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EXECUTIVE SUMMARY

This documentis the final reportcoveringthe results of a 2-gar progam. The progam was
fundedthroudh the Federal Aviation Administration (RA) William J. Hughes Technical Center

at Atlantic City International Airport under &AA contract number DTRA03-95-00044. The
Cessna Model 402 was selectedtty FAA due to therelatively high percentag of this aircraft

in the regonal airline fleet. The progam focused on developing supplementarynspection
document(SID) for all variants of the Cessna Model 402 based on state-of-the-art @lamag
tolerance anafsis techngues.

The Cessna Model 402 was demd and certified prior to the adveot Federal Aviation
Regulations whid require the aircraft strudure to besubstatiated fal safe and/or meet certain
damage tolerance requirements. Hence, thee was minima design daa available to use with
state-of-the-art andigal methods. Therefore, new developmetsgsts,serviceexperience,and
applicationsof current technologin the areas of loads, stress, fatigand fracture mechanics
were usal to identify and establish strudurd inspestions and modifications necessay to mantain
safetyand to provide for continuing structural integty and airworthiness.These items were
done and the Bl was developed in three phases.

Phase 1 of the Bldevelopment pragm consisted of three tasks:

a. Identficaion of he Rinciple Sructural Elements (PSE)
b. Identficaion of he Gitical Areas of he Rinciple Sructural Elements
C. Devebpnentof a Sress $ectum for Each Citical Area

Phase 2 of the Bldevelopment pragm consisted of seven tasks:

Collect Material Propety Data

Establishment of Initial Flaw Sizes for Eah Critical Location
Determinelnspecable Flaw Szes for Each @tical Locaton

Perform Crack Growh Analysis for Each Citical Area

Establish Supplementaigpection Threshold for Each Critical Area
Estblish Repeatinspedton Interval for Each Citical Area
Determinethe Onsé of Widespread Fatigue Damage

@roao0op

Phase 3 of the Bl development pragm consisted ofleveloping thesupplementalnspection
document for the Model 402 and publishibgs a final report (this report).

iX/x



1. INTRODUCTION.

This documentis the final reportcoveringthe results of a 2-gar progam. The progam was
fundedthroudh the Federal Aviation Administration (RA) William J. Hughes Technical Center

at Atlantic CityInternational Airport underA&A contract number DTA03-95-00044 1]. The
Cessna Model 402 was selectedttvy FAA due to therelatively high percentag of this aircraft

in the regonal airline fleet. The progam focused on developing supplementarynspection
document(SID) for all variants of the Cessna Model 402 based on state-of-the-art @lamag
tolerance anafsis techngues.

1.1 PROGRAM OBECTIVES

The objective of this pragm was to perform state-of-the-ardamag toleranceanalysis of the
CessnaModel 402, a desig which was certified prior to the advent oédEéral Aviation
Regqulations (AR) which required the aircraft structure to be substantiateddégland/ormeet
certain damagtolerance regjations. A SID was then developed basedthe damag tolerance
analysis, new and previouslgxisting development test data, servicgperence andteardownof
high-time aircraft. The onsé of widespread faiigue damage for the wing strudure was dso
considered.The SD identifies and establishes structural inspections and modifications necessary
to maintainsafetyand provide for continuingtructural integty and airworthinessState-of-the-
art nondestructive inspection techniques were evaluated and incorporated inf0. thHexiSting
and nev inspetion requirements wee evaluaed with respect to suitdility for widespread fatigue
damag@ detection.

1.2 AIRCRAFT DESCRPTION.

The Cessna Model 402, a twin @émg piston airplane capable of seatiqgto nine passeners,
was first produced in 1967Three models which are structuraifientical,the 402, 402A, and
402B, were produced. These models are equipped with tip tanks and have widgy These
airplanes will be referred to as the Model 402 thtolg” throudhout this report. Figure 1
presents a three-view drawimg the Model 402 throdg“B.” In 1979, theModel 402C was
introduced with a higer goss weifpt, a redesiged wet wingwithout tip tanks, and eedesigied
vertical stabilizer. Figure 2 presents a three-view drawinfthe Model 402C.Both the Model
402 throudp “B” and the Model 402C airframes were addressedhe damag tolerance
assessment.

Over 2000 Model 402, 402A, 402Bnd 402C airplanes had belemilt when productionwas
terminated in 1985.Approximately 150 of these aircraft are used in commuter sigadtseeing
operations.The hidh-time aircraft has over twentliousand fligpt hours.
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2. PHASE 1 TASKS

2.1 IDENTIFICATION OFTHE PRNCIPAL STRUCTURALELEMENTS (PSE)

A review of the Model 402 throlg'B” and Model 402Giirframeswasconductedo identify the
Prindpd Strudurd Elements (PSE) whib wee candiddes for dealled assessmat. A
component is classified as a PSE if the component contributecsigtly to carryng flight and
ground loads, and failure of the component could result in catastrophic failure of the airframe.



In orde to ddermine the prindpd strudurd eements, deailed geomdry and material
informationwas collected for each airframe compone®grvice experience data were collected
by surveyng current Model 402 owners, logviewingCessna service bulletins, andreyiewing

the FAA Service Difficulty Records. Finite element models were developed for both the Model
402 through “B” and Model 402C airframesNew limit load static tests were conducted to
providefinite elementmodelverification data,andfatigue test results were reviewed:he finite
elementmodels,staticandfatigue test results, and serviceperience data are discussed in the
following section. The airframe components which were identified 88 Bre listed in table 1.

TABLE 1. PRINCIPAL STRUCTURALELEMENTS

Component Structure

e wing and arry-thru spa caps and dtach fittings
Wing - flaps, alerons, ad hinge fittings

e main landinggear and attachments

* stebilizer spa caps

Horizontd Stabilizer » spa atach fittings

» devator and hinge fittings

« vertical stabilizer spa caps
Vertical Stabilizer = spa attach fittings

 rudder and hingfittings
Engne e engne mounts and support structure

e window longerons
Fuselage  upper and lower cabin/tailcone strarg
e nose landingear

2.2 IDENTIFICATION OFTHE CRITICAL AREAS OFTHE PRNCIPAL STRUCTURAL
ELEMENTS

Several criteria are usedtsekctthe crtical areas ofie FSE. A critical area of &SE is onethat
will require specific action, such as special inspections or repairs/modificatiosder to

maintain contnued aiworthiness. The facbrs whih are usedat deermine he FSE critical areas
include:

. High stress levels

. Fatiguetest results

. Service exyerience

. Inspestability

. Suseptibility to corrosion

. Susceptibilityto accidental damagpr impact



The critical areas of the PSEs are identified in se@i@m,alongwith anexplanationasto why
the areag critical. The crieria which were conglered n deermining critical areasarediscussed
in moreddail in the sections listel bdow.

Section Criteria
2.2.1 - knite Element Models « High stress levels
2.2.2 - Supportingest Evidence e Faigue crackng
2.2.3 - Service Bxerience » Service experience

e Faigue crackng
» Susceptibilityto corrosion or accidental daneg
« Inspetability

2.2.1 Finite Element Models

Finite element models were developed for the Model 402 thréB§ and the Model 402C
airframe components to establish internal loads and striesesairframecomponents.Finite
element models were developed for the followdegnponents:

MODEL 402 throupp “B” = Wingand CarryThru
e Hap and Aileron
e Engne Beam
e Fuselage
» Horizontd Stebilizer and Elevator
« Vertical Stabilizer and Rudder
» Nose and Main anding Gears

MODEL 402C e Wing and CarryThru
e Engne Beam
« Vertical Stabilizer and Rudder

Due to the commonalityof many components between the Model 402 thiodB” and the
Model 402C, onlyone finite element model was made for each of the followitap, aileron,
fusdage, horizontd stabilizer, devator, and thenoseand man landing gears.

The MacNeal SchwendlerCorporation’s Version 68 of the National Aeronautics and Space
Administraion (NASA) Strucurd Andysis progam (NASTRAN) wa use for the finite
elementsolution. To verify thefinite element model, test stresses from the strain data collected
during the ground tests (reference section 2.2.2.1) are compared to the model stresses for the
assocated anajtical (model) static test cases.

Figures 3 and 4 show the finite element mesh for the M402C/eangthru and fuselag
modd. The mode is shown a two figures for darity. This modd uses CBEAM elements to
representhe stringersandspar caps and CQUAD4 and CHSl elements to represent the skins
and webs. The mode was tune&l usingNASTRAN runsfor the maximum positivewing-bending
limit load case, which is a condition coveritige positive load enveloggdus maxmum engne



FIGURE 3. M402C WING AND CARRY-THRU FNITE ELEMENT MESH

NSO\,

AN A

FIGURE 4. M402C RUSELAGE ANITE ELEMENT MESH

download. The NASTRAN model was tuned to produce atiedy stresses comparable to the
teststressesipon appling the test loads to the modeThe finite element mesh for the M402

throuch

wing/carrythru and fuselagis verysimilar to the meshproducedfor the M402C.

HBH

This mesh is presented in section 3.1 of reference 2.



Figure 5 shows the finite element mesh of the M402C empennabe modelincludesthe
tailcone the vertical stabilizer, and the horizonta stebilizer. CBEAM elements are usea to
represent the strikgs and spar caps and KEAR, CQUAD4, and CTRIA3 elementsto
representhe skins and he webs.Three bad cases were @emined b be criical after extensive
analytical evaluation of the empenragtructure. Thesethreecasesare rudderkick, maxmum
negative (down) maeuver, and maimum positivegust. The vertical stailizer modé was tunel
using NASTRAN runs for the limit load condition audderkick. The horizontal stabilizer
model was tuned using NASTRAN runs for the limit load conditions of meaum negtive
maneuver and maximum positivegust. Thetalconemodé was tunel usingNASTRAN runs for
all three limit load conditions.The NASTRAN runs were tuneith produceanalyical stresses
comparable to the test stresses upon applihe testloadsto the model. The finite element
mesh for the M402B2mpennag is very similar to the mesh of th®1402C empennag This
mesh is presented in section 3.1 of reference 2.
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FIGURE 5. M402C EMPENNAGE RNITE ELEMENT MESH

Finite elementmeshedor the mainand nose landingear forgngs are shown in figres 6 and 7.
CTETRA elements are used to represent thar dorgngs. CBEAM elements, which areaot

shown in the figres, are used to represent the maiargue, barrel, torque link, and sidwace
actuator and the nosea ake, barrel, torque link, and drdgace. Four limit load conditions
were appliedto each gar finite element model to determine the critical locatiohsnding

impact and gound handling-onditions were considered.



Main gear axle barrel, torque link, and
side brace actuator removed for clarity.

FIGURE 6. MAIN LANDING GEAR FNITE ELEMENT MEHH



FIGURE 7. NOSE LANDING GEAR FORK FNITE ELEMENT MESH

2.2.2 SupportingTest Evidence

2.2.2.1 Static Tests

A series of limit load gound tests to provide finite element moderification data were
conducted on a Model 402C wind he wingground testvasconductedy attachinga left-hand
wing, obtained from a salvagyard, to a Model 425 fuselag A Model 402C ridpt-hand wing
was obtdaned to useas a loading fixture One test, maimum positive wing bending was
conducted. This test condition covers the positive load envelop&he load envelope is a



compositeof the flight critical loads, based on the requirements of Civil Air Ratjon (CAR)
conditions3.183throuch 3.190. A positivenet (limit) load of 9470 Ib. per winglus a 3182 Ib.
negtive load per enige was appéd to each wng. Strain gauge and defcion dah were
recorded.

