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EXECUTIVE SUMMARY

This report provides a veew of aeronautical fatigue and structural integwiyrk carried outin
Canadaduring the periodrom April 2019 to April 2021. The review isa collection of multiple
work summarieshatwere provided byCanadianndustral partnersuniversitiesand gwernment
organizationsAll aspects of structurahtegrity, especially fatigueelated work are covered
including full-scale teshg, aircraft structural integrity program and fleet managemkfet,
assessment and enhancemdwmad and usagemonitoring structural health monitoringhon

destructive inspectigrenvironmental effestandnew material and manufacturing

This national review will be presented at tinst International Committee on Aeronautical Fatigue
and Structural Integrity (ICAFWebinar (https://www.icaf.aero/next_event.phpn June 30",

2021 The whole report will be archived on the ICAF permanent website

(https://www.icaf.aero/inderhp).
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1.0 INTRODUCTION

Canadiarnindustrial partnersuniversities and governmeagencies were solicited for information
describing their fatigue technology and structural integrity related activities over the foennd
April 2019 to April 2021. This reviewcovers work performed or being perfornsdthe following
organizationgincluding somenon-Canadiarcollaborative organizatiofs

1 Bombardier Aerospad@A)
o Aircraft Structural Integration
L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 MAS)
JPWK Aerospace, Canada
Cranfield University UK
Dalhousie Uniersity
Ecole de technologie supérieure (ETS)
King Saud University, Saudi Arabia
Laval University
o Department of Electrical and Computer Engineering
National Institute of Technology, India
RyersonUniversity
o Department of Mechanical and Industrial Enginegprin
Royal Military College of Canada (RMC)
Southwest University, China
Shanghai Jiao Tong Universjt€hina
University of Alberta
o Department of Chemical and Materials Engineering
9 University of British Columbia (UBC)
o Intelligent Sensing, Diagnostics, and gnostics Research Lab
1 Department of National Defence (DND)
o Defence Research and Development Canada (DRDC)
o Directorateof Technical Airworthiness and Engineering Support (DTAES)
0 Quality Engineering Test Establishment (QETE)
0 Royal Canadian Air Force (RCAF)
9 National Research Council Canadarospace Research CenftNRC Aerospace)

=4 =4 =8 -8 =881

= =4

=A =4 =4 =

Names of contributors (where available) and their organizations are included in the text of this
review. The full addresses of the contributors are available throughQAE Canadan National
Delegate at:

Min Liao, Ph.D, Principal Research Officer
Group Leader Structural Integrity
AerospaceNational Research Council Canada
1200 Montreal Road, Building M14

Ottawa, ON, K1A OR6, Canada

Email: Min.Liao@nrccnrc.gc.ca
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2.0 FULL -SCALE STRUCTURAL AND COMPONENT TESTING

2.1 Global 7500 Durability and Damage Tolerance Tests

Sanjeev Visvanatha, Bombardier Aviation, Aircraft Structural Integration

The Global 7500 Complete Aircraft Durability and Damdgderance (DADT) Test started in
November 2017 at BAEX (Bombardier Aerospace Experimental Department) in Montreal,
Canada. The structural testing was completed in February 2020 after successful completion of the
test objectives.

B N VESARRY . N ey
b\ ] . =

AN/

p

an

Figure 1 Global 7500 durability and damage tolerance testmn Montreal, Canada

The main objective of the test is to demonstrate the damage tolerance and fatigue characteristics
of the metallic components of the Global 7500 airframe as well as to deatensirWidespread
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Fatigue Damage (WFD) over the Design Service Goal of 17,000 flights. Other objectives include
validation of:

1. Crack growth models for primary metal structure
2. Inspection techniques and intervals
3. Typical repairs and allowable damage limits

The main components covered by the Complete Aircraft DADT Test: complete fuselage, wing,
engine mounts, vertical stabilizer and metallic parts of the horizontal stabilizer. It also covers all
doors, landing gear interfaces, as well as the control sugiad high lift device attachments and
backup structures within the wing box and empennage boxes.

Figure 2 Overall setup of the Global 7500 complete aircraft DADT test

The aircraft structure was subjected to a total of 51,098t ftycles, which represents three times
the Design Service Goal (DSG) of the aircraft. The test program is divided into 3 phases of testing
and a final phase for teardown inspection:

1. Phase 1 Durability testing: Two DSG of flight cycles (34,000 totiajiits) will be applied
to the test article which include typical manufacturing ansgeirvice damage and repairs
(Completed).

2. Phase 2 Damage Tolerance Testing: One DSG of flight cycles (17,000 flights for a total
accumulated count of 51,000 flights) Wk applied to the test article with the presence of
artificial damage at specific PSE locations (Completed).
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3. Phase 3 Residual Strength Testing: A series of residual strength tests will be applied to
the test article to demonstrate the structural intiegf standard repairs, confirm the critical
crack lengths of the Damage Tolerance Analysis, validate secondary load paths, and
demonstrate freedom from Widespread Fatigue Damage (Completed).

4. Phase 4 Teardown inspection and targeted Widespread Fatiqaraage inspections
(Completed).

Figure 3 Closeup of wing test setup
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Figure 4 Closeup of fuselage test setup

Three missions with four flight types are applied to the test article. These missiongdvered

and truncated to an equivalent of 199 end points, on average, per flight. Number of cycles required
for Entry-Into-Service was reached at end of Dec 2017. It completed 2 lifetimes (34,000 flights)
of cycling in February 2019. The remaining thirtetime (total accumulated count of 51,000
flights) was completed in July 2019.

After completion of three lifetimes of testing, critical limit load cases were applied in the presence
of natural and artificial damage to demonstrate Residual Strength dgpeabithe airframe.
Application of limit load cases also allowed demonstration that there was no Widespread Fatigue
Damage on the structure. This was completed in February 2020.

In addition, there are multiple Durability and Damage Tolerance (DADT) Bdmsits for
components not covered on the Complete Aircraft DADT Test. Below is a list of the main rigs.
These bench tests are completed and were tested for 51,000 flight cycles and followed the same
testing program as the Complete Aircraft DADT Test.
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Table 1 List of subsequent metallic test rigs

TEST RIG (Metallic)

ENGINE MOUNTS (FWD AND AFT) AND THRUST FITTING DADT TESTS

SECONDARY HSTA FITTING DT TEST

ELEVATOR METALLIC COMPONENTS AND REAR SPAR FITTINGS DADT TEST

RUDDER METALLIC DADT TEST

INBOARD FLAP DADT TEST

OUTBOARD FLAP DADT TEST

SLAT DADT TEST

AILERON METALLIC PARTS DADT TEST

SPOILER DADT TEST

WINGLET ROOT JOINT DADT TEST

Both Inboard and Outboard flap Durability and Damage Tolerance Tests are performed at BAEX
in Montreal, Canada.
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Figure 6 Outboard flap test rig
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Both flaps are moving to various deployment angles during fbgktight spectrum to match
more accurately interée loads.

As the Global 7500 structure is fabricated utilizing various metal alloys as well as Carbon Fiber
Reinforced Plastic (CFRP) for its primary structure, other test rigs are being used to evaluate the
durability and damage tolerance characteristitie composite structure. These rigs are following

a different testing program. Below is a list of the main rigs.

Table 2 List of composite test rigs

TEST RIG (Composite)

AILERON STATIC AND COMPOSITE DADT TEST

ELEVATOR STATIC AND COMPOSITE DADT TEST

RUDDER STATIC AND COMPOSITE DADT TEST

HORIZONTAL STABILIZER AND HSTA ATTACHMENTS STATIC AND
COMPOSITE DADT TEST

In conclusion, multiple Global 7500 DADT test rigs were completed in support of the Global
G7500 Type CertificationThree aircraft design lives (51,000 flight cycles) were simulated to
ensure the metallic structure meet the Damage Tolerance certification requirements, the
requirements for Entrjnto-Service as well as customer expectations.

