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APPENDIX D NASGRO SCHEDULE FILE 

GSFC GODDARD PAYLOAD SPECTRUM

2, -100.00, 100.00, -100.00, 100.00, -100.00, 100.00, -100.00, 100.

4, -90.00, 90.00, -90.00, 90.00, -90.00, 90.00, -90.00, 90.

8, -80.00, 80.00, -80.00, 80.00, -80.00, 80.00, -80.00, 80.

15, -70.00, 70.00, -70.00, 70.00, -70.00, 70.00, -70.00, 70. 
49, -60.00, 60.00, -60.00, 60.00, -60.00, 60.00, -60.00, 60. 
81, -50.00, 50.00, -50.00, 50.00, -50.00, 50.00, -50.00, 50. 
178, -40.00, 40.00, -40.00, 40.00, -40.00, 40.00, -40.00, 40. 
641, -30.00, 30.00, -30.00, 30.00, -30.00, 30.00, -30.00, 30. 
3120, -20.00, 20.00, -20.00, 20.00, -20.00, 20.00, -20.00, 20. 
3405, -10.00, 10.00, -10.00, 10.00, -10.00, 10.00, -10.00, 10. 
5019, -7.00, 7.00, -7.00, 7.00, -7.00, 7.00, -7.00, 7. 
28853, -5.00, 5.00, -5.00, 5.00, -5.00, 5.00, -5.00, 5. 
91655, -3.00, 3.00, -3.00, 3.00, -3.00, 3.00, -3.00, 3. 

0/ 
CONS1 CONSTANT AMPLITUDE LOADING 

1, 1.00, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00, -1. 
0/ 
TAXI Taxi Spectrum for Metro 226 
1.9000, -.30, 0.30, -0.30, 0.30, -.30, 0.30, -0.30, 0.30,

.0900, -.40, 0.40, -0.40, 0.40, -.40, 0.40, -0.40, 0.40,

.0100, -.46, 0.46, -0.46, 0.46, -.46, 0.46, -0.46, 0.46,


0/

GUST-L Gust & Maneuver Spectrum (2 HR) For Long Range Flight Metro 226


38.28571, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30,

4.57143, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50,

2.28572, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60,

.45714, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80,

.08286, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00,

.02057, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20,

.00686, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40,

.00240, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60,

.00074, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80,

.00086, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00,


0/

GUST-M Gust & Maneuver Spectrum (1 Hour) For Medium Range Flight Metro 226


19.14286, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30,

2.28571, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50,

1.14286, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60,

.22857, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80,

.04143, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00,

.01029, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20,

.00343, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40,

.00120, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60,

.00037, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80,

.00043, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00,


0/

GUST-S Gust & Maneuver Spectrum (30 MIN) For Short Range Flight Metro 226


9.57143, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30, -0.30, 0.30,

1.14286, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50, -0.50, 0.50,

.57143, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60, -0.60, 0.60,

.11429, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80, -0.80, 0.80,

.02071, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00, -1.00, 1.00,

.00514, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20, -1.20, 1.20,

.00171, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40, -1.40, 1.40,

.00060, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60, -1.60, 1.60,

.00019, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80, -1.80, 1.80,

.00021, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00, -2.00, 2.00,


0/

GUST-L7 Gust & Maneuver Spectrum (2 HR) For Long Range Flight SA227


00.00000, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00,

24.51503, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22,

2.72800, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43,

.46463, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65,

.10640, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87,

.02640, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08,

.00960, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30,
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 .00297, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52,

.00114, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73,

.00051, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95,


0/

GUST-M7 Gust & Maneuver Spectrum (1 HR) For Medium Range Flight SA227


00.00000, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00,

31.10351, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22,

2.98177, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43,

.44934, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65,

.09423, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87,

.02326, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08,

.00757, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30,

.00231, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52,

.00080, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73,

.00034, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95,


0/

GUST-S7 Gust & Maneuver Spectrum (0.5 HR) For Short Range Flight SA227


00.00000, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00, -0.00, 0.00,

15.09007, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22, -0.22, 0.22,

1.52174, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43, -0.43, 0.43,

.23221, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65, -0.65, 0.65,

.04871, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87, -0.87, 0.87,

.01210, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08, -1.08, 1.08,

.00397, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30, -1.30, 1.30,

.00123, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52, -1.52, 1.52,

.00043, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73, -1.73, 1.73,

.00017, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95, -1.95, 1.95,


0/ 
LAND-21 Landing Spectrum - Metro 226 gage 21 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, 0.81, 1.12, 0.81, 1.12, 0.81, 1.12, 0.81, 1.12, 

.2200, 0.61, 1.23, 0.61, 1.23, 0.61, 1.23, 0.61, 1.23, 

.0590, 0.42, 1.33, 0.42, 1.33, 0.42, 1.33, 0.42, 1.33, 

.0048, 0.22, 2.44, 0.22, 2.44, 0.22, 2.44, 0.22, 2.44, 

.0012, 0.03, 2.55, 0.03, 2.55, 0.03, 2.55, 0.03, 2.55, 
0/ 
LAND-26 Landing Spectrum - Metro 226 gage 26 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, 0.00, 1.74, 0.00, 1.74, 0.00, 1.74, 0.00, 1.74, 

.2200, -1.00, 2.48, -1.00, 2.48, -1.00, 2.48, -1.00, 2.48, 

.0590, -2.00, 3.22, -2.00, 3.22, -2.00, 3.22, -2.00, 3.22, 

.0048, -3.00, 3.96, -3.00, 3.96, -3.00, 3.96, -3.00, 3.96, 

.0012, -4.00, 4.70, -4.00, 4.70, -4.00, 4.70, -4.00, 4.70, 
0/ 
LAND-25 Landing Spectrum - gage 25 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, 0.80, 1.10, 0.80, 1.10, 0.80, 1.10, 0.80, 1.10, 

.2200, 0.60, 1.20, 0.60, 1.20, 0.60, 1.20, 0.60, 1.20, 

.0590, 0.40, 1.30, 0.40, 1.30, 0.40, 1.30, 0.40, 1.30, 

.0048, 0.20, 1.40, 0.20, 1.40, 0.20, 1.40, 0.20, 1.40, 

.0012, 0.00, 1.50, 0.00, 1.50, 0.00, 1.50, 0.00, 1.50, 
0/ 
LAND-23 Landing Spectrum - Metro 226 Gage 23 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.00, 1.00, 1.00, 

.4400, 0.81, 1.06, 0.81, 1.06, 0.81, 1.06, 0.81, 1.06, 

.2200, 0.62, 1.12, 0.62, 1.12, 0.62, 1.12, 0.62, 1.12, 

.0590, 0.43, 1.18, 0.42, 1.18, 0.43, 1.18, 0.43, 1.18, 

.0048, 0.23, 1.24, 0.23, 1.24, 0.23, 1.24, 0.23, 1.24, 

.0012, 0.04, 1.30, 0.04, 1.30, 0.04, 1.30, 0.04, 1.30, 
0/ 
LAND-G Estimated peak G's based on drop test 

.2750, -0.55, 0.55, -0.55, 0.55, -0.55, 0.55, -0.55, 0.55, 

.4400, -0.57, 0.57, -0.57, 0.57, -0.57, 0.57, -0.57, 0.57, 

.2200, -0.62, 0.62, -0.62, 0.62, -0.62, 0.62, -0.62, 0.62, 

.0590, -0.70, 0.70, -0.70, 0.70, -0.70, 0.70, -0.70, 0.70, 

.0048, -0.82, 0.82, -0.82, 0.82, -0.82, 0.82, -0.82, 0.82, 

.0012, -0.98, 0.98, -0.98, 0.98, -0.98, 0.98, -0.98, 0.98, 
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0/

LAND-22 Landing Spectrum - Metro 226 gage 21 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, 0.75, 1.23, 0.75, 1.23, 0.75, 1.23, 0.75, 1.23, 

.2200, 0.50, 1.46, 0.50, 1.46, 0.50, 1.46, 0.50, 1.46, 

.0590, 0.26, 1.69, 0.26, 1.69, 0.26, 1.69, 0.26, 1.69, 

.0048, 0.01, 1.92, 0.01, 1.92, 0.01, 1.92, 0.01, 1.92, 

.0012, -0.24, 2.14, -0.24, 2.14, -0.24, 2.14, -0.24, 2.14, 
0/ 
LAND-24 Landing Spectrum - Metro 226 gage 24 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, 0.79, 1.07, 0.79, 1.07, 0.79, 1.07, 0.79, 1.07, 

.2200, 0.59, 1.14, 0.59, 1.14, 0.59, 1.14, 0.59, 1.14, 

.0590, 0.38, 1.21, 0.38, 1.21, 0.38, 1.21, 0.38, 1.21, 

.0048, 0.17, 1.29, 0.17, 1.29, 0.17, 1.29, 0.17, 1.29, 

.0012, -0.04, 1.36, -0.04, 1.36, -0.04, 1.36, -0.04, 1.36, 
0/ 
LAND-28 Landing Spectrum - Metro 226 gage 28 

.2750, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 1.00, 1.01, 

.4400, -1.84, 4.64, -1.84, 4.64, -1.84, 4.64, -1.84, 4.64,


.2200, -4.69, 8.28, -4.69, 8.28, -4.69, 8.28, -4.69, 8.28,


.0590, -7.53, 11.92, -7.53, 11.92, -7.53, 11.92, -7.53, 11.92,


.0048, -10.37, 15.56, -10.37, 15.56, -10.37, 15.56, -10.37, 15.56,


.0012, -13.22, 19.20, -13.22, 19.20, -13.22, 19.20, -13.22, 19.20,

0/ 
PRESS-7 Pressure Cycle 7 psi 

1, 0.00, 1.00, 0.00, 1.00, 0.00, 1.00, 0.00, 1.00, 
0/ 
GND Ground fuselage reading 

1, 0.00, 0.01, 0.00, 0.01, 0.00, 0.01, 0.00, 0.00, 
0/ 
PROP-14 Gage 14 

624, -0.3, 1.00, -0.3, 1.00, -0.3, 1.00, -0.3, 1.00, 
0/ 
PROP-15 Gage 15 

624, -2.2, 1.00, -2.2, 1.00, -2.2, 1.00, -2.2, 1.00, 
0/ 
THRUST 

1, 0.0, 1.00, 0.0, 1.00, 0.0, 1.00, 0.0, 1.00, 
0/ 
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APPENDIX E  FORTRAN SOURCE CODE FOR MODIFIED CRACK CASES 

SUBROUTINE SITC11(SAFE,MODE,SMIN4,SMAX4,C,NSQUAN,IHDSQ,MSOP,

K SR,DELTAK,CAYMAX,F0,F3,FDUM1,FDUM2,NJOB,

K NETMSG,SFLO1,SYLD1,IACMSG,ISESS,*,*)


CD0

CD0 IDENTIFICATION

CD0

CD0 SUBROUTINE SITCA3(MODE,SMIN4,SMAX4,C,NSQUAN,IHDSQ,MSOP,

CD0 K SR,DELTAK,CAYMAX,F0,F3,FDUM1,FDUM2,NJOB,

CD0 K NETMSG,SFLO1,SYLD1,IACMSG,*)

CD0

CD0 PROGRAMMER -

CD0 MODIFIED FOR BATCH - L.C. WILLIAMS 4/93

C97 MODIFIED -- ADDITIONAL MATERIAL CONSIDERATION.. CHEN 7/97

C98 MODIFIED -- CORRECTED ERRORS IN 7/97 MOD.. J VANCE 9/98

CD1

CD1 PURPOSE

CD1

CD1 CONTROL OF INPUT, OUTPUT, CALCULATION, AND PROOF-TEST

CD1 FOR THROUGH CRACK FROM HOLE IN PLATE.