A series of limit load gund tests were also conducteal the Model 402C empennag The
testswere conducted on an empenadigilcone and horizontal and vertical stabilizers) obtained
from a savage yard. Three bad condions were ésted. These dad condions were selced
basal on etensive andytical evaluadion of the empennage strudure The first load condition
testedwasthe maxmum neggtive (down) maneuver conditionA total limit down load of 1946
Ib. was applied to the horizontal tail and elevatoffie second load condition tested whe
maxmum positive gst load condition. The condition was tested to 94% tbk total limit up
load of 2658 Ib. on the horizontal tail and elevatom$e third load condition testedwas the
rudder kick condition.A total limit load of 1726 Ib. was applied to tkertical tail andrudder.
Strain @uge and deflection data were recorddthe stresses measured duribgih the wingand
empennag tests were conpared o the anajtical stresses predied by the finite element modek.
These corparisons were useatrefine te finite elementmodek.

2.2.2.2 Fatigue Tests

Two component fatige tests have been completed in the past on Model 400 series wing
sinde wing, block loaded, aglic test was conducted on the Model 402 thiotBy” in the mid-
1970s. This test was conducted to obtain faggdatawhich would aid in the establishmenof
servicelives for the Model 402.Five locations developed fatig cracks duringhe course of the
test.

A fatiguetest similar to the Model 402®ing component fatige test was conducted on a Model
421C. The Model 421C wings similar to the Model 402C windput with smaller spar caps.
Two natural cracks of 0.05 in. letigwere found in the winfyont spar after 80,000 test hours.

A summaryof the test results is presented in section 3.2 of referencEh&.resultsof these
fatigue tests wee usal to hdp deermine the suseptibility to faigue danage of the prindple
structural elemens.

2.2.3 Service Eyerience

Service experiencewas usedto deermine which areas oftte FSES were suscefiile to fatgue
cracking corrosion, and/or accidental daneadn order to determine the service problems which
have been reported in the field, three sources of information were used:

a. Cessnasevice bulletins.
b. Operator surveyinquiringabout structural problems and repairs.
C. FAA Service Difi culty Records.

A summaryof the Cessna service bulletins is presentexation3.3 of reference2. Thesecond
methodusedto determine service prrience problems was to review information supplied by



currentoperators.In conjunction with a survesent to current Model 402 operators to determine
the usag of their airplanes, the operators were asked if laglyencountered amyajorstructural
problems with their airplanesA copy of the surveyorm is presented in fige 8. A summaryof

the operators’ responses can be found in section 3.2 of reference 2.

INFORMATION NEEDED TO DEVELOP FATIGUE ANALYSIS
This form should be filled out for each aircraft in the fleet. The specific

information about each individual aircraft is important in developing the
history of usage of the aircraft fleet and the structural locations critical with

service. ‘
Aircraft Serial No. Model 402 A B C
(circle)

Total Service Time Of Aircraft hrs.

Auxiliary Tank Locations {(outb’d, wing locker, etc.} and Capacity Of Each

Aux. Tank # Location gals.

Aux. Tank # Location gals.
| Aux. Tank # Location gals.

Aux. Tank # Location gals.

Structural Airframe Repairs (Optional)
Describe any significant structural repairs made to the aircraft and where
these repairs are located. List the repairs which were required because
of longevity of service, not those required routinely to meet
airworthiness regulations. This information will be used by Cessna
engineers to help determine which locations are to be included in the
fatigue analysis. Continue on the back of the sheet if necessary,

FIGURE 8. OPERATOR SJRVEY LAIRFRAME REPARS

10



The third method of determiningtructural problems which have occurred in the field was to
review excerpt of the Srvice Diffi culty records provded bythe FAA. These records covéne
period of time from the mid-1970s to December 199%5.summaryof the problemswhich
appeared more than once in these records is presented in section 3.3 of reference 2.

2.2.4 PSE Ciritical Areas

Tables2 and3 presenthe PSE critical areas chosen for ars#y Figures 9 throuly 22 show the
locatons of hese BE critical areas.

TABLE 2. MODEL 402C ANALYSIS LOCATIONS

Figure Selection
ID Number Description Criteria*
CW-1 10 Wing Lower CarryThru Front Spar Cap, B.L. 48.00 1,2
CW-2 9 Wing Lower Front Spar @ at Poot FittingAttach, W.S. 66.70 1,2
CW-3 9 Wing Lower Front Spar Cap at Canted Rib AttaehtnW.S. 80.52 1
CW-4 9 Wing Lower Front Spar Cap atlboard Enghe BeamAttach, 1
W.S. 88.05
CW-5 9 Wing Lower Front Spar at Outboard Eng BeamAttach, 1,2
W.S. 107.02
CW-6 9 Wing Lower Front Spar Cap at BkSplice, W.S. 119.74 1,3
CW-7 9 Wing Lower Forward Auxiliary Spar Gp, W.S. 81.20 1
Cw-8 9 Wing Lower Aft Auxiliary Spar Gp, W.S. 96.64 1
CW-9 9 Wing Rear Spar Lower Cap at Splice, W.S. 110.24 1
CW-10 10 Wing Lower CarryThru Rear Spar Cap, B.L. 49.50 1.3
CW-11 9 Wing Upper Front Spar Cap, W.S. 108.008 1.3
CEB-1 9 Engne Beamat Aft Engne Mount, F.S. 127.15 1,3
CF-1 11 Fuselag Left Hand Longron, F.S. 190.33 1
CF-2 11 Tailcone Ande Attachnent to Horiontal Rear Spar, B.L. 2.90 1
CH-1 12 Horizontal Sabilizer Forward $ar Uoper Gp, B.L. 0.0 1
CH-2 12 Horizontal Sabilizer Forward $ar Lower Cap, B.L. 0.0 1
CH-3 12 Horizontal Sabilizer Forward $ar Attach Bolt throudh Web, 1,3
B.L.7.69
CH-4 12 Horizontal Sabilizer Rear $ar Lower Cap at Attach Bolt, 1
B.L. 2.90
CH-5 12 Horizontal Sabilizer Rear $ar UWoper Gp, B.L. 0.0 1
CH-6 12 Horizontal Sabilizer Rear $ar Lower Cap, B.L. 0.0 1
CH-7 12 Horizontal Stabilizr Rear Auxiliary Spar Upper Gp, B.L. 8.01 1
Cv-1 13 Vertical Stabilizr Rear Spar at &achnent, W.L. 108.38 1
Cv-2 13 Vertical Stabilizr Rear Spar @ at W.L. 136.04 1
CMLG-1 14 Main LandingGear Side Bace Actuator Mllar 1.3
CNLG-1 15 Nose Landingsear Fork 1,3

* Selection Qiteria: 1. High stress lesls fromfinite elenent nodel
2. Fatigue test results
3. Senice experience
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TABLE 3. MODEL 402 THROUGH “B ANAL YSIS LOCATIONS

Figure Selection
ID Number Description Criteria*
BW-1 17 Wing Lower CarryThru Front Spar Cap, B.L. 36.12 1,2
BW-2 16 Wing Lower Front Spar @ Root Fitting W.S. 46.70 1,2,3
BW-3 16 Wing Lower Front Soar Gap Root Ftting Attach, 1,2,3
W.S. 54.10
BW-4 16 Wing Lower Front Spar Cap Canted Rib Attacmt) 1,2
W.S. 66.70
BW-5 16 Wing Lower Front Spar Cap, W.S. 75.66 1.3
BW-6 16 Wing Lower Front Spar Cap atlboard Enghe BeamAttach, 1,3
W.S. 83.74
BW-7 16 Wing Lower Front Spar Cap at Outboard HregBeamAttach, 1,3
W.S. 98.74
BW-8 16 Wing Lower Forward Auxiliary Spar Gp at W.S. 86.62 1
BW-9 16 Wing Lower Aft Auxiliary Spar Gp at W.S. 89.65 1
BW-10 17 Wing Lower CarryThru Rear Spar Cap, B.L. 37.60 1
BW-11 16 Wing Rear Spar Cap at Splice, W.S. 98.14 1
BW-12 16 Wing Upper Front Spar Cap, W.S. 106.82 1.3
BEB-1 16 Engine Beamat Aft Engne Mount, F.S. 131.20 1.3
BF-1 18 Fuselag Left Hand Longron, F.S. 190.33 1
BF-2 18 Tailcone Ande Attachnent to Horiontal Rear Spar, B.L. 2.90 1
BH-1 19 Horizontal Sabilizer Forward $ar Upper Gp, B.L. 0.0 1
BH-2 19 Horizontal Sabilizer Forward $ar Lower Cap, B.L. 0.0 1
BH-3 19 Horizontal Sabilizer Forward $ar Attach Bolt Throudh Web, 1.3
B.L.7.69
BH-4 19 Horizontal Sabilizer Rear $ar Lower Cap at Attach Bolt, 1
B.L. 2.90
BH-5 19 Horizontal Sabilizer Rear $ar Uoper Gp, B.L. 0.0 1
BH-6 19 Horizontal Sabilizer Rear $ar Lower Cap, B.L. 0.0 1
BH-7 19 Horizontal Stabilizr Rear Auxiliary Spar Upper Gp, B.L. 8.01 1
BV-1 20 Vertical Stabilizr Rear Spar at &achnent, W.L. 108.38 1
BV-2 20 Vertical Stabilizr Rear Spar @, W.L. 136.04 1
BMLG-1 21 Main LandingGear Side Bace Actuator Mllar 1,3
BNLG-1 22 Nose Landingsear Fork 1,3

* Selection Giteria: 1. High stress lesls fromfinite elenent nodel
2. Fatigue test results
3. Senice experience
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FIGURE 9. MODEL 402C WNG ANALYSIS LOCATIONS

Cw-1 CW-10

FIGURE 10. MODEL 402C STUBWING ANALYSIS LOCATIONS
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FIGURE 11. MODEL 402C FUSEIAGE ANALYSIS LOCATIONS
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FIGURE 12. MODEL 402C HOREONTAL STABILIZER ANALYSIS LOCATIONS
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FIGURE 13. MODEL 402C VERTCAL STABILIZER ANALYSIS LOCATIONS
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FIGURE 14. MODEL 402C MAIN LANDING GEAR SDE BRACE ACTUATOR
COLLAR ANALYSIS LOCATION
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FIGURE 15. MODEL 402C NOSE BANDING GEAR FORK
ANALYSIS LOCATION
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FIGURE 16. MODEL 402 THROUGH “B WING ANALYSIS LOCATIONS
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BW-1
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FIGURE 17. MODEL 402 THROUGH “B STUB WING ANALYSIS LOCATIONS
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FIGURE 18. MODEL 402 THROUGH “B FUSELAGE ANALYSIS LOCATIONS
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FIGURE 19. MODEL 402 THROUGH “B HORIZONTAL STABILIZER ANALYSIS

LOCATIONS
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FIGURE 20. MODEL 402 THROUGH “B VERTICAL STABILIZER ANALYSIS
LOCATIONS
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CMLG-1

&

FIGURE 21. MODEL 402 THROUGH “B MAIN LANDING GEAR SDE BRACE
ACTUATOR COLLAR ANALYSIS LOCATION
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CNLG-1

FIGURE 22. MODEL 402 THROUGH “B NOSE LANDING GEAR FORK
ANAL YSIS LOCATION

2.3 DEVELOPMENT OFA STRESS SPECTRUMGR EACH CRITICAL AREA.

2.3.1 Operational Statistics of thddet

The first step in developinghe stress spectra was to determine how Model 402 commuter
operabrs were using their aircraft To acconplish this, a surveywas devalped and raled to
operatorddentified by the FAA. A copy of the surveyform is shown in figre 23. The FAA
identified 34 operators with 150 airplanes beisgd to carrgitherpassengrsor cargp. A total

of 14 operatorgepresentin@5 airplaneseturned the surveyThis usag data was supplemented
by a surveyof three operators representif@ur airplanesconductedby Cessnan 1974. The
airplanes included in the two surgegepresent a usagf 2011 flidits per week.The usag is
shownin figure 24 and is represented by three-parameter 8bull distribution shown in
figure 25. After reviewingthe data and the wag which the airplaneswere flown by specific
operators, three sets of mission profiles were develop@tie profiles are discussedin
section2.3.2. This datawas used to create the fical mission profiles used in the dareag
tolerance anafsis.
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INFORMATION NEEDED TO DEVELOP FLIGHT PROFILES FOR FATIGUE ANALYSIS

This form should be filled out to accurately describe a typical flight'.
Weights, distribution of fuel, altitude above ground or water, speeds, and
length of flight all have an effect on the fatigue life expected. The accuracy
of the fatigue analysis depends on the accuracy of your information. If the
typical flight changes, the individual fatigue analysis no longer would apply.