2.2 F/A-18 Outer Wing Front Spar Maintenance InduceDamage Fatigue Test
(NRC/RCAF/L 3 MAS)

Eric Dionne, NRC Aerospace

The NRC Aerospace Research Gerns currently fatigue testing an outer wing thas modified

by L3 MAS (L3 Technologies MAS, Inc., a subsidiary of L3Harris Technokgiec) to solve

the majority of the Maintenance InducBamage (MID) found on th€F188 fleet outer wing
(Section3.1.2. The test article is designated as FT390 and has accumulated 4,572.8 CFH
(component flight hou)sof in-service usage prior to modification incorporation. This test article
was selected because it had MID and no fatigue cradksh was representative of the majority

of the fleet findingsMore details 6the MID and blend repair by MAS are described iBection

3.1.2

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 17



LTRSMM20210120
Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22091)

The front spar area near the OLEF transmission lugs MID is likely originatingtfrense of
unapproved tools to remove sealantiSIMID is located in an area where stress risers already
exist which,when conined will result in a much shorter fatigue life and premature cracléng.

blend repair removes MID and very small cracks. Larger cracks are to be addressed via a separate
deeper blend that is not addressed by this test.

Figure 7 Typical Maintenance Induced Damage and Inspection Area

The aim of this test is to determine the fatigue life of this blend repair, generate crack growth data
and demonstrate residual strength. The blend repair will be subject to a maximum of 16909.2 SFH
(simulated flight hoursj44 block of 384.3 FH) of fatigue cycling and a 120% Design Limit Load
(DLL) demonstration at end of test.

For economical reason, DND chose to recysiexisting Inboard Leading Edge (ILEF) fatigue
test rig and incorporate ontginor changes. As a result, four jacks on the Outboard Leading Edge
Flap (OLEF) were added. The inner wing and outer wiege both installed invertecand
connectedo a reaction structure. The wing fold and OLEF transmission were both installed to
ensurerepresentative load transfer to the test area. The fatigue loads are apphiedupper
surface othe OLEF using a push/pull actuator seflipe gplied load are reacted by four jacks
installed on the inner wing as well as the reaction structure anahef the wing.
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Figure 8 Test Rig

The spectrum is tailored to match the OLEF hinge moment loads which were shown to be the main
stress generator in the repair area. The spectrum also contains dderstant amplitudmarker

block patters aimed at aiding the derivation of a crack growth curve through quantitative
fractography(QF).

OLEF inboard and outboard hinges were both calibrated to determine and validate load transfer
into the test area.

Figure 9 Location of Inboard and Outboard Hinges

The test area was initially inspected via Eddy Current (EC) and Réfli®%avas then inspected
after every block using EC. Monitoring lines were added throughout the spectrum to detect any
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trends developig in the strain gauge response. The test article has 30 strain gauges and 6
displacement transducers.

All testing is carried out at the Structural Integrity Laboratory, Building4 NRC Aerospace
Research Centre, Montreal Road Campus in Ottawa, On@aitada. The fatigue test started in
May 2021 and ischeduledo be completed in July 2021.

2.3 F/A-18 Inner Wing Step Lap Joint Residual Strength Test
(NRC/RCAF/L 3 MAS)

Eric Dionne, NRC Aerospace

The NRC Aerospace Research Gemill perform a static & on a US Navy (USN) wing with a
disbond in the lower Step Lap Joint (SLJ). The test article is designated as FT63 based on the inner
wing serial number that was donated by the USN. This test is a collaborative project between the
RCAF, armasuisse and tHdS Navy. Other counts participating in the F/A18 Fighter
International Structural Integrity Forum (FISIF) are also contributing to this test.

Figure 10 Disbond on Test Article
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Figure 11 Step Lap Joint Overview

The primary goal of this test is to better understand the impact of dslbonthe structural
integrity of the F/A18 inner wing and understand the behaviour of the disbond under repeated
static loads. This test will ultimately proviéssetial measured data to support development and
improvement of the analytical todisr analyzng in-service fleet disbond(s). This data should ease
the development of a less conservative and more flexible analysis methodology.

The test article will be inatled inverted onto a test reaction structure. Three contour boards will
be installed and two jaskper contour board will apply loads. A precise assembly has been
designed and manufactured to replicate the wing attachment lugs found on the actual aircraft
fuselage cemé barrel A challenge was to design parts within the envelope of the actual fuselage
bulkheads which must withstand loads higher than OEM ultimate loads, while keeping cost and
machining complexity under control. This test article interfidceurrently under rework at L3

MAS using similar procedures used on actual fuselageecbatrels, to ensure a good fit with the

test article.

Figure 12 Load Introduction Interfaces
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The test article is exhaustively instrumeht® quantify the impact of a disbond on the load
distribution (panel and internal structure). Both upper and lower panels are equippeptiwdh
fiboresto measure the strains betwdaba main carry through bulkheadOver 258 strain gauges
were strategally installed on the composite laminate and metallic structir®igital Image
Correlation will also be used to evaluate the strainstrenupper and lower skin panels.
Displacements will also be measured.

The test article will be subject to four (4)gses. Phase A is a calibration step where the expected
strains (FEM) will be compared to actual strains. Deviation will be investigated and adjustment
will be made to address any issue. PhagelBappl, once, the peak and valley |eaxf three (3)
loadcases followed by a thorough inspection of the SLJ. Upon inspgiotioii2) blocks of 1,000
occurrences of the peak and valley &ar those same three (3) load casélé be applied. A
thorough inspection of the Skill be conductedetween each blacPhase C and @ill consist

in repeating Phase B with scaled Ieétl05 and 1.10 overall factor). The last phase, PhasdlE,

use the same thrd8) load casesbut scaledo the RST load level (1.2 DLL x Environmental
Facto).

There is a provisioto induce artificial damagthatshould no or only minorgrowth occur. The
scope of work and method for inducing such damsiget to be determined.

All testing will be carried out at the Structural Integrity Laboratory, Buildingl¥ NRC
Aerospace Resech Centre, Montreal Road Campus in Ottawa, Ontario, Canada. The testing will
start in Janary2022with plannedcompletion byApril 2022.
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3.0 AIRCRAFT STRUCTURAL INTEGRITY PROGRAM AN D
FLEET MANAGEMENT

3.1 CF-188 Aircraft Structural Integrity Program (ASIP) and Aircraft Life
Extension (ALEX) Program

L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 MAS)

L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 M&Smong
Canada's leading{8ervice Support (ISS) integors, offering military and commercial customers

a full range of modifications and sustainment solutions, in support of their aircraft and ship fleets.
L3 MAS employs over a thousand people in its main facility in Mirabel, Quebec and in other
operatingcenters throughout Canada (Bagotville, Cold Lake, Halifax, Shearwater, Comox, Pat
Bay, Greenwood, Gatineau, Ottawa, Toronto, Trenton and Petawawa).

Since 198613 MAS has conducteth-service support of the Royal Canadian Air Force (RCAF)
CF188 Hornet(Boeing F/A18) fleet as part of System Engineering Support Contract (SESC).
This contract includes the conduct of all aspects of the Aircraft Structural Integrity Program (ASIP)
and of related depot level structural maintenance. L3 MAS also faiisilar role in support of

the CT114 (Canadair Gi1) Tutor aircraft, a fleet that the RCAF currently employ for their
Snowbirds aerobatic team and the CC150 Polaris aircraft (Airbus A310). As a key partner to
Lockheed Martin in the Maritime Helicopter ProgrgdMHP), L3 MAS also pdorms ASIP
functions on the CH48 (Sikorsky S92) helicopter. L3 MAS also provide engineering services to
international F/A18 operators such as the US Naarynasuisse and Finnish Air Force.

L3 MAS conducts a fulfledged ASIP ppgram on the CR88 fleet on behalf of the RCAF. Above

and beyond usage and structural condition monitoring activities mandated By TNDH1530, the
program has effectively extended the life of the aircraft by approximately 50% via the life
extension pro@m (ALEX). The fatigue life of the airframe is managed primarily via the Fatigue
Life Expanded Index (FLEI) (computed at the wing root) as part of the Individual Aircraft
Tracking (IAT) program. Other areas on the airframe are certified with higheerstattors to
account for other load influences that are not tracked by the wing root index and/or dynamic
loading. The saalled Tracking Factor is embedded in the lifing in order to obtain a similar level
of safety for all areas of the aircraft. Landogar components are managed via manoeuvre counts
(essentially landings and retraction cycles) and flight control surfaces are managed by component
flight hours (CFH).

