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1.0 EXECUTIVE SUMMARY

The overall goal of the Airframe Digital Twin program is to improve the accuracy of
structural diagnosis and prognosis in order to make better maintenance decisions. This is
accomplished by more realistic structural analysis models of fatigue crack growth, including a
variety of sources of uncertainty into predictions, and fusing usage and inspection data to update
and reduce uncertainty in predictions. The integrated models comprise the Prognostic and
Probabilistic Individual Aircraft Tracking framework. A set of methods for uncertainty
quantification and updating form the basis of the framework. Modularity allows the methods to
be easily applied to other platforms and reliability problems. Uncertainty in input parameters and
output variables can be described by parametric and non-parametric probability distributions.
Criteria for performing inspections can be established based on probabilities of events or known
schedules.

The primary objective of the Airframe Digital Twin Task Order 0002 is to develop the
requirements and plans for the experiments to demonstrate the Scalable Accurate Flexible
Efficient Robust (SAFER) - Prognostic, Probabilistic Individual Aircraft Tracking (P?IAT)
process developed in Task Order 0001, and to prepare two fighter aircraft wings to be used in the
demonstration experiment. The demonstration experiment will consist of scheduled cyclical
loading of two wings to simulate flight conditions. At regular intervals, the wings will be
inspected and the test data will be fed into the SAFER-P?IAT framework.

The requirements, plans, and development efforts for the full-scale experiment are provided.
A baseline set of predictions from the SAFER-P?IAT framework is also provided to demonstrate
the performance of the method.
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2.0 INTRODUCTION

The first task in the Prognostic and Probabilistic Individual Aircraft Tracking - SAFER-
PZIAT is the development of probabilistic aircraft usage and loads, followed by the probabilistic
structural reliability analysis, statistical updating, and decision making analysis. A report
number, AFRL-RQ-WP-TR-2016-0140 [1], has been submitted documenting the engineering
analyses modeling efforts in building the SAFER-P?IAT framework.

The second task order (Task Order 2) in the Airframe Digital Twin program is the
development of the requirements and plans for the full-scale ground test experiments that
demonstrates the SAFER-P?IAT framework developed in the first task. The second task includes
the following objectives:

Selection of locations to be tracked: Select a list of locations to be tracked by the
P2IAT framework during the experiment. These locations are referred to as Control
Points (CPs). Each control point will be chosen as a result of a rigorous all-source
analysis of critical locations on the wing. The geometry for each CP is to be fully
investigated and inspected- complete with structural analyses and crack growth
models.

Wing load application: Develop actuator layout and loads for the outer wing that
adequately represents the maneuvers in the probabilistic load spectrum developed in
Task Order 1 of the program. Design the loading equipment and test fixtures, along
with a defined jack-load actuator sequence in a baseline Master Event Sequence
(MES) from which the demonstration experiment load spectrum will be created.

Conversion of test spectrum to flight recorder data: Build a model capable of
translating the flight recorder data (FRD) to the appropriate wing loading
configuration. This translation will allow for simulated flight data generated during
the experiment. Each ‘maneuver’ in the MES will be represented by a set of loads
and corresponding actuator positions.

Instrumentation and data acquisition: Determine the instrumentation necessary to
monitor the condition of the wings during the entirety of the experiment. The goal is
to quickly ascertain the condition of each wing without stopping the test. A primary
focus is set on safety of test. Acquire and install all internal instrumentation
(sensors, wiring, and data acquisition equipment) necessary for the test.

Inspection plan: Develop a plan for inspecting the Control Points for fatigue crack
growth during the experiment. Create an inspection plan that identifies the locations
to be inspected, the frequency of inspections, and details on the inspection technique.
Include all sensor information- including data, calibration procedures, location and
orientation of the sensors.

Finalize P2IAT for all control points: Finalize the P’2IAT framework in its entirety
for the Control Points selected in Task Order 2. Build probabilistic stress models
(fine-grid or coarse-grid) for each control point. Use the stress models to build
probabilistic stress intensity factor (SIF) models for direct implementation into the

2
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P2IAT framework developed in Task 1. Use the finalized P’IAT framework to
perform initial baseline crack growth forecasts for all the control points.

The successful completion of Task Order 2 culminates in the execution of the PZIAT
framework on the control point locations to be tracked during the ground-test experiment.
Running the P2IAT framework and calculating baseline crack growth predictions provides a
first-look at how the software will perform during the experiment. The following Task Order
2 final report will discuss the goals and accomplishments of each of the objectives (or
subtasks) outlined above.

