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“=7- Problem Statement -

o Although the materials, processes, layup, loading modes, failure
modes, etc. are significantly different, most of current
certification programs use the load-life factors generated for
NAVY F/A-18 program.

— Guidance to ensure safe reliable approach
— Correlate certified “life” to improved LEF (load-life shift)

* With increased use of composite materials in primary structures,
there is growing need to investigate extremely improbable
high energy impact threats that reduce the residual strength of
a composite structure to limit load.

— Synthesize damage philosophy into the scatter analysis
— Multiple LEF for different stage of test substantiation
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ODbjectives

Primary Objective
Develop a probabilistic approach to synthesize life factor, load
factor and damage in composites to
determine fatigue life of a damage tolerant aircraft

Secondary Objectives
« Extend the current certification approach to explore extremely
Improbable high energy impact threats, i.e. damages that reduce
residual strength of aircraft to limit load capability
— Investigate realistic service damage scenarios
— Inspection & repair procedures suitable for field practice

* Incorporating certain design changes into full-scale substantiation
without the burden of additional time-consuming and costly tests
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Research Overview

Non-Linear FEA

. 1l Validation
M - R, =
,'l l) I‘ii{_:'Tl ‘* - [ H H
HIR P = Fatigue Life Assessment l,
e = &
Generate Data, Guidelines, Damage Tolerance Testhg Methodology for Generate Data, Guidelines;
& Automated Procedures Advanced Com posite Structures & Automated Procedures

¥

( Load-Life Enhancement Durability & Damage Tolerance)

LOAD FACTOR INTEGRATES WELL INTO THE
BUILDING BLOCK APPROACH
1 EASED UPON DESIGN
SPECIFIC INFORMATION
i. R GAINED FROM VARIOUS
- - COUPON AND SUBELEMENT
e - TESTS

= NDI

Inspections
Intervals & Health
Monitoring

| H "

o | 1 cawgoryiDomage  LIFE FACTOR
\'-".‘ 4 Caregery 2 Damage
-Q."‘ Category 2 Damage

PROVIDES OFPORTUNITY TO FURTHER INTEGRATE THE CERTIFICATION APPROACH

Damage
Categories &
Repair

Full-Scale Testing

Beech Starship FW
Liberty XL2

A probabilistic approach -
to synthesize life factor,
load enhancement factor and
damage in composite structure
to determine the fatigue life

% : of a damage tolerant aircraft.
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Scatter Analysis of Composite

Static Scatter
Fatigue Scatter
Life Factor
Load Enhancement Factors



MAXIMUM APPLIED STRESS

Load Factor Approach
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* Increase applied loads in fatigue tests so that the same level of
reliability can be achieved with a shorter test duration
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Load Enhancement Factor
Approach
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Material Databases

— LEF
» AS4/ETKS8 (457/17)
» T700/#2510 PW (240/7)
» 7781/#2510 8HS (204/7)

— Laminate Data
» T700/#2510 UNI (853/47)
» T700/#2510 PW (863/48)
» T700/E765 UNI (834/47)
» T300/E765 PW (722/48)
» AS4C/MTMA45 UNI (1151/86)
» AS4C/MTMA45 8HS (1083/78)

— Adhesive Fatigue (390 spec./12 data sets)
» Loctite Paste
» PTM&W paste (2 bondline thicknesses)
» EA 9696 film

— Adhesive Effects of Defects

T700/#2510 PW & EA9394 —PFS (70/6)
T700/3900-2 PW & EA9394 (SLS) (20)
» T800/3900-2 UNI & EA9394 (SLS) (20)
7781/NB321 8HS & EA9394 (SLS) (20)

v

v

v




Sample S-N Curves
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Sample S-N Curves wmw,
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Technigues
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Fatigue Life Shape Parameter

Adhesive Fatigue Scatter
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Aerodynamic
(side) loads

Vertical load

Disbond between
fuselage halves

OJointWeibull
CTD ‘ RTD ‘ RTW CTD ‘ RTD ‘ RTW CTD ‘ RTD ‘ RTW CTD ‘ RTD ‘ RTW
Loctite EA9696 PTM&W (0.06") PTM&W (0.16")
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Scatter Analysis Guidelines

