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ABSTRACT

The advent of onboard aircraft microprocessor fatigue monitoring

system will establish the opportunity to fully exploit residual stresses

at stress-critical areas, including their effects on fatigue predictions.

An experimental investigation was undertaken to more fully understand

them by making photoelastic measurements of residual stresses at notches

in simulated wing panels of 7075-T6 aluminum and to establish the rela-

tionships between the local stresses, residual stresses, and the far-

field or applied stress. The stress concentration factors were found to

decrease with increased plastic deformation while the strain concentra-

tion factors were found to remain constant. The residual stress levels

were found to be immutable despite changes in fatigue loading conditions,

* notch geometry, or test duration.
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1. INTRODUCTION~

With the advent of microprocessor-type fatigue monitors, new in-flight

recorded information will be forthcoming with which, it is hoped, more

accurate cumulative damage calculations can be made. Newly-available in-

formation will include sequence of loading and minimum values of each

cycle as well as maximum values, which have been available for some time.

With these two kinds of data being collected, it is appropriate to make

inquiry into the influence they have upon fatigue life. One of the ways

that the load sequence exerts an influence is through the residual stress

that is produced at a site of stress concentration.

When a notched specimen has been subjected to nominal stresses below

the yield point of the material far removed from the notch, it is possi-

ble for that area at the tip of the notch to yield due to the concentra-

tion of stress at that point. Then, upon unloading, the surrounding

material compresses the locally-yielded area resulting in a residual

compressive stress, which has been shown to increase the fatigue life

of the specimen (1, 2, 31.

Local stresses and residual stresses must be calculated from a know-

ledge of the prevailing nominal stresses, which are those stresses which

would be present if there were no stress concentration: in other words,

those stresses that are present which are out of the influence of the

notch. It Is the nominal stress that will be determined from the in-

flight fatigue monitors.

It was the purpose of this thesis to use photoelastic methods to

measure residual stresses in typical notches Of simulated wing panels



and to relate the residual stress and the local stress to the applied

nominal stress.

Classically, Neuber's relationship (4] has been used in such calcu-

lations; but Garske [S] found considerable error with the method in some

instances, establishing the need for more accurate analyses.

Stuart [6] used photoelastic coatings on notched plate specimens to

establish the relationship between cyclic loading and residual stress

levels. He found in preliminary tests that the residual stress vs. nomi-

nal stress curves could be used to predict the residual stress to within

10% of the measured stress and that once induced, the residual stress

was constant during low-cycle fatigue tests at a relatively high stress

level. Knowing the value of the residual stress, it would be possible to

use the aircraft-mounted microprocessor output to simulate conditions at

the notch, or stress-critical area, by reducing the applied load an

amount equivalent to the residual stress induced by the highest previously-

encountered load.

An experimental investigation of the residual stress and its influence

on conditions at the notch was made as a continuation of Stuart's work,

using the same notched specimens. Again, photoelastic coatings were used

for fatigue testing instead of strain gauges because of the relatively

poor fatigue performance of the latter. Strain gauges were used, however,

in certain of the static tests.

9



II. EXPERIMENTAL PROCEDURE

A. SPECIMEN DESCRIPTION

The notched aluminum sheet specimens were the same ones used by

Stuart [6]. They were fabricated from 0.080 inch thick 7075-T6 aluminum

in 1' x 4' sheets. Two different notch geometries were used (see Figure

1) with nominal stress concentration factors of 2.oO and 3.80. PS-IC

photoelastic material, by Photoelastic, Inc., was bonded to the speci-

mens with PC-i cement. The photoelastic material was designea for use

on high-modulus materials like 7075 and for maximum elongations up to

10%. The bonding agent allowed maximum elongations of 3-5%.

Uniaxial tensile test specimens were made from 0.090 inch thick

7075-T6 aluminum sheets in two configurations (see Figure 2); one had

a reduced section over the gauge length while the other was uniform.

