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Outline

Background

* Objective and Approach

NASA Langley Research Center (LaRC) Composites Group Analysis Tools

* Closing Remarks

2/35



Composites Group in the Durability, Damage Tolerance, and Reliability Branch

RESEARCH DIRECTORATE (D3)
W. Allen Kilgore, Director D309 Ca abilities
Jill Prince, Deputy Director p
John Koelling, Chief Operations Officer ------=----—-coceob o __ \
r———————— r——— - —.— — — = r—— " T
inistrati Aerosciences Intelligent Flight Systems . .
| Administrative | B ANy
| feam | I John D. (JD) Reeves, : Catharine Fay I Jennifer Kibler, : Technical Resource Management ° D ama ge mec h anICsS Of m Eta | | IC
I (matrixed from il Deputy Director for D : o | Deputy Director f Team .
eputy Director for (Actin puty Director for
:_ op) :_ I Robert C. Scott, | P t;(andra ‘Walke(r 8) I Gary Kellogg, | James Godsey, RD Sr. Contracts Mgr. m ate ria |S
——————— — Associate Director for | . . . Associate Director for James Godsey, TEAMS COR . .
________ Associate Director for (Actin ) °
= 1|l stevenx. Bauer, (Acting) | Mike Framau, 1 Vincenso L Boffe, BAART COR Testing and evaluation of damage
| Business Team | Iy g Theodore (Ted) Johnson, || Chief Engineer for I Eddie Adcock, NIA COR i i i
| Gaeme | VACan | Chief Enginer for I Andy Lacher, | Ga iees oeEEIR processes in metallic materials
L 4 I Deputy Chief Engineer for | Chief Technologist for | Jaime Day, LaRC Metrology Lead ° Deve | o) | n mu Itisca | e
_____ | ~ "Michael M. Madden, Chief Engineer for Modeling & Simalation _l_ - Stacy S!jgmon, Me]:frology QA p g
Eric L. Walker, Chief Engineer for Test Operations Dave Cordner, IT Safety Manager H
l William (Tony) Humphreys, Chief Engineer for Measurement Systems | George Switzer, HPC Facilitator com p u tat IONa | COd es an d m et h Od S
Anthony E. Washburn, Chief Technologist Alexandra Olney, RD Strategic . ol .
| Roman W. Paryz, Associate Direcior for Facilities and Labs | Communications (LAMPS) ° RE|Ia bl|lty-baSEd deS|gn
r— | Shawn R. Britton, Associate Dirzctor for Data Systems | . . .
! loseph S. Patterson, Senior Safety Engineer : . * Radiation risk assessment for long-
1 1
D301 Configuration Aerodynamics D327 Sub i i o - - | H H H
sally Viken, Head = ::::::Eﬁra"””": D307 Advanced !VIaterlaIs & D313 Nondest_ru:tlve Evaluation D316 Dynamic S‘:'stgms & Control d ura t lon s p ace missions
David Chan. Asst. Head d g E Processing Sciences Oscar Murillo, Head
avid Chan, Asst. Hea Donald Saxer, Hea Terryl Wallace, Head (Acting) Patricia Howell, Head (Acting) Anna Trujillo, Asst. Head H H 1 1 H
e . ’ 'y . °
D302 Computational AeroSciences Richard White, Asst. Head Karen Taminger, Asst. Head (Acting) Jason Moore, Asst. Head (Acting) Irene Gregory, Advanced Controls ST Ra d I at Ion s h e | d IN g an d d esl g n
Beth Lee-Rausch, Head loseph Falzone, Asst. Head D. Laurence Thomsen, Asst. Head - . .
Kyle Anderson, Asst. Head D328 Supersonic/Hypersonic Brian Jensen, Advanced Materials ST D322 structural DYl:‘IaI"I'IICS D317 Flight Dynamics ® M Od e I I n g S p a Ce e nVI ro n m e nts
David Lockard, Asst. Head Testing Matthew Chan:lberlaln, Head Corey Diebler, Head
Mujeeb Malik, Computational Michael Difulvio, Head D309 Durability, Damage Tolerance, EE— V\f,AICtmg]A i Thomas lvanco, Asst. Head
Aerodynamics ST William (Jason) Healy, Asst. Head & Reliability IS e el Ak (a5 =
D303 Flow Physics and Control Mike Foretich, Asst. Head Stephen Smith, Head D325 Materials & Structures RIS S St S oA CO mpos ites G rou Focu S
Luther Jenkins, Head ! RFranl;‘lLeone, ‘?:ﬁt. HHeadd Experiments - :(CBJI‘? A’ThUTAHfa: ; p p
Vacant, Asst. Head D304 Advanced Measurements & el lelintlihis = 5 s Lisa Kessler, Head SROAS S A =] H H
e Data Systems Ed Glaessgen, Computational e e .  Damage mechanics of composite
T DD Lisa Le Vie, Head (Acting) Materials ST D319 El ics &S .
Kelly Murphy, Head % e ectromagnetics & Sensors t I
i acant, Asst. Hea D312 Structural Mechanics & Concepts Jay Ely, Head materiails
B Paul Danehy, Adv. Measurements ST
Stephen Cumming, Asst. Head ’ Adam Przekop, Head ] - 1 . .
Bil Kb, Computational o1 reroacoummcs Marc Schultz, Asst. Head (Actng) - * Testing and evaluation of damage
Aerothermodynamics ST " Vacant, Asst. Head D320 Safety-Critical Avionics Sys.
5306 Hyparsonic Abresthin Christophe Bab, e ead | L0241 G155, Advanced StructurolThermal Systers ST | A rocesses in composite materials
ypp . E s D332 Autonomous Integrated Systems Roger Bailey, Asst. Head p p
ropulsion Steve Rizzi, Aeroacoustics ST Research
Richard Gaffney, Head =
Andrew Norris, Asst. Head D321 Structural Acoustics Vacant, Head D331 Revolutionary Aviation
Randolph Cabell, Head Kara Latorella, Asst. Head i
D308 Aeroelasticity ! . . X N . Technologies
Russ R b Head Siddhartha Krishnamurthy, Asst. Head Natasha Neogi (Acting), Intelligent Flight Jeffrey Miller, Head 3 35
7 :IS:‘, :UECA‘ tE: 4 Systems ST
avi latak, AsSsT. Aneal