CD2

CD2 CALLING ARGUMENT INPUT

CD2

CD2 C - CRACK LENGTH, C

CD2 MODE - 'IPUT','OPUT','CALC', OR 'PRUF'

CD2 NETMSG - FLAG TO CHECK NET STRESS > YIELD STRESS (0=CHECK)

CD2 NJOB - NO. OF TIMES THROUGH ROUTINE

CD2 SMAX4 - (t1) STRESSES CORR. TO F0,F3,FDUM1,FDUM2

CD2 SMIN4 - (t2) STRESSES CORR. TO F0,F3,FDUM1,FDUM2

CD2 SYLD1 - YIELD STRESS

CD3

CD3 CALLING ARGUMENT OUTPUT

CD3

CD3 * - RETURN1

CD3 CAYMAX - SIF<MAX>

CD3 DELTAK - SIF<MAX> - SIF<MIN>

CD3 F0 - NONDIMENSIONALIZED SIF FOR 1ST STRESS QUANTITY, S0

CD3 F3 - NONDIMENSIONALIZED SIF FOR 2ND STRESS QUANTITY, S3

CD3 FDUM1 - NONDIMENSIONALIZED SIF FOR UNUSED STRESS QUANTITY

CD3 FDUM2 - NONDIMENSIONALIZED SIF FOR UNUSED STRESS QUANTITY

CD3 IHDSQ - (15,4) ARRAY OF 4 60-CHAR STRESS DESCRIPTIONS

CD3 NETMSG - FLAG TELLING IF NET STRESS > YIELD STRESS (1=TRUE)

CD3 NSQUAN - NO. OF STRESS QUANTITIES

CD3 SR - 1 - DELTAK/CAYMAX

CD5

CD5 INTERNAL VARIABLES

CD5

CD5 ALPHA - D/(D+2C)

CD5 AMBDA - (PI/2) * (D+C) / (2B - C)

CD5 BOUND - B - (D/2)

CD5 CONST - SQRT(PI*C)

CD5 EPSI - CORRECTION FOR CRACK TIP PLASTIC ZONE

CD5 PI - 3.14159...

CD5 RNET1...3 - MEAN NET SECTION STRESS

CD5 OTHER VALUES DEFINED IN EQUATIONS

CD9

CD9 SPECIAL COMMENTS

CD9

CD9 SUBROUTINES CALLED: INTC03, OPTC03

C


IMPLICIT DOUBLE PRECISION (A-H,O-Z)

CHARACTER*80 MSOP(6)

CHARACTER*1 SAFE,AREF,WFCHEK

CHARACTER*4 MODE,IHDSQ(15,4)

DIMENSION SMIN4(4),SMAX4(4)

COMMON /GEO/ T,D,W,B,SBB,XFIL(15)

COMMON/NETOUT/SNETVT,SNETRT,SNETV(4),SNETR(4)

COMMON /IOUNTS/ IIN,IOU,IBF
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C ADDED 7/21/97

COMMON /TC11/ AREATC11, AITC11, CENTTC11

COMMON /JUDGE/ AIJC


DATA PI/3.14159265358979D0/

DATA EPSI/0.13D0/


C OPEN (UNIT=74,FILE='1111SDEL.TXT',STATUS='UNKNOWN')

C

C*******************************************************************

C

C Calc or 'Proof Test' Mode

C


IF (MODE.EQ.'CALC'.OR.MODE.EQ.'PRUF') THEN

C

C Geometric checks

C


BOUND = B - 0.5D0*D

IF (C.LT.0D0.OR.C.GE.BOUND) THEN


IF (MODE.EQ.'CALC') WRITE (7,60001) C,BOUND

IF (MODE.EQ.'CALC') WRITE (IOU,60001) C,BOUND

IF (MODE.EQ.'PRUF') WRITE (7,60002) C,BOUND

IF (MODE.EQ.'PRUF') WRITE (IOU,60002) C,BOUND

RETURN 1


ENDIF


C=X=X=X=X=X=X=X=X=X=X

C AREA3 IS ADDITIONAL AREA NOT PART OF THE PLATE WITH THE OFF-CENTER HOLE


AREA3 = AREATC11


C=X=X=X=X=X=X=X=X=X=X

C SDEL = RECIPROCAL OF REDUCTION FACTOR FOR REMOTE STRESS. SDEL

C IS GREATER THAN 1

C


SDEL = (W/(W-C))*((W-C)*T + AREA3)/(W*T + AREA3)


C

C Check if Net stress > Yield stress

C


PF0 = DMAX1(DABS(SMAX4(1)/SDEL),DABS(SMIN4(1)/SDEL))*W*T

PF3 = DMAX1(DABS(SMAX4(2)/SDEL),DABS(SMIN4(2)/SDEL))*D*T

AL1 = W - B - D/2D0

AL2 = B - C - D/2D0

AREA1 = AL1*T

AREA2 = AL2*T

AREA = AREA1 + AREA2 + AREA3


C=X=X=X=X=X=X=X=X=X=X

C S0A & S3A ARE P/A STRESSES

C


S0A = PF0/(AREA1 + AREA2)

S3A = PF3/(AREA1 + AREA2)

EX1 = AL1/2D0

EX2 = W - AL2/2D0


C=X=X=X=X=X=X=X=X=X=X

C CENTTC11 IS CENTROID OF ADDITIONAL AREA WRT PART EDGE

C EXC IS CENTROID OF W*T AND AREA3

C


EX3 = CENTTC11

EXB = (AREA1*EX1 + AREA2*EX2 + AREA3*EX3)/AREA

EXC = (W*T*W/2D0 + AREA3*EX3)/(W*T + AREA3)


QOFF = DABS(EXC - EXB)

AI1 = T*AL1**3/12D0 + AREA1*(EX1-EXB)**2
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 AI2 = T*AL2**3/12D0 + AREA2*(EX2-EXB)**2

C=X=X=X=X=X=X=X=X=X=X

C AITC11 IS MOMENT OF INERTIA OF ADDITIONAL AREA ABOUT CENTROID

C OF THE CROSS SECTION

C


AI3 = AITC11

AI = AI1 + AI2 + AI3


C=X=X=X=X=X=X=X=X=X=X

C S0B, S3B IS MC/I FOR TWO PORTIONS OF CRACKED PLATE

C


EXD = (AREA1*EX1 + AREA2*EX2)/(AREA1+AREA2)

S0B = PF0*QOFF*((1D0-EPSI)*W - EXB)/AI

S3B = PF3*(W-B-EXD)*((1D0-EPSI)*W - EXB)/AI


C=X=X=X=X=X=X=X=X=X=X

C TOTAL STRESS ON CRACKED PLATE MC/I + P/A


SNETVT = S0A+S0B+S3A+S3B

SNETRT = SNETVT/SYLD1


C ... CHECK FOR YIELD ONE TIME OR FLOW ALWAYS

IF (NETMSG.EQ.0.AND.SNETVT.GE.SYLD1) THEN


NETMSG=1


WRITE(*,*)' THE SNETVT ',SNETVT


END IF

C


IF (SNETVT.GE.SFLO1) THEN

NETMSG=5


ENDIF

C

C Compute SIFs

C


ALPHA = D/(D+2D0*C)

AMBDA = (PI/2D0)*(D+C)/(2D0*B-C)

G0 = 0.7071D0+ALPHA*(0.7548D0+ALPHA*(0.3415D0+


K ALPHA*(0.642D0+ALPHA*0.9196D0)))

G1 = ALPHA*(0.078D0+ALPHA*(0.7588D0+ALPHA*((-0.4293D0)+


K ALPHA*(0.0644D0+ALPHA*0.651D0))))

GW = DSQRT(SBB/DCOS(AMBDA))

F0 = G0*GW

F3 = (0.5D0*G0*D/W + G1)*GW

FDUM1 = 0.0D0

FDUM2 = 0.0D0

CONST = DSQRT(PI*C)

IF (MODE.EQ.'CALC') THEN


C CAYMAX = CONST*DMAX1( (SMAX4(1)*F0+DABS(SMAX4(2))*F3),

C K + (SMIN4(1)*F0+DABS(SMIN4(2))*F3) )


C=X=X=X=X=X=X=X=X=X=X

C SDEL REDUCES SMAX AND SMIN TO ACCOUNT FOR LOAD TRANSFER

C TO ADDITIONAL AREA


CAYMAX=CONST*DMAX1((SMAX4(1)/SDEL*F0+DABS(SMAX4(2)/SDEL)*F3),

K + (SMIN4(1)/SDEL *F0+DABS(SMIN4(2)/SDEL)*F3) )


C DELTAK=CONST*F0*DABS( SMAX4(1) - SMIN4(1) )


DELTAK=CONST*F0*DABS( SMAX4(1)/ SDEL - SMIN4(1)/ SDEL)


C CALCULATE DELTAK DUE TO PIN LOAD ALONE

C DELTK2 = DABS( SMAX4(2)-SMIN4(2) )*F3*CONST


DELTK2 = DABS( SMAX4(2)/ SDEL-SMIN4(2)/ SDEL )*F3*CONST


C... ADD THE DELTAK VALUES

DELTAK = DELTAK+DELTK2
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 ELSE IF (MODE.EQ.'PRUF') THEN

C CAYMAX = CONST*(SMAX4(1)*F0+DABS(SMAX4(2))*F3)


CAYMAX = ( CONST*(SMAX4(1)/SDEL*F0+DABS(SMAX4(2)/SDEL)*F3) )

ENDIF


IF (CAYMAX.NE.0D0) THEN

SR = 1D0 - DELTAK/CAYMAX


C  WRITE(74,*)' DELTAK/CAYMAX =',DELTAK/CAYMAX


ENDIF

C

C Input Mode

C


ELSE IF (MODE(1:1).EQ.'I') THEN

CALL INTC11(NJOB,NSQUAN,MODE,IHDSQ,ISESS,*100)


C

C Output Mode

C


ELSE IF (MODE.EQ.'OPUT') THEN

CALL OPTC11(MSOP)


C

C Extraordinary ending

C


ELSE

WRITE (7,60009) MODE

WRITE (IOU,60009) MODE

RETURN 1


ENDIF


C WRITE(*,*)' RUNNING THROUGH CRACK .. TC 11'


RETURN

C

C - Return to previous prompt.