Strain gauges were mounted on some specimens as shown in Figure 2.

The gauges used were EP-08-060CN-120 by Micro Measurements. These gauges

were specifically designed for use in the measurement of plastic strains

of from 7-10% but were not recommended for fatigue applications.

B. CHARACTERIZATION OF THE 7075-T6 ALUMINUM

1. Young's Modulus

Specimen types A and B (see Figure 2) were both used in the de-

termination of Young's Modulus. The A-type specimens were run on the

Riehle machine while the B-type were run on the MTS machine. One of the

B-type specimens was instrumented with an 1ITS 632.138-20 extensometer

on its longitudinal axis in addition to the strain gauge, and a linear

10..
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regression analysis was performed to determine Young's Modulus. The extenso-

meter yielded E - 9.91S x 106 psi with a correlation coefficient of 0.99991o,

while the strain gauge yielded B = 10.11 x 106 psi with a correlation coef-

ficient of 0.999994 (see Table I of Appendix A). Although the values were

within 2% of each other, it was decided to use the latter because it had

a slightly better correlation coefficient and is in better agreement with

the literature.

Due to the small size of the specimen, the largest scale available on

the Riehle machine proved to be too small to accurately determine Young's

Modulus (values of E a 9.7 x 106 to 9.9 x 106 were generated). towever.

since repetitive tests were run on each of the A-type specimens Into the

plastic region, it was established that the unloading curve matched the

loading curve (see Figure 3). Figure 4 is a graphical representation of

the results of the static tensile tests. The residual strain remaining at

the final no-load condition of the specimen was 1,o7S tis. This provided

a value of Young's Modulus for unloading of:

81.620-0.000 (ksi

E 9.93 x 106 psi

The measured values of Young's Modulus from the loading portion

of the static tensile tests established a disagreement level given by:

10.11-9.9l 100% a 1.9%
1I0.11 Ot-lg

whereas the value measured during unloading yielded a disagreement of

10.11-9.93 100% - 1.8%

is- .,
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within the uncertainty in the measurement of the strain in the static

tensile test itself.

2. Poisson's Ratio

The B-type specimen was used to determine Poisson's Ratio. The

geometry was developed in accordance with ASTM standards. Extensometers

were not used because an extensometer suitable for mounting in the trans-

verse direction was not available. (Since the objective of the experiment

was to trace the changes in Poisson's Ratio well into the plastic region,

use of a single extensometer and two separate test runs was precluded).

Hence, strain gauges were used in conjunction with a longitudinally-

mounted extensometer (see Table 2 of Appendix A for data). Corrections

were made for transverse effects on the transverse strain gauge. In

neither test was Poisson's Ratio observed to shift from 0.3 to 0.5 as

dictated by the plastic behavior of a constant-volume specimen (see

Figures S and 6).

3. Yield and Plastic Behavior

The slopes of the various stress-strain curves generated were

very flat above the elastic limit showing almost perfectly plastic be-

havior. For a plastic, constant-volume material, the sum of the principal

strains must be zero--that is, e1+C2+E3 a 0. Substituting in terms of

Poisson's ratio, for a uniaxial specimen,

-VC 3-Vc3 + 3  0

Or,

c3(l - 2v) - 0

16
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Hence, v - I. As stated above, this phenomenon could not be verified for

strain levels up to 2%.

C. CHARACTERIZATION OF PS-IC PHOTOELASTIC MATERIAL

A uniaxial tensile test specimen was prepared from a sheet of PS-IC

photoelastic material and loaded in a test machine. Compensator readings

were taken at the same load levels at the extensometer readings, and the

data in Table 3 of Appendix A was generated.