Aircraft Model 402 A B C ({circle one)

Number of Times Typical Flight is Flown /week/month/year (circle

one)

Percent Of Total Flight Time This Typical Flight Represents | %

Airport Elevation (ft) | Takeoff - | Landing -

Ramp Weight’ Ibs

Takeoff Fuel Loading’ Main Tanks | lbs

Aux. Tanks Ibs
lbs
Ibs

Occupants and Baggage® Ibs

Landing Weight’ Ibs

Landing Fuel Loading? Main Tanks ibs

: Aux. Tanks lbs
lbs
ibs

Cruise Speed and Altitude | KIAS ft

Terrain flown over and elevation® land % water ft

%

Climb Speeds and Time’ grd -- ft KIAS min
ft KIAS min
ft KIAS min

Descent Speeds and Time' ft KIAS min
ft KIAS min

-- grd ft KIAS min

Flight Length (hours or minutes) |

' Complete this form for each frequently flown flight profile (significantly different flight pattern).

“This is the total weight of the fueled aircraft, including crew and passengers and any baggage or cargo.
>This is the total weight of the fuel onboard, with the distribution noted if there are auxiliary tanks used.
“This is the total weight of the crew, passengers, and baggage or cargo.

>This is the weight at which this aircraft lands.

®If the terrain flown over is fairly flat, an average elevation may be used. If flying over varied elevations
(i.e. - mountains and valleys) the flight path may be marked on an aeronautical chart that shows terrain
elevation and submitted with this form.

7 If altitude is over 7,000 ft. break down in 5,000 ft or less increments.

FIGURE 23. OPERATOR SURVEYLELIIGHT DATA
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ELIGHT LENGTH SUMMARY
CESSNA 1974 SURVEY OF 3 OPERATORS
234 FLIGHTS/WEEK
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22




2.00

1.80 ~\
1.60 '
I Flights (#/2-bars)
Weibull Distribution
1.40
= = = Normal Distribution

1.20

o
o]
o
.-

Density Distribution
3

-
'- ‘I
- 3
s A

|

|

b -y |

’ " ‘

0.40 . \ 1

0.20 v

o

(o))

=]
4

/ 1IN §

0.00 = e L1 (9 _]_l
0.0 05 1.0 15 20 25 30
Flight Length (hours)

FIGURE 25. MODEL 402 RLIGHT LENGTH DISTRIBUTION [LI7 DREERATORS

2.3.2 Flight Profiles

The flight profiles for the Model 402 were derived from theHtiglata reported bivlodel 402
operatordn two surveys conducted in 1974 and 199@he data collected includes takeoff fuel
weights, takeoff gross weights, passanger loading, flight dtitudes, and flight lengths. After
reviewingthe flight data and specific mission profiles flown bdgerators, three sets profiles
were developed for use in fatig and crackrpwth analgis.

Thefirst profile sd is called the ShortFlight Profile and consistsof oneflig ht profile. Thisflight
profile was developed to represent operators who useaingianesonly for short missionsof
about 25 minutes in letlty The Short kght Profile was usedor analysis of Model 402C
aircraft only Table 4 presents details of the Shdig it Profile.
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TABLE 4. FLIGHT PROFILE DEFNITIONS SHORT FUGHT LMADEL 402C

Flight Number of Ramp Ramp Cruise Flight
Profile Persons Weight Fuel Altitude Length
Number Onboard (Lbs) (Lbs) (Fee) (Minutes)
1 7 6240 500 5000 25

The secondprofile is called the Severe or Grand CanyProfile and consists of two individual
flight profiles. SeveralModel 402sare used to conduct tours thrbuthe Grand Caron. The
flights are at low altitudes over mountainous terrdine SevereProfile was developedto
represent these Grand Canytour airplanes and was used for the amalyf both Model402
throuch “B” and Model 402C aircraft. Tables 5 and 6 present the details of the SeviggatF

Profiles.

TABLE 5. FLIGHT PROFILE DEFNITIONS SEVERE [LMADEL 402 THROUGH “B

Flight Number of Ramp Ramp Cruise Flight
Profile Persons Weight Fuel Altitude Length
Number Onboard (Lbs) (Lbs) (Fee) (Minutes)
1 8 6331 661 7500 65
2 8 6064 394 8500 50

TABLE 6. FLIGHT PROFILE DEFNITIONS SEVERE [LMADEL 402C

Flight Number of Ramp Ramp Cruise Flight
Profile Persons Weight Fuel Altitude Length
Number Onboard (Lbs) (Lbs) (Fee) (Minutes)
1 9 6820 720 7500 65
2 9 6547 447 8500 50

The third profile sd is clled the Typical Usage Profile which consistsof six individud flig ht
profiles. These fight profiles were deried from the usag da@ collecied from the surveys,
minus the Short light and Grand Camyn operators. This data is representday a three-
parameter Wibull distribution as shown in figre 26. Six individual flig ht lenghs weredefined
from the distribution curve to represent the overall flig lengh distribution as shown in
figure27. The Typical Usag Profile was used for both the Model 402 thtouB” and the
Model 402C aircraft.Tables 7 and 8 show the details of th@i€gl Usag Profiles.
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TABLE 7. FLIGHT PROFILE DEFNITIONSTYPICAL USAGE LMADEL 402

THROUGH “B”
Flight Number of Ramp Ramp Cruise Flight
Profile Persons Weight Fuel Altitude Length
Number Onboard (Lbs) (Lbs) (Fee) (Minutes)

1 4 5928 978 5000 18

1 6 6062 932 7000 38

3 6 6052 742 7500 60

4 5 6137 1007 8000 83

5 6 6185 875 8300 106

6 8 6331 661 10000 128

TABLE 8. FLIGHT PROFILE DEFNITIONSTYPICAL USAGE LMADEL 402C

Flight Number of Ramp Ramp Cruise Flight
Profile Persons Weight Fuel Altitude Length
Number Onboard (Lbs) (Lbs) (Fee) (Minutes)

1 6 6486 926 5000 18

2 7 6620 880 7000 38

3 8 6610 690 7500 60

4 9 6771 671 8000 83

5 8 6743 823 8300 106

6 9 6881 781 10000 128

The arcraft weight configuratons for each ofite flight profiles arepresengd in tables9 and10.
For all Model 402 throug “B” profiles, the basic emptweight is 4230Ib., which includesa
3950 Ib. standard emptyeight plus 280 Ib. of optionatquipment. The typical Model 402C
basic emptyweight is 4480 Ib., which includes a 4200 Ib. standargtyweight plus 280 Ib. of
optional equipment. Average passergy weidt with bagage is assumed to be 180 IbThe
center of gavity data was obtained from the respective pilot operdtamglbooks.

Eachof theflight profiles defined was divided into several fitglmission) segents for which
average dtitudes, aircraft weights, and velocities weae speified. These paameters wae useal to
define the gst environment geriences for each flig profile. Cruise altitudes were based on
information from the custome surves. Flight vdocities for dimb, cuise and deseent wee
derived from the Model 402Bnd Model 402(pilot operating handbooksFuel consumption
rates were also derived from the pilot operatiagdbooks.
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TABLE 9. AIRCRAFT WEIGHT CONHGURATION [LMADEL 402 THROUGH “B

Configuration Profile Desaiption

1 Severe Profile 1 | 1 pilot, 7 passerggs, 600 Ibs fuel in main tank, 61 Ibs
fuel in auxiliary tank.

2 Severe Profile 2 | 1 pilot, 7 passerggs, 394 Ibs fuel in main tank.

3 Typical Profile 1 | 1 pilot, 3 passerags, 600 Ibs fuel in main tank, 378 Ib
fuel in auxiliary tank.

4 Typical Profile 2 | 1 pilot, 5 passerags, 600 Ibs fuel in main tank, 332 |b
fuel in auxiliary tank.

5 Typical Profile 3 | 1 pilot, 5 passerags, 600 Ibs fuel in main tank, 142 Ib
fuel in auxiliary tank.

6 Typical Profile 4 | 1 pilot, 4 passerags, 600 Ibs fuel in main tank, 378 |b
fuel in awiliary tank, 29 Ibs fuel in windpcker.

7 Typical Profile 5 | 1 pilot, 5 passerags, 600 Ibs fuel in main tank, 275 Ib
fuel in auxiliary tank.

8 Typical Profile 6 | 1 pilot, 7 passerags, 600 Ibs fuel in main tank, 61 lbs

fuel in auxiliary tank.

TABLE 10. AIRCRAFT WEIGHT CONHGURATION [LMADEL 402C

Configuration Profile Desaiption

1 Short Hight Profile | 1 pilot, 6 passerggs, 500 Ibs fuel in main tank.

2 Severe Profile 1 1 pilot, 8 passerags, 600 Ibs fuel in main tank, 120 lps
fuel in auxiliary tank.

3 Severe Profile 2 1 pilot, 8 passerggs, 447 Ibs fuel in main tank, 61 Ibp
fuel in auxiliary tank.

4 Typical Profile 1 1 pilot, 5 passerggs, 600 Ibs fuel in main tank, 326 lps
fuel in auxiliary tank.

5 Typical Profile 2 1 pilot, 6 passerggs, 600 Ibs fuel in main tank, 280 lps
fuel in auxiliary tank.

6 Typical Profile 3 1 pilot, 7 passeregs, 600 Ibs fuel in main tank, 90 Ibs
fuel in auxiliary tank.

7 Typical Profile 4 1 pilot, 8 passerggs, 600 Ibs fuel in main tank, 71 Ibp
fuel in auxiliary tank.

8 Typical Profile 5 1 pilot, 7 passerggs, 600 Ibs fuel in main tank, 223 Ips
fuel in auxiliary tank.

9 Typical Profile 6 1 pilot, 8 passerggs, 600 Ibs fuel in main tank, 181 lps

fuel in auxiliary tank.
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Each of the profiles was broken into the separathtfBggnents as follows:

. Tax to runwayl Octurs at a welg midwaybetween ramp and takeoff.