In late 2019, the RCAF decided to cancel thecalted ELE (Estimated Life Expectancy)
Extension Program. The ELE remains 2032 but the introduction of the Interim Fighter Capability
Program (IFCP), 18 jets acquired from the RAAF and the expected introduction of the Future
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Fighter Capability Program (FFCP) as early as 2025, will enable @#&FRandL3 MAS to

manage the fleet while maintaining the FLEI limit at 1.00 as opposed to 1.08 or 1.04 previously.
This will require much redwed NorRecurring Engineering Effort (NRE) but increased fleet
management efforts through traditional FLEI managenfrecommendation of mission mix and

FLEI increments to operators) but also through exchanges between squadrons and selective and
temporary storage of some of the ouéilized assets until 2026, at which time some of the assets
start to be retired.

The IFCP project has led to a substantial effort by the RCAR.8NdAS in determining the
proper fatigue life management approach for these jets acquired from the RAAF. The RCAF and
RAAF have collaborated under IFOSTP and have shared some of the lifsi@xtealutions
developed by.3 MAS over the years, primarily for the center fuselage and inner wings. Despite
this, their management philosophies are different and as a result, currently, the IFCP aircraft are
limited both in FLEI and in Airframe Hours (AH. For the majority of the assets that have been
purchased, the AFH limit (6,600 FH) will expire too early, before ELE. A fairly limited scope of
onaircraft work is being executed at import, on top of thecalted LOTEX (Life of Type
Extension) scope afork prescribed by the RAAF, in order to increase the limits slightly (by 5%

- 6%) where practical but a more substantial effort will be needed in the years to come.

3.1.1 FLIGHT CONTROL SURFACES LIFE EXTENSION

As previously reported in previous ICAF cyclese thxtension of the life of the Flight Control
Surfaces (FCS) is one of the last major efforts required to support the extension of the ELE to
2032. The FCSs are managed in CFH as mentioned ,amwgintaining the target FLEI at 1.00

does not benefit themirectly. The RCAF had previously adopted an interim position to use the
OEM-recommended inspections at 6000 CFH which provides an extension to 70000@eMer

even this effort is not adequate to meet RCAF fleet requirements. Supporting the l@&&anti

with due consideration for nerepairable defects (primarily due to environmental induced defects

on honeycomb core and/or bonded joints), has led to a need to certify FCSs to 8,000 or 9000 CFH
depending on the inventory at hand.

The certificdion strategy is primarily based on fistale component testing of the Horizontal
Stabilator, the aileron, the inboard leading edge flap and the trailing edge3I&AS and the

NRC, the test agency, are working in close collaboration on these prograstsg of the
Horizontal Stabilator and of the aileron were completed as of the last reporting cycle in 2019.
Further details are provided below on the other FCSs at stake:

Trailing Edge Flap Tests (TEF)

The Trailing Edge Flap (TEF) attach hinges domett the ELE target of 8,000 CFH. Due to the
urgency of certifying the outboard hinge, it was decided to set up a dedicated test for that purpose
alone. The outboard hinges have been replaced and have two hot spots that have been subjected to
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modificatiors shortly after the replacement: An oversized andwoildked lug hole and a blended

and shot peen surface area near the lug. Results of tHiatesnly allowed a moderate exton

of the life of the hinge and some hinges will fall short of the 8,008 @rget if they were replaced

and/or were modified too early. The situation is currently being assessed at the asset management
level to see if component swaps will be sufficient to meet the ELE.

The inboard hinge also has two known hot spots, one ishwias found cracked4service. This

tends to suggest that previous certification tests were insufficient. The strategy to bridge the gap
from the current 7,000 CFH (OEM/USN) limit to 8,000 CFH is currently in discussion with the
RCAF while inspectionare also being deployed in the fleet in the meantime.

Inboard Leading Edge Flap (ILEF)

The ILEF fatigue life is limited by the lower of the overall component limit, currently set at 8,000
CFH or the life of the transmission lugs following a modificatibledd and shot peen the root
radius with dedicated robotic suite). The main objective of the test was to test the transmission
lugs, it was successfully completed in 2020, including the test interpretation effort and has enabled
an extension of the assoigd limit from which the fleet will benefit.

3.1.2 OUTER WING MAINTENANCE INDUCED DAMAGE (MID) TEST

MID has been reported on both the RAAF and RCAK-EB fleets at the Lower and Upper
surfaces of the outer wing forward spar at the root of the Outboard LdadgegFlap (OLEF)
transmission attach lugs. These appear to have been induced by sharp instruments used to cut the
sealant above these lugs under the seals, likely freserivice maintenance (sEegurel3). The

MID location also coincide with the peak stress location on these lugsigseel4). This leads

to initiation and apparently fast propagation of cracks severing several lugs before they were
detected
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Figure 13 OW Forward Spar MID Location

Figure 14 OW Forward Spar peak Stress Location

The repair concept (originally developed by the RAAF) was not considered full life and only
substantiated analytically in crackogvth leading to fairly small post repair inspection intervals
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(seeFigure15). For example,thefe nspecti on i nterval was 227 hr
with a radius 0. 1250606. flytfeirooterwings lorger Rah MERARAF, e e x p
a longer post repair life was desired. Since the repair concept was already developed with a
portable milling fixture, the RCAF decided to adapt this repair solution but at the same time ensure

that a post repalrack Initiation (CI) life can be accounted for, not only Crack Growth (CG). This

was ensured by performing a confidence cut after the damage is removed. In addition, to repair
deep damage, a revised deeper repair scenario was developed using a wideadalsn This

deeper blend will be accomplished using a numerical controlled milling fixture.

Figure 15 Light Repair Blend

The certification of the light blend repair version (covering the majority of wings) is to be covered
by component testing at NRC, Ottawa under FT388e Sectior2.2). The deeper blend will
therefore be Apeggedd on the test results usi

The test article includes an Outboard Leading Edge Flap nbamean OW with four jacks
applying maneuver loads. After a loads influence review if was found that wing bending loads had
negligible influence so only OLEF loads are applied. Then eaclwdsgstrumented adjacent to

the blend area (sdegurel6). The test is oigoing.
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Figure 16 Strain Gauge Location

3.1.3 COUPONTESTING FOR CG LOCATIONS UNDER COMPRESSIVE L OADINGS

Several life limited locations on the €88 fleet fuselage parts are subgattto compressive
loading, i.e. compressive loading for +ve Nz excursions andnoderate tensile loading fove

Nz excursions. The majority of the problematic (life limited) locations are at fastener holes but a
few are also at fillet radii locations.iv&n the limitation of the existing Crack Growth (CG)
software to adequately model CG behavior under a compressively dominated spectrum, a new
methodology with calibrated data will be developed using coupon testing. A collaborative program
with NRC and thd&RCAF is proposed and will be based on improving the crack growth prediction
using standard software by modifying the material data to allow propagation in the low stress
amplitude. While preliminary testing have shown promising results, further testidgtian is
required before being able to use this approach for certification purposes.

3.2 CT-114 (Tutor) Aircraft Structural Integrity Program (ASIP)

L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 MAS)

MAS conducts a fulfledgedASIP program on the GI14 Tutor fleet on behalf of the RCAF.
Aircraft usage monitoring is achieved by collecting, evaluating and processing the Operational
Loads Monitoring (OLM) system data. Periodically, collected aircraft usage data is validated and
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accumulated fatigue damage is calculated for major aircraft components. In addition, remaining
life for every major aircraft component is calculated based on predicted aircraft usage by using the
software tool GIFTS. The monitoring program findings and MBS recommendations are
reported to DND on a monthly basis.

L3 MAS was mandated to extend the service life of the Tutor fleet to 2030. This resulted in the
review of teardown inspection results, structural modifications, identification and monitoring of
SSI requiring inspection/rework, electrical / mechanical systems obsolescence, fabrication of
components (mainly FCS) and the development of a fleet strategy to manage the rotation of service
aircraft with those in storage in order to meet the new plaretedment date.