Number of Sendecky]
Test Lives NAVY Individual  Sendeckyj (AS4/E7KS8)
) (AS4/ETK8) (AS4/ETKS) +Individual
1.200 - N (Adhesive)
- 1.00 1.177 1.096 1.099 1.102
f 1.25 1.161 1.066 1.081 1.088
1175 \ o _NAVY 1.50 1.148 1.041 1.066 1.076
- ‘\\ — — -CASA 2.00 1.127 1.004 1.042 1.058
_ \ AS4/ETK8 - C 2.50 1.111 1.025 1.044
1150 - \ \ AS4/ETKS - C+A 3.00 1.099 1.010 1.033
S YN T7001#2510 - C 4.00 1.079 1.016
i by T700/#2510 - G+A 5.00 1.064 1.003
B} \ 7781/#2510 - C 6.00 1.052
1.125 i \ 7781/#2510 - C+A 9.00 1.026
- 14.00 0.998
n - MSSP | 20.000 32.193 32.193 32.193
w 1.100 - MLSP |  1.250 4.056 2.475 1.880
- Ne | 13558 2.070 3.431 5.267
1.075 -
- Reduced test matrix
1.050 - .
- Factors affecting LEF
] Shared database
1.025 - : : :
. - Choice of analysis techniques
1.000 - AN ‘ ‘ ‘
0.0 2.0 4.0 6.0 8.0 10.0

Test Duration, N
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Test Spectrum Generation

Representative Design E I .
Details & Loading

° L I fe faCtO r | Modes for Structure |

» Load-enhancement factor |, e

A 4 A\ 4

° Truncatlon Ievels Strength Shape Life Shape
 Environmental factors

- OR - -oL-

100 = Life Factor
“Ng-
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80 - : e ®e Enhancement =
o 0000 s
- a ° Factor —_—
= 0w - LEF(Ng) - | /8
= 60 - sas A °— Design Load
E @e 4 a Spectrum i
= maam A a4 Environmental
5 40 ¢ ome s mu A; s o’a :—» Knockdown
"5 - _-—een o o e e Ee Ee iy Factor(s)
J o —'
X ASA/ETKS PW
10/80/10 -- Ult. (CAI)
00 - 20plies (500) -34.605 ksi Truncated
0/100/0 -- Ult (TAI) Load
20 plies (500) 17.799 ksi Spectrum
20 plies (1500) 15.118 ksi
0 ‘ Fatigue Test
1 10 100 1000 10000 100000 1000000 »  Spectrum
Cycles
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Hybrid Structural Substantiation

Metals:
severe flight loads result in crack-growth retardation

Composites:

severe flight loads significantly contribute to flaw growth in composite
structures and reduce the fatigue life

7
o
et
e
L]
7=
£
e
s

i

,
£

ke

N

b

7

7

B
75z
ot
5

£

i

B
o
e
T
i
i
i

52

7

¥
£

T
i

b3

2

2

7

o

5

e
¥
£

e

L

S,
s
PR,

*
e

L

&
=
2
&
&

o

i
S
R

R

o

i

o
o
£
o

7
7

F
5

i
£
£
ek

%
i
i
i

SR

2
H3
o
%
o
i
&
o
£
i
Eehy

.
f
Y

b

%
7

5

e

e

i

o

i

g
7
5
£t
o
£
e

A

,‘
i
-
-
7
£

it

o
e
2

i

-

g
7
i
5

¥
5
£

7=

e
5
%

‘,‘
L
-
-
7
£

i
i
2
i
i
i

5

5
i

e

7
i
b

__
s
L
S
o
%
3

i

i
o
o

i

7
et
%

T
G

5
S
5

b3
7

i

e
N
o

2
5
23
2
e

Exceedances
per 1000 flight
hours

T
i
et
R
i
Bt
i

High-frequency,
low loads

N =Ny < Ne N=N; <Nz N = Nz [or N¢] .
LEF(Ny) > 1 LEF(Ny) > LEF(N2) LEF = LEF(Ny) [or 1] <« Truncation
level(s)
(a) Combined load-life test (b) Combined load-life spectrum

Spread the high load cycles throughout the spectrum

(may require crack growth analysis for hybrid structures) Clipping level for
tensile loads

(metals)

!
:t‘...m erete

Clipping level for
compressive
loads (metals)

!