3
DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited.



3.0 CONTROL POINT SELECTION

The CPs to be monitored during the ADT wing test are to be selected per the following four
criteria (in order of highest to lowest priority):

e Cracks found during full-scale durability tests (FSDT), i.e., locations with known
cracking from the FSDT

e Inspectability — i.e. locations at which NDI is possible. The aircraft specific
inspection technical order was used to aid in criterion.

¢ Finite Element Analysis (FEA) Survey — i.e. locations for which the medium grid air
vehicle finite element model (AV FEM) indicates high stresses when subjected to a
reference load case (+8.4g symmetric pullup maneuver)

e Short life indicated in legacy Damage Tolerance Assessment (DTA) reports— i.e.
locations at which comparatively short fatigue crack growth life was predicted during
previous DTAs.

Whether cracks are found or not during full-scale durability tests is the primary source for
selection of the control points, followed by accessibility for NDI inspections. The FEA survey
under multiple load cases using the AV FEM analysis is used to consider the high stress
locations. Finally, the short life indicated in the DTA report is also considered as one of the
important criteria in refinement of the control points. Another primary source of information for
the selection and detailing of control points is the engineering drawings of the wing where the
location, shape, nominal dimensions and manufacturing tolerances (for uncertainty propagation)
can be obtained.

The control point selection process resulted in the selection of ten locations. Using the four
criteria above, and after coordination with both AFRL and the Northrop-Grumman (NGC) team,
ten CPs (labelled GEO1 through GE10) were selected, as shown in Table 1 / Table 2 and Figure
1. As shown in Figure 1, five of the GE CPs are common with NGC CPs. Geometry details of
the control points are provided in Table 3. Data and photographs for each of the ten CPs are
shown in Figure 2 through Figure 11. CP locations in these figures are listed in terms of the
fuselage station (FS), butt line (BL), and wing station (WS) values.

4
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Table 1. IAT Control Point Summary

Control Cracking Inspection
Point Location History Flaw Details Instrumentation
GEO1 Lower wing Crack Corner crack at PAUT and SEC 10 ksi
skin, fastener found at fastener hole in from the outside
hole common | this location | wing skin. (1% lower surface
to XW206 rib, during layer
first hole FSDT corner crack at
forward of main faying surface)
spar
GEO02 Aft lower wing No known | Surface crack in Inspection from 40 ksi
skin at aft cracks fillet radius at outside using EC
closure spar, during thickness step. possible due to
Thickness step FSDT. Consider 0.045” thickness.
approx. XW No known installation of Crack gage placed
157 cracks in pre-flaw at test on starter notch.
the fleet. start.
GEO3 Lower wing Crack Corner crack at Same as GEO1 16 ksi
skin trailing found at fastener hole in
edge. 16,000 wing skin
Fastener hours
hole common during
with aft closure FSDT
beam, 3rd hole
outbd from
XW155
GEO4 Lower trailing No known Single corner PAUT and SEC 32 ksi
edge wing skin, cracks crack at from the outside
at rear spar during fastener hole lower surface
FSDT. (crack at faying
No known surface).
cracks in Interference fit
the fleet. fastener
GEO05 Lower wing Crack Corner crack in PAUT from the 25 ksi
skin forward found at radius outside;
edge thickness 18,100 Crack gage placed
step at XW 158 hours at edge of flange or
during OML surface
FSDT
GEO06 Lower forward Crack Corner crack in Same as GEO1 9 ksi
wing skin, found at fastener hole
1st fastener 18,100 (1st layer corner
inboard from hours crack at faying
XW 188; fwd during surface)
from 2nd FSDT
stringer from
leading edge
5
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Control

GEO7

Table 2. IAT Control Point Summary (continued)