Figure 17 CT-114 Tutor (Snowbird, http://rcaf -arc-

images.forces.gc.ca/gallery/caf/detail/?filename=CX0301 7-013508&assetld=5896%

3.3 CH-148 Maritime Helicopter Aircraft Structural Integrity Program
(ASIP)

L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 MAS)

As part of the Maritime Helicopter PrograkrB MAS is mandated to conduct an ASIP program

on the $92, designated as CH18 by the RCAF. Usage monitoring is enabled via tB2 Sealth

and Usage Monitoring System (HUMS). The HUMS has the capability to recognize
regimes/manoeuvres via recorded flight parameters and sensor data. This data is processed by the
Usage Comparison and Reporting Tool (UCART) that computes fatigue damegjatraelected
locations for each individual aircraft and compares them to the design spectrum according to the
requirements of MIESTD-1530.
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Since 2019, algorithms for fatigue damage rate derivation in UCART from the HUMS regime and
event data and haveén corrected for improved accuracy. Also, existing control points, at which
fatigue accumulation is being computed and compared td3#éselineOperationalSpectrum

(BOS) have been changed and others have been added for better coverage. Filteriagtirtte c
regime data has been implemented to alleviate the excessive triggering of certain manoeuvres,
within the recognition software, when aircraft is operating close to the defined thresholds. This
change results in more realistic characterization otitiage.

The other major component of the €148 ASIP Program is the Structurally Significant Item (SSI)
database. The SSI database records all the relevant information about each SSI, also known as
Primary Structural Element (PSE), from the design phaganto the irservice phase in order to

enable ASIP analysts to monitor structural defects and, when needed, recommend changes to the
maintenance program or modifications to the helicopter.

Figure 18 CH-148 Cyclone hekopter (http://rcaf -arc-

images.forces.qgc.ca/gallery/caf/detail/?filename=PMOB001&assetld=833Y

3.4 CC-150 Polaris Fleet InService Support and Fleet Management

L3 Technologies MAS, Inc., a subsidiary of L3Harris Technologies, Inc. (L3 MAS)

As part of the Plaris Program, L3 MAS is mandated to provideservice support for the
operations of the five G50 Polaris aircraft (Airbus A31804) of the Department of National
Defence's (DND). L3 MAS develops and maintains A310 maintenance schedules to satisfy 180
minutes Extended range Twangine Operations (ETOPS) and CC150 specific modifications. L3
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MAS also provides engineering support to satisfy Canadian Forces operational requirements and
the configuration control of the GT50 Polaris (A310 Airbus) fleet, asell as Reliability
monitoring based on Airworthiness Manual Advisory AMA 571.101/1 to monitor the effectiveness
of the CC150 maintenance program.

Figure 19 CC-150 Polarisin tanker configuration (Photo Detail- 1S20122003150
Canadian Forces Imagery Gallery

3.5 Airframe Digital Twin  (ADT) Technology Development and
Demonstration

Min Liao, Guillaume Renaudfan Bombadier, JearRene Poulin, Gang QI, Gang Li, NRC Aerospace

With the support ofhe Department of National Defence (DND) of Canada Nha&onal Research
Council of Canada (NRC) has reviewed and assessédrfreemeDigital Twin (ADT) framework

being devadped by the United States Air Force (USAF). The goal is to investigate the adaptability
and potential application of the ADT for reducing maintenance cosioandximize availability

of existing and future fleets of the Royal Canadian Air Force (RHF)he ADT framework is

based on a probabilistic and prognodidividual Aircraft Tracking (IAT) approach, which
intends to improve the current IAT program by quantifying and updating the uncertainties of some
parameters in drame fatigue life assessmemte work performed to datecludes[1]:

1) A review and evaluation of the digital twin and digital thread concepts, especially the USAF
ADT framework, methods/topl
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2) A brief survey of structural lihg methods and IAT systenfr selected RCAF aircraft, and a
feasibility and adaptability studg apply the ADT to RCAF aircraft;

3) Development cANRC ADT framework Figure20) and irhouse algorithmmincluding curent
load, crack growth and probability of failure (POF) prediction, crack size distribution updating
with sensoandNDI results Figure21), and future loads and POF foresast

4) ADT technology demonstration using CF188 full-scale component certification test
(Figure22), and comparison with the existing B8 lifing method.

Posterior a,,

POF(t) and time to next
inspection (At;y4)

POF(t)

Inference with
Prior ay, NDI results
(at t)

Prediction
(a'fj,l to a‘fj)

Forecast

(afi to atiﬂltl;)

Strains,
Manoeuvers, Flight
Parameters

Random Spectrum
Generator

Forecasting Window
(Atg)

. . Observations
Crack side dist. (atu) (Found or Missed)

Figure 20NRC ADT Framework 3-Phase Concept: a) Prediction is used testimate crack
size distribution at inspection time (current time) b) Inference fused the expected crack size
distribution obtained from the prediction with the inspection results, and c) Forecast is
used to estimate the future crack size distribution andhe probability of failure (POF) as a
function of time.
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Figure 21 Crack size distributions with and without Bayesian updating, for 11 consecutive
inspections with noecrack findings, starting from an initial crack size distribution with a
rogue flaw assumption.
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Figure 22 ADT framework demonstration using the CF188 ILEF component test.
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In summary, the NRC review and assessment show that the emerging ADT concept and framework
can be adapted to support REfleets that are managed using H@ised programs. The NRC
models and tools are developed with more simplicity, flexibility and efficiency that can be
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implemented for RCAF fleets. Shdadrm benefits are demonstrated on the NRC developed ADT
technology:
- first, it allows for improvinghe AT system and data with quantification of variability and
correlation of IAT accuracy with structural probability of failure;
- second, the highidelity FE model, crack growtimodel andBayesianupdating with all
NDI inspection results improgdatigue life estimation for structural maintenance and life
extension program
Considering the long terna significant return on investment could be possible, with benefits that
include optimal maintenance, reduced total owmprsosts and increased fleet availability. Based
on the ADT review and technology demonstration, NRC developed a ahdibng term
roadmagon ADT in support othe RCAF strategic sustainment program.

3.5.1 REFERENCES

[1] Liao M, Renaud G, Bombardier Y. Airfrantigital twin technology adaptability assessment and
technology demonstration. Engineering Fracture Mechanics. 2020 FRR5L506793.
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4.0 FATIGUE LIFE ASSESSMENT AND ENHANCEMENT
TECHNOLOGIES

4.1 F-18 Aircraft International Support

L3 Technologies MAS, Inc., aibsidiary of L3Harris Technologies, Inc. (L3 MAS)

Over the years, L3 MAS has performed several fatigue life assessments and/or development of
modifications (and inspections) for other FI8 operators, namely the RAAF, United Sates Navy
(USN), armasuisserad the Finnish Air Force. The locations addressed via these efforts are often
the same or similar in terms of configuration to those covered in tHEBBRLEX program. The

other key reason why these operators have come to L3 MAS for assistance isubeapabpility

that the company has developed for fatigue spectra and loads developmensiamaadhotic
applications, namely machining and shot peening, as previously reported.

4.1.1 LOADS DEVELOPMENT AND STRUCTURAL LIFE ASSESSMENT OF F-18 AIRCRAFT
COMPONENT

The Finnish Air Force approached L3 MAS for one such location where the Finnish Air Force
F-18 (FN-18) had their configuration redesigned by the original equipment manufacturer (OEM).
L3 MAS was mandated to demonstrate the fatigue life of this parhéoFN18 typical usage.

This resulted in the derivation of the average fleet aircraft fatigue spectra using the L3 MAS in
house software Enhanced Load Software Application (ELSA) along with in house Matlab scripts.
The resulting manoeuver + dynamics specontained about 70000 points in the sky (PITS)

after downsamping for fatigue crack initiation analysis. This represents approx. 130 flight hours
for the average fleet aircratft.

The regression for the area of interest was obtained from the strgi@ igatalled during the L3

MAS center fuselage fatigue test. However, this strain gauge was installed on the older
configuration. Using the Finite Element Model (FEM) created for this area, the strain gauge
eguationwas corrected to the redesigned part figuration. This regression, the previously
derived spectra and material properiesepassedhroughanother L3 in house software to obtain

the estimated crack initiation life of the part. Based on the previous, the aircraft structural integrity
was deronstrate for the full life of the aircraft in crack initiation alone. Thus, no further action
was recommended to the client.

4.2 Fatigue Crack Growth under Highly-Compressive Spectrum Loading

Guillaume Renaud, Jed®ene Poulin, Yan Bombardier, NRC Aerospace
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Some of the life limiting items (LLI) of the GCE88 have characteristics that make their
certification challenging to reach revised life targets with existing models and data. The National
Research Council of Canada (NRC) was tasked by the Canadianrbepaot National Defence
(DND) to investigate methods for increasing the demonstrated life of some of these problematic
LLIs. Potential approaches to do so include: leveraging additional existing models and data,
developing new test data, and/or develohgrnative analysis approaches.