1. Strain Optic Coefficient (a)

A linear regression analysis of the strain-compensator data

yielded

£ u 0.0012362N + 0.00000996 (1)

r2 - 0.9989

Discarding the non-zero intercept, since it is three orders of magnitude

smaller than the strain levels, equation (1) yielded

de " 0.0012362 (2)

2. Young's Modulus

A separate linear regression analysis of the stress-strain data

yielded

o n 3S8,043c - 139.6 (3)

r 2 . 0.9989

Discarding the non-zero intercept as being small compared to the range

of the stress, equation (3) yielded E • 358,043 psi. Photoelastic, Inc.,

advertised E - 360,000 psi, nominal.

19



From [7],'

where A the wavelength of the light source (22.7 x 10 6 in.)

t - thickness of the photoelastic material (0.040 in.)

N = fringe order number

k - sensitivity of the plastic (0.1S)

Solving for c in terms of Poisson's Ratio for a uniaxial field,

C x ) N  (4)

From equation (2),

~(S)
( = (I+v)2tk "

Solving equation (5) for Poisson's Ratio,

2t- - 1 .(6)

Substituting numerical values into equation (6), v = 0.5302, which cannot

be. Therefore, since t and a were measured, and the value for A is gen-

erally accepted in the literature, it was concluded that the k value

given by the vendor was in error, and the measured value of a was used

in the data reduction.

D. EXPERIMENTAL DETERMINATION OF STRESS CONCENTRATION FACTOR (KT)

Stuart determined the individual stress concentration factors for

each specimen experimentally [6] by the following method, which models

the notch tip as a uniaxial specimen:

20



Mbltiplying equation (4) by E, the notch stress below the elastic

limit can be written

oN- r*VT ~rxN -EaN

If the nominal stress (a) is defined as the applied load divided by the

reduced cross-sectional area, the stress concentration factor is

KTuN a

By loading the specimen to a known point elastically and then recording

the compensator reading, Stuart was able to establish both the nominal

stress and the fringe order number at the notch. Hence, KT could be de-

termined experimentally. These values were used in the analysis.

E. EXPERIMENTAL DETERMINATION OF STRAIN CONCENTRATION FACTOR (K,)

Similar to the stress concentration factor, the strain concentration

factor can be determined. The notch strain can be found from equation (4):

AN N -aN
cN 0 (1+v)2tk

Then, if we define the nominal strain (c) as the nominal stress (a)

divided by Young's Modulus, the strain concentration factor is

K 'cN
C

By using Stuart's A X data and aiAX data established in this thesis at

18.00 kips (of. III., RESIDUAL STRESS MEASUREMENTS), it was possible to

formulate values of K, at two different loading conditions.

21



III. RESIDUAL STRESS MEASUREMENTS

A. UNIAXIAL MODEL

The model used in this study is described schematically in Figure 7.

The specimen was loaded until the material at the notch exceeded the

elastic limit (the remainder of the specimen was still elastic because

of the effect of stress concentration). Unloading caused the region at

the notch to be placed in a state of compressive residual stress and ten-

sile residual strain. The unloading curve was at the same slope as the

loading curve (Young's Modulus was constant). Subsequent reloadings

began from this residual state with the material exhibiting the same

value of Young's Modulus as all previous loadings/unloadings. The value

of the residual stress, aR, was, from the geometry of Figure 7,

aR - MAX - E(c- X - ER) ( (7)

where a MAX a maximum stress to which the notch was exposed

ctX a maximum strain to which the notch was exposed

C R = residual tensile strain.

Subsequent values of the notch stress were then given by

'NOTCH ' E(CNOTCH - CR) * R (8)

where a OTCH a notch stress subsequent to initial loading to 'MAX

cNOTCH = notch strain subsequent to initial loading to aMAX *

22
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Classically, the value of the stress at the notch can be calculated

in the elastic region if the far-field loading, the cross-sectional area,

and the stress concentration factor are known:

Pn. FF(9
aNOTCH - KT A F , (9)

A

where P FF " the far-field load

A - the reduced cross-sectional area.