. Climb—Thetotd numbe of dimb segments d@ends onthe final cruisedtitude. Each
segnent representsno more than a 5,000 ft. cham@nd the other parameters used
represenain averag durng thatsegnent

. Cruise—Thetotal numberof cruise sements depends on the total time spent in cruise.
Each se@ment will represent no morethan 25 minute and the othe parameters usel
represenain averag durng thatsegnent

. Desent—Thesagments ae ddined in thesane mannea as theclimb phase

. Approach—This is the last descent segt prior to touchdownThe velocityis limited
to 102 knots calibrated airspeed (KCAS).

. Maneuvers—Rraneters are denical to the approach segent In general most
maneuveringdone with an aircraft of this class can be p&cted to be done just after
takeoffandprior to landing Of these, the maneuvers prior to landoayld be epected
to bethe morefrequent and for tha reason dl maneuvers will be assume to take place
duringthe approach segent.

. Approach-b-Landing Flap Deflecion—Paraneters are dentcal to the approach segent
with the excepton of defecied flaps atl5’ and 45.

. Landing Impact—Uses parameters at moment of touchdowhis segnent is usedto
calculate the gar loads at touchdown.

. Taxi to Ranp—Handled the sane as the initial taxi segment and occurs at a weight
midway between touchdown and eng shut down.

2.3.3 Load Spectra Development

The load spectrafor the Model 402 damagytolerance anabes are presented in two cateigs:
those spectraaffecting the major airframe components and those specificaflgcting the
landinggear. The airframe load spectra is presented in section 2.3.3.thafahdinggearload
spectra is presented in section 2.3.3.2.

2.3.3.1 Airframe Load Sectra

The aircraft flight profile load paameers wee calculated usingthe defined flight profiles and
the aircraft weight configuration data. Center of gavity (c.g) was calculated for all fligt load
segnentsof the profiles definedfor specific passengr and fuel loadingnd passerey and fuel
weight distribution. The flight profile load parameters include fuel whtg in the separate fuel
tanks, goss weifpts, flight speed, flipt mach numberlig ht altitudes,c.g location,thrust,and
length of each fight segnent These dad pararaers were useddtcatulate load spect.
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Table 11 summazes theload spe&tra consideed in thedamage tolerance evaluaion of al mgor
airframe components in conjunction with the liligorofiles and aircraft configations definedn
section 2.3.2.The load spectra are discussed in more detail in the follgparggaphs.

TABLE 11. AIRFRAME LOAD SPECTRA

Major Airframe Component Load $ectra to be Considered

Wing and CarryThru Maneuver, verticalygt, landingmpact,
taxi, ground-air-gound

Fuselag Maneuver, vertical and lateraligt, landing
impact, tax, ground-air-gound

Empennag Maneuver, vertical and lateraligf,
bdandng tal load cycles, landingimpeact,
taxi, ground-air-gound

Engne Support Maneuver, verticalygst, landingmpact,
taxi, engne thrust, gound-air-gound

The Model 402 analytical maneuver spectrum was based on an accumulation of data from
references 5, 6, and The maneuver spectrum wadsfinedby constructinga conservativeeurve
through the data points as shown inurg 28. Load cyclesandoccurrencesvere definedfrom

these curves bgombiningpositive and neajive incremental load factors #ite sameexceedance
level. In the absence of a rationd approah to vetica tal maneuver spetra, vertical tall
maneuver loadinfpr fatigue evaluation was accounted for in thestgspectrum.

The vertical gst load spectrum for the Model 402 was defined in termairofaft centerof
gravity acceeratons (ie., verical load facbr, N,) for each of he flight profiles defned. A
conmparison was nade of verical load facor exceedance datconpiled from reference®, 6, and

8 aspresentedn figure 29. Basedon this comparison of eeedance data, the Model 402 was
evaluaed usingthe ESDU dda of reference 8. This dda is a compilaion of normdized gust
exceedancesbtainedrom several different aircraft usirthe velocityload factor altitude (VGH)
method.

The lateral gst load spectrum for the Model 402 fagevaluation was defined in terms oy
velocity exceedances.This spectum was devaped fromreference 8 datassunng that the
overallgust environment is isotropidn addition, a lateraligst in one direction was assumed to
be followed byone of equal magtude in theoppositedirection. In the absenceof a rational
vertical tail maneuver spectrum and anamic analgis of the empennag responseto gust
spectrum, an occurrence factor of two was applied to lageistioccurrenceso accountfor
maneuvetoadings and the dgamic response of the empeneag lateral gists as recommended
in reference 9.
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FIGURE 28. MODEL 402 MANEUVER SPECTRUM

The Model 402 taxspectrum (vertical load) was derived in terms of vertical factor (N,)
occurrences at the aircraft center ad\gty per 1000 flignts. The spectrum wabasedon data
from reference 6, as shown indig 30.

During the strainsurvey(section2.3.4), a varietyf landing were recorded representiagnax
min rang of recorded Nvaluesfrom 1.3-0.7to 2.2-0.2. Landing strains were dxracted from the
flight strain surveyn a time historyformat for each strainagge. The recorded stresses were
used diectly in the stess spectim. The nunber of occurrence®f eachrecordedanding in the
spectra was selected to parallel the esggectrum defined in reference 6, as shown urdi@1.
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FIGURE 30. MODEL 402 TAXI SPECTRUM

The ground-air-goundspectrumemployedin thewing and fuselag cabin analgis, is defined as
the stress gcle pe flight encompasingthe maximum flight stress excursion ad theminimum
groundstressexcursion. In the evaluation of fatige loading on the empennagan additional
loading cycle similar in definition to the rgund-air-gound cyle was accounted for.The
addtional cycle, he overdl resdue cygle (ORC), is defined as lie cyle encorpassng the
maximum positivestress and themaximum neyative stress pe flight. A proceduresimilar to the
method used to computeagind-air-gound cgles was emplad to determindRC cycles for
fatigue andysis.
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FIGURE 31. MODEL 402 LANDING IMPACT SPECTRUM

For each of the profiles defined the hontal stabilizr was investicated for stresscycles
resultingfrom changes in oneg bdandng loads dueto vdocity change and flap position hianges.

The effectsof engne thrustare considered in the fatig evaluation of the airframeSpecific
thrust values for the individual flig segnents of section 2.3.2 were calculated ugimg engne
rpm and manifold pressure.

The Model 402 is unpressuet, therefore, the effects of cabin pressure were not considered.

2.3.3.2 Landing Gear load Spectra

The landinggear spectra alongith finite element stress equatioasd methodsestablishedor
calculationof gear loads in reference 10 were used to develop the Model 402 main lgeding
fatigue analgis. The spectra for the Model 402 landigear analgis include the following
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. LandingImpact

. Taxi

. Turning
. Braking
. Pivoting

Thetaxi and landingmpact spectra were based on data from reference 6, as showres 39
and 31. The Model 402 turnindoad spectrum was defined in terms of lateral acceleration
(LACG) occurrencest the arcraft cener of gravity. The urning load specum was dened
from data collected byessna and presented in reference ITbe Model 402 brakindoad
spectrumwas also derived from reference 10 in terms of brake load/1000 lknsg weidpt
occurrencesThe pivotingspectrum for the Model 402 included twadling pivotsperflight, one
pivot prior to takeoff and one prior to @ng shutdown after tain.

2.3.4 Hight Strain Survey

A flight strain surveyprogam was undertaken teterminestressequationsas a function of
flight parameters for use in danedglerance stress spectra developménModel 402C aircraft
was acquired, instrumented, and flown under a vaoétepresentative conditions orderto
recordenoudn datato perform statisticalregessions. The aircraft was instrumented with 51
strain gauges, verical and bteral acceéroneters nearhie arcraft c.g, andlateral acceeroneters
near the vertical fin center of pressure (c.pAirspeedwas alreadyavailablein the aircraft
instrumentation package. The arcraft gross weght, fud weight, dtitude, indicated airsped,
left/right engne speed(rpm), left/right engne manifold pressure, and flap position were all
manuallyrecorded byn observer durinthe flights.

In order to record sufficient data variation to obtain confidence in thessgns, thaircraftwas
flown with two different 2ro fuel weidit configurations and various winduel loading
Airspeedand altitude were varied to the full rangf e)pected valuesFlight conditions for gst,
coordinatedmaneuverstaxs, and landing were performed. Gusts were flown at different
airspeedsangng from approxmately 130 KCASindicated to 190 KCAS$or each of the loading
configurdions. The maneuves were synmdric (or nexly symmdric) steady-stae load
conditions includingleft/right wind-up turns, push-overs, anoller coasters.Taxis were
performed over redtively rough runway for each oftie weght configuraions. Landings were
performed for each weght range and ncluded normal and harddndings.

The data were reviewed to identtigod data streams as well @atawhich lookederroneousor
includednon-steadystatemaneuvers.Valid data streams were selected anttasted from the
tapes and stored for neggsion. The flight data were regssed to specifiestressequationsising
alinear least squaes regression tehnique Stdistical paameers cmmputal indude corrdation
coefficient standard error on coefttient t-statistic on coeffcient resdual distribution,
cumulative frequencyof residuals, and computed vs. actual value&dtress equationsvere
regessedfor vertical and lateral ust, maneuvers using® or 15° flaps, maneuvers usid®’
flaps, taxi dternaing stress and tai mean stress. Landing strans wee extracted in atime
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history format for directuse n the specum. Obvious da& spkesor errorswereextraced from
the sanples resultingin significant corrdation improvenents.

Gust stress equations were negsed in an alternatirggress format.Root meansquare(RMS)
stresses and correspondiRyIS load factors were computed over seveeglonddo determine
the devaton stess reswbnt. As the cyles of stess andload factors are not necessaly
equivalent, the rato of stess cgles b load facbr were ato conputed for use n the specta
development. The load factor used for verticalgt (horiontal tail andengne beams)is N,
while theload factor usel for lateral gusts (vetical tal and talcong is N, atthe fin.

Symmedric maneuver stress @uaions wee developed in an absolutestressforma. Normdly the
stress @udions ae developed for any flap sdting (e.g., @°, 15°, 45°). For this aircraft, the
landing gear is efended for all flap ebensions above 25 The change in arcraft attitude
necessitates a separate equation for 45° flap conditions.

Taxi mean and dternating stress @uaions use the same stran survey sample daabase The
taxi mean stress @udions wee absolutestress forma while thetaxi dternding stress guaions
were in an dternating (or deviation) forma similar to gust.

2.3.5 Stress Spectra Development

2.3.5.1 Stress Equations

Stressequations were developed for theitamaneuver, andust flight segnents defined in the
Model 402 Load Spectrausing the stresses obtained from the figstrain surveyof the
Model 402. Two adjustment factors were applied to steessequationgo obtan the stressesit
the anaysislocatons. Theadjusiment factorsdevebpedaredefinedasthe netareafactor (NAF)
and te ransfer faar (TF).

A netareafactor wasappliedto the basic stress equation to account for the reduction in cross-
sectonal area dued the absence of aerial at fasener bcatons. The NAF was calulated by
dividing the goss cross-seidnal area bythe netsectonal area. Net area gesses wereasedfor
classcal fatigue danage anayses ony. The crack gowth anayses used pss area stsses.