The first problematic LLIs investigated by NRC are subject to higbippressive variable
amplitude spectrum loading. Compared with historical testing ais@riice data, the current
models predict excessively large ifmte crack growth lives and cannot be used for fleet
maintenance.

AFGROW simulations that were conducted to replicate previous tests of aluminiurT 7450
coupons with fastener holel] confirmed this discqgancy. Furthermore, only marginal
improvements of the predicted fatigue crack growth lives were obtained when effects such as the
tensile residual stresses at the hole and theflilotg effect were included in the models. After
performing a model calibtion study, it was hypothesized that the discrepancy between the
analytical and experimental results was mainly due to the poor representation of-heasted

region of the fatigue crack growth curves currently used for aluminium-T@861. Indeedit is

shown in the literaturg3][4][5] that roughnessduced crack closure plays a significant role in

the fatigue craclgrowth behaviour of this alloy. The contribution of this effect is such that the
measured fatigue crack growth threshold can be shifted towards larger stress intensity factor
ranges, which leads to underestimated crack growth rates in this region. ltext cdrhighly
compressive spectrum loads, where typical cycles consist of high compressive loads and low
tensile stresses, an accurate representation of thehmesinold fatigue crack growth rates is
paramount for accurate life predictions.

New 7050T7451 coupons were manufactured with the intent to generateghatty fatigue

crack growth curves for the considered spectra, while focussing solely on the material aspects of

the problem. The objective was to develop a material model that could regsmrealitt fatigue

crack growth lives under highlyompressive as well as regular tensitmminated spectra. To

date, six M(T) coupons have been tested. Three tests were conducted under a standard wing root
bending spectrum (FT55), and three were testeckrutite inverted version of this spectrum

(i nverted FT55). Mul tiple candi dat e AfFrGReEOIN mo
data from the literature with existing CG90, AFGROW and NASGRO models.

The life prediction obtained with AFGROW using cuttrematerial data is compared with one of
the new models ifrigure 23. The lives predicted by the current model are conservative for the
standard spectrum but naonservative for the highlgompressive spectrum. Thees obtained

with the new model are closer to the test data and are both conservative.
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Figure 23 Experimental fatigue crack growth curves compared with
current and new model predictions

Work performed to date confirms thatlasurefree representation of the ndareshold fatigue

crack growth rates is a promising approach to better predict the lives of LLIs subjected to highly
compressive spectra. Current work is focussing on validating the applicability of the developed
matrial model for problems that are more representative of the LLIs under investigation. To this
end, fatigue crack growth tests for an interferefitciastener hole are currently being prepared to

be conducted under tenstd@minated and hightgompressivdoading spectra. These additional

data will help select and refine a new material model, as well as validate fastener effect modelling
approaches. It is believed that the model being developed will be helpful for managingt&gé CF
fleet for some of theroblematic LLIs that are currently difficult to certify.

4.2.1 REFERENCES

[2] Tessier, S., AGuidelines for Usi ngoadi8ng-ta,n dGACG!

3180263 Rev. B, B MAS, June 2010.
[3] Newman, J. C. , Yamada, Y-ClosureBahdviolN efwds8 Alymindm A .

Al'l oy near Threshold Conditions for Wi de Rang

Journal of ASTM International, Vol. 7, No. 4, 2010.
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[5] Wal ker , K . F-inducedidrackwclgsure i@ thes threshold region for high strength aircraft
structural alloyso, RMIT University, 2015.
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4.3 Numerical Assessmet of StressIntensity Factor of a Corner Crack at a
Cold-ExpandedHole

GangLi, NRC Aerospace

The effect of specific |l oading histories on t
crack at a coleexpanded hole with original radius of B&vas studied numerically. As shown in
Figure24, t he pl anar corner crack was | ocated on

2024T3 aluminium alloy plate to represent a typiddbde | crack found widgl in aircraft
structures. The plate dimensiamsedcan represent larger plates for the study because the residual
stress condition induced by hole cold expansion (Cx) process was found to be unaffected by the
use of larger dimensions. The model was coexgbavith an analytical solution obtained fdode

| SIF in linear elastic fracture mechanics (LEFM) conditions without residual stresses. Good
agreement in the SIF values was obtained between the numerical and analytical solutions, within
a 5% relative dittrence. Then, an advanced modelling approach with multiple load cases was
developed to investigate theode | SIF variations for a 3% cetkpanded hole subject to specific
additional remote overloads. Overloads of half the yield strength and of theldilkrength were

used in tension and compression, as showigare25. An elastieplastic material model, with

either an isotropic or kinematic hardening behaviour, was set in the initial load steps, and a linea
elastic material behaviour was set in the final step to calculate the SIF values under remote loading.
Results suggest that:

) the Cx process considerably improved fati gt
crack SIF values; and

(i) effects of ensile overloads on the ceékpanded hole could be: (a) limited for the half
yield strength level, and (b) highly detrimental for the full yield strength level.
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Figure 24 A quarter plate used for the numerical study ofthe stressintensity factor (SIF),
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Figure 25 Comparison of the SIF variations inthe isotropic hardening material behaviour.

(a) with and without the RSinduced by the cold expansion (Cx) process, and)(hffected by
additional | oading cases; where AT10, AT100,
tension one time, ten times, and compression one time using the relevant stres3 (,

22.5ksi, or @, 45ksi).

4.3.1 REFERENCES

[6] G. Li, G. Renaud?2020), " Effect of Loading History on the Strdagensity Factor of a Corner
Crack ataColEx panded Hol eo, NRC Aerospace-SMM-abor at |
20200053.
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4.4 Aircraft Structure Remaining Useful Life Assessment Towards Digital
Twin Ecosysten

Teng WangandZheng Liu,UBC Intelligent Sensing, Diagnostics, and Prognostics Research Lab

Traditional health management in the aerospace industry is driven by the entity in its physical
space, with little connection to its virtual space. The devedopof the digital twin concept makes

it possible to implement the seamless convergence of physical and virtualsgataboration
betweerNRC andUBC Intelligent Sensing, Diagnostics, and Prognostics Research Lab (ISDPRL)
is currently investigating thfatigue life assessment towards digital twin ecosystem.

Digital twin is generated and utilized in an ecosystem, where multiple components are integrated
together. ISDPRL validates the Bayesian inferdvaged digital twin ecosystem for aircraft
structue, as shown ifrigure 26. Specifically, onboard sensors and nondestructive tests provide
information on the individual physical structure. The fleet database comprises predictive models,
initial assumptions and i knowledge for fatigue life assessment. Bayesian inference connects
the individual physical structure and fleet database updating its counterpart digital twin structure
in the cyberspace. Thus, the remaining useful life (RUL) of the physical structube gaedicted

by examining its digital twin. The service station organizes thewedt activities (such as
inspection, repair, and overhaul) according to the assessment results.

ISDPRL validatd the above digital twin ecosystem at the coupon levél thi¢ VirklerHillberry
data setfigure27 (a) shows the diagram of the tested coupagure27 (b) exhibits the duplicated
holographic model. ISDPRIs currently workng on validating the above digital twin ecosystem
for more complicated scenarios where multiple twaeying factors are considered for remaining
useful life prediction.
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Figure 26 Digital twin ecosystem for remaining useful life asessment.
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Figure 27 (a) Diagram of the tested specimen. (b) Duplicatealolographic model
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5.0 LOAD, USAGE, AND STRUCTURAL HEALTH
MONITORING

5.1 CT-142 Operational Loads and Engine Monitoring System

Stephandrunet, NRC Aerospace

The CT-142 aircraft is a military version of the De Havilland Canada E8-tDO used by the

Royal Canadian Air Force (RCAF) for air navigation training. The current role of this aircraft
differs significantly from the original commercial transport role folickhthe DHG8-100 was
certified. As a result, th@riginal EQuipmentManufacturer (Bombardier, at that time) conducted

an assessment of the additional fatigue damage induced on the aircraft structure due to its new
role. For this purpose, the vertical alecation data was recorded during a full calendar year on
one instrumented aircraffubsequentata analysis enabldgbe quantification ofatigue damage

on the CTF142 in comparison to the commercial version.