If there is a residual stress present, it changes jNOTCH linearly

(see Figure 7). Therefore, equation (9) would become

PFF
a *K, - +a 10NOTCH A • (10)A

B. EVALUATIVE TESTS

Since specimens 1, 3. and 7 (nominal K, - 3.8) had only been loaded

by Stuart to 13.60, 14.00, and 14.00 kips, respectively, they were chosen

to verify the uniaxial model since they could be loaded to 18.00 kips,

and thus establish a new value for a MX* Other available specimens had

already been exposed to high loads and, therefore, the previously-derived

values of a MAX obtained by Stuart's photaelastic readings would have had

to be used--deleting an element of operator consistency from the experi-

ment.

Initially, no-load compensator readings were taken of all three

specimens previously tested by Stuart, which were to evaluate any decay

in residual strain which may have occurred. Only specimen 3 correlated

with Stuart's work (see Table 4, Appendix A). No fringes at all could be

observed on specimen 7, and only one of the notches on specimen 1 showed

any fringe value, which was almost 3 times higher than Stuart's. Other

i ... .. . 4



specimens tested by Stuart were then read photoelastically in an effort

to verify Stuart's residual compensator readings, but the data proved

inconclusive (see Table 4, Appendix A). Three specimens yielded markedly

lower compensator readings, four specimens yielded markedly greater comn-

pensator readings, and one specimen yielded onie higher (left notch) and

one lower (right notch) compensator readings than reported in (6]. Several

readings were taken on each specimen and were always within a few points

of each other. Therefore, the data was repeatable; and the reason for the

disagreement was unknown.

Returning to specimens 1, 3, and 7, each was loaded to 18.00 kips,

and the fringe values at maximum and no-load conditions were recorded as

listed in Table S of Appendix A. Values of EMXand FRcould be derived

for a particular fringe by use of equation (4). The corresponding value

of aMXwas found by referring to the uniaxial stress-strain data genera-

ted in the static tests while a R was calculated from equation (7), devel-

oped from the model (see Table 7, Appendix A).

In order to establish the immutability of the residual stress, speci-

mens 6, 8, 9, 10, and 11 (nominal K T M 3.8) and specimens 7, 13, and 14

(nominal K T - 2.6) were tested in fatigue under various loading conditions

in the 14TS machine (see Table 6, Appendix A for the load ranges used).

The no-load condition compensator readings were recorded periodically

during the tests. Each of these specimens had been tested previously by

Stuart and had various residual notch stress levels already induced [6].

These readings corresponded to the residual strain level which, by sub-

stitution into equations (4) and (7), fixed the value of the residual

stress at the notch. Table 6 of Appendix A sunmmarizes the results.

Generally, the compensator readings tended to remain constant throughout

25



the tests regardless of specimen geometry, residual stress condition, or

load levels.

Prior to performing any further fatigue tests, it was necessary to

verify the stress levels predicted by equation (10), because these were

the values which were to be used to set the loading limits on the MTS

machine for the cyclic tests. Hence, each specimen (1, 3, and 7) was

loaded in 500-lb. increments to 5.00 kips far-field load and the compen-

sator readings recorded at each level. Knowing MAX' aRI KT, A, and N,

the predictions made by equation (10) could be compared with the actual

values given by equation (8). Figures 8-12 illustrate the poor agreement

between the predictions of equation (10) and the results of equation (8)

using data obtained from the compensator readings recorded at each level.

Using a wide rectangular block (plane strain) with two uniform semi-

circular notches, Hill [8] showed in 1948 that initial yielding occurred

at the point of greatest notch curvature (the tip); but, as the applied

end loading was increased, the plastic spread, and "the plastic-elastic

boundary was a curve along which the maximum shear stress was constant."