100 RETURN 2

C--------------------------------------------------------------

C

60001 FORMAT(/' ',10X,'FINAL RESULTS:'/


K 11X,'Crack outside geometric bounds:'/

K 11X,'c = ',G12.4,' B - (D/2) = ',G12.4)


60002 FORMAT(/' ',10X,'Crack outside bounds: c = ',

K G12.4,' B - (D/2) = ',G12.4)


60009 FORMAT(/' ',10X,

K 'Program coding error in Sbrtn SITC03: MODE = ',A4)

END


SUBROUTINE SITC12(SAFE,MODE,SMIN4,SMAX4,C,NSQUAN,IHDSQ,MSOP,

K SR,DELTAK,CAYMAX,F0,F1,F2,FDUM1,NJOB,

K NETMSG,SFLO1,SYLD1,IACMSG,ISESS,*,*)


C97

C97 8/97 MODIFIED BY JUDGE CHEN ... ADDITIONAL AREA ADDED

C97 THIS SUBROUTINE IS SIMILAR TO SITC02

C97

C98 10/98 MODIFIED BY J VANCE... REV EQUATION FOR AND USE

C98 OF 'SDEL'

CD0

CD0 IDENTIFICATION

CD0

CD0 SUBROUTINE SITC02(MODE,SMIN4,SMAX4,C,NSQUAN,IHDSQ,MSOP,

CD0 K SR,DELTAK,CAYMAX,F0,F1,F2,FDUM1,NJOB,

CD0 K NETMSG,SFLO1,SYLD1,IACMSG,*)

CD0

CD0 PROGRAMMER - S. PIOTROWSKI, LOCKHEED-EMSCO

CD0 MODIFIED FOR BATCH - L.C. WILLIAMS 4/93
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CD1

CD1 PURPOSE

CD1

CD1 CONTROL OF INPUT, OUTPUT, CALCULATION AND PROOF-TEST

CD1 FOR SINGLE EDGE THROUGH CRACK.

CD2

CD2 CALLING ARGUMENT INPUT

CD2

CD2 C - CRACK LENGTH, C

CD2 MODE - 'IPUT','OPUT','CALC', OR 'PRUF'

CD2 NETMSG - FLAG TO CHECK NET STRESS > YIELD STRESS (0=CHECK)

CD2 NJOB - NO. OF TIMES THROUGH ROUTINE

CD2 SMAX4 - (t1) STRESSES CORR. TO F0,F1,F2,FDUM1

CD2 SMIN4 - (t2) STRESSES CORR. TO F0,F1,F2,FDUM1

CD2 SYLD1 - YIELD STRESS

CD3

CD3 CALLING ARGUMENT OUTPUT

CD3

CD3 * - RETURN1

CD3 CAYMAX - SIF<MAX>

CD3 DELTAK - SIF<MAX> - SIF<MIN>

CD3 F0 - NONDIMENSIONALIZED SIF FOR 1ST STRESS QUANTITY

CD3 F1 - NONDIMENSIONALIZED SIF FOR 2ND STRESS QUANTITY

CD3 F2 - NONDIMENSIONALIZED SIF FOR 3RD STRESS QUANTITY

CD3 IHDSQ - (15,4) ARRAY OF 4 60-CHAR STRESS DESCRIPTIONS

CD3 NETMSG - FLAG TELLING IF NET STRESS > YIELD STRESS (1=TRUE)

CD3 NSQUAN - NO. OF STRESS QUANTITIES

CD3 SR - 1 - DELTAK/CAYMAX

CD5

CD5 INTERNAL VARIABLES

CD5

CD5 BETA - (PI*C)/(WD*2)

CD5 CONST - SQRT(PI*C)

CD5 EPSI - CORRECTION FOR CRACK TIP PLASTIC ZONE

CD5 FSINB - 1 - SIN(BETA)

CD5 PI - 3.14159...

CD5 RNET - MEAN NET SECTION STRESS

CD5 Y - SEC(BETA)*SQRT( TAN(BETA)/BETA )

CD9

CD9 SPECIAL COMMENTS

CD9

CD9 SUBROUTINES CALLED: INTC02, OPTC02

C


IMPLICIT DOUBLE PRECISION (A-H,O-Z)

CHARACTER*80 MSOP(6)

CHARACTER*1 SAFE,AREF,WFCHEK

CHARACTER*4 MODE,IHDSQ(15,4)

DIMENSION SMIN4(4),SMAX4(4)

COMMON /GEO/ TH,WD,XFIL(18)

COMMON/NETOUT/SNETVT,SNETRT,SNETV(4),SNETR(4)

COMMON /IOUNTS/ IIN,IOU,IBF

COMMON /TC12JC/ AREA3,F3,G3,RIX,RIY,RM,IBARCNT

COMMON /JUDGE/ AIJC

DATA PI/3.14159265358979D0/


DATA EPSI/0.13D0/


C

C*******************************************************************


C

C CALC OR 'PROOF TEST' MODE

C


IF(MODE.EQ.'CALC'.OR.MODE.EQ.'PRUF') THEN

C

C GEOMETRY CHECK

C


IF (C.LT.0D0.OR.C.GE.WD) THEN

IF (MODE.EQ.'CALC') WRITE (IOU,20000) C,WD

IF (MODE.EQ.'CALC') WRITE(7,20000) C,WD

IF (MODE.EQ.'PRUF') WRITE (IOU,20001) C,WD

IF (MODE.EQ.'PRUF') WRITE(7,20001) C,WD
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 RETURN 1

ENDIF


C

C CHECK NET STRESS > YIELD STRESS

C

C

C SDEL IS RECIPROCAL OF STRESS REDUCTION FACTOR FOR LOAD

C TRANSFER TO ADDITIONAL AREA (AREA3)

C


SDEL = (WD/(WD-C))*((WD-C)*TH + AREA3)/(WD*TH + AREA3)

C SDEL = 1.


C97 EPS2 = 1D0 - 2D0*EPSI

C97 TERM = WD / (WD - C)

C97 TERM2 = TERM * TERM

C97

C97 RNET = DMAX1( DABS(SMAX4(1)), DABS(SMIN4(1)) ) *

C97 K (TERM + EPS2*3D0*C*TERM2/WD)+

C97 K DMAX1( DABS(SMAX4(2)),DABS(SMIN4(2)) )*TERM

C97 RNET = RNET + DMAX1(DABS(SMAX4(3)),DABS(SMIN4(3)))*EPS2*

C97 K TERM2

C97

C97 RNET = DMAX1( DABS(SMAX4(1)/SDEL), DABS(SMIN4(1)/SDEL) ) *

C97 K (TERM + EPS2*3D0*C*TERM2/WD)+

C97 K DMAX1(DABS(SMAX4(2)/SDEL),DABS(SMIN4(2)/SDEL))*TERM

C97 RNET = RNET + DMAX1(DABS(SMAX4(3)/SDEL),

C97 K  DABS(SMIN4(3)/SDEL))*EPS2*TERM2


C WRITE(*,998)'AREA3','F3','G3','RIX','RIY','RM','IBARCNT'

C WRITE(7,998)'AREA3','F3','G3','RIX','RIY','RM','IBARCNT'

C WRITE(*,999)AREA3,F3,G3,RIX,RIY,RM,IBARCNT

C WRITE(7,999)AREA3,F3,G3,RIX,RIY,RM,IBARCNT


SUMA = AREA3 + TH * (WD-C)

SUMAX = AREA3 * G3 + TH/2*(WD-C)**2

SUMAXSQ = AREA3 * G3**2 + TH/4*(WD-C)**3


SUMAY = AREA3 * F3 + TH**2/2*(WD-C)

SUMAYSQ = AREA3 * F3**2 + TH**3/4*(WD-C)


SUMIOX = RIX + (WD-C) * TH**3/12

SUMIOY = RIY + TH/12 * (WD-C)**3


YBAR = SUMAY/SUMA

RIXCG = SUMIOX + SUMAYSQ - YBAR*SUMAY


XBAR = SUMAX /SUMA

RIYCG = SUMIOY + SUMAXSQ - XBAR*SUMAX


C IBACNT WAS SET IN INTC12.FOR

C WAS ESTABLISHED FOR REFERENCE COUNT


IF (IBARCNT .LE. 1) THEN

XBAR1 = XBAR

YBAR1 = YBAR


ENDIF

IBARCNT=IBARCNT+1


EY = YBAR - YBAR1

EX = XBAR - XBAR1


C Before the crack gets much beyond the initial length that was set,

c Take the first ybar calculated and then set it into another location

c called ybar1 and keep it there for later use


c Now find the bending stress about the entire section center of gravity

c about the strong axis but in the end of the crack. Set the first xbar

c into xbar1, the same was as the ybar, to save it for use now.
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c (Jack Simmons)


C Note that given the initial S2 value which is on the full uncracked face

c in order to find what that moment does to the net section, the moment

c from S@ is needed, then apply that moment to the net section thus

c M2 = S2 * T *W**2/6


ccc sample format DMAX1( DABS(SMAX4(1)/SDEL), DABS(SMIN4(1)/SDEL) )

S1 = RM * (YBAR - TH/2) / RIXCG

S2MOD=S1+

k DMAX1( DABS(SMAX4(1)/SDEL), DABS(SMIN4(1)/SDEL) )*

k TH*WD*EY*YBAR/RIXCG


S2PRIME=((YBAR-T)/YBAR) * S2MOD

S2AVE = (S2PRIME + S2MOD) /2.

SOPRIME = DMAX1( DABS(SMAX4(1)/SDEL), DABS(SMIN4(1)/SDEL)) +S2AVE

SBX = S2MOD -S2SAVE


S2P = ( (DMAX1( DABS(SMAX4(3)/SDEL), DABS(SMIN4(3)/SDEL) )*

k TH*WD**2)/6 +

k DMAX1( DABS(SMAX4(1)/SDEL), DABS(SMIN4(1)/SDEL) )*TH*WD*EX)

k *((WD-C)-XBAR)/RIYCG


SNETVT=SOPRIME+SBX+S2P


C WRITE(7,*)' th',' wd',' c' 
C WRITE(7,999)Th,Wd,C 
C WRITE(7,*)' XBAR1',' YBAR1' 
C WRITE(7,999)XBAR1,YBAR1 
C WRITE(7,*)' SOPRIME',' SBX',' S2P' 
C WRITE(7,997)SOPRIME,SBX,S2P 
C WRITE(7,*)'SNETVT = ',SNETVT 

SNETRT=SNETVT/SYLD1 
C WRITE(7,*)'SNETVT = ',SNETVT 
C WRITE(7,*)' SYLD1 = ',SYLD1 

C97 SNETVT = RNET 
C97 SNETRT = SNETVT/SYLD1 

C ... CHECK FOR YIELD ONE TIME OR FLOW ALWAYS

IF (NETMSG.EQ.0.AND.SNETVT.GE.SYLD1) THEN


NETMSG=1

END IF


C

IF (SNETVT.GE.SFLO1) THEN


NETMSG=5

ENDIF


C

C CALCULATION OF STRESS INTENSITY FACTORS

C


BETA = 0.5D0*PI*C/WD

IF (BETA.LT.1D-12) THEN


Y = 1D0

ELSE


Y = DSQRT(DTAN(BETA)/BETA) / DCOS(BETA)

ENDIF


FSINB = 1.D0 - DSIN(BETA)

F0 = Y * (0.752 + 2.02*(C/WD) + 0.37*FSINB**3)

F1 = F0/2.