Almost two decades later, the mission prafiflown by the CT142 aircraft have changed and the
RCAF would like to reevaluate the actual usage and its impact on the fatigue damage on the
structure.The RCAF therefore mandated NRC to develop an Operational Loads Monitoring
System (OLMS) to be instad onone or moref the fleet, for continuous recording of the vertical
acceleration during every flight. Data processing, which would follow a similar process used until
recently on the Ca15 Buffalo, would be done on a regular basis and permit arradecu
evaluation of the accrued fatigue damage induced on the aircraft.

The OLMS hardware is built around an Inertia Measurement Unit (IMU), which captures linear
accelerations, rate of rotations andef@et hods
IMU output data is captured by a National Instruments standalone controller, which applies a
timestamp and recosdhe data orflash memory for later download and offline processiag.

single prototype OLMSs tobe installed on one aircraft forifial testing in Fall 2021Following

this, the option to instrument the remaining fleet will then be evaluated.

In parallelto the structural OLMS, the RCAFalso tasked\RC to evaluate the feasibility of
integrating the data collection of engine parargetequired for health monitoring of the two
PW120 turboprop engines. Currently, the crew collects a set of parameters manually on a paper
form at one single and specific time during the flight. As this method has several drawbacks, an
autonomous data dettion system which would continuously record engine parameters during all
flights would be desirable. Considering the customization possibilities offered by the standalone
controller used for the OLMS, NRC has shown that the engine data collectiore featld be

added to the current OLMS system. The results of this engine monitoring feasibility study are
currently under review at the RCAF.
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Figure 28 CT-142(Dash-8, http://rcaf -arc-

images.forces.qgc.ca/gallery/caf/detail/?filemae=CX20050096251a&assetld=9131

5.2 Helicopter Load and Usage MonitoringResearchin 2019-2021
Catharine Cheung, NRC Aerospace

5.2.1 LOAD ESTIMATION AND THE US E OF MACHINE -LEARNING TECHNIQUES

Indirect methods of estimating component loads based on existingfiag®ensor data have been

in development using flight data from an Australian Black HawdZ @&\-9) helicopter and

CH-146 (Bell 412) Griffon helicopter, illustrated Figure29. The load and fatigue life results
obtained thus far have shown tremendous potential for accurate and consistent estimates using the
same methodology on both platforms. Refinements to the machine learning models are ongoing as
efforts continue to explore different types of model architecmmdsnodel settings. These models

and their results could all be combined in the load estimation framework to provide an ensemble
of models, leveraging a number of machine learning models to result in robust and accurate
estimates.

As the development of achine learningpased solutions becomes more and more common for
individual aircraft tracking and digital twin objectives, preparing for future implementation of
these technologies is also a focus of this work.
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Figure 29 lllustr ation of load estimationapproach

5.2.2 GROSS WEIGHT AND CENTRE OF GRAVITY ESTIMATION

Weight and balance activities are widely recognized and understood as important steps in the
operation and maintenance of an aircraft to ensure safe and efficient Fiigine 30 shows a

typical gross weight vs centre of gravity chart. From the pilot's perspective, the operational limits
and manoeuvrabilityof the aircraft are directly linked to the weight and balance of the aircraft.
From a structural perspective, fatigue damage can vary significantly with centre of gravity (CG)
position and gross weight (GW) ~fight CGandGW estimation has been pursued for many years
with varying success. One of the major challenges is the |latdt@to verify an estimation model,

since these parameters cannot be easily measured using sensors in flight.

Efforts in this domain include a detailed review of the requirement and challenges of accurately
monitoring centre of gravity and gross weightluding relevant information from flight manuals,
maintenance manuals and other documentation. In addition, a survey of published work on the
estimation of these values was carried out, with four main approaches identified:

1. helicopter dynamic models

2. performance charts

3. state estimation, and

4. machine learning methods.

An initial helicopter model foCG position andGW was generated. The intention was to utilize
the available information to create an initial model that could be later expanded and emhénced
more informatiorsuch aglight data parameters in the future.
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Figure 30 Typical operational envelope for gross weight and longitudinal centre of gravity
position

5.2.3 ANALYSIS OF SENSOR NETWORK DATA FOR FAILU RE MODELLING AND P REDICTION

The interest in data analytics and using machine learning technicareslysedata has extended

to the domain of examining and improving maintenance programs for mechanical vehicles.
Equipment health monitoring has been employed for many yedrsiundreds, if not thousands,

of sensors installed on vehicles for recording operator inputs and corresponding equipment
outputs. It is hoped that useful information can be extracted from the sensor data, ideally, for
preventing failure incidents, or,are modestly, for improving maintenance programs.

Efforts continue to characterize the healthy and failedheaithy states of various vehicle
systems (e.g. diesel engine system, gas turbine system) based on data related to known failure and
maintenancencidents recorded on several vehicles of the same type. Some of the machine learning
tools that have been implemented include classification models, anomaly detection models, and
data reduction techniques such as-timensional mappings as showrFigure31.

Similar to many failure modelling and fault identification problems, there is a clear imbalance

bet ween the majority, operational, O0healthydo
class. N6 only are there few examples of the minc¢
possible failure incidents that could be experienced, and few repeated examples of the same type

of incident. For these reasons, inclusion of anomaly detection modelsleésr choice because

they seek to characterize the normatinlier6state. An optimal system model should be able to

detect new failure incidents that it has not been trained on.
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Figure 31 Analysis approach and tools

In addtion, an ideal system model should be robust and flexible enough to be applicable to
different vehicles of the same type, though clearly every system and vehicle are not identical.
Therefore determining the appropriate data to train the system modelselsy amportant
consideration. Two strategies for selecting training data were explored in this work: a traditional
approach of randomly selecting a certain percentage of data for training and leaving the rest for
testing; and a more deliberate selectibdaia by failure incident to be used for training or testing.

An assortment of classification and anomaly detection models were implemented to distinguish
Oheal thydé fromeadlftahy@®&ddy Dtrenmmnddaat a using the t
modelswere then combined into an ensemble using a decision table with promising Faguits (

32). Significant differences in the results were obtained depending on the approach to selecting
training data, which woulle an important consideration for similar problems in other domains.
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Figure 32 Classifier and anomaly detection model results in twalass problem
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6.0 NON-DESTRUCTIVE EVALUATI ON

6.1 A Robotized Non Destructive Testing R&D

L3 Technologies MAS, Inc., a subsidiary of L3Harrischinologies, Inc. (L3 MAS)

L3 MAS is an active member of three-gning collaborative R&D initiatives with universities,
colleges and industrial partners: CRIAQ (Quebec Aeronautical Industrial Research Consortium),
CARIC (Consortium for Aerospace Reseagrtd Innovation in Canada) and MICA (Metrology

and Inspection of Composites in Aerospace). Internal and collaborative projects that have been
completed recently were in the areas of Structural Health Monitoring (SHM), shot peening,
robotics and composite aterials as well as software tools in support of fatigue life assessments
and inservice monitoring/management, including Artificial Intelligence (Al) initiatives.

L3 MAS is currently proceeding with full scale testing of a Robotized Non Destructivied est
control surfaces for the GE88 and CF114. A mobile gantry system using collaborative robots is
used to acquire phased array ultrasonic data either on individual comp&ngunts33) or directly

on the aicraft (Figure34). A sequencing program managing probing operations ensures that the
component is correctly located in aircraft coordinates. The ultrasonic controller simultaneously
acquires pulsecho from both siels of the part as well as through transmission signals, generating
a GScan of the component. The data is then erefsenced to assist in determining the type of
damage found and compared with nominal results.
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Figure 33 Robatized Component Inspection

Figure 34 In-Situ Robotized Inspection
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6.2 Probability of Detection of Manual and Automated Tap Testing for
Disbond Detection in Honeycomb Structures

Marc Genest, Shashank Pant, Muzibur Khan, Dmitrii KdishCatalin MandachéN\RC Aerospace

NRC completed a Probability of Detection (PoD) study carried out for detecting dssbond
honeycomb panels using manual and automated tap testing techniques. Eight test panels containing
a total of 70 different damaggtes that included dents, disbonds as well as combined dent and
disbondwere inspected by 11 inspectors using both manual and automated tap testing techniques.
All inspectors were provided with the same experimenter briefing package before carryhey out t
experimemi ss& PRbDt analysis was performed usi
inspectors.