Composites Group Facilities

Inspection equipment
Mlcroscopy, UT*, X-ray/CT




Composites Group Members

* Andrew Bergan: Composite Damage (CompDam) progressive damage analysis software

* Nelson Carvalho: Floating Node Method (FNM). Virtual Crack Closure Technique (VCCT). Cohesive zone modelling (CZM)
* Carlos Davila: CompDam, CZM

* Wade Jackson: Experimental methods. Inspection techniques

* William Johnston: General experimental methods

* Ronald Krueger: VCCT. Analysis benchmarking

* Frank Leone: CompDam. Assistant Branch Head

* James Ratcliffe: Materials characterization. NASA Engineering Safety Center (NESC) Materials Technical Discipline Team (TDT)
* James Reeder: Materials characterization. NESC Structures TDT and Materials TDT

* Cheryl Rose: CompDam. Validation test methodologies

* Banavara “Sesh” Seshadri: Progressive damage analysis (PDA)

* Austin Smith: FNM. Materials characterization
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Motivation for This Presentation

New analysis tools emerging that may be of help to NASA engineering

Future investigations/engineering studies may be aided by a
comprehensive knowledge of new composites analysis tools

Dissemination of updates on research tools to NASA engineering is not
presently optimal
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Objective / Approach

Objective
Communicate new tool development on a regular basis for awareness and
feedback

Approach

* Provide regular updates of new tools at NASA forums: NESC, LaRC Engineering
Directorate (ED), others

 Encourage updates from all agency tool developers

* Publish evolving document containing details of new tools in a format guided
by NASA engineering

* |mprove understanding of possible NASA engineering applications

 Obtain technical and operational feedback from NASA engineering community
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Composites Group Analysis Tools

* Virtual Crack Closure Technique and Progressive Release Explicit VCCT

* Composites Damage Progressive Damage Analysis

* Composite Fatigue Life Prediction
— A User Material Subroutine for Cohesive Analysis

* Experimentation supporting PDA

* Validation test methods
* Material property input
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Virtual Crack Closure Technique: Outline

* Background: Delamination in composite materials

* Fracture mechanics methodology

* Virtual crack closure technique based tools — abbreviated timeline

* Progressive release explicit Virtual Crack Closure Technique (PRX — VCCT)

* Benchmark example

* Concluding remarks
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Background: Delamination in Composite Materials

S~

Internal ply drop

Interlaminar
Stresses

Solid-sandwich transition

* Delaminations pose a complex problem
* Difficult to model and predict
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Linear Elastic Fracture Mechanics Methodology: VCCT

 Energy Release Rate .