F2 = Y * (0.923 + 0.199*FSINB**4)

FDUM1 = 0.0D0

CONST = DSQRT(PI*C)

IF (MODE.EQ.'CALC') THEN


CAYMAX = CONST*DMAX1( (F0*SMAX4(1)/SDEL

K +F1*DABS(SMAX4(2))/SDEL +F2*SMAX4(3)/SDEL),

K (F0*SMIN4(1)/SDEL + F1*DABS(SMIN4(2)/SDEL)

K +F2*SMIN4(3)/SDEL))


DELTAK = CONST*( DABS( (F0*SMAX4(1)/SDEL + F2*SMAX4(3)/SDEL)-

K (F0*SMIN4(1)/SDEL + F2*SMIN4(3)/SDEL))
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 + F1*DABS( SMAX4(2)/SDEL - SMIN4(2)/SDEL ) )

C 
 WRITE(7,996)'SMAX,SMIN, CONST,F0, DELTAK',SMAX4(1),SMIN4(1),CONST,

C K F0,DELTAK


ELSE IF(MODE.EQ.'PRUF')THEN

CAYMAX = CONST*( F0*SMAX4(1)/SDEL+F1*DABS(SMAX4(2)/SDEL)


K +F2*SMAX4(3)/SDEL )


END IF


C ...... print values for checking

C WRITE(IOU,*)'SMAX4....',SMAX4

C WRITE(IOU,*)'SMIN4....',SMIN4

C IF (MODE.EQ.'CALC') THEN

C IF (DELTAK.LT.0D0) THEN

C CAYMAX = CAYMAX - DELTAK

C DELTAK = - DELTAK

C ENDIF

C ENDIF


IF (CAYMAX.NE.0D0) SR = 1D0 - DELTAK/CAYMAX

C

C INPUT MODE

C


ELSE IF (MODE(1:1).EQ.'I') THEN

CALL INTC12(NJOB,NSQUAN,MODE,IHDSQ,ISESS,*100)


C

C OUTPUT MODE

C


ELSE IF (MODE.EQ.'OPUT') THEN

CALL OPTC12(MSOP)


WRITE(*,*)'MADE IT BACK FROM CALL OPTC12'

C

C ERROR MESSAGES

C


ELSE

WRITE (IOU,21000) MODE

WRITE(7,21000) MODE

RETURN 1


ENDIF


RETURN

C

C - Return to previous prompt.

100 RETURN 2

C--------------------------------------------------------------------

C

20000 FORMAT(/' ',10X,'FINAL RESULTS:'/


K 11X,'Crack outside geometric bounds:'/

K 11X,'c = ',G12.4,' W = ',G12.4)


20001 FORMAT(/' ',10X,'Crack outside geometric bounds: c = ',

K G12.4,' W = ',G12.4)


21000 FORMAT(/' ',10X,

K 'Program coding error in Sbrtn SITC02: MODE = ',A4)


996 FORMAT(A30,5(F8.4,1X))

999 FORMAT(1x,6(1x,f9.4),I9)

997 FORMAT(1x,6(1x,e9.4),I9)

998 FORMAT(7(A10))


END
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EXECUTIVE SUMMARY 

Southwest Research Institute (SwRI) performed testing and analyses to support a damage 
tolerance analysis (DTA) effort undertaken by Fairchild Aircraft to extend the useful life of the 
SA226/SA227 series of aircraft. Fairchild identified the most fatigue critical principal structural 
element (PSE) on this aircraft as the main wing spar lower cap at wing station 99.0. The lower spar 
at wing station 99.0 consists of a three-element spar cap comprised of the lower cap, the spar angles 
and the titanium straps. The lower cap and the spar angles are manufactured from 2014-T6511 
aluminum extrusions. The fatigue critical location (FCL) is located in the horizontal legs of the spar 
angle at the last outboard fastener hole just prior to where the titanium straps end. 

Material characterization tests were performed to obtain the basic properties of the 2014-
T6511 aluminum extrusion.  These included tensile, fracture toughness and fatigue crack growth rate 
tests. Coupon spectrum tests were performed to generate empirical data to determine whether or not 
crack growth at this FCL was influenced by load interaction effects (retardation) and to assess the 
validity of the NASGRO crack growth analysis model used for the DTA of this location. Two 
specimen geometries were investigated. A simple coupon design using an offset (open) hole in a 
plate was tested first. This was followed by a more complex coupon geometry designed to represent 
the load transfer and built-up nature of the actual joint. Load spectra for the coupon tests were 
derived from the stress spectra developed by Fairchild for this location. 

Crack growth analyses were performed using NASGRO for each coupon geometry and 
demonstrated that very good predictions of the measured data were possible without the use of a 
retardation model. These results provide confidence in using the NASGRO software and these 
material properties in the DTA of the 2014-T6511 wing spar components on the SA226/SA227 
aircraft. Recommendations were also provided for the final DTA of this location, including the 
assumption of an initial corner crack in the analysis and the use of a continuing damage analysis to 
determine the amount of additional life which exists in the part beyond failure of the short ligament. 
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F1.0  INTRODUCTION 

This report summarizes the results of testing and analyses performed by Southwest Research 
Institute (SwRI) in support of a damage tolerance analysis (DTA) effort undertaken by Fairchild 
Aircraft to extend the useful life of the SA226/SA227 series of aircraft and to assure the continued 
airworthiness of these airframes. This class of aircraft have been in production since 1970 and were 
not designed using damage tolerance techniques. In September 1995, Fairchild Aircraft was funded 
by the Federal Aviation Administration (FAA) to develop a Supplemental Inspection Document 
(SID) for the SA226/SA227 aircraft using a damage tolerance approach (FAA Contract No. 
DTFA03-95-C-00044). The testing and analysis described herein were performed to develop key 
information for use in the DTA of the most fatigue critical principal structure element (PSE) on the 
aircraft. 

Fairchild identified the most fatigue critical PSE on the aircraft as the main wing spar lower 
cap at wing station 99.0. This fatigue critical location (FCL) was designed by Fairchild as FCL W1 
in their interim SID development report [F1]. A selection and prioritization of FCLs for analysis was 
performed by Fairchild using a formal ranking procedure developed for use in USAF Structural 
Integrity Programs [F2]. The results of this ranking process are summarized in Reference [F1]. 

The geometry and materials of FCL W1 are described in Section F2.0 of this report. Since 
FCL W1 was the most critical location, SwRI was tasked by Fairchild to generate material property 
data that would support the DTA of this location. These data consisted of tensile and fracture 
properties as well as fatigue crack growth rate data and were obtained from specimens excised from 
representative spar material samples provided to SwRI by Fairchild. A description of these tests and 
their results are presented in Section F3.0. 

In order to validate the predictability of the crack growth models used to represent FCL W1 
in the DTA, SwRI performed two sets of coupon spectrum tests on hardware representative of the 
main spar lower cap at wing station 99.0. Prior to beginning these tests, the spectrum developed by 
Fairchild for use in the DTA had to be converted to a form suitable for use in the laboratory test 
machines. Section F4.0 summarizes this process. Details of the two coupon designs (simple and 
complex) and the spectrum test procedure are presented in Section F5.0 along with results from the 
tests.  Raw data from all the testing performed in this program are contained in the appendices along 
with additional analyses used to interpret the crack growth measurements. 

The results of the coupon tests are compared to analytical predictions made using the 
NASGRO crack growth analysis software [F3] in Section F6.0 of the report. Finally, a number of 
recommendations for DTA based on the findings of this program are provided in Section F7.0. 
. 
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

F2.0  MAIN WING SPAR LOWER CAP GEOMETRY AT WS 99 (FCL W1) 

A schematic of the geometry of SA226/SA227 main wing spar lower cap at wing station 99.0 
(FCL W1) is provided in Figure F2.1. This is a three-element spar cap comprised of the lower cap, 
the spar angles and the titanium straps and is the primary load carrying member in the wing at this 
wing station. The lower cap and the spar angles are manufactured from 2014-T6511 aluminum 
extrusions. The FCL is located in the spar angle at the last outboard fastener hole just prior to where 
the titanium straps end. This is the highest stressed location in the main wing spar. 

Figure F2.2 shows a dimensioned cross section of the lower spar cap at wing station 99.0 
indicating the location of the presumed crack for the damage tolerance analysis. A through-thickness 
crack at the fastener hole is presumed to exist for the DTA.  In addition to the high stress levels at 
this location, this area would be very difficult to inspect as well; hence, FCL W1 was chosen as the 
FCL on which to perform the coupon spectrum testing in support of the DTA. 

O u  tbo ard 

Titanium Strap 

Titanium Strap 

Main Spar Lower Cap 

Main Spar Extruded Angle 

Figure F2.1 FCL W1  Main Wing Spar Lower Cap at Wing Station 99.0 
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F3.0 MATERIAL PROPERTIES TESTING 

This section describes the material characterization tests performed to obtain basic properties 
of the 2014-T6511 aluminum extrusion for use in the damage tolerance analysis of the main wing 
spar lower cap. 

F3.1 MECHANICAL CHARACTERIZATION TESTING 

Mechanical characterization testing consisted of tensile, fracture toughness, and fatigue crack 
growth evaluations of the 2014-T6511 aluminum extrusion. The scope of the evaluations is 
summarized in Table F3.1. Fracture and fatigue testing was performed in the Solid and Fracture 
Mechanics laboratory at SwRI using a workstation similar to that shown in Figure F3.1. Tensile 
testing was subcontracted to the Charles C. Kawin Co. (Broadview, Illinois). 

Fatigue crack growth testing was performed at different load ratios (denoted as R-ratio and 
defined as the ratio of minimum to maximum load applied during the fatigue cycle) to determine the 
influence of mean load level. The nominal R-ratios considered were −0.2, 0.2, 0.5 and 0.8. 

F3.1.1 Specimen Geometries 

The basic geometries and methods generally conformed to the relevant ASTM test 
specification [F4]: 

•	 tensile testing: ASTM E8-96a (Standard Test Methods for Tension Testing of 
Metallic Materials). 

•	 fracture testing: ASTM E399-90 (Standard Test Methods for Plane Strain Fracture 
Toughness of Metallic Materials). 

•	 FCG rate ASTM E647-95a (Standard Test Methods for Measurement of 
testing: Fatigue Crack Growth Rates). 

Tensile testing specimen blanks were machined into standard specimens with gage lengths of 
0.500 inch, as illustrated in Figure F3.2. The tensile properties were determined in the longitudinal 
orientation for two different types of aluminum extrusion 2014-T6511, that is, a wide plate 
(specimen ID prefix TE) and angle extrusion (specimen ID prefix TA). 

Fracture testing was performed on a sub-thickness (0.125 inch) 1-T plan geometry, compact-
tension specimen as illustrated in Figure F3.3. All fracture toughness evaluations were performed on 
specimens in the L-T orientation and in the thickest geometry possible with the supplied material. 
This nomenclature implies that the applied loading axis is in the longitudinal direction and the 
direction of crack advance is in the transverse direction. This orientation is consistent with the crack 
plane used for the FCL coupons. 