The PoD analysis results show that the manual inspection yielded an average of 48 hits and 21
misses per inspector and a total of 43 false calldpviie automated inspection yielded an average

of 51 hits, 18 misses and a total of 30 false calls. The false calls that coincide with a dent only
locations were 15 for the manual tap test, and 20 for the automated tap test. It was noticed that
several ofthe false calls obtained with the automated tap test came from values close to the
threshold of 0.32, as provided in the information package. By increasing the threshold to 0.34, the
number of false calls were reduced from 30 to 13, averaging 1.1 fdlgecalspector, and only

6 caused by derdnly damage, with the majority of inspectors having O false.ddtbwever, it

also increased the number of misses by 16, for an average of 50 hits and 19 misses, which remains
better than manual tap testing. Altlgh the performance of automated tap testiogerall better,

it did not result in reduction of inspection time; as both manual and automated tap testing took
similar amourd of time to carry out.

Overall, the a90/95 value decreased by 0.6 inch eauitvdiameter using the automated tap test

as compared to manual tap testing (from 1.70 to 1.10 inches). Moreover, it is important to note
that inspections were carried out in ideal laboratory conditions and that the advantage of the
automated tap tester@vthe manual tap test would likely be even more significant in noisy hangar
like environmers.

The reduction in false calls, up to 3 tisless, obtained using the automated tap test as compared
to the manual testhowspromis andis a reasonable jusitation to employ automated tap testing.

In the worst case, even if inspectors are reluctant to changes, it would be a good tool to confirm
findings obtained by manual tap testing, which could significantly reduce the number of false calls
and resulting iacraft downtime.
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Figure 35PoD curve cumulative for a) manual tap test; and b) automated tap test data
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6.3 Video Stabilization of Drone-Based Active Infrared Thermography
Inspection

ShashankPant, P. Nooralishahi, N. P. Avdelidig3 C. IbarraCastaned M. Genest S. Deang J. J. Valdes A.
Zolotas, and X. P. V. Maldagie

! National Research Council Canada, Ottawa, ON K1A OR6, Canada

2 Computer Vision and Systems Laboratory (CVSL), Departmerileétrical and Computer Engineering, Laval
University, Quebec City, QC G1V 0A6, Canada

3School of Aerospace, Transport and Manufacturing, Cranfield University, Cranfield MK43 0AL, UK

Drones that can fly around an aircraft carrying several sensorghergal and optical cameras,

to inspect the parts of interest without removing them can have significant impact in reducing
inspection time and cost. One of the main challenges in drased active InfraRed
Thermography (IRT) inspection is thmexpectedlrone motion. Since active thermography is
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mainly concerned with the analysis of thermal sequences, unexpected motions can disturb the
thermal profiling and cause data misinterpretatespecially for providing an automated process
pipeline of such insmions. Additionally, in the scenarios where pastlysis is intended to be
conducteby an inspector, the droneds unexpected
data misinterpretation and incorrect characterization of possible defects. Taenpbmst
processing is required to minimize/eliminate such undesired motions using digital video
stabilization techniques.

There are number of video stabilization algorithms that are readily available; however, selecting
the best suited one is challengiricherefore, to reduce the effect of such undesired motion, a
digital video stabilization technique along with a proper methodology to select the best smoothing
techniques were developed. The stabilization method is based on finding the motion between two
consecutive frames using a featubesed approach. To evaluate the performance of the video
stabilization algorithms MukbBcale Structural Similarity (MSSIM), reduction in undesired
motion, and Blank Border (BB) were used. The stabilization and seleuethods were evaluated
experimentally on a Nomex honeycomb core castilmer skin sandwich aircraft part containing
manually crafted undesurface defects (holes) at different depths with various shapes and sizes,
as shown inFigure 36. The experiments were also used to demonstrate a-tesee active
thermography technique, where the drones where flown over the specimen at different heights,
while acquiring optical and thermal vide®sgure37 shows the optical and thermal frames taken

at different heights, where the damage (drilled holes) can be seen in the thermal frame but not in
the optical frame demonstratidigonebased active thermography for detecting damage.

Figure 36 Experimental setup (left), underside defects (middle), nedefective side (right).
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Figure 37 Frames extracted from optical video (top) and corresponding thermal video
(bottom) at increasing droneheights of 1.5 m, 2 m, and 3 m (from left to right, respectively)
during active thermography inspection experiment.
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7.0 ENVIRONMENTAL EFFECT S ON FATIGUE AND
STRUCTURAL INTEGRITY

7.1 Aircraft Fuselage Corrosion Detection Using Artificial Intelligence

Jerzy Komorowski, JPWK Aerospace and Stan Matwin, Dalhousie University

Corrosion identification and repair is a vital task in aircraft maintenance toeethgur continued
structural integrity. Regarding fuselage lap joints, typically, visual inspections are followed by
nontdestructive methodologies, which are tie@nsuming. The visual inspection of large areas
suffers not only from subjectivity but alsmin the variable probability of corrosion detection that

is aggravated by the multiple layers used in the fuselage construction. In this paper, we propose a
methodology for automatic imademsed corrosion detection of aircraft structures using deep
neural networks. For machine learning, we use a dataset that consistsS@hD Aircraft
Inspection System (DAIS) images from different lap joints of Boeing and Airbus aircraft. We also
employ transfer learning to overcome the shortage of aircraft corrosioesmagth precision

over 93%, we demonstrate that our approach detects corrosion with a precision comparable to that
of trained operators, aiding to reduce the uncertainties related to operator fatigue or inadequate
training. Our results indicate that ourethodology can support specialists and engineers in
corrosion monitoring in the aerospace industry, potentially contributing to the automation of
conditionbased maintenance protocols.

Work continues with additional training data and investigation ofreteve machine learning
approaches.
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Figure 38 Visualization results through class activated maps overlaid on input true positive
images together with the raw images.
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7.2 Corrosion in Aircraft Structures and Graphene-Based Sensors for
Advanced Corrosion Monitoring

LucyLi, Min Liao, NRC Aerospace

Corrosion is an evepresent phenomena of material deterioration that affects all metal structures.
Timely and accurate detection of corrosion is required for structural maintenance and effective
managementfostructural components during their life cycle. The usage of aircraft materials has
been primarily driven by the need for lighter, stronger, and more robust metal alloys, rather than
mitigation of corrosion. As such, the overall cost of corrosion manageand aircraft downtime
remains high. To illustrate, $5.67 billion or 23.6% of total sustainment costs was spent on aircraft
corrosion management, as well as 14.1% of totetavailable daysNAD) for US Air Force
aviation and missiles in the fiscal yea#r2018. The ability to detect and monitor corrosion will
allow for a more efficient and cesffective corrosion management strategy, and will therefore
minimize maintenance costs and downtime, and avoid unexpected failure associated with
corrosion.

Conventional and commercial efforts in corrosion detection on aircraft have focused on visual and
other field detection approaches which are tiaral usagdased rather than conditidrased; they

are also less effective in cases where the corroded areessible (e.g., fuel tag)kor hidden
(rivets). The ability to target and detect specific corrosiorptoglucts associated with the
metals/metal alloys (chloride ions, fluoride ions, iron oxides, aliumrchlorides etc.), corrosion
environment (pH, wetess, temperature), along with conventional approaches for physical
detection of corrosion can provide early corrosion detection as well as enhanced reliability of
corrosion detection. Ti® review summarizes the statd-art of corrosion sensing and
measuement technologies for schedilased inspectiaor continuous monitoring of physical,
environmental and chemical presence associated with corrosion. The challenges are reviewed with
regards to current gaps of corrosion detection and the complex taskadion management of

an aircraft, with a focused overview of the corrosion fagtigure39) and corrosion forms that

are pertinent to the aviation industry. A comprehensive overview of thin film sensing techniques
for corrosion detection and monitoring on aircraitdeing conducted.