Must preserve the stress ratios

Low-frequency,
high tensile loads

Low-frequency, high
compressive loads

Compressive Tensile Load level
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Load-Life-Damage Hybrid
Approach

LLD Overview
Load-Life Shift
Application of LLD



Damage Scenarios

Categories of Damage & Defect Considerations
for Primary Composite Aircraft Structures

Category

Examples

Safety Considerations
(Substantiation, Management)

Category 1: Damage that may
go-undetected by field inspection
methods (or allowable defects)

BVID, minor environmental
degradation; scratches, gouges,
allowable mfg. defects

Demonstrate reliable service life
Retain Ultimate Load capability
Design-driven safety

Category 2: Damage detected
by field inspection methods @
specified intervals (repair scenario)

VID (ranging small to large),
mfg. defects/mistakes, major
environmental degradation

Demonstrate reliable inspection
Retain LLimit l.oad capability
Design; maintenance, mfg.

Category 3: Obvious damage
detected within a few flights by
operations focal (repair scenaiio)

Damage obvious to operations in
a “walk-around” inspection or
due to loss. of form/fit/function

Demonstrate guick detection
Retain LLimit LLoad capability
Design,-maintenance, operations

Category 4: Discrete source
damage known by pilot to limit
flight maneuvers (repair scenario)

Damage in flight from events
that are obvious to pilot (rotor
burst, bird-strike, lightning)

Defined discrete-source events
Retain “Get Home” capability
Design, operations, maintenance

Category 5: Severe damage
created by anomalous ground or
flight events (repair scenario)

Damage occurring due to rare
service events or to an extent
beyond that considered in design

Requires new substantiation
Requires operations awareness
for safety (immediate reporting)

AMTAS Spring 2006 Meeting

April 11, 2006

X { Federal Aviation
-/ Administration

REFERRENCE: llcewicz, L., “Composite Damage Tolerance and Maintenance Safety Issues,”

FAA Damage Tolerance and Maintenance Workshop, Rosemont, IL, July, 2006.
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Design
Load
Level
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CAT1

um%

1.5 Factor
of Safety

CAT2

o

CAT3

Limit

~ Maximum load
per lifetime

Continued
safe flight

A A 4

Allowable
Damage Limit

(ADL)

(CDT)

Critical Damage
Threshold

Increasing Damage Severity o,
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Load-Life-Damage (LLD) o ET—

Hybrid Approach

LOAD FACTOR

* Provide an opportunity
to further investigate
large VID without

____________ additional test articles

~ -~
-
i
-~
—

1=~ o
]

LIFE FACTOR

CAT2

AT * Incorporate the effects of damage to
scatter analysis

e Minimum risk of premature failure of full-
scale article

* Application to hybrid structure

DAMAGE



Load Enhancement Factors
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HON-GENERIC SPECIMENS
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LLD Approach - Example

« New Required Test Duration: n - 1_'\'_1;).,\.;

N
1
No Damage (LEF=1.033) LID (LEF=1.014) Total Load-Life Shift
Req. Test Req. Test
3.0 2.0 25 0.8 2.8
1.125 1
1.100 +
NJ Ny ——VID
1.075 | N IS L —tb
L T : E |
m
- ‘
1.050 - 1
1.025 A
1.000 ‘
1

Test Duration (N)
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Composite Test Issues

Progressive Failure
Flow Growth
Fatigue & Damage Tolerance
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Flaw Growth

« Compliance changeis a o Complex failure modes
function of material, layup, . Require extensive NDI

testdenwtronmlent, Iloatdlng « Variable B-basis (scatter) at
moge, stress fevel, eic. different stress levels

e Truncation levels
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Damage-Tolerance Element

Tests
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« Scatter analysis or flaw growth threshold

e Scaling
— Primary load path (LC)
— Load redistribution (SC)
e Loading mode
— Stress ratio
* Flaw-growth measurements
— Compliance change
— Stable or critical growth