Fatigue crack growth rate testing was performed on middle crack tension, M(T), specimens, 
compact tension, C(T), specimens as well as eccentrically loaded single edge crack tension, ESE(T), 
specimens with a 1-1/2 T plan geometry. Schematics of the M(T) and ESE(T) specimen geometries 
are shown in Figure F3.4 and F3.5, respectively.  A listing of the test conditions employed is 
provided in Table F3.1. The ESE(T) specimen was selected for positive R-ratio fatigue crack growth 

F3-1




testing because of non-coplanar crack growth observed in the C(T) specimens during FCG testing. It 
is not uncommon for 2xxx alloys to exhibit deflected crack growth due to the interaction of texture 
effects and stress state in the specimen. The ESE(T) specimen design results in a significant decrease 
in the T-stress (stress parallel to the crack surface) which will tend to increase self-similar cracking 
and reduce crack deflection [F5]. 

F3.2 TENSILE TEST RESULTS 

A summary of the tensile data obtained for the 2014-T6511 aluminum extrusion is shown in 
Table F3.2. The tensile test result summary is extracted from the actual data tabulated in Appendix 
G1 – Material Characterization Properties. Additional details regarding the specifics of all the tensile 
tests are included in this appendix.  All tensile data exceeded the minimums provided for this 
material as presented in MIL Handbook 5G [F6]. 

F3.3 FRACTURE TOUGHNESS TEST RESULTS 

A summary of the fracture toughness data obtained for the 2014-T6511 aluminum extrusion 
is shown in Table F3.3. Additional details regarding the specifics of all the fracture tests are included 
in Appendix G1. 

It is important to describe the terminology used to discuss the fracture toughness results. 
When a fracture test is described as obtaining an invalid plane-strain fracture toughness value 
(denoted Kq), it does not imply that the test failed or was performed incorrectly. Rather, it implies 
that during fracture the specimen was not under true plane-strain conditions. The fracture toughness 
value is then termed Kq as opposed to KIc, see Table F3.3. 

The most notable observation from Table F3.3 is the invalid plane-strain fracture toughness 
results for this material. The invalidity occurred due to non-plane-strain conditions as evidenced by 
insufficient thickness and nonlinearity in the load displacement trace. Nevertheless, the toughness 
levels observed can be considered relevant since the specimen thickness matched the extrusion 
thickness. Since the actual FCL location thickness used for this material is the same as the fracture 
test thickness, the toughness values listed in Table F3.3 are more representative of the actual fracture 
toughness in the less constrained, more plane-stress FCL specimen. 

F3.4 FATIGUE CRACK GROWTH RATE TESTING AND RESULTS 

F3.4.1 Crack Length Measurement and Crack Growth Test Control Methodology 

A special load control method, termed K-control by ASTM, was employed during fatigue 
crack growth testing to insure that a complete crack growth curve was generated from a single 
specimen. With this method, the quantity (1/K)(dK/da) is kept constant by changing loads as the test 
progresses [F7]. This effectively results in a greater ∆K range and minimizes the number of 
specimens required to construct the crack growth curve from near-threshold to stage III failure. The 
obvious benefit of K-control methods is that test time is minimized and the number of required 
specimens is typically reduced. The K-rate (or, more appropriately, the quantity (1/K)(dK/da)) 
during these crack growth tests was typically between 3.5 and -3.5 in-1. 
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Both visual (optical traveling microscope) and nonvisual (KRAK gages) crack length 
measurements were utilized during this crack growth rate characterization testing.  The nonvisual 
crack length measurement technique used was the indirect potential drop method. The potential drop 
(PD) technique has been used quite successfully for many years to remotely measure crack length 
[F8]. The PD method utilized in this work is called indirect since the potential output from a KRAK 
gage bonded to the face of the specimen (illustrated in Figure F3.6) is used to determine crack length. 
A schematic of the electrical connections to the foil KRAK gage is shown in Figure F3.7. 

In practice it is important to calibrate the indirect crack length measurements with the 
physically measured (e.g., visually measured) crack lengths to achieve the highest level of accuracy. 
This post-test correction uses a linear scheme based on a minimum of two crack length 
measurements: at the start and near the end of the test [F9]. Although more complicated, multiple 
degree-of-freedom correction techniques are available, the corrected crack length measurements 
typically do not usually differ significantly from the simple linear method [F8]. 

Fatigue crack growth rate curves for each of the four R-ratios tested in this program are 
provided in Appendix G1. Additional details regarding the specifics of all the fatigue tests are 
included in this appendix. For all tests, the repeatability of the replicate testing was quite reasonable. 
All fatigue testing was performed in laboratory-air conditions. 

F3.4.2 Modeling of Fatigue Crack Growth Rate Data 

Fatigue crack growth data obtained in this program are compared in Figure F3.8 with the 
fatigue crack growth curves obtained using the NASGRO crack growth equation and parameters 
obtained from the NASGRO material database [F3]. As shown in Figure F3.8, the NASGRO curves 
do not match the test data obtained in the current work. Note, however, that the NASGRO material 
constants were obtained from testing performed on 2014-T6 plate and sheet and not 2014-T6511 
extrusion. 

Preliminary crack growth analyses for FCL W1 were performed by Fairchild using the 2014-
T6 plate and sheet parameters in the NASGRO material database. Clearly, use of these parameters 
will overestimate the crack growth rate in spectrum crack growth predictions. Therefore, an iterative 
process was performed with the parameters so as to produce a best fit to the 2014-T6511 extrusion 
experimental data obtained in this program. The results of this process are shown in Figure F3.9 
along with the revised NASGRO parameters. 

Given the original and modified values for the NASGRO parameters, it is worthwhile to 
compare the experimental crack growth data to predictions made using the NASGRO model. A life 
ratio can then be determined for each test as defined by the ratio between experimental and predicted 
crack growth results Nexpt/Npred. Based upon past experience, a life ratio between 0.5 and 2.0 implies 
an excellent prediction of the total life results. 

The life ratios for the four different load ratios are shown on Figure F3.10 and Table F3.4. 
Results obtained using the original NASGRO parameters did not match the recorded data particularly 
well for any of the load ratios considered. The modified NASGRO constants proved relatively 
effective in predicting the experimental data. 
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Table F3.1 Material Characterization Tests Performed on 

Aluminum Alloy 2014-T6511 Extrusion 

Property Test Specimen ID Specimen 
Type 

Orientation Load Ratios (R-ratios) Examined 

-0.2 0.2 0.5 0.8 

Tensile TE-1 to TE-4 

TA-1 to TA-3 

rectangular 

rectangular 

L 

L 

Fracture 
Toughness 

FC-1 to FC-4 C(T) L-T 

Fatigue Crack 

Growth 

CM-1 to CM-3 

CC-1 

CE-3 to CE-4 

CE-1 to CE-2 

CE-5 to CE-6 

CC-2 

M(T) 

C(T) 

ESE(T) 

ESE(T) 

ESE(T) 

C(T) 

L-T 

L-T 

L-T 

L-T 

L-T 

L-T 

V 

V 

V 

V 

V 

V 

Table F3.2 Monotonic Tensile Test Data Obtained for the 2014-T6511 Material 

Material Orientation Spec. ID σYS, ksi σTS, ksi ε, % RA, % E, 103 ksi 

2014-T6511 

extrusion 

Longitudinal TE-1 

TE-2 

TE-3 

TE-4 

60.7 

62.2 

61.2 

55.8 

66.4 

66.8 

65.9 

66.3 

10.0 

10.5 

11.0 

11.5 

24.2 

27.0 

23.1 

29.2 

10.45 

10.75 

10.73 

10.93 

TA-1 

TA-2 

TA-3 

61.7 

61.3 

62.1 

65.6 

65.4 

64.9 

10.0 

10.5 

11.0 

20.6 

25.5 

33.4 

11.74 

11.25 

11.03 

average → 60.7 65.9 10.6 26.1 10.98 

MIL HNDBK 5G min. → 55.0 65.0 8.0 10.50 

NASGRO (2014-T6) → 65.0 74.0 
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Table F3.3 Fracture Toughness Data Obtained for the 2014-T6511 Material 

Material Form Thickness 
(in) 

Orientation Specimen 
ID 

Kq 

(ksi√in) 

Valid? 

2014-T6511 extrusion 0.121 

0.123 

0.121 

0.121 

L-T 

L-T 

L-T 

L-T 

FC1 

FC2 

FC3 

FC4 

35.3 

39.7 

43.7 

40.5 

no1 

no1 

no1 

no1 

average → 39.8 

1.MIL HNDBK 5G MIN. (2014-T651 PLATE) → 19.0 (valid KIc ) 

2.NASGRO (2014-T6) → 27.0 (KIc ) 

1 invalid due to insufficient thickness, and Pmax/PQ > 1.10 

Table F3.4 Comparison Between the Experimental and NASGRO Predicted Crack 
Growth for All FCG Tests 

NASGRO Parameters R-
ratio 

Life Ratio 
Range 

(Nexpt/Npred) 

Comments 

C n p q ∆K0 Kc Smax/σ0 α 

3.5E-8 2.8 0.5 1.00 2.70 51.8 0.3 1.5 

-0.2 

0.2 

0.5 

0.8 

1.10 – 3.42 

11.23 – 21.77 

5.23 – 7.90 

2.11 – 5.65 

original 
NASGRO 
parameters 

2.0E-9 3.7 0.5 1.00 2.70 51.8 0.3 2.0 

-0.2 

0.2 

0.5 

0.8 

0.23 – 1.00 

2.97 – 5.21 

0.91 – 1.54 

0.20 – 0.78 

modified 
NASGRO 
parameters 

Note:	 In NASGRO, Kc is computed using input values of yield strength, σYS, plane strain fracture 

toughness, KIc, and thickness, t.  The NASGRO values of σYS (65.0 ksi) and KIc (27 ksi in ) 

were used in the analyses to fit the data and compute a Kc of 51.8 ksi in  as shown above. 
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loadframe 

travelling 

specimen 

servohydraulic 
controller 

spectrum 
control / FCG 

computer 

grips 

typical FCG 

microscope 

light 
source 

data 
acquisition 

Figure F3.1 Typical Fatigue and Fracture Test Station in the 
SwRI Solid and Fracture Mechanics Laboratory 

Figure F3.2 Tensile Specimen Geometry Utilized for Assessing the Tensile Strength of the 
Aluminum Extrusion (Extracted from ASTM Standard E8 [F1]) 
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S o u t h w e s t R e s e a r c h n s t i t u t e 
S a n A n t o n i o,  e x a s 

Title 

Drawing 
Number 

Filename 

Scale 

Sheet 1 of  1 

*** none *** 

Middle-cracked tension specimen for FCG studies 

06-8520 (mt_all) 

Basic 
Dimension 

under 6 

6-24 incl 

over 24 

2 place 

±0.01 

±0.03 

±0.06 

±0° 30' 

3 place 
Frac­
tions 

angles 

Decimals 

±0.001 

±0.010 

±0.015 

±1/32 

±1/16 

±1/6 

±1° 0' 

Tolerances (inches) 

Drawn: 

Date: 

P. C. McKeighan 

3 October 1997 

Matl: 

Finish: 

Qty 
Reqd: c:\pcm\proj\f'child\dwgs\mt_all.pre 

2014 extrusion 

32 rms 

3 

0.125 drill thru 

0.010 wide thru-thickness EDM notch 
(2 places). Notch centered to within 
0.003 on both axes. 