Particular attention is paid to innovative new materials, especially grapleenved thin film
sensors which rely on their ability to be configured as a conductor, semiconductor, or a fupctional
sensitive layer that responds to corrosion factors. Several thin film sensors have been detailed in
this review as highly suited candidates for detecting corrosion through direct sensing of corrosion
by-products in conjunction with the aforementionedystal and environmental corrosion
parameters. The ability to print/pattern these thin film materials directly onto specific aircraft
components, or deposit them onto rigid and flexible sensor surfaces and interfaces (fibre optics,
microelectrode structus¢ make them highly suited for corrosion monitoring applications.
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Advancements in chemical functionalization and patterning techniques allow for the transition
toward miniaturized and monolithic sensing systems capable of monitoring multiple parameters
simultaneously on a continuous basis. Furthermore, implementation of graphene derived materials
in the emerging corrosion sensing techniques as presented in this review offers a wealth of
possibilities for the realization of efficient and reliable +#@le rrosion sensors for aircraft
structural health monitoring while reducing maintenance and repair costs and maintaining the
durability, sustainability, and safety of the fleets.

i Other envir.
factors Temperature
(3L ] (air, surface)

heat, erosion)

(i.g. salinity)

Corrosion
by-products

Figure 39 Corrosion matrix of physical, chemical arl environmental factors.
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IDEs Sensing Membrane

W 24

Figure 40 Schematic of an IDEs chip with PANI/CNTs conductive coating. Reproduced
with permission from Rinaldi et al., Int. J. Aerospace Eng., 201211, (2012).
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7.3 Failure of Hot Section Components of Gas Turbine Engines & Cyclic
Oxidation Test of High-temperature Protective Coatings

Kuiying Chen, NRC Aerospace

Aircraft/engine fleets experience various degradation modes and failure upon operating in harsh
environments. Hot section components, such as combustor liners, turbine nozzle guide vanes and
turbine blales often suffer from severe oxidation and hot corrosion attack. These damage processes
will accelerate the component degradation significantly, affect engine performance, flight safety
and increase maintenance costs of the fleet.

Thermal barrier coatingéTBCs) have been used to provide thermal insulation to the aero
propulsion hot section components of turbine blaadescombustor liners to extend components

life. TheNational Research Council Canada (NRC) conducted both isothermal and cyclic furnace
teds, Figure4l, to evaluate TBC durability and performance and assess TBCs progressive and
sequential physical damage and coating fadd®]. During thermal cycles, fajue cracks
nucleate, growandpropagate along TBCs coating interface, leading to the final failure of TBCs.
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Figure 41 CM cyclic oxidation furnace test for evaluating thermal barrier coatings
durability and performance.

In addiion to cycling furnace testNRC also conducted numerical simulati¢28] to evaluate
residual stregesof TBCs during thermal cyclindrigure42 andFigure43. The calculated residual
stresses and their distribution at specific locaialong the TBC interface were then used and
combined with mechanidsased failure model to predict TBC life.
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Figure 42 Temperature variation used in residual stress simulation under thermatycling
conditions.
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Figure 43 Out-of-plane residual stressesalculatedat the valley of topcoat with different

roughnessprofiles characterized at various $ages in life cycles.
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8.0 FATIGUE AND  STRUCTURAL INTEGRITY  OF
COMPOSITES

8.1 Core Damage Characterization in Aluminum Honeycomb Sandwich
Panels

DianeWowk, Royal Military College of Canad&MC)

Honeycomb sandwich panels are commonly used for lightweierospace structures that require

a high bending stiffness, but they can be susceptible tesédocity impact damage. While the
damage to the facesheet is visible in the form of a dent, the damage to the honeycomb core is more
difficult to characterie. Studies have shown that the reduced stiffness of the crushed core is a
contributing factor to local buckling of the panel duringpiane compressive loading. It is
therefore necessary to be able to characterize the core damage in terms of thessitfeesmsdof

the crumpled region.

Physical testing and dynamic numerical simulations were performed for a spherical steel ball
impacting a square panel coupon with aluminum faceshieigtsré 44). The width and epth of

the crumpled core was predicted and then verified through destructive sectioning. Variations in
honeycomb cell size, cell wall thickness, facesheet thickness, impactor mass, impactor velocity
and impactor radii were considered.

\r impactor
4—

facesheet

adhesive

honeycomb core

Figure 44 Components of the experimental set up and the numerical simulations.

Figure 45shows the predicted width and depth of the core damage. It was determined that for
aluminum facesheets, the width oétbore damage is always identical to the width of the surface
dent. For dents up to 1mm in depth, the core damage depth remains the same for all panel
configurations and all impact configurations as showriguire46.
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Core damage dep

_____________________________

Figure 46 Core damage depth is independent of the dent depth, the impact configuration
and the panel configuration.

It was shown that the only parameter that influences the depth of the core damage is the thickness
of the adhesive fillets that join the cellular core to the facesheets. The adhesive fillets stabilize the
tops of the cell walls and prevent them from crumplifignis causes panels with larger fillets to

have core damage that is located deeper into the core as shiélgarad7.
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Figure 47 Physical testing showed that the core damage depth depmknon the fillet height
and is independent of the density of the honeycomb core (pcf).

Once crumpling of the cell walls initiates, the core in isolation (without facesheets) provides no
out-of-plane stiffness as shown igure48. This indicates that the resistance to local buckling
of the facesheets may be reduced in the vicinity of a dent when crushed core is present.

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 63



LTRSMM-2021-0120

Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22091)

— — — Honeycomb Core
Classical Material Model ||

e
wn

(X

[
I

Compressive Normal Stress (MPa)

=
(5]

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Strain

Figure 48 Stressstrain relationship for honeycomb core in isolationas compared to the
idealized material model.

See the following references for more details:
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8.2 A Benchmarking Evaluation of Finite Element Modeling Strategies for
AdhesivelyBonded Composites Usinghe Cohesive Zone Modelingand
Virtual Crack Closure Technique

LucyLi, GangQi, NRC Aerospace

Adhesive bonding has been widely used in aircraft composite structures due to its advantages ove
alternative joining methods. As a result, accurate predictive Itmggland simulation approaches

are required to optimize the design of bonded joints. The cohesive zonélingod€ZM)
technique and virtual crack closure technique (VCCT) have beerefidgqused to predict the
damage onset and evolution in adheshmynded composites under static and fatigue loading.

In this study, both CZM and VCCT were taken into account. First, the required material properties
for the DCB model were experimentallpbtained for unidirectional carbon/epoxy
(G40-800/52761) and the adhesive (AF 12X). Then, the DCB modehg was performed using
CZM with consideration of different stress conditions, e.g. plane strain, plane stress, and
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threedimensional, and using vaus element types for the beams. For each of the cases, a mesh
sensitivity analysis was conducted to obtain the appropriate size of the elements. It was observed
that all the approaches can obtain satisfactory results compared to the experimentamdsallts,

the results obtained by the CZM technique were almost the same. However, the plane strain
condition can give the same result with about 60% lower computation cost compared-to three
dimensional configuratia Thus, for modéing adhesivelsbonded DCB specimens, the
suggestion is to use the plane strain condition for hiade

Using the plane strain condition, the damage onset and propagation of the DCB specimen under
guaststatic loading was also simulated by employing the VCCT approach. Ad@gkcement

curve similar to the ones from the CZM approach was obtained. The ultimate force predicted by
the VCCT was slightly higher than CZM that was deemed to be the result of elastic linear
behaviar assumption in the VCCT approach. The same 2D V@@del configuration was then

used to simulate the DCB specimen unaéatigue loading condition. It was observed that this
VCCT model can predict the fatigue crack growth rate of the bonded composite joints reasonably
well.

While the aforementioned sirtations were conducted using Abaqus/Standard implicit solver, this
study also explored the potential benefit of Abaqus/Explicit solver to reduce computational costs
in predict progressive damage growth of a bonded composite joint. Although the DCBstast ha
guaststatic loading condition, the plane strain CZM model was used for the simulation using the
explicit dynamic approach via Abaqus/Explicit. To reduce the run time, mass scaling and a higher
displacement rate were carefully selected. As a resudtiawvs that Abaqus/Explicit can also
achieve the same solution accuracies as Abaqus/Standard to solve the composite failure problems,
provided good modkng and solution strategies are implemented. However, contrary to
expectationsusage ofheexplicit solver comes with a higher computational cost.
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Figure 49 A comparison between the finite element analysis (CZM) and experimental
results.
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