Location

Lower forward

Cracking
History

No known

Flaw Details

Single corner

Inspection
Instrumentation
PAUT and SEC from

wing skin at cracks crack at fastener the outside lower
front spar during hole (crack at surface.
FSDT. faying surface).
No known Interference fit
cracks in fastener.
the fleet.
GEO08 | Aft lower wing | No known Corner crack in | PAUT and SEC from 22 ksi
skin under the cracks fastener hole. the outside lower
aft spar, during surface.
fastener hole FSDT.
at XW 162 No known
cracks in
the fleet.
GEO09 Main spar, No known Corner crack at | PAUT and SEC from 25 ksi
fastener hole cracks fastener hole in the inside through
in lower during spar cap access port in upper
flange at FSDT. (1st layer corner skin
approx. No known crack at faying
XW168 cracks in surface)
the fleet.
GE10 Lower aft Broken Corner crack at Same as GE1 20 ksi
wing skin at ligament fastener hole in
main spar, 5th found at wing skin
fastener from 18,100 (1st layer corner
XW155 hours crack at faying
aft from main during surface)
spar FSDT
6
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GEO09 (spar) GEOS5 (skin)

GE10 (skin) GEO7 (skin)

GEO8 (skin)

GEO06G (skin)

GEOS3 (skin)

GEO1 (skin)

o

OUTBD

GEO04 (skin)

Figure 1. IAT control point summary
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Parameter

width (in):
diameter{in}:
edge distance (in}:
height (in):
thickness (in}:
joint type:
analysis lacation:
fastener fit:

Parameter

width (in}:
diameter{in}:
edge distance (in):
height {in}:
thickness (in}:
joint type:
analysis location:
fastener fit:

GEOL
2
013
0.4
10
0.1z
single shear clamped
bottom (faying) surface
neat-fit (default)

GEDG
2
013
0.4
10
0.1z
single shear clamped
bottam (faying) surface
neat-fit (default)

Table 3. Control point geometry details

GED2

GEO7

single shear clamped

GE03
4 2
0,13
0.4
10 10
0.043 0.16

M/ single shear clamped
M bottom (faying) surface

M neat-fit {default)
GED8

2 2

n.19 n.1a

0.4 0.4

10 10

n0.134 n.109

single shear clamped

bottom (faying) surface bottom (faying) surface

neat-fit (default)

neat-fit (default)

GED4
2
n.1s
0.4
10
0.075
single shear clamped
bottom (faying) surface
neat-fit (default)

GEO9
2
n.1s
0.4
10
0,235
single shear clamped
bottom (faying) surface
neat-fit (default)

*width and height measurements are engineering estimates of applicable regon of influence limits
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GE0S

10
0,045
NEEN
(NEEN
NEEN

GELD
2
n.1s
0.4
10
0.14
single shear clamped
bottom (faying) surface
neat-fit (default)



GEO1 - Wing Skin, Lower, Forward, Fastener Hole at XW206 Rib

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point {mg-FEM) Details Instrumentation
GEO1 F5 = 650.0 Crack found at this location | g, =15 ksi Single corner crack at PAUT and SEC from the
BL=2058 during FSDT ﬁ%g symmetric fastener hole lcrock at outside lower surface

WL = 125.0 pullup] faying surfocel.
Meat-fit fastener type.

Figure 2. GEO1 control point details
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GEO2 - Wing Skin, Lower Trailing Edge, at Aft Closure Spar at XW157

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point (mg-FEM) Details Instrumentation
GED2 FS=6717 Mo known cracks during o in = 40 ksi Surface crack in fillet rodius | SEC Inspection from
BL=159.0 FSDT ﬁ%&g symmetric ot thickness step. outside. Crack goges on
WL=125.7 Mo known cracks in the pullup] lcrock ot interior surfacel. expected crack path on
fleet. inside.

Figure 3. GE02 control point details
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GEO3 - Wing Skin, Lower Trailing Edge, Fastener Hole at XW158

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point {mg-FEM) Details Instrumentation
GEQ3 F5=673.4 Crack found ot 16,000 Grmenepen = 16 ksi Single corner crack ot PAUT and SEC from the
BL = 155.0 hours during FSDT (LC: +8.4g symmeetric fastener hole (crock at outside lower surface
WL = 1258 pullupl faying surface).
Interference-fit fastener.

AFT

N N N I

Figure 4. GE03 control point details
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GEO4 - Lower Trailing Edge Wing Skin, Fastener Hole at Rear Spar

Control Location Cracking History Ref. Stress Geometry [ Flaw Inspection
Point {mg-FEM) Details Instrumentation
GED4 FS = 656.7 No known cracks during a in =32 ksi Single corner crack at PAUT and SEC from the
BL=167.7 FSDT. [Lt”:“+§fﬁg symmetric fastener hole [crack at outside lower surface
WL=125.1 Mo known cracks in the pullupl faying surfacel.
fleet. Interference-fit fastener.