0.3500.350 

3.40 

1.70 

1.000 

9.00 

9.00 

0.125 (nominal) 

Drill and ream 
1.03 diam 
(6 places) 

2.000 

1.000 

2.000 

1.000 

Detail A 

Detail A 

18.00 

Material 

0.700 0.700 

I 
T

Figure F3.4 Design for the Middle Crack Tension Specimen for 
Fatigue Crack Growth Studies 
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S a n A n t o n i o,  T e x a s 

Title 

Drawing 
Number 

Filename 

Scale 

Sheet 1 of 1 

*** none *** 

Extended compact tension, EC(T), specimen for 
fatigue crack growth testing 

06-8520 (15TECT_C) 

Basic 
Dimension 

under 6 

6-24 incl 

over 24 

2 place 

±0.01 

±0.03 

±0.06 

±0° 30' 

3 place 
Frac­
tions 

angles 

Decimals 

±0.005 

±0.010 

±0.015 
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Tolerances (inches) 

Drawn: 

Date: 

F. J. McMaster 
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Matl: 

Finish: 

Qty 
Reqd: c:~\fraser\swri\projects\fairchd\15tect_c 

2014-T6511 

32 rms 
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Material 
Number 
of Specs 

2014-T6511 
extrusion 

6 

Specimen 
ID's 

CE1 to CE8 

0.625 

Detail 

3.750 

0.500/0.503 diam 
ream thru (2) 

Note 1 A-surfaces perpendicular and parallel (as applicable) to within 0.006, TIR. 

Note 2 All surface finishes 32 RMS except loading hole bore (16 RMS). 

Note 3 The intersection of the tips of the machined notch with the specimen faces shall be 
equidistant from the top and bottom edges of the specimen to within 0.015. 

A 

A 

3.750 

0.500 

2.500 

0.500 

4.625 

4.625 

as 
received 

Detail A 
0.015 max 
EDM notch 

A 

Figure F3.5 Design for the 1-T Plan Geometry Eccentrically Loaded Single-Edge Crack 
Tension Specimen for Fatigue Crack Growth Studies 
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current and 
voltage leads 

KRAK 
gage 

Figure F3.6 Typical Krak Gage Setup with Gage Bonded to Face of C(T) Specimen 

typical C(T) V = voltage lead 
specimen 
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= current lead I 

I 
V 

V
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stranded tinned-copper 
insulated cable (short) 

to FRACTOMAT 

~ 

terminal 
KRAK all leads looped block 
gage for strain relief 

Figure F3.7 Schematic of Connections Required on a KRAK Gage on a C(T) Specimen 
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Figure F3.8  FCG Data for the 2014-T6511 Extrusion Compared with the NASGRO
Output (Using NASGRO Material Constants)
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Figure F3.9  FCG Data for the 2014-T6511 Extrusion Compared with the NASGRO
Output (Using Modified NASGRO Material Constants)
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F4.0 DEVELOPMENT OF SPECTRUM FOR FCL W1 COUPON TESTS 

Fairchild developed load spectra for the SA226/SA227 aircraft as described in Reference 
[F1]. These loads were then, in turn, used by Fairchild to develop stress spectra at fatigue critical 
locations using the results of in-flight strain surveys and earlier full-scale fatigue tests. This section 
of the FCL W1 testing and analysis report describes how SwRI converted the stress spectra used by 
Fairchild for their DTA of FCL W1 to a spectra suitable for use in the coupon testing machines. 

The original analysis spectrum provided to SwRI by Fairchild for FCL W1 was a 5.5 hour 
spectrum consisting of one short flight (0.5 hour), three medium length flights (1.0 hour each), and 
one long flight (2.0 hours). Each flight was comprised of three loading blocks: taxi, gust, and 
landing. The taxi and landing blocks were identical for all flights. Differences in the number of 
cycles contained in the gust blocks distinguished the three flight types from each other. Each 
spectrum block contained a set of load steps with a (noninteger) number of occurrences, N, and 
minimum and maximum loads (Fmin, Fmax) corresponding to specific g-levels. In addition, a constant 
load value, Fmean, was supplied such that it was added to each load step to increase the mean load 
level. 

The damage tolerance analysis (DTA) of this FCL uses NASGRO model TC03, a through-
crack emanating from a hole in a plate subject to both a remote tension load and a pin load [F3]. 
Fairchild provided scale factors converting the spectrum file loads data to tension stresses and 
bearing stresses.  Thus, in the course of executing NASGRO, the stresses are computed as follows: 

S0, min = ( Fmin  + Fmean ) SFt and S0, max = ( Fmax  + Fmean ) SFt (1) 

S3, min = ( Fmin  + Fmean ) SFb and	 S3, max =  ( Fmax  + Fmean  ) (2) 
SFb 

where S0 and S3 are the tension and bearing stresses, respectively (in the NASGRO notation), and SFt 

and SFb are the scale factors converting the spectrum file loads data to tension and bearing stresses, 
respectively. 

The coupon test program was conducted in two phases, using a simple coupon and a complex 
coupon. The simple coupon was a single plate of aluminum with an offset open hole. The complex 
coupon was designed to represent the actual spar sandwich structure with two aluminum plates and 
two titanium plates, fastened together. In order to develop a spectrum for testing in the laboratory it 
was necessary to convert the analysis spectrum described above to a test spectrum that (1) was 
comprised of integer cycle numbers and (2) was represented in terms of uniaxial tension loads. 

To convert the spectrum such that it contained only integer cycles, the number of cycles were 
multiplied by a factor of 100 and rounded off.  This resulted in a 550 hour spectrum; however, the 
rounding off to integer cycle numbers resulted in the loss of a number of fractional cycles. These 
cycles were recovered by creating a select few make-up cycles and manually inserting them into the 
spectrum file. A total of seven make-up cycles were added, four gust and three landing. The 
magnitude of these cycles was determined using a weighted average technique based on the 
fractional cycle amount lost during the round-off process and the corresponding magnitudes of those 
fractional cycles. 
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It was then necessary to convert the tension and bearing loads to remote tension loads to 
develop an equivalent tension test spectrum. This computation was made using the overall force 
balance on the coupon: 

Feq = S0(Wt) + S3(Dt) (3) 

where W is the coupon width, D is the hole diameter, t is the thickness, and S0 and S3 are computed as 
equations 1 and 2. 

An analysis of the open-hole simple coupon was performed using the original spectrum (with 
tension and bearing loads) and compared to results obtained using the remote equivalent tension load 
spectrum. As expected, the life was somewhat less for the equivalent tension load spectrum case. 
Thus, the tension only spectrum was scaled up by a factor of 1.06 to approximate the life predicted 
by the pin load plus tension load analysis. 

For the complex coupon tests, the same equivalent tension load spectrum was used; however, 
it was scaled up by a factor of 1.16 based on the results of a strain survey in order to achieve the 
desired peak spectrum stress of approximately 11 ksi at the test section of the coupon. This target 
value of 11 ksi was chosen based on the 2-g stresses for this location listed in Table D-11 of 
Reference [F1]. The analysis of the complex coupon uses the spectrum comprised of the tension and 
bearing loads since the hole is loaded by the fastener in the complex coupon test. 

Comparisons between coupon test results and corresponding analytical predictions of crack 
growth must obviously use the same (test) spectrum. However, it is important to emphasize that the 
spectra developed for the simple and complex coupons were only developed for use in the coupon 
tests and should not be used for the final DTA. The original analysis spectrum should be used in the 
DTA. 
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F5.0  COUPON SPECTRUM TESTING 

The objectives of the coupon spectrum testing were to generate empirical data that could be 
used to (1) determine whether or not FCL W1 exhibited any effects of load interaction (retardation) 
on crack growth behavior and (2) to assess the validity of the NASGRO crack growth analysis model 
used for the DTA of this location. The test coupon geometries used to simulate FCL W1 as well as 
the test procedures used to perform the spectrum crack growth testing are described in this section. 

The FCL W1 geometry is a sandwich structure comprised of the titanium straps and the 
aluminum spar angles and lower cap as shown in Figure F2.1. Based on stress analyses performed 
by Fairchild, the most critical areas of this joint are the last fastener holes at the outboard end of the 
titanium straps. Refer to Figures F2.1 and F2.2. The short ligament length in the horizontal leg of 
the spar cap is the worst case location at which a through-thickness crack is presumed to exist for the 
purposes of a damage tolerance analysis. In the coupon tests, a through-thickness crack was inserted 
at this location using an EDM procedure as described below. 

The coupon designs used in this program were jointly developed by SwRI and Fairchild 
engineers. Fairchild Aircraft provided the aluminum and titanium material for manufacture of the 
coupons. Fairchild also drilled the fastener holes and assembled the complex specimens. SwRI was 
responsible for installation of the crack growth measurement gages and the strain gages. 

The design of the coupons was based on three factors: (1) the availability of material stock at 
Fairchild; (2) the constraints of the test equipment (grips, fixtures, etc.); and (3) the geometry of the 
actual FCL W1 at WS 99. Generally, when performing coupon spectrum tests, it is desired to design 
a coupon that as closely as possible represents the actual geometry; however, as a practical matter, it 
is rare that the coupon geometry will exactly match the actual FCL geometry. Therefore, taking the 
three factors listed above into account, coupon design for spectrum testing must focus on developing 
a geometry that represents as best as practical the salient features of the actual FCL.  Therefore, 
differences exist between the coupon design and the actual structure; however, the coupons do 
represent the general features of the FCL at WS 99. 

Due to the complexity of this joint, it was deemed prudent by SwRI and Fairchild to 
implement a two-phase approach to the coupon spectrum testing for FCL W1. A simple coupon 
design using an offset (open) hole in a plate was tested first. This was followed by a more complex 
coupon geometry designed to represent the load transfer and built-up nature of the actual joint. Note 
that in the complex geometry the crack is not visible from the exterior of the coupon and that a 
fastener fills the hole. Therefore, as will be described, the simple coupon tests served as preliminary 
studies to investigate the general spectrum crack growth behavior in this material and to establish the 
viability of the crack growth measurement technique planned for use in the complex geometry where 
the crack growth was not directly visible. 

In this section of the report, a general overview of the test procedures is first presented 
followed by specific details of each coupon design and test setup along with the results obtained. 
Comparisons to analytical predictions are presented in Section F6.0. 
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F5.1 GENERAL TEST PROCEDURES 

The test procedures used to perform the spectrum crack growth (SCG) testing were 
developed from many years of experience performing similar testing at SwRI. Although there is no 
specific industrywide standard related to SCG testing, the methods used are derived from the ASTM 
E647 standard for fatigue crack growth testing [F4]. Spectrum loads were applied in the frequency 
range of 5-20 Hz. The actual loading frequency used depended upon the response and controllability 
of the specific servo-hydraulic frame employed. 

The spectrum crack growth test matrix for FCL W1 is shown in Table F5.1. This tabular 
representation of the matrix is organized in terms of the two different coupon geometries: simple and 
complex. 

F5.1.1 Spectrum Test Methods and Control 

The coupon spectrum tests utilized closed-loop, servohydraulic testing systems specially 
designed to apply variable amplitude waveforms.  The stress spectra were electronically stored in a 
format compatible with SwRI’s computer software/hardware systems.  The closed-looped control 
systems used in the test systems insure that the peak load levels are applied to the specimen during 
cycling.  One of the key features of the systems used in the SwRI laboratory is a command/feedback 
certification procedure utilizing modification of the command signal based on the historical feedback 
performance during the last spectrum pass. This assures the most accurate and consistent loading of 
the specimen during testing. 