- _dw  dU
'~ d4 da

.

crack opening in-plane shear tearing
mode | mode Il mode llI

Gr = G+ G+ Gy

Static case: Propagation occurs if local mixed-mode
energy release rate exceeds fracture toughness
Fatigue case: Growth follows Paris Law

Virtual Crack Closure Technique

Two-dimensional (2-D) and three-dimensional
(3-D) analysis

Nonlinear analysis
Arbitrarily shaped delamination front

local crack tip system y

ra_ "\

undeformed state
(outline) -

. I
Lo oomee ; v !
Y
4
global system T
deformed state ’ -— X

Aa 'ﬁ;rack closed
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VCCT Based Tools: Abbreviated time-line
Emphasis on recent work (2017 — 2023)

Fracture costumer
review team

Benchmark development

In-house code(s),
Mode |, 11, I/11 del. growth

Raju et al

A \

2015 2016

13?8 2008

In-house code. ERR
calculation interfacing with
Abaqus.

In-house code onset and
growth; fatigue and static

Project

Other commercial implementations:
Marc, Ansys,... Re-meshing;
instantaneous release.

\

VCCT is proposed, 1977

Benchmark development, Mode I

stable, thin-ply buckling
A

Regular SIMULIA/Industry/NASA meetings

PRX-VCCT

Benchmarking: Identified issue (In-house code)

with Mode Il propagation

[ \ ( | [

2018

Benchmarking: documented loss of
accuracy of instantaneous release

algorithms

Advanced Composites

Fatigue user input redefined.
User subroutine capability

b
o

Abaqus

[ \
Abaqus implements VCCT, based on

Boeing’s VCCT element. Progressive
release option.

Simplified fatigue
algorithm
(<< CPU time)

2019 2020 2021 2022

ERR calculation for partially
released nodes

Simplified area
calculation

Thermodynamically
consistent nodal release

Solver
improvements
(<< CPU time)

Improved
visualization of
fatigue cycles

Improved nodal

release PRX-VCCT

(planned)

\

Reduce number of
iterations needed in the
simplified Fatigue
algorithm

Internal crack front
smoothing

Viscous damping
algorithm/improve
convergence
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Benchmark Problem Example: Calibrated-Loaded Split Specimen

® Calibrated End-Loaded Split (C-ELS) specimen

B 25.4 mm

" 1> mm (12 plies each) Material and Layup: IM7/8552
L 100.0 mm

L 160.0 mm [0]12//[0]4,

ag 50.0 mm

« 2-D Finite Element (FE) model - Abaqus 2021
« CPEA4|

e Aa=0.5mm

FE mesh of deformed specimen

\\ applied displacement w =1.0 mm \ outline of undeformed

u=0 specimen sliding end clamp w =0
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Benchmark Cases for Static Loading Condition:
Development of C-ELS specimen based benchmark case

® Results for multiple different crack lengths a,

Critical loads and displacements

600 600
' 25=50.0mm 1. Models with multiple crack lengths a,
| ——ag77smm | (50.0 mm < a,< 100.0 mm) e
400[ | : 400 e _
: | 2. Compute load P versus applied P Pom02 /
TN displacement w it 4
200 3 3. Compute energy release rate G; and 200¢ =
: \ar;q'ggn deflection G, /Gy using VCCT for wpieg = 10.0 mm
Ry o | | 4. Obtain G, from Benzeggagh- Kenane of | 1 Lo
0.0 5.0 10.0 15.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0
displacement w, mm (BK) laW displacement w, mm
* BK-law for IM7-8552 5. Calculate P, and w, for each a, using ® Benchmarks for a;= 50 mm and 75 mm
16 [ 600
1.4 »d 2 - -©--critical, G=G
GT P GC benchmark for aO:SO.O mm
1.2 [ DCB, Mode | MMB, Mode I and Il —_—— PC — P — [ | === benchmark for a =75.0 mm
[ ’ B 2 i
Tr O experimental data R GC PC GT 400? ¢
0.8 b —e— averaged da}a and curve fit ¢ load p
: 2 P, N
06| / We w GC [
_— and —_—— -_ 200[
04 [/ 2 2 GT '
0.2 &
0 ® Results from automated growth analysis o 1 | | | |
0 0.2 0.4 0.6 0.8 1 0.0 2.0 4.0 6.0 8.0 10.0 12.0

expected to follow benchmarks

displacement w, mm
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Assessment of Automated Growth Analysis:

Results from 3-D analysis of C-ELS specimen —a, = 50.0 mm

®* Results obtained from aligned meshes

400 |

load / d 45{3

PN [
200 /

sl BN
-

/ - -&~-critical, G=G_

/ —— Abaqus AB=1.0 mm
J | = Abaqus AB=0.5 mm

----- PRX-VCCT AB=0.5 mm

0.0 2.0 4.0 6.0 8.0 10.0

displacement w, mm

« Computed results slightly exceeded critical point

« Unstable growth part captured as expected

« Computed results dropped slightly below the benchmark

* Results oscillated around the critical path

12.0

® Detail

(
)
400} P
C = :g//
r ; '
r 1!
L ) !
350 3¢ ! '
i \ (]
r \ 14,
r N ll
PN ¢ N ¥
300L No ek
C = \:\ !
L . D [}
L l,@.;
- v
2501
0 | ] ! ! ! ] ! ! ! T
1ié.s 7.0 7.5 8.0

displacement w, mm

Oscillations less pronounced for refined mesh

Results for PRX-VCCT appear smoother and closer to
the benchmark
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Assessment of Automated Growth Analysis:
Computed delamination front contours —a, = 50.0 mm

« Aligned mesh « Aligned mesh * Misaligned mesh * Misaligned mesh
Aa=0.5mm, AB=1.0 mm Aa=0.5mm, AB =0.5mm Aa=0.5mm, AB=1.0 mm Aa=0.5mm, AB = 0.5 mm
increment: increment: increment: increment:

Abaqus= 5000 Abaqus= 6000 Abaqus= 5010 Abaqus= 6150

PRX-VCCT =910 PRX-VCCT= 457 PRX-VCCT= 1648 PRX-VCCT= 1533

Legend Abaqus PRX-VCCT
initial front B fully failed [] partially failed [ pristine o computed front

 For PRX-VCCT front appeared continuous and smooth
Formation of islands in the wake not observed
* Results obtained with relatively low number of increments

* For Abaqus contours showed zig-zag behavior with
unreleased elements developing (islands)
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PRX - VCCT

Key features:

Energy release rate calculation based on VCCT
consistent with Linear Elestic Fracture
Mechanics (LEFM)

Growth simulation; no re-meshing
Fatigue/Static

No convergence difficulties
* Implicit solver; explicit propagation

Structural elements

Multiple fracture planes

Limitations:

Pre-defined plane
Initial pre-crack(s)
LEFM
* E.g. R-curves are specimen dependent

Structured meshes

* Similar element sizes/nodal grids above
and below the fracture plane

Mixed-Mode Bending, 50% Mode mixity

450
400
350
300
250
Force, 200
[N] .
150 —— PRX-VCCT, 0.5 mm, solid
100 —— PRX-VCCT, 5 mm, shell
50 - = =RK benchmark
0
0 1 2 3
Displacement, [mm]
e — T —
| N | N
' / | /

PRX-VCCT, 0.5 mm, solid

PRX-VCCT, 5 mm, shell 17/35



PRX-VCCT: Structural example — 7-point bending

700 +
600 +
500 +
5
= 400 1
©
S
ge)
[¢]
© 300 +
(]
o
200 ¥ — 2.5 mm, shell
100 + — 10 mm, shell
0 | | | | ; ,
0 0.02 0.04 0.06 0.08 0.1 0.12
18/35 Applied Displacement (in.)

Simulated del. Fronts:
2.5 mm mesh ~ 2h*

Y

ix

*15 CPUs

10 mm mesh ~ 28 mins




VCCT Summary

® Benchmarking

Benchmark example based on the C-ELS specimen created using LEFM and VCCT

Analysis benchmarking was successfully used to assess the performance and identify critical
differences

Benchmarking is key to help users and developers understand and improve codes
Adopt as standard practice when evaluating novel approaches/software

Benchmarks proposed span fracture modes (Mode |, Il and I/ll) and loadings (static, fatigue,
buckling)

® PRX-VCCT

Energy Release Rate (ERR) calculation; growth simulation

Large element sizes; no convergence issues

Static and fatigue

Enables damage tolerance assessments using “structural” meshes

Damage tolerance can be assessed earlier in the design process 19/35



CompDam PDA: Development History

2001-08 Cohesive zone elements (with Camanho, Turon, et al.)
2003-05 LaRC Failure Criteria (with Camanho, Pinho, et al.)