A transfer faadr was defned b transfer he stess fromthe stain gauge locaton o the analsis
location. TF was found bydividing the stress at the analylocationby the stressat the strain
gauge location as dgermined from theNASTRAN finite e ement modé.

Segmentby-segnent stress equaton coefficients for al profiles and anaisis locatons were

determined. The following symbols and definitions were used in the stress equation
development:
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o = Stress, psi

Ao ;
—— = Increnentd GustStress, p3g

AN
z

N, = Normal Acceleraton atAircraft Center of Gravty, g
C, = Coefficientof N, in Stress Equation, psi/g
C; = Constant Term in Stress Equation, psi

Subscipts:
t =Tax
m = Maneuver
g = Gust

alt = Alternatingcomponent
mean= Mean component
ss = Steadystate component

2.3.5.1.1 Tax Stress Equation

The taxi stress T was defned as a ®wan stess, Ot rean’ plus an alternatinggomponent,

O, . These terms were pressed as a function of severatiablessuchaswing fuel weight,
a
gross weidpt, and c.glocation. The tax stress can be represented as

Op = ota|t " Otmean
Ot
A NZ mean
Ot
A N, Nz 1) % tmean
o (0)
_ t t
- AN - NZ ) AN * Otmean
Z Z

Thestress gudion was renritten as

Ot = Cl'Nz+ C3

t t
where
(0)
_ t
€1 = AN
t z
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Oy

+ cytmean
t ANz

2.3.5.1.2 Maneuver Stress Equation

The maneuver stress equation was developed as a -stagglyconditionbasedon several
variablessuchaswing fuel weidht, goss weidpt, and equivalent airspeed’he maneuver stress

Tm can be represented as

Om
Om = ‘Nz +0Omss
Nz
where
Om , . . .
—— = stress per m normal direction, psi/g
N
z

Omss Stadystate stess, psi

Theequdion can berewritten as

om=C; Nz + Cg

m m
where
_ Om
m y4
C3 =0mss
m

2.3.5.1.3Gust Stress Equation

The gust stressequationwas developed as a chamgn gust stress per chaagn normal
Acg

acceeraton, , plus a 1 gsteadystate stess, ogg The maneuver stress at IMgs used to

z
develop ogg The gust stressgtwas represeatl as

Aog
AN,

Gg—

ANz + o@1g
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Since

ANz=Nz-landom@1lg= C; +C5 ,
m m
Ao Ao
Gg: g'Nz' g+Cl +C3
ANg ANg m m
This equaion was rewritten as
Gg: Cl . NZ +C3
g g
where
c = Aog
1 =
9 AN,
Acg
C = C, +C -
3 1 3
g m m ANg

2.3.5.2 Stress Spectra

The Model 402 flig ht-by-flight stressspectra used in the crackogth analges were derived
from the load specta andthe gross area stss equabns. In generatng the stess speca, he
following procedure was used for each piefi

a.

Stresses were aallated on a goss area s¢ss bas. The associted nuniber of cyclesin
each segentwas de¢rmined on a fight bass with segnent arrangd in sequencdi.e.,
taxi-out, dimb gust, cuisegust, descent gust, maeuver, and ti-in).

No trunation was peformed for flight sgments. A once-per-flight taxi loading, which
is necessarfor the gound-air-gound transition, was retained.

The numberof occurrence®f eachstress cygle in the spectrum was rounded to a whole
number. Fractional occurrences less than 0.5 were summedamiiedto the nearest
whole number.

Eachflight profile was expanded into four fligts, one includingstresses which occur
once per flight, one including stresses which occur once per tenhfigy one including
stresses which occur once per hundrechfigand one including stresseswvhich occur
once per thousand fligts. The 1/10, 1/100, and 1/1000 fits were created by
sucessivdy multiplying the oacurrences by ten and alding the digit to the left of the
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decmal point to the orginal nunber of occurrencesFor exanple, if the occurrences for
the stress level were 15.2964 then the 1/Inhfligould have 15 occurrencesthe 1/10
flight would have 15+2=17 occurrences; thé&l00 flight would have 17+9=26
occurrencesandthe 1/1000flight would have 26+6=32 occurrenceéd/hen creatinghe
1/1000 flight, the number to the tg of the decimal point (in this arple d) is
considered.If it is lessthanO0.5, it is truncated.f it is 0.5 or geater, it is used to round
up to the whole number.

e. The stresses within each fiigwere cgle counted.The particular cgle countingmethod
usedfor the Model 402is referredto as the NIR method. It closelyresembles the rang
pair and rainflow counting methods. The NLR method @ven in reference 11 was
modified so thathe maximum streses ocur in thesane orde as in theactud spectrum.

3. PHASE 2 TASKS

3.1 COLLECT MATERIAL PROPERTY DATA

The first stepin conductingthe damag tolerance anabes of the Model 402C and Model 402
throudh “B” airframes was to locate the required material properties for each component of the
airframe. An extensive search was done to locate the required material propertiesnahicied
Cessna gnerated material data and published data from indestrgces.

3.1.1 Material Properties

For crack gowth and/or residual stretig analges, several material properties are required.
These material propeties indudethefollowing:

. Yield Strengh

. Ultimate Tensile Strength

. Modulus of Elasticity

. Fracture Toubness

. Fracture ThresholdKth

. Fatigue Enduranceimit

. Stress Ratio Cutoff &avior

. Crack Growth Rate - da/dN vskKA
. WillenborgChangShut-off Ratio

The material parametersequired for crack wth for the materials used in the Model 402C

and/or Model 402 throdg“B” airframes are documented in appendixof reference3. An
example of the material properties documented in this reference is shown in table 12.
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TABLE 12. MATERIAL PROPERTES: 2014-T6 EXTRUSDN [3]

Static Strength, ksi
i eeeeeeeeeeneeen e et te et sttt seerenenenene e 60 @
By coeeeermees e s s 53 @

O 10.8 @

KiGeveeeereeeeeeeeeeeeseeseeseees eeeeeesses e eesesesseeeseees ceeeereeseeeeereee 27.9 @)

K wereeeeeeeeeeeeeeesseeeseseees eeeseeeessseeseeseseseseseeseeee seseeesesessen 65.0 @)

Crack Growth Threshold Data

INKER et ere ettt ettt ettt ettt e b neeaenes 2.38 5)
At s ettt 0.833 5)
INDle +-eeeerereenenes ettt bes tebe e sbeb sttt st e b ene e et eaebeaeeenas 18 (6)
NASGRO 2.0 da/dN Equation Constants 7
C n p q
Single Slope 0.350E-7 2.800 05 1.0

da/dN is taken directly from the FLAGRO Database with R
values of -1.0, -5, 0, .3, 4, .5, .6,.7, .8, .9

Willenborg-Chang Load Interaction Shut-off Ratio
RSO -+ eeeerererenereereesesereses etenetee e ettt ea e e s sreneneneneneens 2.30 8)

Reference 16, pg. 3-33 (L, A basis, AMS 4153 & QQ-A-200/2).

Reference 16, pg. 3-33 (tension).

Reference 17, pg. 7.0-7, assumed same as 2014-T6 forging, L-T mean value.
Reference 17, pg. 7.0-9 & 7.0-10, 2014-T6 , L-T average value.

Reference 12, pg. 5-3

Reference 18, pg. 299

Reference 13, pg. G1-9, assumed same as 2014-T6 plate, L-T value.
Reference 19, pg. 722.

N~ WNE

3.1.2 Material Testing

Material tests were defined for those materials for which reliable inddatey orpreviously
existing Cessna data could not be fourithree types oftestswere conductecandareaddressed
in thefollowing sections.
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3.1.2.1 Crack Growth Rate Data (da/dN) Tests

Da/dNdata,requiredto conductthe crack gowth analges, were located from Cessna or industry
sources for all of the required materialeept for 301 (1/4 hard) steeDa/dN coupontestswere
conductedo obtainthe necessarylatafor this material. In addition, da/dN coupon tests were
conducted for 7075-T6 material, so that da/dN could be elimirededvariablein spectrum
testing

Three lots of 0.032thick 301 (1/4 hard) steel were obtaineBlrom eachlot of material, six
coupons were made and testeflest coupons foda/dN testingwere fabricatedin compliance
with the standard of ASTM E647-88a, “Standard Test Method for Measureifriéatigue Crack
Growth Rates” 20]. Grain directions were marked ¢ime sheetdo assurepropertestingin the
T-L direction. The coupons were tested at different R-ratiosirgnfyjom .05to .70. Thetests
were conductedat room temperature and Mighumidity air under constant loadAn outside
vendor was contracted to complete the testing

One lot of 0.25 thick 7075-T6 Exusion was obtainedSix couponsweremadein compliance
with the standard of ABV E647-88a 20] for da/dN testing Two coupons each wetestedat
R-ratiosof .10, .40, and .70.The tests were conducted at room temperature amdhugnidity
air under constant loadl'he tests were conducted at Cessna.

Da/dN vs.A K plots were constructed usirige seven poinpolynomial techniqueper ASTM
E647for eachcoupon. A tri-slopeWalker equation was developed which best fit the dathe
test results are presented in appendibof reference3. Laboratory evaluationswere also
performedto establishthe standard acceptabilityf the 301 (1/4 hard) steel and the 7075-T6
auminum maerials.

3.1.2.2 Fracture Toubness (K) Tests

Fracture tougness (K or K;¢) data, required to conduct the crackwth analges, were located
from Cessnaor industrysourcedor all of the required materials eapt for 301 (1/4 hard) steel.
Fracture tougness (K) tests were conducted to obtain the necestatey.

Three 18 wide panels, one each from three different lots of 0.@3i2k 301 (1/4 hardjnaterial
were tested. Gran directions wee maked on thesheets to assureprope testing inthe T-L
direction. The tests were run in accordance with the requirements ®MAB561, “Standard
Practice for R-Curve Determination2]], usingthe center-crackedensionpanelM(T). Since
all testing for K. was done usin@6-inch-wide center-cracked coupons, deeivedK.'s are kss
than theactud material K. value. Even so, lte valies are condered appropaie as heyconpare
betterto the panelwidths used in the anasgs. The test results are presented in appeAdof
reference 3.

3.1.2.3 Spectrum baded Coupon Tests

Spectrum loaded coupon tests were conductezbtablishcrack growth retardationeffectsfor
the wing and enmpennag locatons conslered ¢ be he nostcritical for crack gowth life. The
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Willenborg-Changretardation model was chosen for cragkwth analyses of the Model 402
airframe. The WIllenborgChang model reduces basic material cradlowgh ratesusing an
equation involvingplastic one sies at the crack tip.This modelscalesoverloadeffectswith a
shut-off ratio (Ry) and ha the ability to reduae the effective overload interaction zone for
compressive stresse¥he value of i, varies with maerial and with thestress rdio. Since a sd
of overload shut-off ratios for random spectrum loaslisgmpractical in life predictiora sinde
value of R, is used. Thesetestswere conducted to verifthat the published values ofRor the
Willenborg-Changcrack gowth equation are conservativéd summaryof the locationswhich
were tested, and the correspondiadpe of R, is presented in table 13.