Figure 5. GE04 control point details
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GEOS - Lower Wing Skin, Fwd Edge Thickness Step at XW156

Location Cracking History Ref. Stress Geometry / Flaw Inspection
{mg-FEM) Details Instrumentation
GEO5 F5= 580.8 Crack found at Gmaipein ™ 25 Ksi Corner crack in radius PAUT and SEC from the
BL=159.8 18,100 hours during FSOT [LC: +8.4g symmetric outside;
WL=124.8 pullup) Crack goge ploced ot edge
of flange or OML surface

Figure 6. GEOS5 control point details
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GEO06 - Lower Wing Skin, Fastener Hole, XW188 Rib

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point {mg-FEM) Details Instrumentation
GEOG FS=613.3 Crack found at G =9 ksi Single corner crack at PAUT and SEC from the
BL =187.7 18,100 hours during FSDT ﬁf‘f#ﬁ.ﬁg symmetric fastener hole [crack ot outside lower surface

WL =124.6 pullup) faying surfacel.
Meaot-fit fostener,

Figure 7. GE06 control point details
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GEO7 - Lower Forward Wing Skin, Fastener Hole at Front Spar

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point (mg-FEM) Details Instrumentation
GEO7 F5=5918 Mo known cracks during Gman-pen = 20 ksi Single corner crock ot FAUT and SEC from the
BL=169.7 FSOT. Elf:”-“r-qﬂ..‘hg symmetric fastener hole crack at outside lower surface
WL=12467 | Mo kmown cracks in the pullupl faying surface).
fleet. Interference fit fostener.

view looking aft

Figure 8. GE07 control point details
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GEO8 - Lwr Wing Skin, fastener hole at XW162 (under aft spar)

Control Location Cracking History Ref. Stress Geometry / Flaw Inspection
Point {mg-FEM) Details Instrumentation
GEOS FS=651.9 Mo known cracks during g o =33 ksi Single corner crock ot PAUT and SEC from the
BL= 1615 FSDT. [Lff'+§.hg symmetric fostener hole (crack ot outside lower surface
WL =125.0 No known cracks in the pullup) faying surfocel.
fleet, Interference fit gstener,

3 . -
View looking forward
and down

Figure 9. GE08 control point details
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GEO9 - Main Spar, Fastener Hole in Lower Flange at XW168

Control Cracking History Ref. Stress Geometry / Flaw Inspection
Point {mg-FEM) Details Instrumentation
GEO0S F5=627.5 No known cracks during o in =25 ksl Corner crack at fastener PAUT and SEC from the
BL = 168.54 FSDT. [LE':”+E.£.Q symmetric hole in spar cap inside through access port
WL = 124.7 No known cracks in the pullup) (1% layer corner crack at in upper skin
fleet. faying surface)
Interference fit fastener.

Figure 10. GE09 control point details

17
DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited.



GE10 - Lwr Aft Wing Skin, Fastener Hole at XW164 (under main spar)

Control Location Cracking History
Point

Ref. Stress

Geometry / Flaw

Inspection
{mg-FEM)
GE10

Details Instrumentation
FS=625.5 Broken liggment g in =20 ksi Corner crack ot fostener PAUT and SEC from the
BL = 165.5 found at 18,100 hours ﬂ%ﬂg symmetric hole in wing skin
WL = 1247 during FSDT

outside lower surface
pullup]

(1% layer corner crack at
faying surfacel

T L [CL T L R

Figure 11. GE10 control point details
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4.0 WING LOAD APPLICATION

One of the activities in Task Order 2 was to develop an actuator layout and applied loads to
reproduce the bending, moment, and torque for the maneuvers in the baseline MES for
application to the outer wing during the demonstration experiment. This baseline load spectrum
needs to adequately represent the probabilistic load spectrum defined in Task Order 1, and
ensure meaningful fatigue damage with no catastrophic failure during the entirety of the test.
The wing load application task includes supporting AFRL in developing and designing test
article loading and test article fixtures. Full test procedures and additional details on the Wing
Load Application task is documented in the Test Requirements Document DI-MISC-80711A/T
and available in Appendix H.