2006—-11 P. Maimi’s Abaqus! UMAT subroutine continuum damage mechanics (CDM)
material model

2011 Change to Abaqus/Explicit VUMAT subroutine material model
2012-15 Deformation Gradient Decomposition (DGD) method for matrix cracks
2016 Initial open-source release during the Advanced Composites Project (ACP)

2017-19 Multiple collaboratively developed feature releases during the ACP

1. Specific vendor and manufacturer names are explicitly mentioned only to accurately describe the test hardware. The use of vendor and
manufacturer names does not imply an endorsement by the U.S. Government, nor does it imply that the specified equipment is the best available

* Years are approximate, representing either conceptual development
through release or years of related publications 20/35



CompDam: Interlaminar Failure Modes

* Matrix cracks
* Represented by cohesive surfaces, inserted with the DGD method
» Cohesive surfaces use typical mixed-mode cohesive laws for damage
evolution for linear traction-displacement softening laws
* Transverse crack orientations a are set at initiation and tracked

* Friction acts on the cracked portion of failure surfaces

o, n o,

1
|
[ [ !
* Fiber tension |
. . . . . . . . . . ’
* Maximum strain failure criterion for failure initiation AN
o,=(1-n) g, 'f N \
[
5.

* Bi-linear stress-strain CDM softening law for damage evolution
S
Vb o e e i

* Fiber kink bands

—
=
&

e Based on Budiansky’s fiber kinking theory
* Kink band kinematics are explicitly modeled at the mesoscale .
* Response is governed by the pre-peak nonlinearity response and the .

fretetetettte 21/35

initial fiber misalignments



CompDam: Interlaminar Fracture (Delamination)

e Matrix cracks and delaminations use same cohesive law logic in the
CompDam material subroutines

* Mode mixity defined according to Benzeggagh-Kenane
* Linear softening laws in traction-displacement space

e Shear strengths depend on normal compressive load, according to
LaRCO4 failure criteria

* Friction acts on delaminated portions of cohesive surfaces

* Interlaminar materials are defined using user subroutine material
cards, and are used with Abaqus cohesive elements
* Three-dimensional, eight-node COH3D8 elements
 Two-dimensional, four-node COH2D4 elements
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CompDam: Material Property Input Data

* 3-D orthotropic stiffness terms : E;, E,, G5, V15, V53
» Coefficients of thermal expansion

* Nonlinearity of pre-peak responses
* Fiber-direction
* Matrix

» Strengths (fiber tension, fiber compression, matrix tension, matrix compression,
matrix shear)

* Mixed-mode matrix fracture toughness : G, G, Ny«
* Matrix compression fracture angle : a,
* Coefficient of friction for cracked matrix material

* Fiber fracture toughness, including R-curve
* Fiber kink band width
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CompDam: Validation Testing

Impact Scans

Impact Sets

Flange edge/ )

Skin panel delamination

Seven-point bending and single-stringer compression
specimens with low-velocity impacts were evaluated

Damage manually mapped from UT and X-ray CT data

Damage morphology matched well, but growth rates
were over-predicted

Damage Morphology for Imp

acted Specimen

=

-

Flange edge
- -

Flange edge

— jy‘ﬁh"”‘:w&gg«W;~~~~’( 5 M Skin/stiffener interface

M 1st skin interface

UT after Run 1, —36.1 kip Analysis, —29.7 kip

- - -

T e -
CACTI e T S
i f 4

UT after Run 2, —36.5 kiE Analysis, —30.1 kip
- ) T )

- v - - - i i s

T Fa 7 TR ] e
e oy’ .
L ’ Damage from pristine
© + eesrlr I e

UT after Run 3, —38.2 kip Analysis, —-31.7 kip




Composite Fatigue Life Prediction
— A User Material Subroutine for Cohesive Analysis
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Fatigue Life Prediction Tool

Fatigue: (Cyclic stress to failure) S-N or Paris Law?