Furthermore, the stress concentration was dissipated by the local plastic

flow (the remainder of the material being elastic). Therefore, since

equation (10) utilized the initial value of KT as measured by Stuart,

the value of aNOTCH thus calculated should have been higher than physi-

cally present due to the reduction in KT with increased loading. Figures

8-12 show this to be the case. Linear regression analyses were performed

on the data to establish the reduced value of KT . The results are tabu-

lated in Table 7 of Appendix A and show an average reduction in KT of

23.9% (minimum of 20.6% and maximum of 28.9%).
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Using thin, perforated strips of a strain-hardening aluminum, Theocaris

and Marketos [9] showed in 1964- that the value of K. behaved in accordance

with Hill's experiments. But, in addition, they showed an increase in KC

with successively higher loadings for their strain-hardening material.

Therefore, K was calculated for each specimen at the aM loading condi-

tion of (6] and again for the higher aMAX loading condition of this thesis.

Table 8 of Appendix A summarizes the results. The change in K at the£

higher stress level ranged from 1.6% lower to 7.5% higher than for the

lower stress level. This was about the same spread observed for the KT

reduction data; and, therefore, the change in K was not considered toC

be significantly different from zero. The lack of any significant change
in K with higher stress levels as opposed to the findings of Theocaris

and Marketos could be attributed to the near-perfect plastic behavior of

the 7075-T6 aluminum as compared to the strain-hardening material used

by Theocaris.
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IV. CONCLUSIONS AND RECOM4ENDATIONS

Cyclic loading did not appear to change the residual stress value ap-

preciably. Eight different specimens with two different notch geometries

were tested at peak load levels of from 7.90 kips to 15.96 kips up to

100, 000 cycles. Each specimen had a different level of residual stress

induced by Stuart [6]. Despite the differences in geometry, loading con-

ditions, test duration, and previous history, the residual stress value

remained iumtable in every case.

The value of KT appeared to decrease when the notch was subjected to

plastic strain levels as reported in [8] and [9]. Three specimens were

loaded to 18.00 kips in order to establish new levels of a MAX for use in

the uniaxial model. This load was sufficiently great to cause plastic de-

formation in the region of the notch tips and thereby relax the concen-

tration of the stress there [8]. Hence, when the original value of KT

was used to predict the notch stress for the low-load tests (up to 5.00

kips in O.SO kip increments), the predicted notch stresses were signifi-

cantly higher than measured photoelastically. The linear regression

analyses of the data revealed that the Kr's must have been reduced an

average of 23.9%. No correlation was established between the percent

reduction at each notch and either the previous J load or the load

history of the specimens.

Unlike the strain-hardening aluminum of [9], the 7075-T6 aluminum

specimens showed no increase in K~ with additional plastic deformation

at the notch. A comparison between the K which existed under Stuart's

% conditions and the higher MAX conditions of this thesis revealed

33



no .significant change. The 7075-T6 aluminum tensile specimens demonstrated

almost perfectly plastic behavior beyond the elastic limit. This material

behav'or, contrasted with that of (9), could account for the difference

in results.

Further work mist be done to implement these findings into a notch

stress prediction model for use with the forthcoming microprocessor data

from the fatigue monitoring systems soon to be installed in operational

aircraft.
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APPENDIX A: EXPERIMENTAL DATA

TabZe 1

MniaziaZ Tenaite Teat Reumta with Alwininum
Tyjpe B Sp'ecimn

a CLE CLG CTG a CLE CLG TG

(ksi) (us) (us) (us) (ksi) (11s) (us) (us)