4.1 Test Load Cases

Each load case in the ADT baseline spectrum is defined as a linear combination of a pure
moment and pure torque limit load case. The eight (five unique) limit load cases were defined
based on the moment vs. torque content of the version 5 MES. The maximum and minimum
moments and maximum and minimum torque values are shown in Figure 12. The wing station 3
location is defined as the location 24.3 inches outboard from the inboard-outboard transition
location (XW155) along the main spar. (Note that Sta.3 torque values less than -3.5E5 in-lb and
greater than +3.5E5 in-lb were deemed to be unsafe for the test article and were excluded). The
span-wise distributions of moment, shear and torque for each of the five unique limit load cases
are shown in Figure 13 through Figure 27.
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Wing Station 3 Bending Moment vs Torsion

Cond 3 Pure Moment Cond 1 Pure Marnent
1.23e6 In-Lbs —, 1.115e6 In-Lbs
1K, (0K bend
-
5 3 &
Cond&Pure Torque 1,600, (X ; Cond2 PureTorque
-3.5e5 In-Lbs ob 355 In-Lbs
B0, 000 P - .‘
- * ‘...'-‘ .' *
é 00 ! P.H. 4 C
£ & ° * o ! h
s . ‘: '*“' W - J . ]
E “"E ' 3 0 & Left WWing
5 e Pl : i CIRight Win
E 00,000 H'i“..": 2 » - Tl Right Wirg
I - Hy 3
= & [ 3
[ =4
U [}
= i ] i L k] a0 ([ o0 4] 200000 S0 00 Skl a0 D) 100, D0
{0 DX L * h -
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ESngEEIPquEanque LA » - Cond 3 Pure Torgque
=Aboedin-Lbs
—TM,_\—\_’ - 3565 In-Lbs
Cond& Pure Moment i
-7.5e5 In-Lhs L Down bend Cond 7 Pure Mament
M_\ | 7565 In-Lbs
"‘—-—-_& *_._.-
RO, DO)
Tarsion (in-1b)

Figure 12. Wing station 3 moment vs. torque diagram for maneuver load cases
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Wing Bending, In-Lb

-25E+05

2.0E+06

Wing Bending
Condition 100101

1.8E+06 \

1.5E+06

1.3E+06

1.0E+06

L_;__.ﬁ__.__ el

ai| mmwr LoAD

Har, B :5 e i ouuws T
=

—— et

7.5E+05

Load reference axis is the Main Spar —
reference plane

5.0E+05

2.5E+05

0.0E+00

Wing Statipn 3

20 40 60 80 100 120
WS (LRS2), In

Figure 13. Moment vs. wing station for limit load case 100101 (Cond. 1)
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Wing Shear, Lb

3.5E+04

3.0E+04

2.5E+04

2.0E+04

1.5E+04

1.0E+04

5.0E+03

0.0E+00

Wing Shear
Condition 100101

Wing Station 3

0 20 40 60 80 100
WS [LRS2), In

Figure 14. Shear vs. wing station for limit load case 100101 (Cond. 1)
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Wing Torque, In-Lb

4.5E+05

3.5E+05

2.5e+05

1.5E+05

5.0E+04

-5.0E+04

-1.5E+05

-2.56405

-3.5E+05

-4.5E+05

Wing Torque
Condition 100101

Wing Statipn 3

20 40 WS (LRS2), In 60 80 100
Figure 15. Torque vs. wing station for limit load case 100101 (Cond. 1)

23
DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited.

120



Wing Bending, In-Lb

Wing Bending

Condition 100102
2.0E+D6

1.BE+D6

1.5E+06

1.3E+06

1.0E+D6

7.5E+05

5.0E+05

2.5E+05

0.0E+00 1] .

LI TTTTT seeet o

Wing Statjon 3

=2.5E+05

0 20 40 Ws (LRs2), In 0 0 100

Figure 16. Moment vs. wing station for limit load case 100102 (Cond. 2)
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Wing Shear, Lb

3.5E+04

3.0E+04

2.5E+04

2.0E+04

LSE+H4

1.0E+04

S.0E+03
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Wing Shear
Condition 100102

Wing Station 3

20 40 60 80 100
WS (LRS2}, In

Figure 17. Shear vs. wing station for limit load case 100102 (Cond. 2)
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Wing Torgue, In-Lh

4.5E+05

3.5E+05

2.5E+05

L.5E+05
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Figure 18. Torque vs. wing station for limit load case 100102 (Cond. 2)

26
DISTR