F5.1.2 Spectrum Markerband Procedure 

In addition to nonvisual measurements of crack length obtained using KRAK gages, a 
spectrum marking procedure was used to provide markerbands on the fracture surface to verify and 
posttest correct the nonvisually measured crack lengths. The marking procedure was tested using the 
simple geometry SCG specimens to insure that the technique did in fact mark the fracture surface 
consistently and hence could be used effectively on the complex coupon geometry. With the 
marking procedure, a number of markerbands, each about 0.003-0.005 inch wide, are placed on the 
fracture surface with an average of 15-20 markerbands placed on the fracture surface over a ligament 
length of 0.295 inch. The marking procedure involved applying constant amplitude loading at a high 
R-ratio so as to induce a different fracture surface appearance. The markerbands were typically 
applied at a peak load of 80 percent of peak spectrum load and an R-ratio of 0.6. 

Due to the premature failure of the KRAK gages in the second test performed on the simple 
geometry, it was deemed vital to use the markerband procedure on the complex coupon geometries. 
Since the plate containing the crack was not visible from the exterior of the complex specimen, this 
insured that crack length measurements could still be made (from the fracture surface) in the event 
that the KRAK gages failed during the test. 
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F5.2 SIMPLE COUPON GEOMETRY 

F5.2.1 Coupon Design 

The simple coupon geometry is shown in Figure F5.1. The FCL in the simple coupon 
geometry is defined as a through crack at a 0.19-inch-diameter offset hole having a 0.35-inch edge 
distance. The thickness of the coupon was 0.125 inch. EDM flaws were introduced into the coupons 
to facilitate the pre-cracking process prior to spectrum loading.  All EDM flaws were through-
thickness with a nominal width of 0.006 inch and a surface length of 0.025 inch. 

F5.2.2 Test Setup and Coupon Pre-cracking 

Pre-cracking was performed in order to precondition and sharpen the EDM flaw into a 
fatigue crack prior to spectrum testing.  In the strictest sense, the EDM flaw is initially machined into 
the specimen. Although crack-like in nature, it would not act enough like a real fatigue crack to 
insure good initial data. Therefore, prior to spectrum testing, blocks of constant amplitude loading 
were applied to initiate and grow a fatigue crack from the EDM flaw. Experience has shown that a 
minimum of approximately 0.010-0.015 inch of constant-amplitude fatigue crack growth is required. 

The goal during the simple coupon geometry pre-cracking was to grow a fatigue crack from 
the tip of the EDM flaw to a total length of 0.050 inch measured from the edge of the hole. Pre-crack 
load levels were kept as low as practical, typically less than 75-80 percent of the peak spectrum load. 
Constant-amplitude cycles at an R-ratio of 0.1 were employed during pre-cracking. 

A photograph of the simple geometry coupon gripped in the servohydraulic load frame is 
shown in Figure F5.2. A fixed constraint, or antibuckling guide, was attached to the main clevis to 
provide support for a variety of teflon-coated movable, or free, constraints (these antibuckling 
fixtures are not shown in Figure F5.2). The movable constraints located between the fixed constraint 
and test section were free to move in a vertical direction only. Horizontal constraint was achieved 
through set screws that were located in the fixed constraint. 

Visual and nonvisual crack length measurements were recorded. Two different sized gages 
were used during the simple coupon geometry testing: KG-BH5616-X08 (short ligament) and KG-
BH5616-X15 (long ligament). Due to the length of the short ligament in the simple coupon 
geometry (0.256 inch), part of the -X08 KRAK gage overhung the edge of the coupon and therefore 
needed to be supported by an extension plate. This type of arrangement was also used for the 
complex geometry tests and, hence, a more in-depth explanation of this arrangement is provided in 
Section F5.3. 

F5.2.3 Results 

Two tests were performed using the simple coupon geometry as indicated in Table F5.1. In 
general, given a specific crack length envelope, if the cycles, or spectrum flight hours (SFHs) 
corresponding to the growth, are within ±15 percent, the test is considered repeatable. This level of 
accuracy is based upon extensive SwRI spectrum testing experience. The test-to-test repeatability is 
dependent upon the coupon geometry (complexity), inherent material variability, crack shape and 
errors in crack length measurement. 
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Results obtained for the simple geometry coupons tested under flight spectrum conditions are 
shown in Figure F5.3. The data plotted in Figure F5.3 were obtained from visual measurements 
obtained using a microscope. Due to the failure of a KRAK gage on one of the coupons (SS-2), only 
nonvisual crack length measurements were obtained for one of the two tested coupons. Crack length 
measurements for each of the simple coupon geometry tests are provided in Appendix G2 – 
Spectrum Crack Growth Tests.  The fracture surfaces for these coupons are shown, with test 
parameters, in Figure F5.4. 

The results shown in Figures F5.3 and F5.4 for the simple coupon geometry tests can be 
summarized as follows: 

•	 Total coupon life varied from 92 to 133 kSFH. Hence the tests exhibit poor 
repeatability. 

•	 The crack growth curves observed (Figure F5.3) were concave up in accordance 
with typical behavior. 

•	 The pre-cracked ligament failed prior to the initiation of a crack on the opposite 
side of the hole. Spectrum flight hours to failure of the short ligament ranged 
from 58 to 101 kSFH. 

•	 Initiation of a crack on the non pre-cracked side of the hole took approximately 
16 to 24 kSFH following failure of the short ligament. 

•	 The time spent cracking the longer (uncracked) ligament was approximately 10 to 
16 kSFH. 

•	 For coupon ID (SS-2), both KRAK gages failed at the extension tab-coupon 
interface at approximately 37 kSFH. 

• The marking procedure used on the simple geometry tests appeared to work well. 

As illustrated in the micrographs in Figure F5.4, vastly different fracture surfaces were 
observed for the two simple geometry coupon tests. This necessitated further investigation as this 
may be the reason for the large differences in spectrum flight hours for the two coupons. Test 
coupon SS-2 had a rough fracture surface with areas of large cleavage facets and prominent 
striations. Conversely, the fracture surface of test coupon SS-3 was relatively flat with only the 
applied markerbands visible on the fracture surface. Photographs of the macroscopic grain structure 
of both specimens are shown in Figure F5.5. Crack propagation in both coupons was found to be 
transgranular; however, a dramatic difference in grain size for the two coupons was noted. 

The contrast in the SCG lives of the two simple geometry tests can be explained in terms of 
the differences in their grain structure. Whereas dislocations easily shear the small grains in SS-3, 
the larger grains in SS-2 form obstacles to dislocation motion with the result that the dislocations 
loop around the grains and bypass them. Thus, the principal cause of the apparent differences in the 
spectrum crack growth response of the two microstructures is expected to be crack deflection and the 
attendant roughness-induced closure. 
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F5.3 COMPLEX COUPON GEOMETRY 

F5.3.1 Coupon Design 

The complex coupon design is shown in Figure F5.6. The complex geometry is a multiple-
layered joint that represents the actual FCL with fastener loading, multiple load paths, and tension-
bending. Testing of this joint required a high level of instrumentation, with strain gages (Figure 
F5.6) applied to various components of the joint to assess the overall loading and load paths in the 
structure. The test section of the coupon that contained the crack is labeled “E” in Figure F5.6. The 
FCL in the complex specimen is defined as a through crack at a 0.16-inch-diameter hole having a 
0.375-inch edge distance. Again, the thickness of the test section was 0.125 inch. 

F5.3.2 Test Setup and Coupon Pre-cracking 

During the pre-cracking phase of testing it was found to be extremely difficult to initiate a 
crack from the EDM notch (due to the complex nature of the joint and the low constant-amplitude 
loads applied). Therefore, a multitude of different peak constant amplitude loads and R-ratios were 
used to successfully initiate a crack and propagate the crack to the required 0.050-inch pre-crack 
length. The details of the pre-cracking loads and R-ratios used in the complex geometry pre-cracking 
process are summarized in Table F5.2. 

A single sized gage was used during this testing phase: KG-BH5616-X08 (short ligament and 
middle ligament). Due to the length of the short ligament in the complex geometry (0.295 inch), part 
of the -X08 KRAK gage overhung the edge of the coupon and therefore needed to be supported by 
an extension tab. A photograph of the KRAK gages applied to the test section of the joint is shown 
in Figure F5.7. A photograph of the complex geometry coupon mounted in the servohydraulic load 
frame is shown in Figure F5.8. Hydraulic grips were used during this testing phase to insure the best 
load transfer. However, due to the large size (and mass) of the grips, test frequency was limited to a 
maximum of 10 Hz. 

F5.3.3 Strain Survey 

An initial strain survey was performed on all complex geometry coupons to measure the 
relative strain levels reached during loading of the complex joint. Eight strain gages were attached to 
the coupons and the strain measurements were obtained at 85 percent of the peak spectrum load. A 
summary of the strain survey results is given in Figure F5.9 as a function of the relative positions of 
the strain gages. The repeatability of the strain gage measurements for the three complex coupons is 
quite excellent. 

Strain gage numbers 7 and 8 were positioned on the complex coupon such that they matched 
the location of Fairchild flight test gages 3 and 2, respectively. (Refer to Table D-11 of Reference 
[F1].) Therefore, the average of gages 7 and 8 was used to scale the spectrum such that a target stress 
value of 11 ksi was achieved on the lower cap portion of the complex coupon. As discussed in 
Section F4.0, the scale factor obtained in this fashion was 1.16. 

The complex geometry tests were also periodically interrupted to take strain data for a 
loading and unloading ramp to 85 percent of the peak spectrum load. Representative strain 
traces for all three tests and compliance data are provided in Appendix G2. Compliance 
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measurements taken during all three tests showed little difference between loading and unloading 
and remained constant for the majority of the test duration. 

The compliance results can be used to determine both load transfer and bending using the 
following equations: 

Load Transfer (%) = 100 
 
1 − 

C5 + C6  
(4)

 C3 + C4 
 

Bending (%) = 100 
 C1 − C2 



 (5) 

 C1 + C2  

where Ci is the calculated compliance value at gage i. The results are shown in Figure F5.10 plotting 
percent load transfer and percent secondary bending as a function of spectrum flight hour (loading 
cycle). 

The mean load transfer observed for all tests was between 40-42 percent indicating that the 
titanium straps take approximately 40 percent of the load. The similarity of the responses is 
remarkable and presumably indicative of uniform joint behavior and fixed clamping. Relative to a 
pure tensile test, levels of bending were quite high, as expected, and typically averaged 17-20 
percent. Bending in the actual wing spar would be expected to be less than that observed in the 
complex coupon geometry due to the presence of the vertical legs of the spar angles in the actual 
structure. 

F5.3.4 Results 

The test results obtained for the complex geometry coupons (CS-1, CS-2, and CS-3) tested 
under flight spectrum conditions are shown in Figure F5.11. Visual and nonvisual crack length 
measurements for each of the complex coupon geometry tests are provided in Appendix G2. 
Premature failure of the KRAK gages did not occur during any of the three complex geometry tests. 
The fracture surfaces for these coupons are shown in Figure F5.12, with the markerbands clearly 
visible for all three tests. 