Damaged Area (sq.in)
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Effects of Damage on a

« Damage Tolerance Element Tests

— Data scatter associated with final failure ;.
IS conservative or representative of
scatter at onset of damage propagation
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Full-Scale Validation
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Full-Scale Validation

Static
Damage Toleranc>I
Element I
ST001, ST002, ST003
Static Tests (CAT1) NDI
Full-scale
Impact Tests
BDLL
> NRLL
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I |
| | L
I I ‘ STO04(R
| T oy N oy L )
I I (CAT3>2)
[ [ |
I I \ 4
I I ST005 ST006 |
I Static Test (CAT3) ' Fatigue Test (CAT3)
I - -
—————————————— > Durability

Load-
Life Shift
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Certification

After 1000 ft-lb damage at FWS 66.5 (top skin — front spar)

Threshold of detectability
Extremely improbable energy levels

......

Detectability Windovx;lfor damage
infliction
for CAT3

Limit Load
Large

,~J/ ~——__ VID

BVID

Starship
Forward Wing
Front Spar

Realistic Extremely
Energy Improbably Energy
Energy
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Impact Trials

. Drop Drop Impact Energy
Location . Support ;
Spar (FWS) W(ellbg)ht Impactor Span (in) H?ilr?)ht in-Ib fi-lb Notes
Front 126.0 145 BoE\;\g;rg 12 20 580 48 \rllvc;l\)nsmle damage on the surface or on the
Bowling Steel no visible damage on the surface; some
Front 126.0 14.5 Ball base 80 1160 97 fracture along web-flange intersection
Bowling Steel no visible damage on the surface; some
Front 126.0 14.5 Ball base 110 1595 133 fracture along web-flange intersection
3-inch no visible damage on the surface; some
Front 112.0 31 Sphere 16 36 1116 93 fracture along web-flange intersection
3-inch no visible damage on the surface; some
Front 106.0 31 Sphere 16 80 2480 207 fracture along web-flange intersection
3-inch no visible damage on the surface; some
Front 51.0 31 Sphere 16 110 3410 284 fracture along web-flange intersection
Rear 78.7 31 S:%F')'r?g:‘e 16 72 2232 186  skin fracture + indent (web is not visible)
3-inch skin fracture + indent; no damage to web
Rear 54.7 31 Sphere 16 2 2232 186 (close to control surface mount)
Rear 1245 145 Bog\[/alllrg 16 72 1044 87 wgte]nt + possible 2.75” fracture in the rear
Rear 1145 20.5 BoE\;\g;rg 16 110 2255 188 wggnt + possible 5.5 fracture in the rear
10,0 - ) . Rear 102.5 455 Bowling 16 72 3276 273 indent + possible 8” fracture in the rear
] Ball web
g Rear 89.5 37.5 Ssr;lr?grhe 16 72 2700 225 skin fracture + indent (web is not visible)
R 255 S e < R ) - ]
2 Front 89.5 375 Ssr')'r:‘g:‘e 16 72 2700 225 f”rzc‘;fr'g'e damage on the surface; web
> 60 _ 3-inch Visible Damage on surface + fracture in
= ooy meact Rear 45.0 375 Sphere 16 72 2700 225  the web away from the control surface
i 40 mount
g
<
[a] _ - -
5 20 Front spar — no visible damage!!!
f(L P Locations: rear spar FWS 124.5,114.5,and 102.5
e Damages: BVID (no skin fracture) with possible large - -
ook’ | fecureinweb | | Rear spar — Skin fracture + small indent
0 50 100 150 200 250 300

Energy Level (ft-Ib)
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Impact Trials .,

FWS Mass Drop Ener
(Front | Wedge (Ib) Height (ft-It?)y Notes
Spar) (ft)
120.5 | 1-inch ~15 6 ~90 | Localized surface damage at wedge contact
line.
1-inch ~15 10 ~150 | Localized surface damage at wedge contact
line.
l-inch | 50.5405 10 ~505 | Localized surface damage at wedge contact
line. Web delamination/fracture.
108.5 | 3-inch | 50.5745 15 ~759 | Localized surface damage at wedge contact
line. Web delamination/fracture.
3-inch | 50.5745 10 ~506 | Localized surface damage at wedge contact
line. Web delamination/fracture.
Detectability Wimni:rv]vﬂfig{i Odsmage
A forCATs_’. e
Thin i
Parts
Large Limit Load
Digital tap hammer and

Forward Wing
Front Spar

bondmaster NDI revealed that the =
surface damage is localized and
contained within the contact area.
Severe damages to front web.