TABLE 13. SUMMARY OF TEST LOCATIONS

Aircraft Aircraft
Model Component Location and Description Rso
402 Wing BW-5, Wing Lower Font Spar Cap, . 75.66 | 2.65
Throuch BW-6, Wing Lower Font Spar Cap ahboard 2.65
‘B” Engne Beam Attach, WS. 83.74
402C Wing CW-2, Wing Lower Font Spar Cap at Root 2.65

Fitting Attach, WS. 66.70
CW-3, Wing Lower Font Spar Cap at Canted | 2.65
Rib Attachment, WS. 80.84
CW-5, Wing Lower Font Spar at Outboard 2.65
Engne Beam Attach, WS. 107.02
Horizontal | CH-1, Horizonth Stailizer Forward Spa Uppe | 2.30
Stabilizer Cap, BL. 0.0

Axially loaded coupons (4wide x 16" long) with a center hole flawed on both sides were used
to conduct the testsThe coupons were fabricated in compliance with the standardSDi
E647-88a 20]. The materials used to fabricate the coupons are the sameedin the
Model 402CandModel 402throuch “B” aircraft and the coupon thickness is the same as for the
correspondingirframe locations.Moreover, the materials used for these spectrum coupon tests
are from the same stock as used for da/dNA¥s.crack gowth curvedeterminationwhich
eliminates variability in dddN dda as afactor in regardaion.

Thetestcouponswereprecrackedo a lengh of 0.14 inch byapplyng constant amplitude stress
cycles. The objective of the precrack is to produe a shap fatigue crack to fecilitate crack
growth during spectum loading. After precrackng, flight-by-flight loading was appkd to each
test coupon to duplicate the artadgil goss area stress spec#tthe structurallocation being
tested. Crack gowth was monitored as a function of the number ohfligours completed.

The actual crackrgwth measured g@erimentallyby applying the flig ht-by-flig ht spectrumo the

testcouponwas plotted to obtain the test craagkwgth curve. The analyical crack gowth, with
and without retardation,were plotted with the emperimental curve. The results of these
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comparisons are presead in appendi A of reference 3. The test resuts verified that the
published values of Kfor the Willenborg Changcrack gowth equation are conservative.

3.2 ESTABLISHMENT OFINITIAL FLAW SIZES FOR EACH CRITICAL LOCATION.

The initial (pre-existing and maimum (uninspetable) flaw shaes, sizes, and loca orientaion
assumed for the damatplerance analys are presented in this sectiomhe flaws areintended
to providethe basis for andytica crack growth prealictionsto determinetheinitial and recurring
inspection requirements for the aircraft.

The initial flaws definedin this section are identified as either primawy secondaryflaws.

Primay flaws ae intendad to providethe primay crack initiation site in a pat and ae

representative ofrgss manufacturingefects. Secondarylaws are intended tprovidethe crack

initiation sitg(s) for continuinggrowth &ter primary growth is arested by growth to theedge of

the partor into an adjacent hole.Secondaryflaws are representative ofpigal manufacturing
qudity .

3.2.1 PrimaryFlaws

Initial (primary) flaws ae assumé to «ist in thearcraft from thetime of manufecture These
flaws, alongwith their subsequentrgwth under flignt conditions,will establishthe initial
inspection times for the aircraft based on gack growth. Theinitial flaws ae assumé to &ist &
holes, edges of cutouts,or edges of parts and est at the most unfavorable location and
orientation with respect to theapplied stresses and mderial propeties. Theinitial flaw sizeis the
sane regardless of wheer he crack oginatesatahole or if the crackoriginaesattheedge of a
pat. These flaws will be quater-circular corng cracks, except when the pat thickness is lss
than or equd to theinitial flaw size in which case theflaw will be athroudh-thethickness cack.
Theinitial cracks will be assume to stat from thesideof the hole nearest the edge of the pat
(whenan edge of a partis present). The initial flaw sizes, based on &S-87221A 15], are
presented in table 14 and shown irnufig 32.

a=0.05 ¢/ = 0.05"

t>0.05"

1 t < 0.05"

FIGURE 32. PRIMARY FLAW SIZE ASSUMPTIONS FOR HOLE/EDGE AW
LOCATION
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For locations avay from holes, cutouts, or dges of pats, initid flaws will be semicircular
surface flaws ecept where the part thickness is less than or egutde initial flaw size, in
which casetheywill be consideredhroud the thickness.The initial flaw sizs for surface flaws
are shown in table 14 and dige 33.

= 0|-125" —{ }— 2¢,= 0.25" t>0.125"
T N
—{ }— 2¢,=0.25" t<0.125"
| |

FIGURE 33. PRIMARY FLAW SIZE ASSUMPTIONS FOR SURFACE AHLAW LOCATION

TABLE 14. PRIMARY FLAW SIZE ASSUMPTONS

Flaw Flaw Thickness
Location Shae t-in. G -in. a -in.
Hole/Edg | Part Throudp > 0.05 0.05 0.05
Hole/Edge Through <0.05 0.05 t
Surface | Part Throuf >0.125 0.125 0.125
Surface Through <0.125 0.125 t

Only assinde primaryflaw will be assumed to ést at each location anagd. However, in those
caseswhere nanufacuring operatons exst such hata conmon flaw coul exst in more han
one element(commondrilled holes),then a primaryflaw will be assumed to &t in each
element. If however, a common hole is drilled througuultiple lugfittings and then each hole is
individudly dressel, a with a bushing then only one dement will be assumeé to ontan the
initial flaw.

3.2.2 SecondarnHaws

Secondarylaws will be assumed torgw independentlyf the primaryflaw up to the point that
the primary flaw induces a failure. During thetime tha it takes aprimay flaw to gow from a
fastener hole to the ed@f the part (liggment failure), a secondaffaw will be assumed to be
growing oppositethe primary flaw. At failure of the ligament, the continuinglamag will
includethe growth of the secondargrack. For dual load path members, after the failure of the
member which contains the assumed prim@ay, the second member must haseoudn
residualstrengh to support the load in the presence of a seconfiiany that has gwn during
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the time it took the other member to failhe secondarflaw sizes forall structureareasshown
in figure 34.

Secondary Flaw

a;=0.005" | ¢=0.005 Primary Flaw
| (Reference)

_’_ j

FIGURE 34. SECONDARY FLAW SZE ASSUMPTIONS

3.3 DETERMINE INSPECTAB_E FLAW SIZES FOR EACH CRITICAL LOCATION.

The detectable crack length and the probaility of deection for the inspetion progam ae
affectedby a number of factors. These factors include human factors, inspection method,
instument calbration procedure, sictural geometry, and he degee of accessTheobjeciveis

to define an inspection method that ensures a small detectablelemgtkwill be discovered
with a 90 pecent probaility of deection and a95 percent confidence level. It is recommended
that a nondestructive inspection technician that is certified to a minimum aval Il in the
applicableinspectionmethod, as defined bthe American Societyor Nondestructive Testing
Recommended Practice, Number SNT-TC-1A, be required for perfothesg inspections.

Eddy currentand magnetic particle are the two inspection methods that were evaluatéte
eddycurrent inspection method is the recommended method fonadf@ity of the critical areas
due to its hig sensitivityto fatigue cracks and a Higprobabilityof detection. The eddy-current
methodallows for a clean,relatively fast inspection without the use of chemicals, couplants, or
paint strippingmaterials commonlysed with other method®olt hole and pencil probe surface
eddy currentare the two techniques applied to inspect for tegtigracks on the Model 402
through “B” SID progam. The magetic particleinspectionrmethodis therecommendedethod

for theinspeciton of the main landing gearside brace acdtbr colar due b its high fatgue crack
sensitivityin ferromagetic materials.Specific details about the required inspection metiood
each inspection location can be found in reference 4.

Bolt hole eddycurrent was chosen as the main inspection mdtiratie Model 402 throuch “B”

SID progam for multiple reasons. Thosereasons ind¢ude the smdlest deectable crack length,

the ability to inspectat the crack origin, a hidh probability of detection, and a relativelpw
degree of inspection complexity. The minimum déectable crack length for bolt hole eddy
current is 0.080 inch which is based upon the size of the calibration notch, the hole camdition
the calibration methodThis lendh will give the technician a laggeasilydistinguishablecrack
indication that will not be masked tholes that are sligly out of round. This techniquewas
used for neayl all of the nspecton areas, wh the exepton of he engne beamand bnding
gear areas.
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The surface eddgurrenttechngue s a smple and effecive inspecton techngue for detecing
fatigue crackstat are opend the surface or veryear he surface. The main advanage of
surface eddyurrent is that it applies the inspectiowil directly to the inspectionareawithout
fasenerrenoval. The deectable crack ength for the surface eddys cakulated usihng the
following equation:

FasteneHea Diameter- FasteneShankDiamete
2

+ Coil Diamete

This formulaaccountdor the crack lentp that is hidden underneath the fastener head, which is
not inspectableusingthis inspectiontechnique. Surface eddyurrent will be the recommended
techngue for he engne beanarea.

The magetic particle inspection method is an effectimepectionmethod due to its high
sensitivityto surface and near surface faggcracks in ferromagtic materials. The materialfor
the 402 main landingear side brace actuator collardi340steelwhich lendsitself to magetic
particle inspection. The combinationof the magetic field strenth and the lipt intensity
requirements dlow a Level 1| magnetic paticle inspetion technidan to inspet the critical areas
with a detectable crack letigof 0.050 inch.

3.4 PERFORM CRACK GROWH ANAL YSIS FOR EACH CRTICAL AREA.

A damag tolerance assessment (crac&vgth analgis) was conductetbr boththe Model 402C
andthe Model 402 throup “B” airframe structures.The following steps were taken to conduct
the damage tolerance assessmaet:

a. The anajsis locatons weredentfied, i.e., he crtical areas oftie FSE's as dscussedn
section 2.1 of this report.

b. The peiod of timerequired for aflaw to grow to acritical length was prelicted.

C. The inspection intervals were determined, based on crasktlganalysis and fail-safe
capabilities, to mantain strucurd sdety.

The analysis locations are presented in section 2.2.4 of this repne details of each analy
are presented in appendixof reference 3.The methodolog used tocalculatecrackgrowth is
presentedn section 3.4.1.The results of the damagolerance analys are summared in the
form of crackgrowth curves. An example of a crackrgwth curve with and without the effects
of retardationis shown in figire 35. Crack gowth curves were @perated for the Model 402C
using three flight profiles: the Typica Hight Spetrum, the Severe Hight Spetrum, and the
Short Hight Spectrum. Crack gowth curves were egerated forthe Model 402 throuch “B”
using two flight profiles: the Typical Hight Spetrum and the Severe Hight Spetrum. The
crack gowth curves for each ohe anajsis locatons are presead in appendi C of reference 3.

The inspection intervals required to maintain structural safetyliscussed in section 3.5.
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FIGURE 35. TYPICAL CRACK GROWIH CURVES WTH AND
WITHOUT RETARDATION

3.4.1 Crack Growth Methodolog

Cracks weae andytically propagated in avariable amplitude cyclic stress evironment. A flig ht-
by-flight loadingis appliedon a random aje-by-cycle basis in the vicinityof the crack site.
Crack growth is primaily afundion of stress-intensity history and material propeties. Therate
of change of arack length, a with arepeated goplication of load (N times) is déined by

da = f(AK,Material)
dN
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whereAK, the stress-intensitgolution, is a function of stresg)( crack lenth, anda geometry
factor (B) of the form

AK =Ac+/ma B
Thetimefor acrack to gow from an initial length (3) to afinal length (&) is gven by

N:I ! —da
] f(AK, Material)

The above integtion can onlybe carried out numericallyThe University of Dayton Research
Institute’s (UDR) CRACKS95 [L2] is used for crackrgwth life prediction. The CRACKS95
systemis a crack gowth life catulation aforithm which is based onhe inear ehsic fracture
mechanics approach for estimatihg fatigie life of a component with a crack.