1.114 140 86 - 32 46.806 4,704 4,590 -1,514
2.244 240 190 - 67 49.094 4,944 4,817 -1,587
3.744 384 334 - 117 51.278 5,170 5,035 -1,657
4.710 478 428 - 148 53.492 5,398 5,256 -1,727
6.166 616 570 - 196 55.766 5,638 5,482 -1,799
7.459 742 696 - 239 S8.039 5,876 5,708 -1,871
8.930 882 840 - 286 59.510 6,030 5,855 -1,917
11.219 1,108 1,066 - 361 61.784 6,266 6,081 -1,989
14.948 1,474 1,433 - 482 63.968 6,492 6,300 -2,058
16.568 1,630 1,593 - 535 65.989 6,704 6,503 -2,121
18.648 1,832 1,798 - 603 68.961 7,012 6,800 -2,214
20.758 2,048 2,006 - 672 70.060 7,134 6,912 -2,249
22.407 2,212 2,169 - 726 70.922 7,230 7,000 -2,276
24.532 -- 2,379 - 794 73.017 7,456 7,211 -2,338
26.806 2,654 2,602 - 869 74.295 7,596 7,346 -2,381
29.034 2,876 2,823 - 940 76.019 7,848 7,559 -2,446
31.947 3,178 3,112 -1,034 76.851 8,374 8,148 -2,590
34.384 3,428 3,353 -1,114 78.272 9,404 9,287 -2,890
36.464 3,640 3,560 -1,181 78.782 9,596 9,480 -2,946
38.619 3,862 3,775 -1,251 80.224 14,276 (2) -4,360
40.907 4,090 4,002 -1,325 81.620 20,896 -- -6,422
43.136 4,322 4,223 -1,396 0.000 12,678 -- -3,789
44.607 4,476 4,370 -1,443

CLE - longitudinal strain by extensometer

CLG a longitudinal strain by strain gauge

CTG a corrected transverse strain by strain gauge

LINEAR REGRESSION: a a 0.009915 LE + 0.198 (R - 0.999916), a 0.010110cL

* 0.422 (R a 0.999994)

NOTES: 1. Only the first column was used for linear regression.

2. Amplifier saturated.
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TabZe2

Poieaon '8 Ratios for Type B Specimen

v v2  a v v 2
(ksi) 2(si)

1.114 .3721 .2286 46.806 .3298 .3219
2.244 .3526 .2792 49.094 .3295 .3210
3.744 .3503 .3047 S1.278 .3291 .3205
4.710 .34S8 .3096 53.492 .3286 .3199
6.166 .3421 .3166 55.766 .3282 .3191
7.459 .3420 .3208 58.039 .3278 .3184
8.930 .3405 .3243 59.510 .3274 .3179
11.219 .3386 .3258 61.784 .3271 .3174
14.948 .3364 .3270 63.968 .3267 .3170
16.568 .3358 .3282 65.989 .3262 .3164
18.648 .3354 .3291 68.961 .3256 .3157
20.758 .3350 .3281 70.060 .3254 .3153
22.407 .3347 .3282 70.922 .3251 .3148
24.532 .3338 -- 73.017 .3242 .3136
26.806 .3340 .3274 74.295 .3241 .3135
29.034 .3330 .3268 76.019 .3236 .3117
31.947 .3323 .3254 76.851 .3179 .3093
34.384 .3322 .3250 78.292 .3112 .3073
36.464 .3317 .3245 78.782 .3108 .3070
38.619 .3314 .3239 80.244 (1) .3054
40.907 .3311 .3240 81.620 -- .3073
43.136 .3306 .3230 0.000 -- .2989
44.607 .3302 .3224

v ICTG v IeTGIUI  - ,( V2 U

C O LG 2 Le

NOM: 1. AmplMfie saturated.
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TabZe 3

Tensile Teat Data ftrcm, PS-IC Photoetastio MftteriaZ

STRESS LONGITUDINAL STRAIN COMPENSATOR
(psi) (in/in)

346.4 0.00139 50

562.9 0.00201 76

779.3 0.00260 100

995.7 0.00313 120

1,212.1 0.00370 141

1,645.2 0.00487 185

2,077.9 0.00631 238

LINEAR REGRESSION ANALYSIS:

a a 358,043c - 139.6

Correlation = 0.9989

c - 0.0012362N + 0.00000996

Correlation - 0.9997

Discarding non-zero intercepts,

E = 358,043 psi

a - 0.0012362
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Table 4

Comwtparison of No-Load ReaiduaZ Compensator Readings

SPEC. x T TYPE COMPENSATOR READINGS
(REF. 6]