S-N Curve Paris Law
A | |
da [_1 ;
dN N | d I
| a 7 |
—=C(G
a2
\ = | |
2> . .
| |
Allegri, 2013 | |
3 i
endurance limit % i 5
~ r= |~G
N> - I max’
N G

S-N Curve and Paris law are related: [=2m

Can we develop a cohesive model based on
S-N that can also predict crack propagation? 26/35




S-N Cohesive Fatigue Damage Model

Consider case of bar subjected to cyclic load

2\4 F
« 1y [T

o) Assume cohesive law is
i envelope of fatigue damage

A What damage law?
dp _1(1-D)"" ( bl jﬂ
dN y EP (p+1)\ A

Davila et al. NASA/TP-2020-220584

-~ Fatigue
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Effect of Damage Model Parameters

Effect of the model parameters n, € and p on: a) S-N diagram; b) crack propagation curve

? p—
g A %5 A 3
L | Static Strength I S L
o LT v oottt pidelete el el o o ; $
S ™ 5| % £
- o o 5
— =i ' 3
g i
2, =
i |
| L
Endurance Limit i: E
:’J\J }. b) : H .: ! }
Log(N) Log(Gax)
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Validation Test: Three-Point Bend (3PB) Doubler Specimen

/ar'cukﬂk £555
Doubler (fabric)

. = .//

Skin/doubler
separation
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Validation Test: Simplified Shell Model of 3PB Specimen

Skin (3 layers of elements)
Continuum Shell Model / Cohesive  Doubler (2 layers)

Empirical cohesive properties capture
the effects of all damage mechanisms

Interface law w/ bridge

Interface law — nominal tape/tape

Bridge
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Validation Test: Simplified Shell Model of 3PB Specimen

"~ Shell Model
Before peak load After peak load & 2 ( :
‘::1?>1::7\\2 (Symmetrlc) /,,,/;f/j;i:i?j;?: C:::j:}i::'j:\\ (u nSym metI"IC) 4/,/—/1?:?:??//’ = ‘ , 63'3 Ibs 0'52 ln
aa=—_ o
350 T
300 :-
; Propagation
250 1 N y Initiation Propagation
Z Initiation _ v v
_i, 200 + Base Bridge
S //_,__ Gl = 0.45 0.60] N/mm
150 T B Gll_ = 1.1 4.50| N/mm
] = 105 3.5/ MPa
100 +
] .= 97 10.| MPa
o1 — Predicted K, = 5E+05 N/mm3
_ Test K, = N/mm3
0 .. -ttt BK= / 2.07 3
0 2 4 6 8 10 12 14 16
Displacement, mm Computed (Turon’s constraints)
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Validation Test: Predicted Versus Measured Delamination Growth

Delamination length, Aa, mm

3PB Doubler R=0.4

16
|
14 :
Analysis parameters:
- n=095=02,p=p
Fmax =214 N
10
8
6 :
Experiment
A 214N
4
Fmax = 200 N o—200N
2 \ —e— 181N
Fmax =178 N ——177 N
0
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Cycles, N
32/35



Validation Testing: Experimental Methods

Objective: Generate sufficient data on the initiation and evolution of damage to
make thorough comparisons with progressive damage analysis predictions

* Acoustic Emission (AE), Passive
Thermography
— Early damage detection

— Rapid damage accumulation

— Test interruption

e Digital Image Correlation

— Load introduction, boundary
conditions, global response

— Surface damage initiation and
propagation

e Ultrasonic (UT), X-Ray/CT
— In-situ damage assessment (UT)

— Detailed pre and post-test
assessment

H B . :
: = S .
i e ¥ BE
vl B R SR S e AT s
g 33/35




PDA Analysis Material Property Input

Problem

PDA tools for simulating damage in laminated composites rely on specific empirical
input data. Established standardized test methods not equipped to provide information
necessary for PDA input:

« Crack growth resistance and fatigue delamination growth rates at non-unidirectional
ply interfaces and in hybrid laminates

« Strength components subjected to volumetric scaling effects
« Traction separation law measurements
Action

Modification of existing standard test methods and development of new standards to

provide reliable PDA input property data
34/35



Closing Remarks

Optimizing Tool Availability and Assessing Tool Suitability

* Better communication with NASA engineering

* Document candidate tool applications and complexity associated with use,
including additional requisite experimental data

 Document examples of extra-agency tool application

 Conduct retrospective application of tools
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