Two different methods of determinirige crack gpwth rate term were used dependuppn the
source of the material da/dNSome of the da/dN data collected is thsultof coupontesting
done byCessna in support of the durabilaypd damag tolerance efforts.All other datawere
obtained from the NASA [FAGRO material databas&3]. These two methods of determining
da/dN are discussed in the followipgragaphs.

The Walker-Changequation of crackrgwth, used for Cessnamerated material data, is

da
dN
da
dN
da
dN

= C[(1-Re)™ K™ 1" Rewt™> R > 0 and\K > AKy,

max

= C[(1+R% )T K™ 1" Reun < R < 0 and\K > AKyp

max

=0 AK < AKi

da

dN
Re = effectve stess rab

K" = maximum stres-intesity factor

max
C,m,n = empirical constants
g = acceératon index

where: = crack gowth rae

Rcut - positive stress ratio cutoff limit, above which the material does ndtibéx
additiond stress rdio effects

Reutn - nNegative stress ratio cutoff limit, bdow which the maerial does not ehibit
additiond stress rdio effects
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Thevaluesof C, m, n, and q are olained fromthe neterial dat. For valies of Rthat exceed
Rcut, Reut IS used insteadAlso, there is no crackrgwth below the threshold value AK. The
threshold is a function of R and material:

AK(R) = AKin(0)-(1-An'R)
where: AKy(0) = threshold stress-intensiyctor at R=0
AKH(R) = threshold stress-intensityctor at anystress ratio, R
Ay = threshold modifier
for apositivestress rdio, R >0. For negative stress radio, R<0
AK(R<0) =AK(0)

The recommended values for the fracture threshold paramtgréd) and Ay, are as fdbws:

Aluminum  AKy(0) = 2.38,Ain = 0.833
Steel AK1(0) = 2.75An = 0.353 [12]

The NASGRO 2.0 equation of crackogvth was used for the materialkich originatedfrom the
NASA FLAGRO database, which iswgn by

AK

_ f\n n _ thyp
da_C(l f)"AK"(1 TK)
dN AK

1-R)"Q1-—)°
AR~ o)
da
where: — = crack gowth rae

dN
R = stress ratio
C,n,p,g = empirical constants
f = crack openindunction
MKy, = threshold stress-intensitgctor
K¢ = critical stress-intensity factor

The values of C, n, p, and g are obtained from the material data.

Load interaction was consideed for thosewing, horizontd stabilizer, and vetical stailizer

locations with rdatively short lives. A load inteaction modé desaibes theeffects of relatively

large loads on the damagcaused bysubsequent smaller load€rack gowth under variable-
amplitude cycling is generally complicated by interaction beween high and low loals. A high

load occurmg in a sequence obw-anplitude cyles sgnificanty reduces hie rae of crack-
growth during the cyles applied subsequent to the overloadhis phenomenons called

retardation.
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The WillenborgChangload interaction model was used in the CRACKS95 paagto more
accuratelymodel crack gowth. In the WillenborgChangmodel,the overloadinteractionzoneis
reducedvhenevertie stess-ntensity factor raio is negtive, and lhe currenioad s an overbad
condition. If the current load is not an overload or if the minimum stress-inteasityr dueto
an overload is pater than 0, the WenborgChang model is thesameas the generalized
Willenborgmodel.

The residud stress-intasity factor K, usel to alculate the effective stress-inteasity factors

Ke" andKe is accounted for in theegeralized Wilenborgretardation model in the form
Lo, a—-ag =
Kred = q)max l_ oL _Kmax D>:O!
= fy =
_ _ 1-(AK,, 1K o)
where: ® = ProportionalityFactor = R ° 1

KO = maxmum stress-intensitfactor of prior overload

max

O.OL

max

mag By

q
I

plastic one for prior overload

Bres
— (=L for plane stress or
2m ',

o _ 1 RO

r-- = max L | for plane strain.
g an~2 ty@ P

In the WillenborggChangmodel, the overload interaction zone is reduced whenever the stress-
intensityfactor ratio is negive and the curreribadis anoverloadcondition. If Ko is less tha

min

zero, the exent of the plasticane associated with the overloKd;, is reduced

oL
oL _ min oL
ry =1+ oL E]ry

max

where: KO = maxmum stress-intensitfactor due to overload
K- = minimum stress-intensitiactor due to overload
If K- /KO is less tha Reu, the exent of the overload plastiore is reduced by

oL _ OL
o= (1+ Rcum) ry
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where: R, = negative stress rdio cutoff limit, below which themaerial does not exhibit
additiond stress raio effects.

The effective stress-intensitgctor for the overloadK°- ) - underload K- ) combinaion is

max min

Krax = F+Jamr)*
y

max

where: Fty = material yield stengh
a = 2 for phne stess
o =442 for plane strain.

There is no-load interaction due to the overload.

A Willenborg-Changshut-off ratio (R,) of 2.3wasusedfor 2000 series aluminum and a value of
2.65was used for 7000 series aluminuffhese values are considered to be conservative based
on industry experience. Thesevalues were shown to be conservativecbyductingspectrum
loaded coupon tests for the most critical locations, uiadgypical flight spectrum.Thesetests

are discussed in section 3.1.2.3.

Clipped spetra were generated for thosewing, horizontd stebilizer, and vertica stabilizer
locations which were andyzed with retardation dfects. The clipping level was t&ken a the 1/10
flight level of the composite eeedance curveThe stress level at the 88a@edances per 1000
flight hours (881 fligts) was taken as the clippifeyel for the tpical spectrum.The stress level
at the 105 eseedances per 1000 tighours (1048 fligts) and 238 eceedances pdr000flig ht
hours (2381 fligpts) was taken as the clippingvel for the Grand Canyn and Short Flight
spectrums respectivelyMaximum stresses above theaximum clipping levelwere changd to
the maximum dipping level; likewise, minimum streses bdow the minimum clipping levels
were changd to the minimum clipping levels. The spectrums were cig-counted usinghe
range pair technique commoniseferred to as the NR.method. The crack gowth results can be
found in appendixXC of reference 3.

3.4.2 Stress4htensityFactor Solution

The crack growth of apat is rdated to thestress historyon thepat throudh the stress-intasity
defined as

K= o+mc B

where: 0 = goss area (far éld) sress;
¢ = surface craclehgth for a shgle crack tp; and
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B is a factor which accounts for thepey of loading the part geometry and the shapeof the
crack. The stress-intensitigeometric) correction factor is 1.0 for a throwitpe-thickness crack
in an infinitelywide plate, but for all otheregmetry,

where: B; is the geometric correcton facor for each spefiic devation froma through crackin
an nfinite plate.

Themostcommonsolutionsarepin loaded holes in a tension field (spar cag9)r this solution,
the two-dimensiona corna crack modd of Newman and Rau from the built-in CRACKS95
solutions libray will be usal. The CRACKS95 ontans many othe solutions.

3.4.3 Critical Crack length and Residual Stretig

Fracure falure of a parbr system of pars occurs when, due the presence da crack,the part
no longer has sufficient residual streghgto withstand application of additional loadn an
unflawedstructure, the residual strethgis based on the allowable tensile sttan@ ) of the

material. In a cracked sticture, tie resilual stengh is lessthanF;, and decreases nonéarly as

the crack increases is size Complde or patial failure of a pat does not necessaily lead to
failure of the aircraft nor even to total failure of the part itself (crack arrest).

Residual strerth analgis can be used to solve either of the followprgblems:

a. Determine the load carrying capability of a strudurd membe contaning a crack of
known lengh, or

b. Determinethe critical cracklengh correspondindgo a particular load level (limit load or
max spetrum loal).

The general stress-intensity formula can be usal to deéermine the solution to éher of these
problems

AK =Ac+mc B

By rearrangng the equation to the form

Kcrit

\/EBT

the crtical stess @it) can be calculated for a known crack lmgvhere:

Ocrit =

Keit = Fracture Tougness (K or Ky,
¢ =surface crackehgth for a shgle crack tp, and
Bt = Geonetric correcton facor.
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Rearranging the equation to theform

Cc' — lI:IEKcrit g
" n IE-critBT D

allows for the calculation of thelimit load critical crack length (Git). However sinceBr is a

function of c, it becomes iterativét is moreconveniento plot Ogit VS Grit. This method permits
incorporatingupperboundaryconditionsfor small cracks. For crack lenths approachingero a
boundarycondition corresponding 95% F is chosen.

For most casesof crack growth (such as a cap, strerg or other nonskin structure), failure is
defined as the minimum of either net-sectioalding or plane-strairtoughness(Kic). Kic is
conservately used mstead of K including those cases where hrough-the-hickness crack
could be considered asogving under plane-stress conditionsigure 36 illustratesthis concept.
Critical crack bngths for each angdis locaton are documenid in appendi C of reference 3.
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FIGURE 36. RESDUAL STRENGTH ANALYSIS CRITERIA

3.5 ESTABLISH SUPPIEMENTAL INSPECTON THRESHOID FOR EACH CRITICAL
AREA.

3.5.1 Initial Inspections

Initial inspections of a particular area of strudure are based on both cack growth and faigue
analytical results. For structuresvhich were proven to be fail-safe (see section 3.5.2) the initial
inspectionswere basead on fdiguelife. For locations with longfatigue lives, themaximum initia
inspectionwas limited to 15,000 flight hours. Structure which was proven to be fail-safe
included the Model 402C winduselag, and empennagand the Model 402 throhg“B”
fuselage and empennay
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The Model 402 throug“B” wing and enghe beams and thdodel 402Cengne beamswverenot
fail-safe tested. For these locations initid inspections of apaticular area of strud¢ure were basal
on crack growth. For these locations, initid inspections ae targeted for apoint in timeequd to
onehdf the time it takes for an initial flaw (cinit) to gow to acritical length (Git). The Gt IS
generally assumed to be a 0.05-inch quarter-circular flawwmost structureand the c.;; is the
crack siz beyond which the part can no loaigtake the masmum required load.

[Flight Hours@g, ;.o - Flight Hours @61

Initial Inspetion Time= 5

The initial inspections based on crackwth areshowngraphicallyin figure 37. Recommended
initial inspection times areigen in the Model 402 8i [4].

Coritt 1 Il |
Clhitalr ClraCk eyt

(Al "
Critical at

. . Limit Load
Recurring Inspection Interval

[(A-B)/I2]
% Maximum Undetected Crack—————————
g B
-
S
© First Inspection
O [ A/Z] Inspectable
| __ Crack Growth Curve/
Spectrum Loading
Flight Hours

FIGURE 37. MULTIPLE LOAD PATH INSPECTON CRITERIA

3.5.2 Fail-Safe Tests

Fail-safe tests were conducted to determine the fail-safe characteristieshMbdel 402Cwing
andempennag The results show compliance with the fail-safe requirementA&f £3.572.
The fail-safe test results demonstrate that catastrophic failurecessxe deformatiomhich
could alvesdy dffect the arcraft flight characteristics will not ocur dter fatigue failure or
obvious partial failure of a sinde principal structural elementThe details of these tests are
presented in the followingaragaphs.

