kJ/m’ 10"



STATUS SUMMARY

® Analysis capabilities for automated delamination propagation
under quasi-static loading and delamination growth under cyclic
loading have become widely available

® Therefore, a benchmarking approach for the assessment of
automated analysis was developed and demonstrated
successfully for Abaqus/Standard®

® Benchmarking highlights the issues associated with input
parameters required in commercial finite element codes

® Results from propagation and growth analyses were in general
in good agreement with the benchmark, however, selecting the
appropriate input parameters was not straight forward

® |dentified input parameters will be used on large scale finite
element models of subcomponent test specimens for
methodology validation
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REMAINING CHALLENGES

® Abaqus/Standard® specific observations

* Selecting the appropriate input parameters requires an iterative approach

* Computation time even for a simple specimen using 3D models is very
long

* The input for the direct cyclic analysis procedure appeared complicated

* The direct cyclic analysis may not be necessary and the user should be
able to turn it off and still be able to perform growth analysis

® Future applications require
* Input of mixed-mode failure criterion for onset and growth
* Geometrically nonlinear analysis for growth under cyclic loading

* No limitations on contact conditions for growth under cyclic loading

* Analysis of complex failure mechanism such as interaction of
delamination propagation and matrix cracking and branching

T —



REMAINING CHALLENGES

Complex Failure Mechanism

Example skin/stiffener specimen

Tension
a— delamination

Three-point bending

1

[X-Ray of delaminated specimen

y X-Ray @

1

730 cycles

X delamination

flange edge
X

Z
*Paris, Cvitkovich, Krueger, NASA/TM-2008-215308, 2008.

flange




REMAINING CHALLENGES

Delamination and Matrix Crack Interaction

FIan ﬁ -

A+B

A+B

imen width

Spec




REMAINING CHALLENGES

Modeling approach to study interaction

\ Damage initiation as first matrix crack \New delamination onset from matrix crack

\ Observations

VCCT at ply interface to original delamination ® Quasi-static
monitor delamination onset * Limited to 1 crack per enriched zone
¢ Convergence issues for large number
zone enhanced for XFEM f iched
to monitor matrix crack or enriche ZOIj’leS o o
onset ¢ Other user defined criteria for initiation
required
®* Fatigue

® Limitations similar to VCCT for
delamination growth
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DEMONSTRATION FOR ABAQUS/STANDARD®:wiits ‘

3D Solid FE Models

| Applied displacement w | Applied load Q
case 1 2 3 4 5 case 1
cS E-6 |E-6 |E-6 |E-6 | E-6 cS E-6
relTol 05 (0.2 0.1 0.1 |01 relTol 0.1
2000 | 2000 |
'@ =1526N ' Q =1526N /
1500 —— 1500 —— , v
load load
a,N 1000 Q,N 1000
benchmark (from 2D FE)
I case 1 I
500 | case 2 500 | benchmark (from 2D FE)
[ case 4, Aa=0.5 mm I case 1
refined across width |
L w ,t=1 42 mm case 5, Aa=0.5 mm | ch_t=1 42 mm
0....|...Cr’.|... ............... 0....|....|....|....|....|....
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
displacement w, mm displacement w, mm



FIRST BENCHMARK PROBLEM:

Double Cantilever Beam (DCB) Specimen

® A static DCB benchmark was created F | —e— benchmark
. . 70 L | ——ABAQUS
based on a manual delamination
propagation analysis

® Assessment based on the load P, 0| o
comparison of benchmark and a0l ﬁy% 2
automated delamination propagation 20| : T300/1076
® Published as NASA/TM 2008-215123 10} P
and NASA/CR-2010-216709 S0 oz o4 06 08 10 12 14
® A fatigue benchmark was created applied opening displacement &/2, mm
based on the previous DCB example 40 —
® | oading and frequency based on § — onavs —
proposed ASTM DCB fatigue asl
standard ) :
® Assessment based on the o
comparison of benchmark and 80¢
prediction of delamination onset and é(dela:iaation N,
growth ol T || emmnetongroun) | T
® Published as NASA/CR-2010-216723 O O ey O

number of cycles NT

30



ADDITIONAL BENCHMARK PROBLEMS:
Single Leg Bending (SLB) Specimen

350
® A static SLB benchmark was created o oritical
. = 300 - benchmark
based on a manual delamination
propagation analysis 250t
® Fixed mixed-mode /Il ratio at about . 200 ¢
40% mode Il (G,/G;=0.4) N 150}
® Assessment based on the 100
comparison of benchmark and o
automated delamination propagation i —— : : : : : :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
® Published as NASA/TM 2008-215123 applied center deflection w, mm
350 «---critical
b h k
* z 300 sf;glizrgl?iron / release K
factor tol. Fd
X 250 | 1x10°%/0.2 ?
1x10%/0.5 .
1x10%/0.5 N
load P, 200 | -
C12K/R6376 N 50|
Layup: 0 and *30 100 |
t,=t,=2.03 mm
a L 2L=178. mm 50 [
2L B=25.4 mm o
a=34.3 mm 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

applied center deflection w, mm

31




ADDITIONAL BENCHMARK PROBLEMS:
Mixed-Mode Bending (MMB) Specimen

Benchmark case for G,,/G;=0.2 and 0.8

® A static MMB benchmark was created

. . 160
based on a manual delamination 20
FP =128.5
propagation analysis 120 |
® Three mixed-mode I/l ratio investigated 100 | ¢
® 20% mode Il (G,/G+=0.2) igad 80 |
- -@- - critical
. 80% mOde II (G”/GTEO-8) 40 r benchmark
® Assessment based on the comparison of ' =164
. . 00—
benchmark and automated delamination 0.0 2.0 4.0 6.0 8.0 10.0
propagation
1000
® Published as NASA/TM 2012-217562
. é 800 |7
loading ‘ P
arm ]\ Vl 600 -
_ U I — IM7/8552 load
specimen _ | ‘ * u Layup: [0124 PN 400 [
I il 2h=4.5 mm / |
base 2L=101.6 mm 200 | ¢ benchmalrk fjrpapplled
m B=25.4 mm (e [N

Lad a=25.4 mm 0 - . . .
0.0 2.0 4.0 6.0 8.0 10.0
applied displacement u, mm

<— L

2L