1 3.8 27/29 35.51(1)

3 3.8 19/11.5 17/9.S

7 3.8 22/20 (1)1)

6 3.8 89/90 6S/87

8 3.8 28/26.S 32.5/30

9 3.8 59.5/57 59.S/42.5

10 3.8 91/98 87/86

11 3.8 95.5/85.5 80/52.5

3 2.6 58/43 62/27

7 2.6 75/84.5 84/91

12 2.6 27/22.5 101/96

13 2.6 49/S9 54.5/66

NO0TE: 1. No fringes visible.
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Table 5
ReeiduaZ cnpenator Readings after Loading to 18.00 kips

SPEC. KT, TYPE COMPENSATOR READINGS

1 3.8 55.5/Cl)

3 3.8 56.5/55.5

7 3.8 48/50

NOTE: 1. Not bonded.
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Table 6

CyoZio Teet Results

RESIDUAL
SPEC. NOTCH TYPE LOAD RANGE CYCLES COMPENSATOR

(KT.NOM) (kips) (NOTE 1)

6 3.8 1.40-10.32 0 88.5/70.5
18,000 88/70
21,726 FAILED

8 3.8 1.40-7.90 10,000 36.5/34.5
28,000 39/38
40,000 39/38.5
50,000 37.5/39
70,000 37.5/38.S
100,000 37/37.5

9 3.8 1.40-7.90 0 42/54
10,000 42/54
2S,000 41/54
32,990 41/S1.5
50,000 41/Si
68,000 42/51
86,000 41/S2

100,000 40/51
10 3.8 1.40-10.32 0 81/80.5

10,000 81/81
20,000 82.S/81.5
30,000 84/83
48,000 84/82
57,89A FAILED

11 3.8 1.40-7.90 51,962 54/86
41,964 56/88.5
51,965 59/97
61,966 58.5/98
71,967 59/98.5
89,968 59.5/102

101,000 61/100
7 2.6 1.40-13.54 0 84.S/87

10,000 83.5/86
20,000 82.5/85.5
30,000 82/86
40,000 82.5/85.S
50,000 82.S/8S.5
60,000 82.5/85.5
90,000 81/85.5

100,000 81.5/85.S
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Table 6

C~jo~io Teat Results

(Cbt'd.)

13 2.6 1.40-12.00 0 52/62
*10,000 50/60

20,000 50/59
30,000 49.5/59.5
40,000 50/59
60,000 50/60
70,090 50.5/60.5
89,100 S1/60

100,000 51/60.S
14 2.6 1.40-1S.96 0 63/33

10,000 63.5/32.5
20,000 63/31.5
30,000 61.5/32
33,043 FAILED

MMT: 1. Left/Right
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zble ?

Linear Regreesion AnaZyaio Reulte for Variable 'I

0. from

SPEC. KT Equation of Data KT Equation (7)

[Ref. 6] (ksi)

1 4.23 P a 0 1903a + 3.714 3.290 -19.52

FF N

r2 . 0.99815

3 (left) 4.10 PFF = 0.1923aN + 2.867 3.255 -14.91

r 2 - 0.99890

3 (right) 4.19 PFF a 0.18880N + 2.952 3.316 -15.64

r2 - 0.99957

7 (left) 4.11 PFF ' 0.2089aN + 3.750 2.997 -17.95

r2 - 0.99946

7 (right) 4.07 PFF a 0.216SaN + 3.800 2.892 -17.5

r2 - 0.99929
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TabZle 8
Results of X,, Comparieon

SPEC p FF Kc P P Kg INCREASE IN K c
(kips) (kips)

113.60 3.66S 18.00 3.903 + 6.1
3 (left) 14.00 3.632 18.00 3.810 + 4.7

3 (right) 14.00 3.882 18.00 3.819 - 1.6

7 (left) 14.00 3.632 18.00 3.810 + 4.7
7 (right) 14.00 3.525 18.00 3.810 + 7.5
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