Realistic Extremely
Energy Improbably Energy
Energy
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 Damage to top skin at  Damages to front web
front spar (Impact (below the impact
location) location)

After 90, 150, and 500 ft-lb damages at FWS 120.5 (top skin — front spar)
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Wedge

 Damage to top skin at  Damages to front web
front spar (Impact (below the impact
location) location)

After 750, and 500 ft-lb damages at FWS 108.5 (top skin — front spar)
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Determination

0 20000 40000 60000 80000 100000 120000
0 L L L L I L L L L I L L L L I L L L L I L L L L I L L L I

Clamped:

« Conservation of energy!
— No energy lost!!! i S

4000 | \

— Equivalent spring model i

< 6000 -
— Impact factor § —
« Equiv. static load to W T
< 10000

66183 psi 112221 psi
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120000 -
L
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c RN
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B 60000 - RN
o
&
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20000 -
Bl
---------- a- cenaa
.
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Impact Energy (ft-1bf)
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CAT2 — Aft Spar (FWS 45) -

ST004 DaDT (Impact Damage)

- Inspections after
| 1.5DLT

REAR SPAR : T 1 1T : REAR SPAR
INBD o T [ d ouTBD
I = 7‘:&-
|74
. =
| |
823881388 LB8LREs gL LRIL3LRRR3IRRY
R R TR R R R
FWS 44
FWD
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CAT3 — Front Spar (FWS 65)

« STOO6 DaDT
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Cumulative Fatigue Unreliability

Reliability Analysis
Inspection Intervals
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Residual Strength

Degradation

e Sendeckyj Wearout Model: ar:a{(&j%_cmf_l)}s

e Linear Loss of Residual Strength: q:ae{"a‘“ej-nf

Nf(CTa)

26000 Linear loss of
e SR -7 residual strength

-
- -
== _ 4

24000
. Sendeckyj residual
. _ o strength
22000 e
S-N data
— fitted using Sendeckyj
‘m 20000 - ( g v
=
7
1
& 18000 - Stress level 1
16000 -
Stress level 3
14000 -
12000

1 10 100 1000 10000 100000 1000000 10000000

Number of Cycles



NATIONAL INSTITUTE FOR AVIATION RESEARCH

Cumulative Fatigue

Wichita State University

Unreliability (CFU) Model

e Constant amplitude example (LID)
» Experimental (Sendeckyj fit for test data):
— 10,000 (77.5% SS) & 800,000 (61.5% SS)

 CFU model (Sendeckyj residual strength):
— 9,625 (77.5% SS) & 799,625 (61.5% SS)

0.6 1

4
0 — — -Sendeckyj S-N

Sendeckyj RS
Linear Loss
0.2
POF
° LID Experiments

Normalized Stress/Residual Strength or POF

Normalized Stress/Residual Strength or POF

0.4 {
0.0 ‘ ‘ : — — -Sendeckyj S-N
0 5000 10000 150 Sendeckyj RS
Number of Cycles 0.2 1 Linear Loss
POF
* LID Experiments
0.0 " " " ; T
1 10 100 1000 10000 100000 1000000

Number of Cycles



NATIONAL INSTITUTE FOR AVIATION RESEARCH

Effects of CAT3 Damage

10 0.185 1
B = T T PR, SRR ;"; I""‘,‘ ™,
N v =20 0.180
0.8 5 =067 8 =1.00 PR
Load = 91% DLL Load =130% DLL ; oa7s | —L=L |
Prior to Impact =
i 8 a =20
g 06 RS ~DUL E 0.170 R=0.1736
_% : Mean/B-Basis = 1.0
T Category 3
Pol e |
RS~DLL : Repair 0.160
0.2 - 5 10 15 20 25 30 35 40
o
- Reliability of Residual Strength after CAT3
0.6 0.8 1.0 1.2 14 1.6 1.8
10
Operating Load / RS _ 2 =30
""""" B-Basis o X\ Load = 6156 DL
0.8 1 Load =87% DLL
Cumulative Fatigue Unreliability - 05
, F( a +1) ¢ 2 04
2-n
P, =1—exp _Zy( )_ a
' 2-n X, 0.2 1
0.0 : :
. 03 04 05 06 07 08 09 10 11
Pf = Z Pf_ 9 Pf >1-TR — Failure Operating Load / DLL