3.5.2.1 Empennag Fail-Safe Tests

A series of fail-safe tests were conducted on the Model 402C empgenrtsig fail-safe
conditions,two vertical stabilizerand four horizontal stabilizer conditions, were testedhe
sekcion of hese ¢st condtions was based orefd experience as welasan extensive analtical
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evaluationof the empennagstructure. The empennagstructure was evaluated in two steps.
First, theinternd loads output from theNASTRAN modé of the empennage was reviewed to
determinethe critical component®f the empennagfor the critical loadingconditions. Second,
the NASTRAN model was run for the critical load casth the critical componentgailedin the
model The nternal loads oybut from each fdiure was revwwedto determine which failures
would bethemost citical. If the NASTRAN modé showael either a significant lossin margin of
sdety or anegyative magin of sdety with oneof its elements removeal then tha location was
chosen for testing

The testswere conductedon an empennag(tailcone and horizontal and vertical stabilizers)
obtainedfrom a salvag yard. Thisis the same article used for theognd tests.Two types of
fail-safe damag were used on the Model 402C emperntgsgt article: (1) bolt removaland
(2) saw cuts. When possible bolts wee removeal to simulde damaged or faled membes to
preserve the test aticle as mud as possible The test article was returned to the origina or
equivalent strerty byreplacingthe bolts and bgtructural repair of the saw cuts.

Theempennagtestarticlewasloadedto a minimum of 86.25% of the critical limit load9% of
the critical limit load x1.15 dyamic factor]to show complianceiith the fail-saferequirements
of FAR 23.572. The remainingstructure supported the load withoutessive deformation or
failure for each of the sifail-safe conditions.

3.5.2.2 Wing Fail-Safe Tests

A sinde fail-safetestwas conducted on the Model 402C winghe wingfront spar lower cap
wascut at WS 80.05. The selection of this test condition was based on tensive analycal
evaluation of the wingtructure.

The wing strudure was evaluated in two stes. First, the internd loads output from the
NASTRAN model of the wingvas reviewed to determine the critical components ofring

structure for the critical loadingonditions. Second, the NASTRAN modetas run for the

critical load case with the critical components failed in iedel. The internal loads output

from each failure was reviewed to determine which failures would be the most criticdle

NASTRAN modé showael either a significant lossin magin of sdety or anegative magin of

safetywith one of its elements removed, then that location was chostesfiolg Four locations
were consideed for fal-safe testing Onefail-safe condition was tested, while the othe three

fail-safe conditions were evaluated aniakly.

Thefail-safe test was conducted on a left-hand wabtpined from a salvagyard, attached to a
Model 425 fuselage. A Model 402C ridnt-hand wingwas obtained to use as a loadfngure.
The Model 402C wingwvas fail-safe tested using olhading condition: maxmum positive
bending Thetest mndition ®ve's thepositiveload envdope Theload envdopeis acomposite
of the flight critical loads, based on requirementC&R conditions3.183through 3.190. The
testarticle was loaded to 86.25% of the critical limit loatbpbo of the critical limit load X..15
dynamicfactor] to showcompliance with the fail-safe requirements &fH-23.572. The article
was then loaded to 100% of the critical limit loadStrain guge and deflection data were
recorded durigthe st
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Fail-safe analges were conducted for three wifggations in lieu of testing An analyis was
also conductedfor location W1 and compared to the fail-safe test resuliie results show
compliance to a minimum of 86.25% of the critical limit lo@&%o of the criticalimit load x
1.15 dyamic factor]per the fail-safe requirements cAR 23.572.

3.5.3 Fatigue Analsis.

Fatigue analyses were conductedfor the Model 402 throufy “B” and Model 402C airframe
locationsshownin section2.2.4. The fatigie analgis was conducted toiwe an indication of
economiclife of the airframe. The fatigie analgis results of the landingear and the airframe
strudure proven to befail-safe were usal to deéermineinitial inspection intevals.

Faigue anal/ses are based ontte RImgren-Miner inear curlative danage theorywhere he
life limit is established when the summaion of gplied cycles divided by cycles to aack
initiation equds one These andyses incorporde the repeated loads spectra, stressequaions, net
area factors, and transfer factors defined for each ssdbcation. The stress enduranckata
used was based onatig test eperience.

The S-N curves used for aluminum structure are based on previous full-scale and component
fatiguetesthistoryat Cessna for similar structure and specffais method has advantgyover
methods where stress concentration factors are calculated andedamagulatedhrouch S-N

curves based on{K The Cessnanethod will account for frettingnd clamp-up that would be
difficult usingtheK; approach.

The andytical mean life predicted by the andysis is ddined as the time when 50% of thefleet

aircraft are expected to have developed small cracki¢glly 0.05 inch in lenth). The

analtical mean ife is based on a sevéyiindex K:. The severity index is representaive of the

specific ggometric stress concentration for each location, the material condiaiprevious
cyclic testresultsof Cessna aircraftFor the Model 402, anadgs were conducted for a rangf

Kt values from 3.0 to 9.0The SN curves are gded accordingp their Ky vaue from amild 3.0

to a severe 9.0The severityndexwas then selected based oglxytest data.lf cyclic test data
were not available for the location, aWalueof 6.0 was selected.Selection of this Kfactor is

consdered conservate conpared wih the acual derivedKs's from othe Cessnatests of simila

structure.

The meanlife was divided by a scatter factor. The scatter factor chosen is based on the
guiddines of reference 6. For thoselocations with faigue test dda available a scatter factor of 4
was chosenFor those locations without test data, a scatter factor of 8 was chosen.

3.6 ESTABLISH REPEAT NSPECTON INTERVAL FOR EACH CRITICAL AREA.

Recurring inspestions ae peformed dter theinitial inspection a intervals equd to onehdf the
time it takes for acrack to gow from thededectable length to the maximum allowable flaw size
This provides at least two chances to detect the crack beore it grows to themaximum dlowable
flaw size.
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Therecurring inspestion times ae deermined by.

a. Maximum undetectable flaw ssA Thd maxmum undetectable flasize (Cis) IS unique
for each location and is dependent on the method of inspection used.

b. Spectum loaded crack @pwth crack gowth is defined as fnctionof flight hours
and s naurally unique for eachdcaton.

C. Maximum dlowable flaw size [ Thd maximum dlowable flaw sizes (¢.;) are presemst
in section D.2 of reference 3.

The maximum dlowable flaw size (c.it) is the crack sie beyond which the part can no loaig
take the maximum required load. Thereis no diret reationship béween themaximum spestrum
stress usd to ddine the crack growth and themaximum (limit) load tha the pat is required to
withstand. Figure 37 presentshe inspection requirements for multiple load path structdreis
approach defines the inspections for the majaftypcations.

[Flight Hours@c ., - Flight Hours@;inspectam]

Recurringlnspection Time = 5

Recommended recurring inspestion times baed on thecrack growth andysis are presented in the
Model 402 SD, reference 4.

3.7 DETERMINE THE ONSET OFWIDESPREAD RATIGUE DAMAGE.

Widespread fague danage (WFD) in a stucture is charactrized bythe simultaneouspresence
of cracks & multiple strudurd deails that are of suffident sizeand density wheeby the strudure
will no longer meet its danage tolerance requirement. Soures of WFD are multisite danage
(MSD) and multidement danage (MED). MSD is tharacterized by the simultaneouspresence of
fatigue cracksn the sare stuctural element that may coaksce éadng to a bss of requied
residual strenfp. Figure 38 shows emples of MSD. MED is characteried by the
simultaneous presence of fategcracks in similar adjacestructuralelements.Figure 39 shows
an example of multidement danage.

The Model 402 throuch “B” and the Model 402C wingtructures were investted for the
potentialof WFD. Figure 40 flowcharts the process used to evalud®Wrhis process used to
evaluate WD is based on evaluatiomiglelines presented in the final reportloé Airworthiness
Assurance Wrking Group (AAWG) IndustryCommittee on Wiespread &iigue Damag [14].

The evaluationwas usedto identify the potential areas for MD and to update the current
inspection requirements for specificAlY locations and modifthe local structure as required.
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FIGURE 38. EXAMPLES OFMSD

FIGURE 39. EXAMPLE OFMED

Sourcesof data used in the investiion of potential for VWD in the Model 402 throug“B”
wing included teardown evidence from full-scale and componealiccyest articles, KA

Savice Difficulty Reports (FAA SDR'’s), Cessna Savice Bulletins/Letters, and teardown
evidence from high flight timefield arcraft.

Sourcef data used in the investiion of potential for WD in the Model 402C wingnclude
teardownevidencefrom full-scak cyclic test aricles, FAA Srvice Difi culty Reports (FAA
SDR’s), and CessnaSeavice Bulletins/Letters.
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4. PHASE 3 TASKS

Phase 3 of the supplemental inspection document consisted of the foltasksg

a. Develop and anake recommended desigchangs for the Model 402 throuch “B” and
Model 402C wing.

b. Develop the Supplementaidpection Document for the Cessna Model 402.

C. Develop the final report for the Model 402Z28brogam.

Results of the fatgue and dampe tolerance anafses perforred n Phase 2 indicaked that
modifications needed to be made to the Model 402 Wonghe two main variations, the Model
402 throuch “B” and the Model 402C wing, to ensure continued airworthinesshe desig
changes thatweredevelopedor the Model 402 throug “B” were analged in Phase 3Interim
Paper2, reference 3, incorporates the results of the dert@grance anales conducted on the
proposed modifications.

The desig chang analyed for the Model 402 throbd'B” wing incorporatedan externalstrap
on the bwer wing surface ¢ renforce he lbbwer nain sparcapof thewing. Thesechangs are
recommendedor all aircraft with geater than 6500 hours ifhg in commercial operationsThe
modification analged for the Model 402C involves cold workitite fasteneholesattachingthe
skin to the lower man spa cap and instdling ovesized hi-lok fastenes. This dange is
recommended in order to reduce the number of rapspectionswhich would otherwisebe
requred as he phnes ag. These chargs are recommended forall commercial aircraft with
greater than 15,000 flig hours.

The Supplementalnkpection Document for the Cessna Mod&R was also developedin
Phase3. The SD for the Model 402 was developed kaking all inspections related to the
Model 402 primary structure from the Cessna twin emg aircraft ContinuingAirworthiness
Program Docunent. Where necessaryhe nspectons were radified b reflect new nspedton
intervals determined in Phae 2 or to inorporde the latest stae-of-the-art NDI inspettion
procedures. Also, sincesomenew locations were anagd in Phase 2, new inspections were
developedfor these locations for inclusion in the Bl The SD also incorporates the
recommended modifications to the wisigucture.

Lastly, the final report for the Model 402 Zlprogam wasdevelopedn Phase3. The final
report (this doament) is intended to summaize al activity performed duringthe development of
the Cessna Model 4023l

5. CONCLUSIONSAND RECOMMENDATIONS

. In order to assure the continued airworthiness of the commerohatedModel 402
fleet, strict compliancewith the Model 402 SD is recommended, particularfgr those
airplanes operating the severe fligt or short flignit regmes.
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The Model 402 throuch “B” and Model 402C wing are susceptible to fatig. The
inspection,structuralrepair, and structural modification requirements for the Model 402
throuch “B” and Model 402C wings, as detailed in the Model 402 BI[4], should be
mandéaed for dl commercially opeated arcraft.

In order for the Model 4021B [4] to be successfullyimplemented,communication
betweenall partiesinvolved, the FAA, Cessna, and the Model 402 owner/operators,
shouldbe encouragd. Open communication will insure compliance with the Model 402
SID [4].
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