The results shown in Figures F5.11 and F5.12 can be summarized as follows: 

•	 Complex geometry tests were terminated after the short ligament failed (or appeared 
to be completely fractured). 

• Short ligament life was measured to be 121, 142, and 201 kSFH. 

•	 Curved crack fronts were observed for all tests. This is indicative of the tension-
bending loading obtained during testing of the built-up joint. 

•	 Posttest visual crack length measurements (Figure F5.11) for all tests were shown to 
be approximately 0.010-0.020 inch greater than those measured using the KRAK 
gages. This difference is investigated and discussed further in Appendix G2. 
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Table F5.1 Spectrum Crack Growth Tests and Specimen IDs 

FCL 
Designation 

Geometry Specimen ID Thickness 
(inch) 

EDM Length 
(inch) 

W1 

simple SS-2 

SS-3 

0.1231 

0.1232 

0.024 

0.025 

complex CS-1 

CS-2 

CS-3 

0.1243 

0.1244 

0.1242 

0.017 

0.023 

0.022 

Table F5.2 Pre-Cracking Details for the Complex Geometry Tests 

Specimen ID Number of 
Cycles 

Maximum Precracking Load 
(% of peak spectrum load = 4520 lbs) 

R-ratio 

CS-1 51,000 

83,000 

100,000 

100,000 

250,000 

65,000 

3,978 

107,400 

55 

65 

75 

95 

100 

100 

100 

80 

0.1 

0.1 

0.1 

0.1 

0.1 

-1.0 

0.1 

0.1 

CS-2 100,000 

49,320 

78,102 

100 

100 

80 

0.0 

-1.0 

0.0 

CS-3 29,070 

3,000 

100 

80 

-1.0 

0.0 
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Figure F5.1 Design for the Simple Geometry Coupon for Spectrum Crack Growth Studies 
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Figure F5.2 Representative Test Setup for the Simple Geometry Coupon 
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SUMMARY OF SPECTRUM PARAMETERS 

Cycles per Load levels (lbs) 

550 SFH Minimum Maximum Comments 

14076 -1406 1451 offset hole 

FRACTURE SURFACES 
MILESTONES 

EDM 

area of striations 

area of cleavage facets 

0.050-inch 

Total Life = 133.5 kSFH 

ligament failed at 101.6 kSFH 
reinitiation at 117.3 kSFH 

Test = SS-2 

EDM 

position of markerbands graphically shown 

0.050-inch 

Total Life = 92.9 kSFH 

ligament failed at 58.6 kSFH 
reinitiation at 82.6 kSFH 

Test = SS-3 

Figure F5.4 Summary of Spectrum Crack Growth Testing for the Simple Geometry 
Coupon 
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0.250 inch 

(a) 

0.250 inch 

(b) 
Figure F5.5 Micrographs of the Simple Geometry Coupons Highlighting the Different 

Grain Structures (a) Test SS-2 and (b) Test SS-3 
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Figure F5.7 KRAK Gage Details for the Complex Geometry Coupons 
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Figure F5.8 Representative Test Setup for the Complex Geometry Coupon 
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Figure F5.11 Summary of All SCG Tests Performed on the Complex Coupon Geometry 

c
ra
c
k
le
n
g
th
 (
in
)



F5-18




SUMMARY OF SPECTRUM PARAMETERS 

Cycles per Load levels (lbs) 

550 SFH Minimum Maximum Comments 

14076 -4380 4520 offset hole (built-up joint) 

FRACTURE SURFACES Test = CS-3 
MILESTONES 

0.050 inch 

EDM 

Test terminated = 121.0 kSFH 

Test = CS-1 

0.050 inch EDM 

Test terminated = 201.2 kSFH 

Test = CS-2 

Test terminated = 142.7 kSFH 

0.050 inch EDM 

Figure F5.12 Summary of Spectrum Crack Growth Testing for the 
Simple Geometry Coupon 
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F6.0  ANALYSIS OF COUPON TESTS 

Crack growth analyses of the simple and complex coupon spectrum tests were performed 
using NASGRO to determine if FCL W1 exhibited any effects of load interaction (retardation) and to 
assess the general validity of the NASGRO crack growth analysis model (Figure 6-1) used for the 
DTA of this location. This section presents the results of these analyses and compares them to the 
data obtained in the coupon tests. For reference, Appendix G3 provides listings of the batch data 
files and the spectrum files used in the NASGRO analyses. 

F6.1 CRACK GROWTH RELATIONSHIP 

The crack growth equation used in the NASGRO software [F3] is: 

p 

da 
C (1− f )n ∆K n 


1− 

∆
∆ 

K

K
th 


 

dN 
= 

n  ∆K 
q (6) 

(1− R)	 1− (1− Kc )
 

 

where N is the number of applied fatigue cycles, a is the crack length, R is the stress ratio, ∆K is the 
stress intensity factor range, and C, n, p, and q are parameters obtained from the curve fit to the 
empirical data, see Figure F3.9. The threshold intensity factor range, ∆Kth is approximated in 
NASGRO as a function of the threshold intensity factor range at R = 0, defined as ∆K0. Kc is the 
thickness dependent fracture toughness of the material. The function f allows for the use of a crack 
closure model. Using this NASGRO crack growth equation, analytical comparisons were made to 
the coupon spectrum crack growth data and demonstrated that very good predictions were possible 
without the use of a retardation or closure model. 

Based on the fatigue crack growth data generated in this program (Section F3.4) and the data 
contained in the NASGRO material properties database, the following parameters were used in the 
crack growth analyses of the 2014-T6511 aluminum extrusion coupon material: 

C  = 2.0E-09 

n  = 3.70 

p  = 0.50 

q = 1.00 

∆K0  = 2.70 ksi√in 

Kc = 51.8 ksi√in 

F6.2 SIMPLE COUPON ANALYSIS RESULTS 

The results of the simple coupon crack growth analysis are plotted against the measured 
crack growth data for coupon SS-3 in Figure F6.2 demonstrating excellent agreement between 
analysis and test. This good level of agreement was obtained without using a retardation model and 
without using the closure model contained in NASGRO. Therefore, it can be concluded that load 
interaction effects are not significant for this FCL geometry, material and spectrum. Note that the 

F6-1 



test results obtained from coupon SS-2 were deemed anomalous due to the microstructural 
differences discussed in Section F5.2.3 and were not used for comparison. 

F6.3 COMPLEX COUPON ANALYSIS RESULTS 

The results of the complex coupon crack growth analysis are plotted against the measured 
crack growth data from coupons CS-1, 2 and 3 in Figure F6.3. Excellent agreement is demonstrated 
between analysis and test for the shortest lived test results (CS-1 and CS-3) without the use of a 
retardation or closure model. 

The analysis of the complex coupon geometry using the NASGRO TC03 model considers 
only in-plane tension and pin loads and does not account for the bending that actually occurred in the 
test specimen. Hence, this through-crack model uses a straight crack front. The curved crack fronts 
shown in Figure F5.12 and the strain gage measurements shown in Figure F5.9 are indicative of the 
amount of bending that was present in the complex coupon as a result of the shift in the neutral axis 
caused by the titanium straps. The crack growth test data plotted in Figure F6.3 are those measured 
at the point of maximum crack length (along the lower sides of the specimens in the photographs in 
Figure F5.12). Thus, the comparison shown in Figure F6.3 is actually a comparison between the 
maximum measured crack lengths and predicted (straight front) through-crack lengths.  This analysis 
approach is conservative in terms of life since the largest crack size is used in the model representing 
a straight crack front. 

Figure F6.1 NASGRO Model TC03 for a Through-Crack From an Offset Hole in a Plate 
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Figure F6.2 Comparison of Analysis Results with Coupon Test Results for the 
Simple FCL W1 Coupon Geometry 
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F7.0  RECOMMENDATIONS FOR DTA 

Using the crack growth material properties generated in this program and the NASGRO 
TC03 fracture mechanics model, it was possible to accurately predict the results of both the simple 
and complex coupons representing FCL W1. These predictions were made without the need for 
invoking a retardation model indicating that load interaction effects for FCL W1 under this spectrum 
are not significant. These favorable results provide confidence in using the NASGRO software and 
these material properties in the DTA of the 2014-T6511 wing spar components on the SA226/SA227 
aircraft. However, it is important to emphasize that the spectra developed for the analysis of the 
simple and complex coupons were specifically developed to conduct and analyze the coupon tests 
and should not be used for the final DTA. The original analysis spectrum should be used in the 
DTA. 

These coupon tests and the subsequent crack growth analyses were conducted assuming the 
existence of a through-thickness flaw emanating from the fastener hole at FCL W1. In the DTA, 
additional life could be demonstrated by beginning the analyses assuming that the initial flaw was a 
quarter-circular corner crack having a radius of 0.05 inch. Such an analysis would be performed 
using NASGRO model CC02 for a corner crack growing from an offset hole in a plate. The 
assumption of an initial corner crack would be consistent with the recommendations made in the 
USAF Damage Tolerant Design Handbook [F10]. This initial flaw shape and size philosophy is also 
echoed in the FAA Damage Tolerance Assessment Handbook [F11]. 

In addition to the assumption of an initial corner crack, the DTA could also make use of the 
continuing damage concept where additional life beyond the failure of the short ligament is 
computed assuming the crack initiates on the opposite side of the hole.  This analysis procedure, 
which is also documented in References [F10] and [F11], could be used in conjunction with a model 
that accounts for load redistribution into the adjacent spar structure to demonstrate additional life 
beyond that computed using simply NASGRO models TC03 or CC02. 
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APPENDIX G1 
Material Characterization Properties 

Data:	 Tensile Test Results 
Fracture Toughness Results 
Fatigue Crack Growth Results 

Contents: Tensile Tests 
• Data Sheet for each Test 
Fracture Tests 
• Load versus Displacement (CMOD) Response 
• Analysis of Test Data 
Fatigue Crack Growth Tests 
• Crack Growth Plots (R-ratio) 
• Crack Growth Plots (individual tests) 
• Test Conditions 
• Tabulated Data 
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Fatigue Crack Growth Tests 
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APPENDIX G2 

Spectrum Crack Growth Tests 

Data:	 Simple Coupon Geometry Results 
Complex Coupon Geometry Results 

Data: Simple Coupon Geometry Results 
• Spectrum Crack Growth Plots (a vs SFH) 
Complex Coupon Geometry Results 
• Spectrum Crack Growth Plots (a vs SFH) 
•	 Analysis of Non-Visual Crack Length 

Measurements 
• Graphical Compliance and Strain Data 
• Analyzed Compliance Data 



Simple Coupon Geometry Tests 

2 tests:	 SS-2

SS-3
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3 tests: CS-1 to –3 
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APPENDIX G3 

Crack Growth Analysis Data Files 

Page 

• NASGRO Batch File for Simple Coupon Analysis G3-1 
• Spectrum File for Simple Coupon Analysis G3-2 
• NASGRO Batch File for Complex Coupon Analysis G3-3 
• Spectrum File for Complex Coupon Analysis G3-4 
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