Effects of Shape Parameter of CAT3 Distribution
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Inspection Intervals

— Full-scale test fatigue spectrum
— Target Reliability = 0.90
» Critical Damage Threshold
« POF Threshold = 0.10

1.0 : ¥

0.9 1

0.8 1

Block D

0.7 4 counts
et
=)
'LcLTs 0.6 Original CFU curve
(Y-
o ll
> 05
= [(( 1 count
=
2 0.4
S ("\é
o ( \\ s\_\

0.3 Block C -\\ \ \\‘

3 counts R
0.2 o 90% Reliability CFU curve
Target Reliability, R=0.9 with inspection intervals
| e — — |
0.1 “—W count m 1 count V
1 count
0.0
0 20000 40000 60000 80000 100000 120000 140000 160000

Number of Cycles (ns)
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Damage Evolution
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Axial Strain (microstrain)

Axial Strain (microstrain)

FWS (in)
0 10 20 30 40 50 60 70 80 90
0 L
_500 - +NRLL
—o—50.0%
1000 - go0%
—4—170.0%
-1800 - 75.0%
—»—80.0%
-2000 -  _«—85.0%
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—=—94.0% ) ) i
-3000 - ——95.5% Load Redistribution
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+NRLL
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—=—192.0%
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Damage Propagation during

Residual Strength Test

-200 +

-400 +

-600 4

-800 4 +NRLL

Axial Strain (microstrain) .

T e
Load(lb)i
0 2000 4000 6000 8000 100:1)0 ]20(}O§ 14000 16000 18000
N ‘ "BDLL | NRLL 'i ' ?_\'RL'L‘ ~/
-200 1
-400 4 s/
£ ol N Damage progression along aft spar (top skin)
g ) of ST004 (CAT2 damage) during residual
= -800 A | | -
| RN A strength test after 2-DLT cyclic test
-1000 1 ——AIl8 T/ e
1000 . {
-1200 A

-1400 -
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Load Enhancement Factor

Integrate design specific details gained from coupon and
subelement tests into the LEF approach

— Layup, loading modes/R ratios, Environments, .. pEESIRNS
— Bonded joints, interlaminar shear, sandwich, ..

e Address evolution/maturity of material systems,
manufacturing processes, test technigues, etc.
— Reduced test matrix
— Shared database concept
* Realistic analysis approach for scatter
— Appropriate analysis techniques for diverse design details
— User-friendly automated procedures

— Notch effects on scatter for damage tolerance testing
 Adhesive scatter is a concern (reliability!!!) '
« Application of LEF o !

* Hybrid structures S

e

3'\_ r"- = O oo emm emm )
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Load-Life-Damage Approach

Incorporation of damage into scatter analysis
— Investigate large VID damaqe |

— Scaling
— Detectability * ‘% ‘I *i

e Load-Life Shift

— Investigate different categories of damages/repairs in the same full-scale test
article damage

— Design change substantiation, i.e. gross weight increase
— LEF during certification vs. improved LEF
— Life extension or determination of retirement life

5-
«-Damage Threats and Inspections -
/" /)~ Probability of threats/occurrences V.
<" — Probability of detectability

— Mitigate risks of unintentional failure
* Inspection intervals using CFU model (cost and reliab
« Strategic placement of health monitoring equipments
* Progressive damage analysis (NLFEA) or scaled component tests
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Questions/Notes

— Contact information:
 Email: waruna@niar.wichita.edu

TSI

WICHITA STATE
UNIVERSITY RESEARCH DESIGN  TESTING / CERTIFICATION






